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Abstract
Hyperosmotic shock, energy depletion, or removal of
extracellular Cl� activates Ca2þ -permeable cation channels
in erythrocyte membranes. Subsequent Ca2þ entry induces
erythrocyte shrinkage and exposure of phosphatidylserine
(PS) at the erythrocyte surface. PS-exposing cells are
engulfed by macrophages. The present study explored the
signalling involved. Hyperosmotic shock and Cl� removal
triggered the release of prostaglandin E2 (PGE2). In whole-cell
recording, activation of the cation channels by Cl� removal
was abolished by the cyclooxygenase inhibitor diclophenac.
In FACS analysis, phospholipase-A2 inhibitors quinacrine and
palmitoyltrifluoromethyl-ketone, and cyclooxygenase inhibi-
tors acetylsalicylic acid and diclophenac, blunted the
increase of PS exposure following Cl� removal. PGE2 (but
not thromboxane) induced cation channel activation, increase
in cytosolic Ca2þ concentration, cell shrinkage, PS exposure,
calpain activation, and ankyrin-R degradation. The latter was
attenuated by calpain inhibitors-I/II, while PGE2-induced PS
exposure was not. In conclusion, hyperosmotic shock or Cl�

removal stimulates erythrocyte PS exposure through PGE2
formation and subsequent activation of Ca2+-permeable
cation channels.
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Introduction

Until recently, erythrocytes have been considered unable
to undergo apoptosis, as they lack mitochondria and
nuclei, key organelles in the apoptotic machinery of nucleated
cells.1 However, most recent observations revealed that
treatment of erythrocytes with the Ca2þ -ionophore ionomycin
leads to cell shrinkage, cell membrane blebbing and
annexin binding,2–7 all typical features of apoptosis in
other cell types.1,8 The breakdown of phosphatidylserine
asymmetry results from the activation of a scramblase
which is activated by increase of cytosolic Ca2þ activity.9,10

As macrophages are equipped with receptors specific
for phosphatidylserine,11–13 erythrocytes exposing phospha-
tidylserine at their surface will be rapidly recognized,
engulfed and degraded.14–16 Thus, an increase of cytosolic
Ca2þ activity could trigger apoptotic death and clearance
of erythrocytes.
Ca2þ entry further activates Ca2þ -sensitive Kþ chan-

nels,17,18 leading to or augmenting cell shrinkage.19 Ca2þ

may enter erythrocytes through Ca2þ -permeable cation
channels,20,21 which are activated following removal of
external Cl�, osmotic shock by increase of extracellular
osmolarity, oxidative stress by addition of t-butylhydroper-
oxide (t-BHP) and energy depletion by removal of extracellular
glucose.5,6 Activation of those channels triggers breakdown of
phosphatidylserine asymmetry and subsequent erythrocyte
death through increased Ca2þ leakage into the cell.5,6

Accordingly, erythrocyte death induced by oxidative
stress, energy depletion or removal of external Cl� was
abrogated and hyperosmotic shock-induced erythrocyte
death was blunted when the cells are suspended in medium
with low free Ca2þ concentrations.5,6 The signalling pathways
leading to the activation of the cation channels remained,
however, elusive.
Subnanomolar concentrations of prostaglandin E2 (PGE2)

reportedly lead to activation of erythrocyte cation channels,22

increase in cytosolic Ca2þ concentration,23 Gardos Kþ

channel activation, erythrocyte shrinkage and increased
erythrocyte filterability.24,25 Thus, the present experiments
have been performed to explore the involvement of phospho-
lipase A2 (PLA2) and cyclooxygenase (COX) in the mecha-
nisms linking osmotic cell shrinkage, removal of Cl�, and
energy depletion to the activation of the cation channels. It is
anticipated that this signalling may be important for properties
and survival of circulating erythrocytes.
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Results

As disclosed by FACS analysis, some 10% of the erythrocytes
(1372%; n¼ 8) incubated in isotonic NaCl Ringer exhibited

reduced wheat germ lectin (agglutinin) binding (Figure 1a, b)

as a measure of progressive erythrocyte aging.26 Among
those cells, a significantly higher percentage of erythrocytes

bound annexin (3.570.5%; n¼ 8) as compared to (younger)
cells with high lectin binding (1.370.2%; n¼ 8; Figure 1c–e).

These data point to the presence of distinct erythrocyte

subpopulations which differ in their susceptibility to pro-
grammed cell death. An increase of extracellular osmolarity to

850mOsm by addition of 550mM sucrose to NaCl Ringer was

followed by a sharp increase of the percentage of annexin-
binding erythrocytes (Figure 2a, left and middle and

Figure 2b). This increase was significantly blunted in the
presence of the non-specific PLA2 inhibitor quinacrine (25 mM;

Figure 2a, right, and Figure 2b). The inhibitory effect of

quinacrine on hyperosmotic shock-induced annexin binding
was reversed following coincubation with arachidonic acid

(1mM, Figure 2c). Addition of arachidonic acid (1 mM) alone
did not induce significant annexin binding in isotonic extra-

cellular fluid (Figure 2c) and did not significantly enhance the

increase of annexin binding following hyperosmotic shock
(Figure 2c), suggesting that hyperosmotic shock interferes

with the signalling cascade downstream from PLA2.
Replacement of Cl� by gluconate similarly triggered

annexin binding (Figure 2d–g). The percentage of annexin
binding cells upon 48 h extracellular Cl� removal was variable
between the individual experiments (5–57% annexin binding)
and averaged to 2573% (n¼ 30). Cl� -removal-induced
annexin binding was again sensitive to quinacrine (25 mM;
Figure 2d) and inhibited by the cyclooxygenase blockers

acetylsalicylic acid (50mM; Figure 2e) and diclofenac (10 mM;
Figure 2f). Moreover, palmitoyltrifluoromethyl ketone (PA-
COCF3; 4 mM), an inhibitor of the Ca2þ -independent PLA2,

27

blocked about 50% of the Cl� removal-triggered annexin
binding (Figure 2g), while arachidonyltrifluoromethyl ketone
(AACOCF3; 8mM), an inhibitor of the cytosolic PLA2, had no
effect (percentages of annexin-binding cells under control and
Cl�-free conditions were 871 and 3177% in the presence of
AACOCF3 and 672 and 3076% in its absence, respectively;
means7S.E., n¼ 4). Higher concentrations of AACOCF3
themselves induced annexin binding of human erythrocytes
(data not shown).
Similar to its effect on phosphatidylserine exposure upon

hyperosmotic shock or Cl� removal, quinacrine (25 mM)
blunted the annexin binding induced by energy depletion
(Figure 2h). In sharp contrast, ionomycin (1 mM)-triggered
annexin binding was not sensitive to quinacrine (25 mM;
Figure 2i). Taken together, the experimental evidence
strongly suggests the involvement of Ca2þ -independent
PLA2 and COX in programmed erythrocyte death triggered
by osmotic shock or Cl� removal.
Both experimental manoeuvres, hyperosmotic shock and

Cl� removal, indeed stimulated erythrocyte PGE2 release as
assessed by competitive ELISA. Hypertonic shock (Figure 3a)
or Cl�-removal (Figure 3b, c) significantly increased the PGE2

concentration in the supernatant of erythrocytes within 1 h
(850mOsm) and 3 h (Cl�-free) of incubation. Under both
conditions, the PGE2 concentrations in the supernatant
remained two- to four-fold enhanced throughout the 6 h of
observation (Figure 3a, b). The Ca2þ ionophore ionomycin
(1mM for 1 h) did not stimulate erythrocyte PGE2 release
(Figure 3d). Furthermore, hypertonic shock-stimulated
PGE2 release (850mOsm for 1 h) was not dependent on
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Figure 1 Percentage of phosphatidylserine-exposing erythrocytes increases with erythrocyte age. Flow cytometry of human erythrocytes double-stained with wheat
germ lectin-FITC and Annexin V-Alexa. (a) Gated erythrocyte population in forward and sideward scatter. (b) Histogram of lectin-stained erythrocytes showing two cell
populations with different lectin binding. (c, d) Dot plots depicting the FL-1 and the FL-3 fluorescence of (c) lectin-FITC-stained and (d) lectin-FITC/Annexin V-Alexa-
double-stained erythrocytes. Numbers are the percentage of cells in the indicated plot areas. (e) Mean percentage of annexin-positive cells (7S.E.; n¼ 8) of low lectin-
(negative) and high lectin- (positive) binding erythrocytes. *Pp0.05 two-tailed t-test
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extracellular Ca2þ (Figure 3e) but blunted by 25mM quina-
crine (Figure 3f). In summary, these experiments strongly
suggest triggering of Ca2þ -independent PGE2 synthesis by
hyperosmotic shock. PGE2 synthesis most probably does not

occur secondary to cation channel activation and channel-
mediated increase in cytosolic free Ca2þ .
PGE2 but not thromboxane B2 (50 mM each) significantly

stimulated the annexin binding of erythrocytes within 24 h of
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Figure 2 Dependence of erythrocyte annexin binding following osmotic shock, Cl� removal or energy depletion on PLA2 and COX activity. (a–c) Phosphatidylserine
exposure reflected by Annexin V binding in FACS analysis of erythrocytes exposed to osmotic shock in the presence or absence of PLA2-inhibitor quinacrine. (a)
Representative histograms showing annexin V fluorescence of human erythrocytes incubated for 6 h in the absence (left and middle) or presence (right) of quinacrine
(25 mM) in either isotonic NaCl Ringer (300 mOsm; left) or in NaCl Ringer supplemented with 550 mM sucrose (850 mOsm; middle and right). (b) Number of annexin-
binding erythrocytes after 6-h incubation in isotonic (300 mOsm) or hypertonic (850 mOsm) NaCl Ringer solution in the absence (open bars) or presence (closed bars) of
quinacrine (25 mM). The percentages of annexin-binding cells (as given by the numbers in (a)) were defined by their fluorescence intensity within the intensity window
indicated by the bar. (c) Annexin-binding cells in % of control at 850 mOsm after 6 h incubation in isotonic (300 mOsm) or hypertonic (850 mOsm) Ringer solution in the
absence (control, open bars) or presence (closed bars) of quinacrine (25 mM), arachidonic acid (AA, 1mM) or quinacrine (25 mM) plus arachidonic acid (AA, 1mM). (d–f)
Inhibition of Cl� removal-induced phosphatidylserine exposure by the PLA2 inhibitor quinacrine and the COX inhibitors acetylsalicylic acid and diclophenac. Given are
the numbers of annexin-binding erythrocytes after 48 h incubation in NaCl Ringer (134 mM Cl�) or in Na-gluconate solution (0 mM Cl�) in the absence (open bars) or
presence (closed bars ) of quinacrine (25 mM; d), acetylsalicylic acid (50 mM; e), or diclophenac (10 mM; f). Data in (b–f) are means7S.E.M.; n¼ 4–10; controls were
supplemented with the appropriate concentration of drug vehicle. (g) Effect of increasing concentrations of PACOCF3, an inhibitor of the Ca2þ -independent PLA2, on
Cl� removal (48 h)-triggered annexin binding. Under PACOCF3-free control conditions 35.877.3% of the Cl�-depleted erythrocytes bound annexin (data are
means7S.E.M.; n¼ 4). (h, i) Effect of quinacrine (25 mM) on erythrocyte annexin binding following energy depletion (0 mM glucose for 24 h; h) or stimulation with the
Ca2þ ionophore ionomycin (1 mM for 1 h; i). Data in (h, i) are means7S.E.M.; n¼ 5–8. *Pp0.05 two-tailed t-test. #Pp0.05 ANOVA)
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incubation in isotonic NaCl Ringer solution (Figure 4a, left and
middle and Figure 4b). The effect of 50 mM PGE2 on annexin
binding was abrogated in the nominal absence of extracellular
Ca2þ (Figure 4a, right and Figure 4b). Figure 4c depicts the
concentration-dependent effect of PGE2 and thromboxane B2

on erythrocyte annexin binding. Concentrations of PGE2 in the
range of 20–50 mM were required to stimulate annexin
binding, whereas nanomolar PGE2 concentrations did not
lead to significant increases of annexin binding (data not
shown).
PGE2 (50 mM)-stimulated phosphatidylserine exposure was

paralleled by proteolytic cleavage of ankyrin R as demon-
strated by immunoblot (Figure 4d). Ionomycin (1 mM for 1 h)
induced similar ankyrin R degradation (Figure 4e), suggesting
involvement of a Ca2þ -activated protease in the effector
phase of programmed erythrocyte death. Accordingly, iono-
mycin (1mM for 1 h) or PGE2 (50 mM for 12 h) stimulated in
erythrocytes the cleavage of the latent calpain protein (p80)
into its proteolytic active forms (p78 and p76) as demonstrated
by immunoblotting (Figure 5a). Moreover, a mixture of calpain
inhibitors I and II (177 and 70 mM, respectively) attenuated the
PGE2-induced proteolytic degradation of ankyrin R (Figure 5b;
second and third lanes). In sharp contrast, calpain inhibitors I
and II at the same concentrations had no effect on PGE2

(50mM for 24 h)-stimulated annexin binding (Figure 5c).
The effect of PGE2 (50 mM) on annexin binding was further

accompanied by sustained erythrocyte shrinkage, as evident
from a decrease of forward scatter in FACS analysis. PGE2

but not thromboxane B2 (50mM each) significantly decreased
the forward scatter upon 24h of incubation in isotonic NaCl
Ringer (Figure 6a, left and middle, and Figure 6b). Similar to
the effect of PGE2 on annexin binding, the effect of PGE2 on
forward scatter was abolished in nominally Ca2þ -free Ringer
solution. Figure 6c illustrates the effect of different PGE2 and
thromboxane B2 concentrations on the erythrocyte forward
scatter.
FACS analysis in erythrocytes loaded with the Ca2þ -

sensitive Fluo-3 fluorescence dye revealed that PGE2 applied
in isotonic Ringer solution significantly increased the intracel-
lular Ca2þ concentration. Subnanomolar PGE2 concentra-
tions rapidly enhanced intracellular Ca2þ activity in some 4%
of the erythrocytes (Figure 7a, b). At higher concentrations of
PGE2 (50mM) Ca2þ activity was increased in almost half of
the cells (Figure 7c, middle panel). The cytosolic Ca2þ

concentration of erythrocytes stimulated with 50 mM PGE2

continued to increase throughout the 4 h of recording time
(Figure 7e), suggesting a sustained Ca2þ increase by PGE2.
The Ca2þ ionophore ionomycin (1mM), which was used as a
positive control, similarly increased Fluo-3 fluorescence
intensity of erythrocytes (Figure 7d).
To identify the pathway of PGE2-stimulated Ca2þ influx,

erythrocyte whole-cell currents were recorded during stimula-
tion with PGE2. The membrane conductance of human
erythrocytes in NaCl Ringer solution and the absence of
exogenous PGE2 (Figure 8a, b, left tracings and Figure 8c,
open symbols) amounted to some 100pS (Figure 8d, white
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bars). This value was in the range of the expected leak
conductance generated by a 10MO seal resistance indicating
no or very low basal ion channel activity under the chosen
experimental condition. Bath application of PGE2 (0.1 and

50 mM; Figure 8a, b, second tracings) but not of vehicle alone
increased within 5min of incubation a slightly outwardly
rectifying whole-cell current (Figure 8c, closed circles)
accompanied by an increase of whole-cell conductance to
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about 400 pS (as calculated for the outward current; Figure 8d,
closed bars). This current exhibited a reversal potential close
to 0mVwhen recordedwith K-gluconate/KCl pipette andNaCl
Ringer bath solution (Figure 8c, closed circles). Replacement
of Naþ in the bath by the impermeant cation N-methyl-D-
glucamine (NMDG)þ shifted the reversal potential to about
�60mV, paralleling the change of the equilibrium potential for
the permeant cations (Figure 8c, closed triangles), which
indicates cation selectivity of the PGE2-stimulated current.
The cation channel blocker ethylisopropylamiloride (EIPA;
10 mM) reversibly inhibited the PGE2-stimulated current
(Figure 8b, d). Taken together, these data demonstrate
PGE2-induced activation of EIPA-sensitive nonselective ca-
tion channels in human erythrocytes.
To further test whether the reported activation of non-

selective cation channels by removal of extracellular Cl�

might also be mediated by PGE2, erythrocyte whole-cell
currents were recorded in Na-gluconate bath solution in the
presence and absence of diclophenac. As shown in Figure
8e–h, incubation of erythrocytes in Na-gluconate solution in
the presence of diclophenac (10mM) did not induce any
increase in whole-cell currents (Figure 8e, outer left and
middle left, and Figure 8f, open circles and closed triangles),

while subsequent wash-out of diclophenac by Na-gluconate
solution reversibly increased the whole-cell currents
(Figure 8e, middle right and outer right). The current induced
by incubation in diclophenac-free Na-gluconate solution
reversed at 0mV (K-gluconate/KCl-pipette solution;
Figure 8f, open triangles), indicating its nondiscriminating
cation selectivity. Figure 8g summarizes the whole-cell
conductances (as calculated for the outward current) in NaCl
Ringer, in Na-gluconate bath solution in the presence or
absence of diclophenac (10 mM) and again in NaCl as
obtained in paired experiments. Diclophenac significantly
blunted the increase in whole-cell conductance of erythro-
cytes following removal of extracellular Cl� (Figure 8h),
indicating the involvement of cyclooxygenase in cation
channel activation.

Discussion

The present study confirms that osmotic shock, which triggers
apoptotic death in a wide variety of nucleated cells,8,28–30 is a
similarly powerful stimulus of erythrocyte apoptosis. Even
though erythrocytes lack nuclei and mitochondria, they are
capable of undergoing some of the morphological features of
apoptosis, such as external exposure of phosphatidylserine,
membrane blebbing and cell shrinkage.4 All those events are
triggered by increase of cytosolic calcium activity,2,3 while
erythrocytes are resistant to serum deprivation and staur-
osporine, known triggers of apoptosis in nucleated cells.4

As shown in previous studies,5–7 erythrocyte cell shrinkage
activates Ca2þ entry through EIPA-sensitive, cell volume-
regulated cation channels characterized earlier.20,21,31 Similar
to osmotic shock, oxidative stress leads tomarked erythrocyte
shrinkage, an effect probably resulting from activation of the
Ca2þ -sensitive Kþ channel in the erythrocyte cell membrane,
which leads to hyperpolarization of the cell membrane and
subsequent erythrocyte loss of KCl.17,18,32

Most importantly, several observations reported here
indicate that the signalling of channel activation involves
PGE2, which is produced from membrane phospholipids by
the sequential action of Ca2þ -independent PLA2, cyclo-
oxygenase and PGE-synthase. It is demonstrated that (i) cell
shrinkage and Cl� removal trigger the formation of PGE2, an
effect abrogated by the PLA2 inhibitor quinacrine, (ii) PGE2

stimulates the cation channels, and (iii) inhibition of either
PLA2 or cyclooxygenase blunts the phosphatidylserine
exposure following osmotic shock, external Cl� removal or
energy depletion. The observations thus do suggest the
following sequence of events (Figure 9): cell shrinkage or
extracellular Cl� removal activates the cyclooxygenase,
PGE2 is formed and activates the cation channel, entry of
Ca2þ through the channel stimulates the scramblase, which
then triggers the phosphatidylserine exposure. Elevated
cytosolic free Ca2þ concentrations also activate m-calpain,
which degrades components of the cytoskeleton, for example,
ankyrin R, leading to membrane blebbing. However, stimula-
tion of calpain and scramblase are not functionally linked as
PGE2-induced phosphatidylserine exposure is not inhibited
by calpain inhibitors I/II. The latter result is in accordance
with a previous study demonstrating that ionomycin-induced
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Figure 5 Calpain inhibitors attenuate PGE2-stimulated ankyrin R degradation
but not PGE2-stimulated phosphatidylserine exposure. (a) Immunoblot showing
calpain-specific immunoreactive protein bands p80, p78, and p76 of erythrocytes
incubated in NaCl Ringer solution in the absence or presence of ionomycin (1 mM
for 1 h; first and second lanes, respectively) or in the absence or presence of
PGE2 (50 mM for 12 h, third and fourth lanes, respectively). Both ionomycin and
PGE2 stimulated the proteolytic cleavage of the latent form of calpain (p80) into
its active forms (p78 and p76). (b) Ankyrin R-specific immunoblot of control
(vehicle for 12 h; first lane) or PGE2 (50 mM for 12 h)-stimulated erythrocytes
which were pre- (30 min) and coincubated (12 h) with a mixture of calpain
inhibitors I and II (177 and 70 mM, respectively; second lane) or vehicle alone
(third lane). (c) Annexin binding showing phosphatidylserine exposure of PGE2-
(50 mM for 24 h; right columns) or vehicle-incubated (24 h; left columns)
erythrocytes. Stimulation was performed either in the presence (black columns)
or absence (white columns) of calpain inhibitors I and II (177 and 70 mM,
respectively; 30 min pre- and 24 h coincubation). Data are means7S.E.M.;
n¼ 7; # indicates significant difference from the respective controls; Pp0.05;
ANOVA)
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annexin binding was not reduced by calpain inhibitors I/II.2

Release of PGE2 upon decrease of extracellular Cl� is not a
property confined to human erythrocytes. Macula densa cells
have been demonstrated to similarly release PGE2 upon Cl�

removal. In these cells, low Cl� concentrations induced COX
protein expression through MAP kinases activation.33

In a former study, it has been shown that mechanically
stressed adult human red blood cells produce PGE2.

34

Furthermore, evidence was presented earlier for PGE2-
induced activation of a nonselective cation channel,22 for
PGE2 stimulated increase in cytosolic free Ca2þ concentra-
tion,23 and PGE2-induced release of Kþ from erythrocytes,
which was blunted by inhibitors of Ca2þ -dependent Kþ

channels.25 As PGE2 activates the Ca2þ -permeable cation
channel, it increases cytosolic Ca2þ , thus leading to
secondary activation of the Ca2þ -dependent Kþ chan-
nels.35,36 The subsequent cellular release of Kþ and Cl�

together with osmotically obliged water then leads to cell
shrinkage.25 Beyond that the cellular loss of Kþ participates in
the triggering of erythrocyte scramblase.19 Along those lines,
apoptotic death of nucleated cells has similarly been shown to
be fostered by cellular loss of Kþ .37–43

In the present study, hyperosmotic shock, removal of
extracellular Cl�, and glucose depletion stimulated average
erythrocyte phosphatidylserine exposures of about 50, 25,
and 12% of the cells, respectively. In addition, the percentage
of cells responding to a certain stress stimulus varied between
individual experiments. Moreover, in accordance with a
previous study,25 we could demonstrate that a small but

significant part of the erythrocytes (4%) responded to
subnanomolar concentrations of PGE2 with an increase in
cytosolic free Ca2þ concentration (Figure 7a, b) and cell
shrinkage. High PGE2 concentrations (50 mM), however,
stimulated an increase in cytosolic Ca2þ concentrations and
phosphatidylserine exposure in about 50 and 35% of the
erythrocytes, respectively. This suggests that only an
erythrocyte subpopulation is highly susceptible to PGE2.
Thus, whether or not erythrocytes respond to the various
stress factors or to PGE2 and enter programmed cell death
might be dependent on further parameters (cytosolic ATP
concentration, redox state, cell volume). These parameters
might differ between individual erythrocytes from the same
donor and between individual cell preparations from different
donors. The observation of the present and a previous study26

that erythrocyte phosphatidylserine exposure increases with
the age-dependent desialylation of the membrane glycocon-
jugates further illustrates such differences.
PGE2 concentrations in the range of 20 mMwere required in

the present study to stimulate erythrocyte phosphatidylserine
exposure, indicating that Ca2þ influx and cell shrinkage
induced by nanomolar PGE2 concentrations are transient and
do not result in erythrocyte death. Nevertheless, the fact that
COX and PLA2 inhibitors significantly blunt the stress-induced
cation channel activation and phosphatidylserine exposure
clearly shows involvement of the PGE2 signalling in erythro-
cyte death upstream from cation channel activation.
Formation of PGE2 by stressed erythrocytes could there-

fore well participate in the limitation of erythrocyte survival.
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Figure 6 PGE2-stimulated cell shrinkage. (a) Representative FACS histograms depicting the forward scatter of erythrocytes (as a measure of erythrocyte volume)
incubated for 24 h in NaCl Ringer (control) or in NaCl Ringer solution containing thromboxane B2 (ThX; 50 mM; left) or PGE2 (50 mM, middle and right). Experiments were
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50 mM), or PGE2 (50 mM) (# indicates significant difference from controls; Pp0.05; ANOVA). (c) Concentration dependence of the PGE2 (closed diamonds) and
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Figure 7 PGE2 stimulated increase in erythrocyte free Ca2þ concentration. (a) Representative FACS histograms showing the Ca2þ -sensitive fluorescence of Fluo-3-
loaded erythrocytes incubated for 0.2 min (left) or 3 min (right) in NaCl Ringer solution containing vehicle (control) or 0.1 nM PGE2. Erythrocytes gated in M1 were
considered to exhibit elevated Fluo-3 fluorescence intensities. (b) Time-dependent increase in percentage of erythrocytes with elevated Fluo-3 fluorescence during
stimulation with 0 nM (control; open circles), 0.1 nM (closed diamonds) and 0.1 mM PGE2 (closed triangles). Cells with elevated Fluo-3 fluorescence were defined as in
(a). Data are means7S.E.M. (n¼ 9–12); # indicates significant difference (Pp0.05; ANOVA) from controls. (c) Representative FACS histograms showing the Ca2þ -
sensitive fluorescence of Fluo-3-loaded erythrocytes incubated for 20 min either in NaCl Ringer solution (left), in NaCl Ringer containing PGE2 (50 mM; middle), or in NaCl
Ringer containing the Ca2þ ionophore ionomycin (1 mM; right). (d) Mean fluorescence (7S.E.M.; n¼ 6–10) of erythrocytes incubated as in (c) for 20 min in the absence
(control) or presence of PGE2 (50 mM) or ionomycin (1 mM). # indicates significant difference (Pp0.05; ANOVA) from controls. (e) Time course of Fluo-3 fluorescence in
erythrocytes incubated in NaCl Ringer solution in the absence (open triangles) or presence of PGE2 (50 mM; closed squares). Data are means7S.E.M. (n¼ 6)

Figure 8 PGE2-induced activation of an EIPA-sensitive nonselective cation conductance. (a, b) Original whole-cell currents recorded from a human erythrocyte with K-
gluconate/KCl pipette and NaCl bath solution before (outer left) and after bath application of 0.1 mM (a) and 50 mM PGE2 (b). The PGE2-stimulated cell in (b) was
recorded either in the absence (middle left and outer right) or presence (middle right) of EIPA (10 mM) in the bath solution. (c) Mean current–voltage relationships
(7S.E.M.) of human erythrocytes recorded as in (b) in paired experiments before (open circles) and after (closed circles) stimulation with PGE2 (50 mM for 471 min;
n¼ 8). The PGE2-stimulated cells were further recorded with NMDG-Cl bath solution (n¼ 3; closed triangles). (d) Mean whole-cell conductance (7S.E.M.) of
nontreated erythrocytes (open bars) or erythrocytes incubated either with vehicle alone (0.5% ethanol; first closed bar), or with PGE2 (50 mM; second closed bar), or
PGE2 (50 mM) together with EIPA (10 mM; third closed bar). Currents were recorded as in (b) and conductances were calculated by linear regression for outward and
inward currents beween �100 and 0 mV and between þ 40 and þ 80 mV voltage, respectively (n indicates number of experiments; **Pp0.01, ANOVA). (e) Original
whole-cell currents recorded from a human erythrocyte in NaCl bath solution (outer left; K-gluconate/KCl pipette solution), upon 5 min superfusion with Na-gluconate bath
solution supplemented with diclophenac (10 mM; middle left), upon further 5 min superfusion with inhibitor-free Na-gluconate bath solution (middle right), and finally again
in NaCl bath solution (outer right). (f) Mean current–voltage relationships (7S.E.M.; n¼ 7) of human erythrocytes superfused as in (e) in paired experiments first with
NaCl bath solution (open circles), then with Na-gluconate solution supplemented with 10 mM diclophenac (for 4.870.2 min; closed triangles) and finally with Na-
gluconate solution alone (for 3.470.4 min; open triangles). (g) Mean whole-cell outward conductance (7S.E.M.; n¼ 7) of erythrocytes consecutively recorded as in (e,
f) with NaCl (first bar), with Na-gluconate/diclophenac (10 mM; second bar) and with Na-gluconate (third bar) or again with NaCl (fourth bar). (h) Mean conductance
increase (7S.E.M.; n¼ 7) induced by removal of extracellular Cl� in the presence (closed bar) or absence (open bar) of diclophenac (10 mM; data calculated from (g);
**Pp0.01 two-tailed t-test)
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The phosphatidylserine exposure at the cell surface is thought
to stimulate the uptake by macrophages.14,44 Moreover, the
present study demonstrated Ca2þ -ionophore and PGE2-
triggered proteolysis of ankyrin R (band 2.1), an effect
paralleled by the activation of m-calpain and inhibited by
calpain inhibitors I/II. These data are consistent with PGE2-
induced ankyrin R proteolysis by the Ca2þ -dependent neutral
endopeptidase calpain, which has been shown to degrade
ankyrin R (about 215 kDa) in vitro to several cleavage
products.45,46 Thus, PGE2 may lead to calpain-mediated
disruption of the cytoskeleton followed by shedding of
microvesicles and decrease of erythrocyte cell mass, which
further facilitates phagocytosis by macrophages. Caspases
comprise a family of cysteine endopeptidases expressed in
erythrocytes.47,48 However, the role of caspases during
stress-induced programmed erythrocyte death seems to be
more complex. Oxidative stress47 and erythrocyte aging48

obviously lead to stimulation of caspase-3 and degradation of
target proteins, for example, erythrocyte anion exchanger 1
(band 3), while caspases are not activated after hyperosmotic
shrinkage7 or ionomycin treatment.2

Thus, to the extent that calcium activates the enzymes
responsible for the breakdown of membrane phosphatidyl-
serine asymmetry and degradation of the cytoskeleton, an
increase of cytosolic Ca2þ activity is expected to trigger the
clearance of the affected erythrocytes.4 This may be also
important for erythrocyte aging, which is paralleled by an
increase of cytosolic Ca2þ activity.44,49 Moreover, oxidative
stress or defects of antioxidative defence50 clearly enhance
Ca2þ entry via the cation channels. This in turn leads to higher
intracellular Ca2þ concentrations and thus accelerates
erythrocyte ‘apoptosis’ and clearance.
During passage of the renal medulla, erythrocytes are

exposed to excessive osmolarities sufficient to activate the

cation channel. Normally, the exposure is too short, though, to
trigger apoptosis. Nevertheless, it is noteworthy that during
acute renal failure erythrocytes may be trapped in renal
medulla.51,52 The subsequent erythrocyte ‘apoptosis’ may
then contribute to the derangement of microcirculation.
Beyond that any erythrocyte disorder facilitating erythrocyte
shrinkage, such as sickle cell disease,28,53 thalassemia54 or
iron deficiency55 could, to the extent as it leads to activation of
the cell volume regulatory cation channels, trigger premature
‘apoptosis’ and thus accelerate erythrocyte death.56

Erythrocyte phosphatidylserine exposure may not only be
regulated by PGE2 formed by stressed erythrocytes but also
may be triggered by PGE2 from other sources. Indeed, we
could show here that extracellularly added PGE2 induces cell
shrinkage, Ca2þ entry and phosphatidylserine exposure of
nonstressed erythrocytes. PGE2 released from platelets may
thus trigger erythrocyte phosphatidylserine exposure, which
may participate in the mechanism of thrombosis and
hemostasis.25 Several lines of evidence indeed point to a
role of erythrocytes in the regulation of hemostasis.57–60

Beyond that, PGE2 is a highly active mediator in inflamma-
tion, chemotactic processes, and cell damage (for review see
Laufer61). PGE2-dependent regulation of cation channelsmay
also play a role in nucleated cells which similarly express cell
volume regulatory cation channels.62–67 As increase of
cytosolic Ca2þ could similarly induce apoptotic cell death in
nucleated cells,1,68 activation of the volume-regulated cation
channels might participate in the triggering of apoptosis in
nucleated cells exposed to osmotic shock.8,29,30,69,70 How-
ever, it must be pointed out that the mechanisms triggering
phosphatidylserine exposure in erythrocytes may be distinct
from those inducing apoptosis of nucleated cells. Never-
theless, phosphatidylserine exposure of erythrocytes serves
the same function as apoptosis of nucleated cells, that is, the
clearance of defective and potentially harmful cells.

Materials and Methods

Solutions

Erythrocytes were drawn from healthy volunteers and used either without
purification or after separation by centrifugation for 25 min; 2000� g over
Ficoll (Biochrom KG, Berlin, Germany). Experiments with nonpurified or
experiments with Ficoll-separated erythrocytes yielded the same results
(data not shown). Experiments were performed at 371C in Ringer solution
containing (in mM) 125 NaCl, 5 KCl, 1 MgSO4, 32 N-2-hydroxyethylpiper-
azine-N-2-ethanesulfonic acid (HEPES)/NaOH, 5 glucose, 1 CaCl2, pH
7.4. For the nominally calcium-free solution, CaCl2 was replaced by 1 mM
ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid
(EGTA). For energy depletion, glucose (5 mM) was omitted from the
NaCl Ringer solution. Osmolarity was increased to 850 mOsm by adding
sucrose to the NaCl Ringer solution. Cl�-free solutions were composed of
(in mM) 125 Na-D-gluconate, 5 K-D-gluconate, 1 MgSO4, 32 HEPES/
NaOH, 5 glucose, 1 Ca-gluconate2, pH 7.4. Where indicated, the Ca2þ

ionophore ionomycin (1 mM), the cation channel inhibitor EIPA (10 mM),
PLA2 inhibitors quinacrine (25 mM), PACOCF3 (1–4mM) or arachidonyltri-
fluoromethyl ketone (AACOCF3; 8 mM), COX inhibitors acetylsalicylic acid
(50 mM) or diclophenac (10 mM), prostaglandin PGE2 (0.1 nM–50 mM),
calpain inhibitor I (N-acetyl-L-leucyl-L-leucyl-L-norleucinal; 177 mM) and
calpain inhibitor II (N-acetyl-L-leucyl-L-leucyl-L-methional; 70 mM), or

Figure 9 Role of PGE2 in programmed erythrocyte death after hyperosmotic
shock and chloride removal. Hypothetical model of the downstream signalling
events stimulating phosphatidylserine exposure and ankyrin R degradation in
human erythrocytes subjected to hyperosmotic stress or extracellular Cl�

removal (AA: arachidonic acid; ANK: ankyrin-R; CLP: calpain; COX:
cyclooxygenase; INH I,II: calpain inhibitors I,II; NSC: nonselective cation
channel; PACOCF3: palmitoyltrifluoromethyl ketone; PGE2: prostaglandin E2;
PLA: phospholipase A2; S: scramblase)
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arachidonic acid (1 mM) and thromboxane B2 (5–50 mM) were added. The
substances were dissolved in final concentrations of 0.1% dimethyl
sulfoxide (DMSO) (ionomycin, EIPA, quinacrine, acetylsalicylic acid,
diclophenac, PACOCF3, AACOCF3) or of 0.5% ethanol (PGE2,
thromboxane B2, calpain inhibitors I and II). Ionomycin, arachidonic acid,
EIPA, quinacrine, acetylsalicylic acid, diclophenac, calpain inhibitor I,
calpain inhibitor II, PGE2 and thromboxane B2 were purchased from
Sigma (Taufkirchen, Germany), PACOCF3 and AACOCF3 from Merck
Biosciences GmbH (Bad Soden; Germany).

Patch clamp

Patch-clamp experiments have been performed at 351C in voltage-clamp,
fast-whole-cell mode according to Hamill et al.71 The cells were
continuously superfused through a flow system inserted into the dish.
The bath was grounded via a bridge filled with NaCl Ringer solution.
Borosilicate glass pipettes (8–12 MO tip resistance; GC 150 TF-10, Clark
Medical Instruments, Pangbourne, UK) manufactured by a microproces-
sor-driven DMZ puller (Zeitz, Augsburg, Germany) were used in
combination with a MS314 electrical micromanipulator (MW, Märzhäuser,
Wetzlar, Germany). The currents were recorded by an EPC-9 amplifier
(Heka, Lambrecht, Germany) using Pulse software (Heka) and an ITC-16
Interface (Instrutech, Port Washington, NY, USA). Whole-cell currents
were determined at 10 successive 700-ms square pulses from the
�30 mV holding potential to potentials between �100 mV and þ 80 mV.
The current values were 3 kHz low-pass filtered.

A K-gluconate/KCl pipette solution (containing (in mM): 60 K-D-
gluconate, 80 KCl, 1 EGTA, 1 MgCl2, 1 Mg-ATP, and 10 HEPES/KOH, pH
7.2) was used in combination with NaCl Ringer solution, NMDG-Cl solution
(containing (mM): 160 mM NMDG-Cl, 10 mM HEPES/NMDG, pH 7.4) or
Na- gluconate solution in the bath (containing (in mM): 125 Na-D-
gluconate, 5 K-D-gluconate, 1 MgSO4, 32 HEPES/NaOH, 5 glucose, 1 Ca-
gluconate2, pH 7.4).

The offset potentials between both electrodes were zeroed before
sealing. The potentials were corrected for liquid junction potentials as
estimated according to Barry and Lynch.72 The original whole-cell current
traces are depicted after 1.5 kHz low-pass filtering and currents of the
individual voltage square pulses are superimposed. The applied voltages
refer to the cytoplasmic face of the membrane with respect to the
extracellular space. The inward currents, defined as flow of positive charge
from the extracellular to the cytoplasmic membrane face, are negative
currents and depicted as downward deflections of the original current
traces.

FACS analysis

FACS analysis was performed essentially as described.73 After incubation,
cells were washed in annexin-binding buffer containing (in mM): 125 NaCl,
10 HEPES, pH 7.4) and 5 CaCl2. Erythrocytes were stained with Annexin-
Fluos (Böhringer Mannheim, Germany) at a 1 : 100 dilution. After 15 min,
samples were diluted 1 : 5 and measured by flow cytometric analysis
(FACS-Calibur from Becton Dickinson, Heidelberg, Germany). Cells were
analyzed by forward and sideward scatter and annexin-fluorescence
intensity was measured in FL-1 with an excitation wavelength of 488 nm
and an emission wavelength of 530 nm.

Measurement of intracellular Ca2þ

Intracellular Ca2þ measurements were performed as described.74

Briefly, erythrocytes were loaded with Fluo-3/AM (Calbiochem; Bad

Soden, Germany) by addition of 10 ml of a Fluo-3/AM stock solution
(2.0 mM in DMSO) to 10 ml erythrocyte suspension (0.16% hematocrit
in Ringer). The cells were incubated at 371C for 15 min under
vigorous shaking and protection from light. An additional 10 ml of
Fluo-3/AM was added, with incubation carried out for 25 min. Fluo-3/AM-
loaded erythrocytes were centrifuged at 1000� g for 3 min at 221C and
washed two times with Ringer solution containing 0.5% bovine serum
albumin (BSA; Sigma) and once with Ringer. For flow cytometry, Fluo-3/
AM-loaded erythrocytes were resuspended in 5 ml Ringer (0.32%
hematocrit) containing PGE2 (0.1 nM, 0.1mM or 50mM), the Ca2þ

ionophor ionomycin (1 mM; Sigma) or vehicle alone and incubated for
different time periods at 371C. Then, Ca2þ -dependent fluorescence
intensity was measured in fluorescence channel FL-1.

Wheat germ lectin-annexin V double staining

Human type A erythrocytes (0.2% hematocrit) were stained in 50 ml
of PBS containing 5 mg/ml fluorescein isothiocyanate (FITC)-conjugated
Triticum vulgare lectin (WGA) from wheat germ (EY Laboratories, San
Mateo, CA, USA). After 10 min, 350 ml annexin-binding buffer contain-
ing (in mM) 125 NaCl, 10 HEPES (pH 7.4) and 5 CaCl2 were added.
Cells were pelleted at 800� g for 5 min and the supernatant was
discarded. Erythrocytes were then stained with 50 ml of Annexin V,
Alexa Fluors 568 conjugate (Molecular Probes, Leiden, The Netherlands)
at a 1 : 50 dilution in annexin-binding buffer. After 10 min, samples
were diluted 1 : 5 with annexin-binding buffer and measured by
flow-cytometric analysis (FACS-Calibur from Becton Dickinson). Cells
were analyzed by forward and side scatter. Lectin-FITC fluore-
scence intensity was measured in FL-1 with an excitation wavelength
of 488 nm and an emission wavelength of 530 nm and Annexin
V-Alexa Fluors 568 fluorescence intensity was measured in FL-3
with an excitation wavelength of 488 nm and an emission wavelength
of 670 nm. Gating of single erythrocytes was achieved by analysis
of FSC versus SSC dot plots using the CellQuestTM software
(see Figure 1a).

Determination of PGE2

One billion erythrocytes were treated with 0.9 ml hypertonic NaCl Ringer
solution (850 mOsm) in the absence or presence of Ca2þ (1 mM),
hypertonic NaCl Ringer solution (850 mOsm) in the absence or presence
of 25mM quinacrine, isotonic Na-gluconate solution (0 mM Cl�),
ionomycin (1 mM) or isotonic NaCl Ringer solution (300 mOsm) as control.
After incubation, cells were pelleted by centrifugation at 41C, 450� g for
5 min. The supernatant was removed and stored at�201C. The cells were
lysed by addition of 0.4 ml 10 mM HEPES (pH 7.4). The lysate was cleared
by centrifugation at 41C, 22 000� g for 10 min and likewise stored at
�201C. PGE2 concentrations in the supernatant and in the lysate were
determined using the Correlate-EIAt Prostaglandin E2 Enzyme
Immunoassay Kit from Assay Designs, Inc. (Ann Arbor, MI, USA)
according to the manufacturer‘s instructions. Briefly, the samples were
diluted 1 : 2.5 with assay buffer. Then, 100 ml sample, 50ml alkaline
phosphatase PGE2 conjugate and 50 ml monoclonal anti-PGE2 EIA
antibody were applied to goat anti-mouse IgG microtiter plates and
incubated at room temperature for 2 h. After washing, 200 ml p-nitrophenyl
phosphate substrate solution was added and incubated at room
temperature for 45 min. Finally, the optical density at 405 nm was
measured in a microplate reader. PGE2 concentrations in the samples
were calculated from a PGE2 standard curve (39.1–5000 pg/ml) which was
run in parallel. PGE2 levels in the supernatant and lysate of control
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(untreated) erythrocytes were 92728 pg per 109 cells (n¼ 5) and
2672 pg per 109 cells (n¼ 3), respectively, and were set as 100%. PGE2

levels in the samples of erythrocytes exposed to hyperosmotic Ringer,
Cl�-free extracellular fluid or ionomycin were calculated as % of the
appropriate controls.

Immunoblotting

Enriched and washed erythrocytes (0.3%. hematocrit) were incubated at
371C for 12 or 1 h in NaCl Ringer solution containing PGE2 (50 mM) or
ionomycin (1 mM), respectively. For controls, only vehicle (ethanol) was
added to the 12 and 1 h incubations. In further experiments, a mixture of
calpain inhibitors I and II (177 and 70mM, respectively) or ethanol vehicle
was pre- (30 min) and coincubated together with PGE2 or control vehicle.
Thereafter, erythrocytes were centrifuged, and the cell pellets (100ml)
hypotonically lysed in 50 ml of 20 mM HEPES/NaOH (pH 7.4) containing a
cocktail of protease inhibitors composed of 2.5 mM EDTA, 10 mg/ml
pepstatin A, 10 mg/ml leupeptin, 5 mg/ml aprotinin and 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF) from Roche (Mannheim, Germany). Ghost
membranes were pelleted (15 000 rpm for 20 min at 41C) and re-
suspended in 10 mM HEPES/NaOH (pH 7.4) containing the protease
inhibitor cocktail and re-pelleted. Then, white ghost membranes were
solubilized in 125 mM NaCl, 25 mM HEPES/NaOH (pH 7.3), 10 mM EDTA,
10 mM Na-pyrophosphate, 10 mM NaF, 0.1% SDS, 0.5% deoxycholic
acid, 1% Triton X-100, and 10ml b-mercaptoethanol. The protein
concentration of the samples was determined using the Bradford
method (Biorad, München, Germany) with BSA (Sigma) as standard.
Equal amounts of lysate protein (50 mg per lane) were separated
by 6% SDS-PAGE, and proteins were transferred to Protan BA83
nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany).
Protein transfer was controlled by Ponceau red staining (Figure 4d, e).
After blocking with 5% nonfat milk at 41C overnight, the blots were
probed for 1 h at room temperature with a commercial monoclonal mouse
anti-human ankyrin R antibody (clone ANK016 produced by EMD
Biosciences for Calbiochem, San Diego, CA, USA; 1 : 200 dilution in
PBS–0.1% Tween 20–5% nonfat milk) or with a polyclonal rabbit
anti-human m-calpain (domain IV) antibody (Sigma, affinity isolated
antibody C5611; 1 : 1000 dilution in PBS-0.1% Tween 20–5% nonfat
milk). After washing, the blots were incubated with a secondary sheep
anti-mouse or goat anti-rabbit antibody (1 : 1000 dilution each) conjugated
with horseradish peroxidase (Amersham, Freiburg, Germany) for 1 h at
211C. Antibody binding was detected with the enhanced chemilumines-
cence (ECL) kit (Amersham).

Statistics

Data were expressed as means7S.E.M. and statistical analysis was
made by ANOVA or unpaired two-tailed t-test, as appropriate. Pp0.05
was considered statistically significant.
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