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Abstract Phosphatidylserine (PS), which is normally
localized in the cytoplasmic leaflet of the membrane,
undergoes externalization during aging or trauma of red
blood cells (RBCs). A fraction of this PS is shed into the
extracellular milieu. Both PS externalization and shedding
are modulated by the oxidative state of the cells. In the
present study we investigated the effect of calcium (Ca)
flux on oxidative stress-induced membrane distribution of
PS and its shedding and on the membrane composition and
functions. Normal human RBCs were treated with the
oxidant r-butyl hydroperoxide, and thalassemic RBCs,
which are under oxidative stress, were treated with the
antioxidant vitamin C or N-acetylcystein. The intracellular
Ca content was modulated by the Ca ionophore A23187
and by varying the Ca concentration in the medium. Ca
flux was measured by Fluo-3, PS externalization and
shedding were measured by quantitative flow cytometry
and membrane composition was measured by 'H-NMR
analysis of the cholesterol and phospholipids. The results
indicated that increasing the inward Ca flux induced PS
externalization and shedding, which in turn increased the
membrane cholesterol/phospholipid ratio and thereby
increased the RBC osmotic resistance. In addition, these
processes modulated the susceptibility of RBCs to undergo
phagocytosis by macrophages; while PS externalization
increased phagocytosis, the shed PS prevented it. These
results indicate that PS redistribution and shedding from
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Introduction

The phospholipids (PLs) in the plasma membranes of all
cells, including the red blood cells (RBCs), are distributed
asymmetrically (Zwaal and Schroit 1997). Whereas lipids
with the choline head group such as phosphatidylcholine
are mainly present in the outer leaflet of the membrane,
aminophospholipids such as phosphatidylserine (PS) are
mainly present in the cytoplasmic leaflet (Op den Kamp
1979). Changes in this asymmetry characterize apoptosis of
nucleated cells; e.g., PS flip-flops from the inner to the
external membrane leaflet. Although mature anucleated
RBCs do not undergo the classical pattern of apoptosis,
upon trauma or aging their PS undergoes externalization
(Kuypers 2007; Lang et al. 2006a). PS externalization is
thought to be a major signal for phagocytosis by macro-
phages and removal from the circulation (Foller et al. 2008).
This process occurs during physiological RBC aging
(senescence), but it is increased in certain pathological
conditions such as f-thalassemia (Zwaal and Schroit 1997).

A fraction of the external PS of RBCs undergoes shed-
ding into the extracellular milieu (Pattanapanyasat et al.
2004; Freikman et al. 2008, 2009). Shedding of PS-con-
taining membranous microvesicles was shown in both
normal and pathological RBCs (Pattanapanyasat et al. 2004;
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Greenwalt 2006; Freikman et al. 2008, 2009). It was
hypothesized that vesiculation might be a mechanism for
the removal of RBC membrane patches containing mole-
cules that mediate rapid removal of RBCs from the circu-
lation (Willekens et al. 2008). PS externalization was
reported to be mediated by the intracellular concentration of
calcium (Ca) through activation of the PL transporter
scramblase (Zhou et al. 1997; Bassé et al. 1996). It was also
reported that release of PS-enriched microvesicles from
RBCs was stimulated by sustained elevation of intracellular
Ca (Smith et al. 2001). PS externalization and shedding
from RBCs are also stimulated by oxidative stress (Foller
et al. 2008). Thus, thalassemic RBCs, which are under
oxidative stress (Fibach and Rachmilewitz 2008; Kruse
et al. 2008), and normal RBCs following stimulation by an
oxidant externalize and shed PS to a higher degree than
normal untreated RBCs. This could be inhibited by anti-
oxidants (Pattanapanyasat et al. 2004; Freikman et al. 2008).

In the current study we investigated the interrelationship
between oxidative stress and intracellular Ca concentration
and the distribution of PS across the membranes and its
shedding from RBCs as well as the effect of PS shedding
on the structure and function of the RBC plasma mem-
brane. For this purpose, we used normal and thalassemic
RBCs treated or untreated with an oxidant (#-butyl hydro-
peroxide, BHP) or the antioxidants vitamin C (Vit.C) and
N-acetylcystein (NAC). We previously reported that BHP
increased PS externalization and shedding, producing a
“thalassemia-like” phenotype in normal oxidized RBCs,
while Vit.C and NAC had an opposite effect, producing a
“normal-like” phenotype in thalassemic RBCs (Freikman
et al. 2008). Intracellular Ca was modulated by treating the
cells with the Ca ionophore A23187, which facilitates
transport of Ca®>" across the plasma membrane (Dedkova
et al. 2000), or by varying the Ca concentration in the
medium. By measuring intracellular Ca with Fluo-3, we
found that oxidative stress stimulated inward Ca flux. Using
a novel quantitative flow-cytometric assay (Freikman et al.
2009), we demonstrated that oxidative stress-induced
PS externalization and shedding were mediated by the
intracellular Ca concentration.

We also demonstrated that oxidative stress-induced
shedding affected the susceptibility of RBCs to undergo
phagocytosis by macrophages. While PS externalization
increased RBC phagocytosis, addition of PS to the growth
medium prevented it. These results indicate that phagocy-
tosis is mediated by the PS exposed on the RBCs but also
suggest that shedding of PS reduces RBC phagocytosis,
probably by competitive binding to PS receptors on
macrophages.

Shedding is considered one of the mechanisms of
membrane remodeling (Dello Sbarba and Rovida 2002).
RBC:s that are characterized by increased shedding, such as
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RBCs derived from patients with thalassemia or sickle cell
disease, have an elevated cholesterol/PL ratio in their
membranes (Rank et al. 1988; Allan and Thomas 1981;
Foller et al. 2008). Using NMR technology, we now show
that oxidative stress-induced shedding increases the cho-
lesterol/PL ratio in the membrane of RBCs. An increased
cholesterol/PL. ratio in the RBC membrane has been
reported to decrease membrane fluidity (Allen et al. 2006)
and consequently to elevate osmotic resistance (McGrath
et al. 1995; Caprari et al. 1999; Brzeszczynska et al. 2008).
In the present study, we show that treatment with BHP or
A23187 increased the cholesterol/PL ratio as well as the
osmotic resistance.

The results indicate that oxidative stress-induced mod-
ulation of PS in the membrane of RBCs is mediated by
changes in their Ca flux. Increased flux results in exter-
nalization of the PS and shedding part of it into the
extracellular milieu. These processes have profound effects
on the membrane composition (cholesterol/PL ratio) and
properties, including osmotic resistance and susceptibility
to undergo phagocytosis by macrophages. Thus, the bal-
ance between PS externalization and shedding may control
the fate of RBCs in the circulation under physiological and
pathological conditions.

Methods
RBCs

Peripheral blood samples were obtained from normal donors
and f-thalassemic patients. Clinical data of the patients were
reported elsewhere (Amer et al. 2008). Informed consent
was obtained in all cases according to the Helsinki Com-
mittee Regulations (permit 20-30/03/01, Israel).

Treatment of RBCs

Normal or thalassemic RBCs were washed and diluted
(1 x 10"/ml) in phosphate-buffered saline (PBS) contain-
ing, unless otherwise stated, 2 mM CaCl, (Ca-PBS) and
incubated at 37°C with the oxidant BHP or the antioxidants
Vit.C and NAC and the Ca ionophore A23187 (all from
Sigma-Aldrich, Rehovot, Israel). Following 1-h incubation,
cells were centrifuged at 1,700xg and supernatants were
kept at —80°C until analysis. RBCs were washed twice
with PBS and immediately analyzed by flow cytometry.
The effects of BHP, Vit.C and A23187 were found to be
concentration-dependent (data not shown); for the experi-
ments described in this study we used 1 mM for BHP and
Vit.C and 2 pM for A23187 in order to reach levels of
intracellular Ca and external PS comparable to those in
untreated thalassemic RBCs.
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Measurement of Intracellular Ca

Intracellular Ca*™ was measured as described (Lang et al.
2006b). Briefly, RBCs were first loaded with Fluo-3/AM
(Calbiochem, San Diego, CA) by addition of 4 pl of a
stock solution (2.0 mM in DMSO) to 1 ml RBC suspension
(107 RBCs/ml in PBS supplemented with 10 mM p-glu-
cose) and incubation at 37°C for 30 min under protection
from light. RBCs were then centrifuged at 1,000xg for
5 min at 22°C and washed twice with PBS containing 0.5%
bovine serum albumin (Sigma-Aldrich) and once with
PBS. About 10° Fluo-3-loaded RBCs were then treated
with BHP, A23187 or vehicle (DMSO) and analyzed by
flow cytometry.

Measurement of Cellular and Shed PS

Measurement of outer PS using fluorescein isothiocyanate-
conjugated human recombinant annexin-V is a well-known
procedure (Reutelingsperger et al. 2002). Quantitative
measurement of PS was performed by the two-step fluo-
rescence inhibition assay as previously described (Freik-
man et al. 2009). Briefly, the outer PS of intact RBCs or PS
in solution (lysed RBCs or RBC supernatants) was bound
to fluorescent annexin-V (IQ Products, Groningen, the
Netherlands) (step I), and then the residual, nonbound
annexin-V was quantified by binding to PS exposed on
apoptotic HL-60 cells, which served as an indicator reagent
(step II). The indicator cell fluorescence in step II, mea-
sured by flow cytometry, was reciprocally proportional to
the amount of PS in step I (Freikman et al. 2009).

Flow Cytometry

RBCs were analyzed by a fluorescence-activated cell sorter
(FACScalibur; Becton Dickinson Immunofluorometry
Systems, Mountain View, CA). Cells were passed at a rate
of ~1,000/s with saline serving as the sheath fluid. A
488-nm argon laser beam was used for excitation. RBCs
were gated according to their forward light and side light
scatterings. The cellular fluorescence emission at 530 nm
was measured, and the arithmetic mean fluorescence index
was calculated by the FACS-equipped CellQuest® software
(Becton Dickinson Immunofluorometry Systems). The
height of the fluorescence signal, Fl-1H, depends on the
fluorochrome content per cell rather than its concentration;
and therefore, it is not affected by possible changes in cell
size.

Measurement of Cholesterol and PLs

PLs and cholesterol were measured by proton 'H-NMR
as previously described (Yoshioka et al. 2000). Lipid

extraction was performed using a modified Folch method
(Folch et al. 1957). Briefly, six volumes of a cold metha-
nol:chloroform (1:2) mixture were added to one volume of
an ice-cold RBC sample. Then, four volumes of 0.1 M KCl
were added, and the mixture was left overnight for phase
separation. The lower (hydrophobic) phase was collected
and evaporated. The dry residue was dissolved in chloro-
form/methanol as previously reported (Folch et al. 1957)
and analyzed by NMR.

Spectra were obtained with a Varian Inova500 spec-
trometer equipped with an 11.74 T, 51-mm Bore Oxford
Magnet (Varian Medical Systems, Palo Alto, CA), oper-
ating at 500 MHz. A 5-mm switchable probe was used. The
spectrometer conditions used were 60° flip angle, delay
time of 2 s and number of points —5,000. Signals were
fully relaxed at these conditions. The data were processed
using the VNMR software, including backward linear
prediction (Varian Medical Systems). NMR peak assign-
ments were determined by comparison with the spectra of
commercial cholesterol and PLs (all from Sigma-Aldrich)
as previously described (Sparling et al. 1989; Yoshioka
et al. 2000). The absolute concentrations of lipids were
determined using the integral of the NMR signal of residual
CHCl; in the deuterated solvent (chloroform-D1, 99.8%) as
a reference. Calibration curves for selected signal integrals
relative to the CHCl; integral were prepared using com-
mercial lipids.

Measurement of Osmotic Resistance and Susceptibility
to Phagocytosis

Following treatment with BHP or A23187 and washing
with PBS, osmotic resistance was determined by exposing
RBCs for 5 min to a hypo-osmotic solution (60% PBS in
DDW). The nonlysed cells were centrifuged, redispersed in
PBS and counted. Susceptibility to phagocytosis was
determined by incubating RBCs with human macrophages.
Macrophages were obtained from normal human peripheral
blood mononuclear cells cultured according to the two-
phase liquid culture procedure (Fibach et al. 1989).
Adherent macrophages were collected by trypsinization,
washed, resuspended in fresh alpha-medium containing
10% fetal calf serum (Biological Industries, Beit-Haemek,
Israel) and recultured in multiwell dishes. RBCs were
treated as specified in Results, washed and then added to
the macrophages. After 24-h incubation, nonphagocytized
RBCs were counted microscopically using a hemocytom-
eter as previously described (Amer et al. 2008). The extent
of phagocytosis was calculated as the percent of RBC
clearance by macrophages. RBC lysis as a possible cause
of decreased RBC count was ruled out by benzidine
staining of the supernatants (Fibach 1993). Only traces of
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hemoglobin, which were not statistically different in con-
trols and treated cells, were detected.

Statistical Analysis

The data were expressed as mean £ SD from at least three
independent experiments and further subjected to the two-
tailed Student’s t-test. P < 0.05 was considered statistically
significant.

Results
Effect of Oxidative Stress on Intracellular Ca

Intracellular Ca was measured in normal and thalassemic
RBCs by flow cytometry using Fluo-3 (Lang et al. 2006b).
In normal RBCs, 1-h treatment with BHP (1 mM) led to a
1.8-fold increase in Fluo-3 fluorescence (P < 0.01, n = 5)
(Fig. 1a, b). Thalassemic RBCs had 20% higher Fluo-3
fluorescence than normal RBCs; treatment with Vit.C
(1 mM) decreased it (P < 0.05, n = 5) (Fig. 1c, d). Similar
results were obtained with NAC (data not shown). Treat-
ment with A23187 (2 uM), which served as a positive
control, increased the fluorescence of normal and thalas-
semic RBCs by 2.7- and 2.5-fold (P <0.05, n =)5),
respectively, compared with untreated RBCs.

In order to rule out the possibility of hemolysis during
the experiment, supernatants were stained with benzidine
(Fibach 1993). Only traces of hemoglobin were detected in
the supernatants, and there was no significant difference
between normal and thalassemic RBCs.

Effect of Oxidative Stress on Cellular PS Distribution
and Shedding

To determine the effect of oxidative stress on PS exter-
nalization and shedding by RBCs and the involvement of
intracellular Ca in this process, we incubated normal RBCs
in Ca-PBS with BHP or A23187. The kinetics of changes
in the inner, outer and total PS (Fig. 2a—c) as well as in the
shed PS (Fig. 2d) were followed for 60 min using a
quantitative flow-cytometric assay, as described in
“Methods” section. The results showed that untreated
(control) RBCs contained 0.18 4+ 0.02 and 0.92 & 0.05
umol/10” cells outer and inner PS, respectively, which did
not significantly change with time (Fig. 2a). Following
addition of 1 mM BHP, the outer PS increased by threefold
during the first 30 min and plateaued thereafter, while the
inner PS continuously decreased during the observation
period (Fig. 2b). These changes in PS were reflected by a
28% decrease in the total cellular PS and by continuous
shedding of PS into the supernatant, which reached 0.35
pmol/107 cells after 60 min (Fig. 2d). Following addition
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Fig. 1 Effect of oxidative stress on intracellular Ca. Fluo-3-loaded
normal (a, b) and thalassemic (Thal.) (¢, d) RBCs were incubated for
1h in Ca-PBS with none (Control), A23187 (2 uM), t-butyl
hydroperoxide (BHP) (1 mM) or vitamin C (Vit.C, 1 mM) as shown.
Cellular Fluo-3 fluorescence was measured by flow cytometry.
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Fluorescence histograms of representative normal (a) and thalassemic
(c) samples are shown. The results of five experiments are summa-
rized in b and d (average + SD showing the mean fluorescence
indices of five different donors). P values of treated RBCs compared
to untreated (control) RBCs are indicated



1. Freikman et al.: Shedding of Phosphatidylserine from RBCs

77

Fig. 2 Effect of BHP and A
A23187 on the kinetics of PS z g Control B ie BHP
distribution and shedding. iy 1241 ] r g ; 4__1 ’
Normal human RBCs were ~ 10 %L 3433 & %+ [-+-Out @ i}‘ AN
X o =) —4—6— 4 |-o-In © 10f- T +-Out
incubated for the indicated 3 08 L I | atom| B gs] DNy P \{‘__ 1 |=m
durations in Ca-PBS with none E 0.6 S 54 ] ‘i\% | o Total
(Control) (a) with 1 mM BHP 204 E’ 04 é¢ +—1
(b) or with 2 uM A23187 (c). £ o02] 4 3 3 0'2 5 P 3
Inner, outer and total PS **f'*+ A |
(a—c) as well as shed PS 0 10 20 30 40 50 60 0 10 20 30 40 50 60
(d) were quantified using Time (min) Time (min)
indirect fluorescence assay, as D
described in “Methods” section. c e Shed PS
Q- T
R@sults are express;:d as 14 l A23187 @ % j
micromoles per 10° RBCs O L X %2 coma
a 121 1 e 1/t _— L —+— Control
(mean #+ SD, n = 5) e A EN B O Q A o BHP
5 1.0 + o) > — - Out B ét. —+ A23187
= 08 '} T [=In S 0.2 A 4 —
gos| Mgy 5o Tl S5 4 At
o - _."!'
5 0.4 o S S S ® o1
w 0.23*
a- +
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

of 2 uM A23187, the outer PS increased by 2.5-fold during
the first 20 min and plateaued thereafter, whereas the inner
PS continuously decreased up to 31% (Fig. 2¢). The total
cellular PS decreased by 30% due to continuous shedding
of PS into the supernatant, which reached 0.39 pmol/ 107
cells (Fig. 2d). The results indicate that although concen-
tration-wise A23187 is much more effective than BHP,
oxidative stress and increased Ca are both associated with
augmented exposure and shedding of PS.

To further clarify the involvement of Ca in oxidative
stress-induced PS externalization and shedding, normal
RBCs were treated with BHP or A23187 in PBS containing
different concentrations of Ca (0-2 mM). Only minor
changes were observed in the outer, inner or shed PS of
untreated RBCs incubated in different Ca concentrations
(Fig. 3a, b). Decreasing the Ca concentration during
treatment with either | mM BHP or 2 pM A23187 resulted
in a significant decrease in the outer and shed PS and an
increase in the inner and total PS compared to treatment
with these compounds in the presence of a physiological
concentration of Ca (2 mM). These results indicate a direct
correlation between Ca concentration and oxidative stress-
induced PS shedding.

We next studied the involvement of Ca in PS external-
ization and shedding in thalassemic RBCs. Figure 4a, b
shows that their outer and shed PS are higher and their
inner PS is lower than in normal RBCs. Antioxidants
(Vit.C and NAC) reversed these effects, partially correct-
ing their PS phenotype. Figure 4c, d shows the effect of Ca
on thalassemic RBCs; lower PS exposure and shedding
were observed when Ca was reduced.

Taken together, these results, which are in agreement
with our previous NMR study (Freikman et al. 2008),

indicate that PS exposure and shedding are induced by
oxidative stress and suggest that they are mediated by the
intracellular Ca concentration.

Effects of Oxidative Stress on the RBC Membrane
Cholesterol/PL Ratio

Cholesterol and PLs are the major components of the
membrane lipids. We used high-resolution 'H-NMR to
follow the effect of oxidative stress-induced shedding on
the content of these components in RBCs and in their
supernatants. NMR signals used for quantification were the
C18-CHj; signal at 0.7 ppm for cholesterol (Fig. Sa) and the
glycerol backbone —CH,-OP signal at 4.0 ppm for PLs
(Fig. 5b). The results showed that in normal RBCs and in
their supernatants the cholesterol/PL ratios were 2.9 and
0.7, respectively (Fig. 5c, d). One-hour treatment with BHP
(1 mM) or A23187 (2 uM) slightly decreased the cellular
cholesterol (by 2.8 &+ 1.2 and 3.5 & 1.4%, respectively) but
significantly decreased (by 2.5- and 2.7-fold, respectively)
the PL content, thereby increasing the cellular cholesterol/
PL ratio by 2.5-fold (Fig. 5c). No change was observed in
the cholesterol/PL ratio of the supernatants of untreated
RBCs, but treatment with BHP or A23187 decreased the
ratio in the supernatants by 1.7- and 2.2-fold (Fig. 5d).

In thalassemic RBCs, the cholesterol/PL ratio was 5.8
(2.8-fold higher than normal RBCs), and it was increased
to 6.9 during incubation. Treatment with the antioxidants
Vit.C and NAC (1 mM) decreased the ratio to 4.2 (Fig. Se).
The ratio in the supernatants of untreated thalassemic
RBCs (Fig. 5f) was 0.45 (35% lower than normal RBC
supernatants), and it decreased to 0.36 during the experi-
ment. Treatment of thalassemic RBCs with the antioxidants
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Fig. 3 Effect of Ca
concentration on PS distribution
and shedding of normal RBCs.
Normal RBCs were incubated in
PBS containing the indicated
concentrations of CaCl, with
none (control, diamond), BHP
(1 mM, triangle) or A23187

(2 uM, square). Outer (a), inner
(b) and total cellular PS (¢) as
well as shed PS (d) were
measured after 1 h. Results are
expressed as micromoles per
10’ RBCs (mean + SD, n = 5)

Fig. 4 Effect of Ca
concentration on PS distribution
and shedding of thalassemic
RBCs. Thalassemic RBCs were
incubated for 1 h in Ca-PBS
with the antioxidants vitamin C
(Vit.C) or N-acetylcystein
(NAC) (both at 1 mM) (a, b) or
in PBS supplemented with the
indicated concentrations of
CaCl, (¢, d). Inner, outer and
total PS (a, ¢) as well as shed PS
(b, d) were measured. Results
are expressed as micromoles per
107 RBCs (mean =+ SD, n = 5)
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Fig. 5 Effect of oxidative A
stress-induced shedding on the
RBC membrane cholesterol/PL
ratio. Normal RBCs were
treated with none (Control),
BHP (1 mM) or A23187 (2
puM), whereas thalassemic
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caused a 22% increase in the cholesterol/PL ratio of their
supernatants.

Taken together, these results indicate that in response to
oxidative stress or an intracellular Ca rise, RBCs shed
membrane components selectively, causing relative
enrichment of the RBC membrane with cholesterol.

Effects of Shedding on Osmotic Resistance and RBC
Phagocytosis

Increased cholesterol in the RBC plasma membrane affects
its mechanical properties (Allen et al. 20006), including its
fluidity, which in turn was correlated with osmotic resis-
tance (McGrath et al. 1995). To relate PS shedding to
osmotic resistance, normal RBCs treated with BHP or
A23187 were analyzed for their osmotic resistance. The

Time (min)

results showed (Fig. 6a) that BHP (I mM) or A23187
(2 uM) increased the osmotic resistance by 2.4- and 2.1-
fold, respectively.

PS externalization has been suggested to play a role in
removing damaged or senescent RBCs from the circulation
by phagocytosis (Ayub and Hallett 2004). In order to relate
PS externalization and shedding to phagocytosis, normal
RBCs treated with BHP or A23187 were analyzed for
phagocytosis following coincubation with macrophages.
The results showed (Fig. 6b) that only 5.5% of untreated
RBCs (control) were removed by phagocytosis, whereas
treatment with BHP (1 mM) and A23187 (2 uM) resulted
in 64 and 93% phagocytosis, respectively. To probe the
role of shed PS in phagocytosis, commercially available PS
(Sigma-Aldrich) was suspended in PBS containing 1%
BSA and added together with RBCs to macrophage-
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Fig. 6 Effect of oxidative stress on osmotic resistance and suscep-
tibility to phagocytosis. RBCs were diluted to 1 x 10%ml in Ca-PBS
and treated for 1 h with none (Control), BHP or A23187. a Osmotic
resistance was assayed by exposing RBCs to hypo-osmotic solution
(60% PBS in DDW) for 5 min. Percentages of nonhemolyzed RBCs

containing plates. The results show 18.9 and 31.2% inhi-
bition of phagocytosis of RBCs treated with BHP (1 mM)
or A23187 (2 uM), respectively (Fig. 6b) compared to
phagocytosis of RBCs treated similarly without PS sus-
pension. These results indicate that susceptibility to
phagocytosis induced in RBCs by BHP and A23187 is
mediated by the outer PS and suggest that shed PS may
have an inhibitory effect.

Discussion

In the present study, we investigated the involvement of Ca
flux in oxidative stress-induced externalization and shed-
ding of PS from RBCs and its consequences on their mem-
brane composition and properties. For this purpose, we used
human normal RBCs as well as thalassemic RBCs, which
are known to be under chronic oxidative stress. Oxidative
stress was further modulated by treatment with an oxidant
(BHP) or antioxidants (Vit.C, NAC) (Amer et al. 2004;
Freikman et al. 2008). Using flow cytometry of Fluo-3-
labeled RBCs (Fig. 1), we found that thalassemic RBCs had
higher Ca flux than normal RBCs. Ca flux was increased in
normal RBCs by treatment with BHP and decreased in
thalassemic RBCs by treatment with the antioxidants. As a
positive control we used RBCs treated with the Ca iono-
phore A23187. These results are in accordance with the
effect of oxidative stress on the regulation of Ca flux as
recently reviewed (Hidalgo and Donoso 2008).

We then studied the effects of oxidative stress and
intracellular Ca content on the PS distribution across the
membrane and its shedding into the extracellular milieu.
PS was measured by a novel quantitative indirect flow
cytometry (Freikman et al. 2009). We found that treatment
of normal RBCs with BHP and A23187 caused the outer
PS to increase and the inner PS to decrease, followed by a
significant decrease in the total cellular PS due to its
shedding (Fig. 2a). These effects were reduced as a func-
tion of the intracellular Ca concentration and completely
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(mean + SD, n = 5) are shown. b Phagocytosis was assayed by
overnight incubation of RBCs with macrophages in the presence or
absence of 1 mM PS. Percentages of phagocytosed RBCs
(mean 4+ SD, n = 5) are shown

inhibited in Ca-free medium (Fig. 3). Thalassemic RBCs
showed increased basal outer PS and shedding compared
with normal RBCs (Fig. 4a, b). Treatment of thalassemic
RBCs with antioxidants decreased their outer PS and
shedding (Fig. 4c, d), acquiring a normal-like phenotype.
Moreover, treatment of normal RBCs with antioxidants
slightly decreased, while treatment of thalassemic RBCs
with oxidants further increased the PS externalization and
shedding (data not shown). These results indicate that an
increase in Ca flux is involved in the oxidative stress-
induced PS externalization and shedding. It should be
noted that PS redistribution is the outcome of multiple
factors and mechanisms, which may have opposite effects,
including changes in cellular Ca concentration and oxida-
tive status, extent of inward PS flow and PS shedding.
These dynamic processes are ongoing continuously and
simultaneously. PS exposure on thalassemic RBCs,
induced by their high intracellular Ca concentration and
oxidative status, is blunted by increased shedding. Only
when PS externalization overcomes the ability to remove it
by shedding are thalassemic RBCs removed by phagocy-
tosis (extravascular hemolysis).

We further studied the effect of oxidative stress-induced
shedding on the membrane composition and properties.
The PLs and cholesterol, the major lipid membrane com-
ponents, were measured by "H-NMR in normal and thal-
assemic RBC membranes and in their supernatants. We
found that treatment of normal RBCs with BHP and
A23187 significantly decreased the PLs in the membranes
and increased them in the supernatants, while the choles-
terol was only slightly decreased in the membrane and was
minimal in the RBC supernatants. This resulted in a 2.5-
fold increase in the cholesterol/PL ratio in normal RBC
membranes. Thalassemic RBCs demonstrated a higher
cholesterol/PL ratio than normal RBCs, which was
decreased by antioxidants. These findings suggest that
shedding is a selective process involving mainly PLs and
leading to relative accumulation of cholesterol in the
membrane. In this respect, it should be mentioned that
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while shedding is often described in the context of
microparticles, i.e., membrane-bound vesicles (Rank et al.
1988; Allen et al. 2006; Foller et al. 2008), we have pre-
viously shown that the majority of the shed PS is not
associated with microparticles (Freikman et al. 2008).

Increased cholesterol content in the RBC plasma
membrane was reported to affect its mechanical properties
(fluidity) (Wilson-Ashworth et al. 2006; Gonzalez et al.
2009). Thus, during physiological aging, senescent RBCs
showed an increased cholesterol/PL ratio followed by
increased membrane osmotic resistance (Caprari et al.
1999). Increased cholesterol/PL has been observed in var-
ious pathological conditions such as diabetes (Allen et al.
2006), chronic alcoholism (Maturu et al. 2010) and mul-
tiple sclerosis (Hon et al. 2009). It was also demonstrated
that oxidatively stressed RBCs from patients undergoing
regular dialysis had decreased membrane fluidity (McGrath
et al. 1995). Membrane fluidity is associated with the RBC
osmotic resistance (Allen et al. 2006). The results showed
(Fig. 6) that RBCs treated with BHP or A23187 had
increased osmotic resistance, suggesting that osmotic
resistance is related to membrane changes that include PS
shedding and accumulation of cholesterol.

A variety of membrane changes in senescent and dis-
eased RBCs have been reported to mediate their removal
from the circulation by phagocytosis; external PS is one of
these signals (Ayub and Hallett 2004). Shedding might
constitute a vital process during development of erythroid
precursors (data not shown) in the bone marrow and of the
survival of mature RBCs in the circulation. Macrophage
phagocytosis of apoptotic bodies was reported to be
inhibited by PS liposomes and its structural analogues but
not by other anionic PLs (Fadok et al. 1992). We measured
phagocytosis of RBCs by cultured macrophages derived
from peripheral blood monocytes. The results indicated
that while PS externalization (by treatment of normal
RBCs with BHP and A23187) increased phagocytosis,
addition of PS to the culture medium prevented it. These
results are in agreement with a previous report that showed
that PS-containing microvesicles inhibited phagocytosis of
thalassemic RBCs (Srinivasan and Basu 1996). The results
indicate that phagocytosis is mediated, in part, by the PS
exposed on the RBCs but also suggest that shedding of PS
reduces RBC phagocytosis, probably by competitive
binding to PS receptors on macrophages.

The results indicate that oxidatively stressed RBCs
undergo modulation of their membrane PS by increasing
their Ca flux, leading to membrane shedding which pro-
foundly affects RBC membrane composition and proper-
ties, such as their osmotic fragility and susceptibility to
undergo phagocytosis (intra- and extravascular hemolysis,
respectively) and consequently and consequently regulates
the life span of the RBCs in the circulation.
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