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Abstract
Background: During apoptosis, Ca2+-dependent events participate in the regulation of
intracellular and morphological changes including phosphatidylserine exposure in the exoplasmic
leaflet of the cell plasma membrane. The occurrence of phosphatidylserine at the surface of
specialized cells, such as platelets, is also essential for the assembly of the enzyme complexes of the
blood coagulation cascade, as demonstrated by hemorrhages in Scott syndrome, an extremely rare
genetic deficiency of phosphatidylserine externalization, without other apparent pathophysiologic
consequences. We have recently reported a reduced capacitative Ca2+ entry in Scott cells which
may be part of the Scott phenotype.

Results: Taking advantage of these mutant lymphoblastoid B cells, we have studied the relationship
between this mode of Ca2+ entry and phosphatidylserine redistribution during apoptosis. Ca2+

ionophore induced apoptosis in Scott but not in control cells. However, inhibition of store-
operated Ca2+ channels led to caspase-independent DNA fragmentation and decrease of
mitochondrial membrane potential in both control and Scott cells. Inhibition of cytochrome P450
also reduced capacitative Ca2+ entry and induced apoptosis at comparable extents in control and
Scott cells. During the apoptotic process, both control and more markedly Scott cells externalized
phosphatidylserine, but in the latter, this membrane feature was however dissociated from several
other intracellular changes.

Conclusions: The present results suggest that different mechanisms account for
phosphatidylserine transmembrane migration in cells undergoing stimulation and programmed
death. These observations testify to the plasticity of the plasma membrane remodeling process,
allowing normal apoptosis even when less fundamental functions are defective.

Background
During apoptosis, changes in cytosolic Ca2+ are likely to

play a critical role by triggering the activation of Ca2+-de-

pendent events inducing global intracellular and mor-

phological modifications [1,2]. Among these changes,

early transverse redistribution of plasma membrane

phosphatidylserine is one of the well-documented hall-

marks of cells undergoing apoptosis [3,4], and has been
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shown to depend on caspase-3 protease activity [5] and

cytoplasmic Ca2+ concentration [6,7]. The resulting ex-

posure of phosphatidylserine in the outer leaflet may

serve as a recognition signal for phagocytosis of senes-
cent cells to be rapidly cleared [3,8–10]. Phosphatidyl-

serine is also essential for the assembly of the blood

coagulation enzyme complexes at the surface of stimu-

lated specialized cells such as platelets, as demonstrated

by hemorrhages in Scott syndrome, an extremely rare in-

herited bleeding disorder transmitted as an autosomal

recessive trait [11–13]. Blood cells from these patients

show a defective membrane-associated procoagulant ac-

tivity due to a decreased ability of phosphatidylserine ex-

ternalization after stimulation [11,12], suggesting that

Scott phenotype results from the deletion or mutation of

a regulatory element involved in this lipid transverse

transport [12,14]. Whether phosphatidylserine trans-

membrane migration is governed by common mecha-

nism(s) in apoptotic cells or stimulated platelets remains

uncertain. Last results suggest that apoptosis and proco-

agulant stimulation operate through different pathways

to activate phosphatidylserine externalization mediated

by a common molecular entity [15].

In non-excitable cells, one of the pathways for the regu-

lation of intracellular Ca2+ concentration involves store-

operated Ca2+ influx (also referred to as capacitative

Ca2+ entry). Activation of voltage-independent Ca2+

channels after sustained depletion of intracellular Ca2+

stores accounts for store-operated Ca2+ entry [16]. It was

originally postulated that store-operated Ca2+ entry

function is limited to replenishment of intracellular Ca2+

stores, several observations however provide evidence

for an important role played by these channels in cell

homeostasis or death [17–20]. The significance of capa-

citative Ca2+ entry in the development of apoptosis has

been shown in hamster embryo cells. In this model, a re-

duced store-operated Ca2+ entry correlates with a dys-

regulation of intracellular vesicular traffic and results in

cell death [19]. Capacitative Ca2+ entry is also defective

in immunodeficiency characterized by a lack of lym-

phocytes proliferation [17,21]. In addition, SKF 96365, a

commonly used store-operated Ca2+ channel inhibitor,

is a potent inducer of apoptosis in HL60 cells [20] sug-

gesting that store-operated Ca2+ entry is an important

regulator of the induction and execution phases of apop-

tosis.

We have previously reported that EBV-transformed B

cells from a patient with Scott syndrome show a defective

store-operated Ca2+ entry after stimulation [22], which

enabled further investigation of the link between this

mode of Ca2+ entry and phosphatidylserine transmem-

brane redistribution [23]. Scott patients do not present
other clinical symptoms than bleeding episodes, in par-

ticular (auto)immune disorders have not been observed

[11,12], suggesting that apoptosis and clearance of cell

fragments are normal although procoagulant phosphati-

dylserine exposure is impaired.

Taking advantage of these mutant lymphoblastoid B

cells, in which rapid phosphatidylserine externalization

is considerably reduced following drastic stimulation by

Ca2+ ionophore, but nevertheless able to undergo apop-

tosis over a longer time period [12,14], the present study

is aiming at establishing a relationship between store-

operated Ca2+ entry and phosphatidylserine redistribu-

tion during apoptosis. For this, several agents were used,

Ca2+ ionophore A23187 wich induces Ca2+ release and

entry [24], the Ca2+ channel blocker SKF 96365 [25] and

the cytochrome P450 inhibitor SKF 525A which also in-

hibits store-operated Ca2+ entry in platelets [26]. Inhibi-

tion of store-operated Ca2+ channels by SKF 96365

induces caspase-independent DNA fragmentation and

decrease of mitochondrial membrane potential in both

control and Scott cells, while Ca2+ influx following treat-

ment by Ca2+ ionophore was only protective in control

cells. The dissociation of phosphatidylserine transverse

migration from other intracellular changes indicates the

existence of alternative pathways for the accomplish-

ment of basic functions or responses involving the re-

modeling of the cell plasma membrane.

Results
Apoptosis and store-operated Ca2+ entry
Lymphoblasts were treated for 48 or 72 h with the Ca2+

ionophore A23187 at concentrations of 100, 150 and 200

nM (Figs. 1a and 1b). Control cells showed normal pro-

portions of DNA PI staining, corresponding to normal

2N or 4N DNA content; A23187 even exerted a somewhat

protective effect against basal apoptosis. At the opposite,

in Scott B cells cytometric analysis revealed nuclei with

low DNA staining (sub-G1 peak) corresponding to apop-

totic cells. The percentage of apoptotic nuclei was

A23187 concentration-dependent and at 200 nM, 17.6 ±
2.7 % of the cells have hypodiploid DNA after 72 h. The

apoptotic character of A23187-treated lymphoblasts was

confirmed by TUNEL assay (see below). A reduced capa-

citative Ca2+ entry has been shown to correlate with ap-

optosis [19]. Recently, we have reported that Scott

lymphoblasts show a defective store-operated Ca2+ entry

[22]. Therefore, it was interesting to assess whether inhi-

bition of capacitative Ca2+ channels could induce apop-

tosis in control B lymphoblasts. The experiments were

performed in the presence of 10 µM SKF 96365, a block-

er of store-operated Ca2+ channels [25]. At 10 µM, SKF

96365 reduced by approximately 30 % the level of capa-

citative Ca2+ entry induced by thapsigargin (1 µM) in ei-

ther control or Scott cells (not shown). As shown in Fig.
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1c, the same concentration of SKF 96365, was able to in-

duce apoptosis in both control and Scott cells.

After 48 h, SKF 96365-induced apoptosis in control cells

was significantly higher than in Scott cells (9.6 ± 0.9 %

and 6.6 ± 0.6 % in control and Scott cells, respectively; P

< 0.01), however, after 72 h of treatment, SKF 96365 in-

duced apoptosis at comparable degrees in both types of

cells (12.4 ± 0.8 % and 12.9 ± 2.4 % in control and Scott

cells, respectively). Higher concentrations of SKF 96365

were responsible for necrosis in both types of cells. It

should be noted that when cells were treated with the

combination of Ca2+ ionophore A23187 + SKF 96365,

the degrees of apoptosis were almost additive at 48 h,

and ~40 % higher at 72 h in Scott cells with respect to

values obtained in the presence of A23187 alone, where-

as A23187 remained protective in control lymphoblasts

(Figure 1d).

Some studies have shown that cytochrome P450 activity

is critical with respect to the regulation of store-operated

Ca2+ influx [27,28]. To verify whether cytochrome P450

pathway is implicated in Ca2+ entry induced by depletion

of Ca2+ stores in EBV lymphoblasts, experiments were

also performed in the presence of 10 µM SKF 525A, a cy-
tochrome P450 inhibitor [28]. As observed with SKF

96365, SKF 525A reduced capacitative Ca2+ entry in-

duced by thapsigargin (1 µM) by approximately 30 % in

either control or Scott cells (not shown). In addition, af-

ter 48 or 72 h of treatment, 10 µM SKF 525A induced ap-

optosis at comparable extents in control and Scott cells

(Fig. 2a). When cells were treated with the combination

of Ca2+ ionophore A23187 + SKF 525A, the degrees of

apoptosis in Scott cells were not significantly different

from those observed in the presence of A23187 alone
(Fig. 2b). Again, A23187 exerted a protective effect

Figure 1
Effect of calcium ionophore A23187 and/or calcium channel
inhibitor SKF 96365 on cell death. Control and Scott B lym-
phoblasts were treated with A23187 (100–200 nM) for 48 (a)
or 72 (b) h, or with SKF 96365 (10 µM) for 48 or 72 h in the
absence (c) or in the presence of calcium ionophore A23187
(200 nM) (d). The degree of apoptosis was determined by
measurement of hypodiploid DNA using propidium iodide
(0.1 mg/ml). Values are mean ± SEM of at least 8 independent
determinations. **P < 0.01 versus control cells. †P < 0.05 ver-
sus the corresponding values at 48 h of treatment.
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Figure 2
Effect of the cytochrome P450 inhibitor SKF 525A on cell
death. Control and Scott B lymphoblasts were treated with
SKF 525A (10 µM) for 48 or 72 h in the absence (a) or in the
presence of calcium ionophore A23187 (200 nM) (b). The
degree of apoptosis was determined by measurement of
hypodiploid DNA using propidium iodide (0.1 mg/ml). Values
are mean ± SEM of at least 6 independent determinations. *P
< 0.05 versus control cells.
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against SKF 525A-induced apoptosis in control lym-

phoblasts, more pronounced at 72 h (Fig. 2b).

Experiments using the extracellular Ca2+ chelator EGTA
(1–2 mM) were designed in order to evaluate the rela-

tionship between store-operated Ca2+ entry and apopto-

sis. At 1 mM, EGTA did not induce apoptosis nor affected

Ca2+ ionophore-evoked apoptosis. However, higher con-

centrations of EGTA (1.5 and 2 mM) enhanced cell mor-

tality by necrosis, making measurements of the degree of

apoptosis almost impossible (not shown).

To determine whether caspases are involved in this ap-

optotic process, Ca2+ ionophore- or SKF 96365-treated

cells were incubated in the absence or presence of the

broad-spectrum caspase inhibitor z-VAD.fmk (50 µM) or

the more specific caspase-3 inhibitor, Ac-DEVD-CHO

(50 µM) [29]. Apoptosis analysis, assessed by PI stain-

ing, showed that none of these inhibitors had significant

effect on DNA fragmentation after 48 or 72 h of A23187

treatment of either control or Scott cells (Fig. 3a). How-

ever, z-VAD.fmk interfered in the effect of SKF 96365 on

Scott cells, even exerting an apparent paradoxical poten-

tiation of apoptosis, whereas it did not affect the fate of

control cells to a significant extent (Fig. 3b).

In order to assess the effects of Ca2+ ionophore and

channel blockers on apoptosis, Ca2+ signaling was mon-

itored in viable cells using Fluo-3 fluorochrome and PI to
define a gate excluding necrotic cells, i.e. PI positive cells

representing less than 10 % of the whole population.

Under control condition (Fig. 4), approximately 95 % of

viable cells presented "normal" [Ca2+]i (68 ± 6 and 78 ±
14 fluorescence arbitrary units in control and Scott cells

respectively) and only 3 ± 1 % of cells showed elevated

[Ca2+]i (Table 1). After A23187 (200 nM) treatment, the

latter population with elevated [Ca2+]i was significantly

increased as well as [Ca2+]i itself, but this occurred in

control cells only, and the effect was not inhibited by the

caspase-3 inhibitor Ac-DEVD-CHO (Table 1). In addi-

tion, SKF 96365 did not modify either [Ca2+]i or number

of events in both types of cells. Similar results were ob-

tained with SKF 525A (not shown). However, it should

be noted that when cells were treated with the combina-

tion of Ca2+ ionophore A23187 + SKF 96365, [Ca2+]i was

enhanced in control but not in Scott cells. Furthermore,

in response to UV irradiation, both types of cells under-

went apoptosis as determined by DNA fragmentation but

[Ca2+]i was not modified. For example, at 5 J/cm2, 23 ±
3 % and 28 ± 5 % of the normal and Scott cells had hy-

podiploid DNA, respectively.

DNA fragmentation and mitochondrial membrane potential
A switch from apoptosis to necrosis has been described

in B lymphocytes after incubation in the presence of cas-

pase inhibitor [30]. In order to assess that each of

A23187 or SKF 96365 induces apoptosis and not necro-
sis, TUNEL assay was performed and changes of mito-

Figure 3
Effect of the caspase inhibitors z-VAD.fmk or Ac-DEVD-
CHO on cell death induced by calcium ionophore A23187 or
calcium channel inhibitor SKF 96365. Control and Scott B
lymphoblasts were treated with z-VAD.fmk (50 µM) or Ac-
DEVD-CHO (50 µM) for 48 or 72 h in the presence of cal-
cium ionophore A23187 (200 nM) (a), or in the presence of
the calcium channel inhibitor SKF 96365 (10 µM) (b). The
degree of apoptosis was determined by measurement of
hypodiploid DNA using propidium iodide (0.1 mg/ml). Values
are mean ± SEM of at least 8 independent determinations. *P
< 0.05 versus the corresponding value in the absence of cas-
pase inhibitor.
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chondrial membrane potential were measured by flow

cytometry. Early in apoptosis, TUNEL labeling and mito-

chondrial membrane permeability increase and the mi-

tochondrial inner transmembrane potential decreases

[31]. Fig. 5 shows TUNEL positive staining in SKF

96365-treated cells but not in A23187-treated control

cells, and in both Ca2+ ionophore- and SKF 96365-treat-

ed Scott cells after 48 h, confirming PI results. Similar

observations were made after 72 h treatment (not

shown). While in control cells, A23187 induced a non-

significant decrease of the JC-1 red/green fluorescence

ratio (reflecting ∆ψ), in Scott cells the effect was more

pronounced, corresponding to higher apoptosis levels

(Table 2). As observed by PI analysis, SKF 96365 treate-

ment induced comparable decreases of the JC-1 red/

green fluorescence ratio in both types of cells after 48 or

72 h treatment (Table 2). z-VAD.fmk treatment limited
the SKF 96365-induced decrease in JC-1 fluorescence af-

ter 48 h treatment, but had no effect on the reduction of

JC-1 fluorescence ratio corresponding to A23187 or SKF

96365 after 72 h treatment.

Phosphatidylserine externalization
Apoptotic cells were assessed for phosphatidylserine ex-

posure by functional procoagulant prothrombinase as-

say, and by annexin V labeling. After Ca2+ ionophore or

SKF 96365 treatment, the degree of phosphatidylserine

externalization remained weak at 48 h and was not af-

fected by the caspase inhibitor z-VAD.fmk (Fig. 6a). At

72 h of A23187 or SKF 96365 treatment, the degree of

phosphatidylserine exposure was enhanced in both types

of cells, and more significantly in SKF 96365-treated

cells (P < 0.05). Phosphatidylserine externalization was

not affected by the caspase inhibitor z-VAD.fmk in con-

trol cells. In Scott cells, z-VAD.fmk however prevented

the phosphatidylserine redistribution induced by Ca2+

ionophore (P < 0.05), but did not reduce the effect of

SKF 96365, even exerting an apparent paradoxical po-

tentiation of phosphatidylserine externalization proba-

bly due to a membrane destabilizing effect when used at

50 µM [32] (Fig. 6b).

In order to compare with more drastic and rapid stimu-

lation, it should be noted that after 10 min of A23187

treatment at 1 µM, prothrombinase activity was en-

hanced in both type of cells, but as previously reported

[12,22] B lymphoblasts from the Scott patient displayed

a ~60 % reduction of prothrombinase activity when com-
pared with control cells (Fig. 6c). Consistent with the

Figure 4
[Ca2+]i determination in control and Scott cells by flow
cytometry. Cells treated for 72 h by 200 nM A23187 or 10
µM SKF 96365 were loaded with the fluorochrome Fluo-3 (3
µM) and propidium iodide (PI, 10 µg/ml). Histograms show
the number of cells as a function of Fluo-3 fluorescence for
the PI negative cell population only. One representative
experiment out of four performed likewise is shown.
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data obtained by the prothrombinase assay at 72 h of

A23187 or SKF 96365 treatment (Fig. 6b) and [Ca2+]i de-

terminations (Fig. 4), the number of annexin V-positive

cells increased in both types of cells (Fig. 7). Moreover,

upon induction of apoptosis by UV irradiation, control

and Scott cells showed approximately the same propor-

tion of annexin V-positive cells (~31 ± 5 % and 34 ± 6 %

of control and Scott cells, respectively). Ac-DEVD-CHO

did not prevent annexin V labeling (not shown), suggest-

ing that phosphatidylserine externalization is independ-

ent of caspase-3 activity.

Discussion
We have previously reported that Scott cells present a

defect of phosphatidylserine externalization in associa-
tion with a reduced store-operated Ca2+ entry after stim-

ulation [22]. In hamster embryo cells, a reduced store-

operated Ca2+ entry correlates with a dysregulation of in-

tracellular vesicular traffic and apoptosis [19]. Here, we

provide direct evidence that impairment of store-operat-

ed Ca2+ entry can causally be implicated in the develop-

ment of apoptosis since Ca2+ influx protects control cells

against apoptosis. In addition, Scott cells are able to ex-

pose phosphatidylserine during apoptosis indicating

that the mechanisms controlling membrane phosphati-

dylserine redistribution during apoptosis and procoagu-

lant response are probably different.

Ca2+ ionophore has been reported to induce Ca2+ release

from intracellular stores, and after sustained depletion,

voltage-independent Ca2+ entry across the plasma mem-

brane [24]. In this study, A23187 treatment induced ap-

optosis only in Scott, but not in control cells, and an

increase in [Ca2+]i only in the latter, indicating that Ca2+

exerts a protective effect against apoptosis. Because Ca2+

release from intracellular stores was similar in Scott and

control cells [22], the present results suggest that re-

duced Ca2+ entry indeed correlates with apoptosis induc-
tion.

In T and B lymphocytes, it has been shown that stimula-

tion of CD95, which leads to apoptosis, blocks store-op-

erated Ca2+ channels and influx through the activation of

acidic sphingomyelinase and ceramide release [33]. In

our study, if capacitative Ca2+ entry is involved in the in-

duction of apoptosis, direct inhibition of this particular

Table 1: Changes of intracellular Ca2+ concentration in the cell population with elevated [Ca2+]i, assessed by flow cytometry using Fluo-
3fluorescence (arbitrary units) in control and Scott cells after 48 or 72 h of apoptosis induction by calcium ionophore A23187 (200 nM) 
or/and SKF 96365 (10 µM), in the absence and presence of the caspase inhibitor Ac-DEVD-CHO (50 µM). Values are the mean ± SEM 
of 4 independent experiments.

CELLS No treatment A23187 (200 nM) SKF 96365 (10 
µM)

A23187 + SKF 
96365

Ac-DEVD-CHO + 
A23187

Control (48 h) 398 ± 25 545 ± 51** 409 ± 17 524 ± 25* 522 ± 23*

Scott (48 h) 371 ± 5 382 ± 1 390 ± 7 371 ± 14 380 ± 10
Control (72 h) 361 ± 22 470 ± 25* 417 ± 31 490 ± 44* 520 ± 90*

Scott (72 h) 403 ± 62 408 ± 70 376 ± 46 354 ± 54 356 ± 43

*P < 0.05, **P < 0.01 versus the corresponding values obtained with non-treated cells.

Table 2: Changes of mitochondrial membrane potential, assessed by flow cytometry using JC-1 red/green fluorescence ratio in in control 
and Scott cells after 48 or 72 h of apoptosis induction by calcium ionophore A23187 (200 nM) or SKF 96365 (10 µM) in the absence and 
presence of the caspase inhibitor z-VAD.fmk (50 µM). Values are the mean ± SEM of 4 independent experiments.

CELLS No treatment A23187 (200 nM) SKF 96365 (10 
µM)

zVAD + A23187 zVAD + SKF 
96365

Control (48 h) 1.37 ± 0.24 1.05 ± 0.16 0.85 ± 0.11* 1.16 ± 0.03 1.01 ± 0.09
Scott (48 h) 1.25 ± 0.20 1.01 ± 0.17 0.96 ± 0.20* 1.11 ± 0.08 1.20 ± 0.12

Control (72 h) 1.26 ± 0.09 1.1± 0.16 0.89 ± 0.06* 0.97 ± 0.03 0.88 ± 0.04*

Scott (72 h) 1.55 ± 0.12 1.02 ± 0.22* 1.04 ± 0.26* 0.97 ± 0.16* 0.89 ± 0.21*

*P < 0.05 versus the corresponding values obtained with non-treated cells.
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way of Ca2+ entry should trigger apoptosis in cells with a

normal store-operated Ca2+ entry, as observed in other

cells [19,20]. SKF 96365, an inhibitor of store-operated

Ca2+ channels [25], was able to induce apoptosis in both

control and Scott cells in the same proportions. These re-

sults are consistent with the observations of Jayadev et

al. [19] and indicate that after inhibition of store-operat-

ed Ca2+ channels, cells acquire a high propensity to un-

dergo apoptosis. Also, the importance of store-operated

Ca2+ entry in maintaining cell viability has been ob-

served in HL60 cells after induction of apoptosis by SKF

96365 [20]. Here, SKF 96365 did not affect [Ca2+]i in
both cell types, and the data obtained with SKF 525A, an

Figure 6
Procoagulant phosphatidylserine exposure measured by pro-
thrombinase assay after apoptosis induction in control and
Scott cells. Cells were treated for 48 (a) or 72 (b) h, by 200
nM A23187 or 10 µM SKF 96365 in the absence or in the
presence of z-VAD.fmk (50 µM), or for 10 min (c) by 1 µM
A23187, as described in the "Experimental Procedures". Data
are expressed as mean ± SEM of 5 independent experiments
(each with duplicate samples), where � represents the
increase in activity with respect to baseline prothrombinase
activity. *P < 0.05 versus 72 h A23187 treatment of Scott
cells. §P < 0.05 versus the corresponding value obtained in
the absence of z-VAD.fmk. †P < 0.05 versus the correspond-
ing value obtained with control cells.
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Phosphatidylserine exposure assessed by Annexin V-labeling
after apoptosis induction in control and Scott cells. Cells,
treated for 72 h by 200 nM A23187 or 10 µM SKF 96365,
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inhibitor of cytochrome P450 that also blocks store-op-

erated Ca2+ influx [28], confirm the relationship be-

tween store-operated Ca2+ entry and apoptosis and

suggest that, in B cells, Ca2+ entry is regulated, at least in
part, by the cytochrome P450 enzymatic system.

It has been proposed that Ca2+ release from stores is by

itself sufficient to induce apoptosis [34,35]. Preston et al.

[36] have shown that decreased Ca2+ in endoplasmic re-

ticulum stores due to partial reduction of capacitative

Ca2+ entry leads to poor refilling of these stores and to

apoptosis. In the present study, combinations of SKF

96365 + A23187 or SKF 525A + A23187 resulted in a

weak degree of apoptosis in control cells, which was low-

er than in cells treated with Ca2+ entry inhibitors alone

(i.e. in the absence of A23187). [Ca2+]i measurements

suggest that even when store-operated Ca2+ entry is in-

hibited, A23187-induced Ca2+ influx remains protective

against apoptosis in control cells.

Scott cells show a lack of rapid procoagulant phosphati-

dylserine exposure after drastic ionophore stimulation

[11,12,14]. Here, both control and more markedly Scott

cells externalized phosphatidylserine after induction of

apoptosis, indicating that this process when accounting

for the procoagulant response after a swift elevation of

intracellular Ca2+ depends on a different mechanism

and/or involve different transporters. This does not rule

out that some steps are however common. Our observa-
tions are consistent with those reported in Jurkat [37] or

Raji cells [38], where it has been suggested that phos-

phatidylserine exposure is regulated by multiple path-

ways. Very recently, Williamson et al. [15] have shown

that Scott EBV-lymphoblasts from another patient are

able to externalize phosphatidylserine during apoptosis.

In addition, it is well established that Ca2+ influx is nec-

essary to promote the migration of phosphatidylserine in

the membrane outer leaflet [13]. Then, how phosphati-

dylserine can be externalized in Scott cells if Ca2+ entry

is reduced? One possible explanation is that a ~30% re-

duction of Ca2+ influx is harmless for a normal exposure

of phosphatidylserine during nucleated cell apoptosis,

but not for the rapid exposure of phosphatidylserine by

platelets necessary for the hemostatic response. Phos-

phatidylserine externalization is believed to result from

the inhibition of aminophospholipid translocase and the

activation of Ca2+-dependent outer transport of phos-

pholipids possibly mediated by a nonspecific phospholi-

pid scramblase [15,39,40] or a vectorial transporter such

as ABCA1 [41]. In this respect, phosphatidylserine expo-

sure does not correlate with scramblase expression [38].

Moreover, Scott cells show a normal scramblase expres-

sion [42–44] and, although ABCA1 has been reported to

participate in the transbilayer movement of phosphati-

dylserine [41], the involvement of other transporters

cannot be ruled out [45].

Finally, we have observed a dissociation of membrane
changes of cells undergoing apoptosis from other fea-

tures of programmed death, such as DNA fragmentation

and decrease of mitochondrial ∆ψ. While the latter was

caspase-dependent after 48 h treatment, phosphatidyl-

serine exposure was not. However, after 72 h treatment,

DNA fragmentation and changes of mitochondrial ∆ψ
were caspase-independent in both control and Scott

cells, whereas procoagulant phosphatidylserine expo-

sure induced by A23187, during the same time period,

was inhibited by the caspase inhibitor z-VAD.fmk in

Scott but not in control cells. Nevertheless, a more spe-

cific caspase-3 inhibitor had no effect on DNA fragmen-

tation, [Ca2+]i and phosphatidylserine exposure,

suggesting that caspase-3 pathway is not involved in

these apoptotic features. However, the participation of

other caspases cannot be ruled out. The mechanisms

controlling membrane phosphatidylserine redistribu-

tion during apoptosis are certainly complex, some stud-

ies pointing to the importance of caspase activation

[5,46,47], whereas in other models, caspase are not in-

volved [48,49]. In B cells particularly, apoptotic path-

ways seem to be partitioned into caspase-independent

and caspase-dependent steps, phosphatidylserine expo-

sure following BCR activation being a caspase-depend-

ent process, but not change of ∆ψ [50]. Also, caspase
inhibition after BCR stimulation blocks DNA fragmenta-

tion but does not prevent cytochrome c release and cell

death [51]. The present results are in favor of alternative

pathways used by Scott cells in order to allow normal vi-

ability, apoptosis and perhaps phagocytosis, which may

explain the absence of other apparent pathogenic conse-

quences of the syndrome.

Conclusions
In summary, inhibition of store-operated Ca2+ channels

induces caspase-independent apoptosis in control and

Scott cells. In the latter, externalization of phosphatidyl-

serine during apoptosis is however dissociated from oth-

er intracellular changes, suggesting a plastic adaptability

of the mechanisms governing phosphatidylserine trans-

membrane redistribution in cells undergoing specialized

stimulation and those entering programmed death.

Materials and Methods
Reagents
X-VIVO 15 medium was from BioWhittaker (Walkers-

ville, MD). PI, type I-A RNAse A and Phycoerythrin-con-

jugated streptavidin were from Sigma Chemical Co. (St

Louis, MO). Ca2+ ionophore A23187, SKF 96365, SKF

525A, z-VAD.fmk and Ac-DEVD-CHO were from Calbio-
chem (La Jolla, CA). Fluo-3/AM and JC-1 were from Mo-
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lecular Probes (Eugene, OR). TUNEL assay kit was from

Roche Diagnostics (Mannheim, Germany). Biotin-la-

beled annexin V has been prepared and characterized as

previously described [52].

Culture of Scott B lymphoblastoid cells
The case of Scott syndrome has been detailed in another

study where homozygous status has been suggested [12].

Lymphocytes were isolated under sterile conditions and

stored in liquid nitrogen. Infection of B lymphocytes by

EBV (EBV B958, Marmouset) was performed in RPMI

culture medium containing 20% FCS in the presence of

50 ng/ml cyclosporin and was achieved within 3 weeks

[12]. Three independent EBV infections could be per-

formed. It should be noted that the Scott phenotype was

observed in these cells after drastic activation with Ca2+

ionophore A23187, as previously described [12,22]. EBV-

infected B cells were expanded in X-VIVO 15 culture me-

dium (free Ca2+ concentration = 1.8 mM).

Induction of apoptosis
The cell viability was checked by Trypan blue exclusion.

Cells were seeded at 5 × 105 cells/ml in the presence or

absence of A23187 (100–200 nM) for 48 or 72 h. In some

experiments, cells were treated with 10 µM SKF 96365 or

10 µM SKF 525A in the absence or presence of Ca2+ iono-

phore A23187 (200 nM) for 48 or 72 h.

In another set of experiments, cells cultured in a stand-
ard 6-well plate were submitted to UV light by exposure

to the germicidal lamp (peak sensitivity approximately

254 nm) in the tissue culture hood for 10, 20 et 30 s (5,

10 and 15 J/cm2, respectively) and apoptosis was meas-

ured 18 h after irradiation.

Determination of hypodiploid DNA
After the different treatments, cells were harvested and

numbered. Concentration was adjusted to 5 × 105 cells/

ml of 70% ethanol solution in H2O, and fixation was al-

lowed to proceed during at least 1 h at 4°C. Cells were

washed once in HBSS before resuspension in a solution

containing type I-A RNAse A (0.5 mg/ml) in HBSS and

were incubated for 10 min at 37°C. PI was then added at

a final concentration of 0.1 mg/ml. Samples were al-

lowed to stand another 15 min in the dark at room tem-

perature before flow cytometry analysis using

CELLQuest software (Becton Dickinson, San Jose, CA).

Measurement of [Ca2+]i and phosphatidylserine exposure 
by flow cytometry
Cells (106 cells/ml) were loaded with 3 µM Fluo-3/AM

for 30 min at room temperature. Cells were then washed

twice in X-VIVO 15 medium. Then 10 µg/ml PI was add-

ed in order to determine the proportion of necrotic cells
uptaking PI. Fluo-3 and PI fluorescences were recorded

by flow cytometry. Fluo-3 fluorescence was plotted as

FL-1 versus PI fluorescence as FL-2, and both were

measured in fluorescence arbitrary intensity units.

In another set of experiments, phosphatidylserine exter-

nalization was assessed by monitoring annexin V-biotin

binding, simultaneously with [Ca2+]i measurement in vi-

able cells only, i.e. in those excluding PI. Briefly, cells

were loaded with fluo-3 as described above. After 20 min

of Fluo-3 loading, 5 µl of annexin V-biotin at 0.5 mg/ml

was added. After 10 min of incubation in the dark, at

room temperature, cells were washed by one centrifuga-

tion-resuspension step in X-VIVO 15 medium. Labeling

was achieved following another 10 min incubation at

room temperature with phycoerythrin-conjugated

streptavidin. Cells were washed by a centrifugation-re-

suspension step with X-VIVO 15.

Terminal deoxynucleotidyl transferase fluorescein-dUTP 
nick end labeling (TUNEL) assay
To assess the occurrence of A23187- or SKF 96365-in-

duced apoptosis in B cells, labeling of fragmented DNA

was performed by TUNEL assay using a commercially

available cell death detection kit according to the manu-

facturer's instruction. In brief, cells were fixed with 4%

paraformaldehyde solution for 20 min at 4°C and then

washed with PBS. Endogenous peroxidases were inacti-

vated by 0.3% H2O2 in a 70% methanol solution for 20

min, then cells were washed with PBS and incubated
with permeabilization solution (0.1% Triton X-100) for 2

min at 4°C. Apoptotic cells were incubated with 50 µl of

TUNEL reaction mixture for 80 min at 37 °C. After sub-

strate addition, stained cells were analyzed by flow cy-

tometry. Negative control samples for TUNEL staining

lacked terminal deoxynucleotidyl transferase.

Determination of mitochondrial membrane potential (∆ψ)
∆ψ was determined by monitoring the decrease in red

fluorescence and the increase in green fluorescence by

flow cytometry after labeling the cells with JC-1. Cells

suspensions were ajusted to a density of 5 × 105 cells/ml

and incubated in complete medium with JC-1 (1 µg/ml)

for 15 min at room temperature in the dark. At the end of

the incubation period, the cells were washed twice in

PBS. For each experiment, A23187 or SKF 96365-treated

and control cells were analyzed for both red and green

fluorescences after JC-1 labeling. The mean fluorescence

ratio was calculated from the mean red and green fluo-

rescence for the entire sample population [53].

Functional detection of procoagulant phosphatidylserine
Procoagulant phospholipid exposure in apoptotic cells

was detected using a human prothrombinase assay in

which phosphatidylserine promotes the activation of
prothrombin by factor Xa in the presence of factor Va



BMC Cell Biology 2001, 2:20 http://www.biomedcentral.com/1471-2121/2/20
[54]. Thrombin generated by assembled prothrombinase

complex was measured using a chromogenic assay as de-

scribed elsewhere [12]. EBV-infected B lymphocytes

were studied at 2 × 105 cells/ml and the ability to exter-
nalize procoagulant phosphatidylserine was examined

after treatment by A23187 (200 nM) or SKF 96365 (10

µM) in the absence or presence of z-VAD.fmk (50 µM)

during 48 and 72 h, or 10 min only in case of more drastic

stimulation by 1 µM A23187. The cells were separated

from derived membrane microparticles by centrifuga-

tion at 12,000 g for 1 min before measurement. For each

protocol, results were compared with the prothrombi-

nase activity developed in samples from healthy volun-

teers. Linear absorbance changes were converted to

concentration of generated thrombin by reference to a

standard curve. Prothrombinase activity was normalized

to 2 × 105 cells/ml and was expressed as the increase in

activity (�) with respect to baseline prothrombinase ac-

tivity of untreated cells.

Statistical analysis
Experiments were performed at different culture stages.

Unpaired Student's t-test was used for the statistical

analysis. A P < 0.05 value was considered significant.

Abbreviations
Ac-DEVD-CHO, Ac-Asp-Glu-Val-Asp-CHO; BCR, B cell

receptor; Fluo-3/AM, fluo-3/acetocymethyl ester; JC-1,

5,5',6,6'-tetrachloro-1,1'3,3'-tetraethyl-benzimidazolcar-
bocyanine iodide; PI, propidium iodide; SKF 525A, α-

phenyl-α-propylbenzeneacetic acid 2-[diethylami-

no]ethyl ester; SKF 96365, 1-[β-[3-(4-methoxyphe-

nyl)propoxy]-4-methoxyphenethyl]-1H-imidazole;

TUNEL, Terminal deoxynucleotidyl transferase fluores-

cein-dUTP nick end labeling; z-VAD.fmk, z-Val-Ala-

Asp.fluoromethyl ketone.

Acknowledgments
We are indebted to Dr. E. Fressinaud for providing the Scott lymphocytes 
and Dr. F. Toti for performing EBV immortalization. We thank Dr. V. Holl 
and Dr. Kunzelmann-Marche for assistance for UV irradiation. This work 
was supported by institutional grants from the Institut National de la Santé 
et de la Recherche Médicale and the Université Louis Pasteur (UPRES EA-
2309). M.C. Martínez was supported by a fellowship from the Fondation 
pour la Recherche Médicale, France.

References
1. Nicotera P, Orrenius S: The role of calcium in apoptosis. Cell Cal-

cium 1998, 23:173-180
2. Putney JW, Ribeiro CM: Signaling pathways between the plas-

ma membrane and endoplasmic reticulum calcium stores.
Cell Mol Life Sci 2000, 57:1272-1286

3. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson
PM: Exposure of phosphatidylserine on the surface of apop-
totic lymphocytes triggers specific recognition and removal
by macrophages. J Immunol 1992, 148:2207-2216

4. Martin SJ, Reutelingsperger CPM, McGahon AJ, Rader JA, van Schie
RC, LaFace DM, Green DR: Early distribution of plasma mem-
brane phosphatidylserine is a general feature of apoptosis re-
gardless of the initialing stimulus: inhibition by
overxpression of Bcl-2 and Abl. J Exp Med 1995, 182:1545-1556

5. Martin SJ, Finucane DM, Amarante-Mendes GP, O'Brien GA, Green
DR: Phosphatidylserine externalization during CD95-in-
duced apoptosis of cells and cytoplasts requires ICE/CED-3
protease activity. J Biol Chem 1996, 271:28753-28756

6. Hampton MB, Vanags DM, Pörn-Ares MI, Orrenius S: Involvement
of extracellular calcium in phosphatidylserine exposure dur-
ing apoptosis. FEBS Lett 1996, 399:277-282

7. Bratton DL, Fadok VA, Richter DA, Kailey JM, Guthrie LA, Henson
PM: Appearance of phosphatidylserine on apoptotic cells re-
quires calcium-mediated nonspecific flip-flop and is en-
hanced by loss of the aminophospholipid translocase. J Biol
Chem 1997, 272:26159-26165

8. Verhoven B, Schlegel RA, Williamson P: Mechanism of phosphati-
dylserine exposure, a phagocyte recognition signal on apop-
totic T lymphocytes. J Exp Med 1995, 182:1597-1601

9. Schlegel RA, Callahan M, Krahling S, Pradhan D, Williamson P: Mech-
anisms for recognition and phagocytosis of apoptotic lym-
phocytes by macrophages. Adv Exp Med Biol 1996, 406:21-28

10. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, Henson
PM: A receptor for phosphatidylserine-specific clearance of
apoptotic cells. Nature 2000, 405:85-90

11. Weiss HJ: Scott syndrome: a disorder of platelet coagulant ac-
tivity. Semin Hematol 1994, 31:312-319

12. Toti F, Satta N, Fressinaud E, Meyer D, Freyssinet JM: Scott syn-
drome, characterized by impaired transmembrane migra-
tion of procoagulant phosphatidylserine and hemorrhagic
complications, is an inherited disorder. Blood 1996, 87:1409-
1415

13. Zwaal RFA, Schroit AJ: Pathophysiologic implications of mem-
brane phospholipid asymmetry in blood cells. Blood 1997,
89:1121-1132

14. Kojima H, Newton-Nash D, Weiss HJ, Zhao J, Sims PJ, Wiedmer T:
Production and characterization of transformed B-lym-
phocytes expressing the membrane defect of Scott syn-
drome. J Clin Invest 1994, 94:2237-2244

15. Williamson P, Christie A, Kohlin T, Schlegel RA, Comfurius P, Harms-
ma M, Zwaal RFA, Bevers EM: Phospholipid scramblase activa-
tion pathways in lymphocytes. Biochemistry 2001, 40:8065-8072

16. Putney JW Jr: intimate plasma membrane-ER interactions un-
derlie capacitative calcium entry. Cell 1999, 99:5-8

17. Le Deist F, Hivroz C, Partiseti M, Thomas C, Buc HA, Oleastro M, Be-
lohradsky B, Choquet D, Fischer A: A primary T-cell immunode-
ficiency associated with defective transmembrane calcium
influx. Blood 1995, 85:1053-1062

18. Gardner JP, Balasubramanyam M, Studzinski GP: Up-regulation of
Ca2+ influx mediated by store-operated channels in HL60
cells induced to differentiate by 1 alpha,25-dihydroxyvitamin
D3. J Cell Physiol 1997, 172:284-295

19. Jayadev S, Petranka JG, Cheran SK, Biermann JA, Barrett JC, Murphy
E: Reduced capacitative calcium entry correlates with vesicle
accumulation and apoptosis. J Biol Chem 1999, 274:8261-8268

20. Williams SS, French JN, Gilbert M, Rangaswami AA, Knox SJ: Bcl-2
overexpression results in enhanced capacitative calcium en-
try and resistance to SKF-96365-induced apoptosis. Cancer Res
2000, 60:4358-4361

21. Partiseti M, Le Deist F, Hivroz C, Fischer A, Korn H, Choquet D: The
calcium current activated by T cell receptor and store deple-
tion in human lymphocytes is absent in a primary immuno-
deficiency. J Biol Chem 1994, 269:32327-32335

22. Martinez MC, Martin S, Toti F, Fressinaud E, Dachary-Prigent J, Meyer
D, Freyssinet JM: Significance of capacitative Ca2+ entry in the
regulation of phosphatidylserine expression at the surface of
stimulated cells. Biochemistry 1999, 38:10092-10098

23. Kunzelmann-Marche C, Freyssinet JM, Martínez MC: Regulation of
phosphatidylserine transbilayer redistribution by store-op-
erated Ca2+ entry: Role of actin cytoskeleton. J Biol Chem 2001,
276:5134-5139

24. Pasquet JM, Dachary-Prigent J, Nurden AT: Calcium influx is a de-
termining factor of calpain activation and microparticle for-
mation in platelets. Eur J Biochem 1996, 239:647-654

25. Merritt JE, Armstrong WP, Benham CD, Hallam TJ, Jacob R, Jaxa-
Chamiec A, Leigh BK, McCarthy SA, Moores KE, Rink TJ: SK&F 9 a
novel inhibitor of receptor-mediated calcium entry. Biochem J
6365, 271:515-522

26. Sargeant P, Clarkson WD, Sage SO, Heemskerk JW: Calcium influx
evoked by Ca2+ store depletion in human platelets is more

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9601613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11028918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1545126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7595224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7595224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8985162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9334182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9334182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7595231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10811223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10811223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7831576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8608230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9028933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7989579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7989579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11434775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11434775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10520988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7531512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7531512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9284948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10075732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10075732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10969777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10433717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10433717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11076944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8774708


BMC Cell Biology 2001, 2:20 http://www.biomedcentral.com/1471-2121/2/20
susceptible to cytchrome P-450 inhibitors than receptor-
mediated calcium entry. Cell Calcium 1992, 13:533-564

27. BG Hoebel, Kostner GM, Graier WF: Activation of microsomal
cytochrome P450 mono-oxygenase by Ca2+ store depletion
and its contribution to Ca2+ entry in porcine aortic endothe-
lial cells. Br J Pharmacol 1997, 121:1579-1588

28. Rzigalinski BA, Willoughby KA, Hoffman SW, Falck JR, Ellis EF: Calci-
um influx factor, further evidence it is 5,6-epoxyeicosa-
trienoic acid. J Biol Chem 1999, 274:175-182

29. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gal-
lant M, Gareau Y, Griffin PR, Labelle M, Lazebnik YA, et al: Identifi-
cation and inhibition of the ICE/CED-3 protease necessary
for mammalian apoptosis. Nature 1995, 376:37-43

30. Lemaire C, Andreau K, Souvannavong V, Adam A: Inhibition of cas-
pase activity induces a switch from apoptosis to necrosis.
FEBS Lett 1998, 425:266-270

31. Castedo M, Hirsch T, Susin SA, Zamzami N, Marchetti P, Macho A,
Kroemer G: Sequential acquisition of mitochondrial and plas-
ma membrane alterations during early lymphocyte apopto-
sis. J Immunol 1996, 157:512-521

32. Gidon-Jeangirard C, Hugel B, Holl V, Toti F, Laplanche JL, Meyer D,
Freyssinet JM: Annexin V delays apoptosis while exerting an
external constraint preventing the release of CD4+ and
PrPc+ membrane particles in a human T lymphocyte model.
J Immunol 1999, 162:5712-5718

33. Lepple-Wienhues A, Belka C, Laun T, Jekle A, Walter B, Wieland U,
Welz M, Heil L, Kun J, Busch G, Weller M, Bamberg M, Gulbins E,
Lang F: Stimulation of CD95 (Fas) blocks T lymphocyte calci-
um channels through sphingomyelinase and sphingolipids.
Proc Natl Acad Sci USA 1999, 96:13795-13800

34. Bian X, Hughes FMJ, Huang Y, Cidlowski JA, Putney JW Jr: Roles of
cytoplasmic Ca2+ and intracellular Ca2+ stores in induction
and suppression of apoptosis in S49 cells. Am J Physiol 1997,
272:C1241-C1249

35. Wertz IE, Dixit VM: Characterization of calcium release-acti-
vated apoptosis in LNCaP prostate cancer cells. J Biol Chem
2000, 275:11470-11477

36. Preston GA, Barrett JC, Biermann JA, Murphy E: Effects of altera-
tions in calcium homeostasis on apoptosis during neoplastic
progression. Cancer Res 1997, 57:537-542

37. Li W, Tait JF: Regulatory effect of CD9 on calcium-stimulated
phosphatidylserine exposure in Jurkat T lymphocytes. Arch Bi-
och Bioph 1998, 351:89-95

38. Fadeel B, Gleiss B, Hogstrand K, Chandra J, Wiedmer T, Sims PJ,
Henter JI, Orrenius S, Samali A: Phosphatidylserine exposure
during apoptosis is a cell-type-specific event and does not
correlate with plasma membrane phospholipid scramblase
expression. Biochem Biophys Res Commun 1999, 266:504-511

39. Frasch SC, Henson PM, Kailey JM, Richter DA, Janes MS, Fadok VA,
Bratton DL: Regulation of phospholipid scramblase activity
during apoptosis and cell activation by protein kinase Cδ . J
Biol Chem 2000, 275:23065-23073

40. Sims PJ, Wiedmer T: Unraveling the mysteries of phospholipid
scrambling. Thromb Haemost 2001, 86:266-275

41. Hamon Y, Broccardo C, Chambenoit O, Luciani MF, Toti F, Chaslin
S, Freyssinet JM, Devaux PF, McNeish J, Marguet D, Chimini G: ABC1
promotes engulfment of apoptotic cells and transbilayer re-
distribution of phosphatidylserine. Nat Cell Biol 2000, 2:399-406

42. Stout JG, Basse F, Luhm RA, Weiss HJ, Wiedmer T, Sims PJ: Scott
syndrome erythrocytes contain a membrane protein capa-
ble of mediating Ca2+-dependent transbilayer migration of
membrane phospholipids. J Clin Invest 1997, 99:2232-2238

43. Zhou Q, Sims PJ, Wiedmer T: Expression of proteins controlling
transbilayer movement of plasma membrane phospholipids
in the B lymphocytes from a patient with Scott syndrome.
Blood 1998, 92:1707-1712

44. Janel N, Leroy C, Laude I, Toti F, Fressinaud E, Meyer D, Freyssinet
JM, Kerbiriou-Nabias D: Assessment of the expression of candi-
date human plasma membrane phospholipid scramblase in
Scott syndrome cells. Thromb Haemost 1999, 81:322-323

45. van Helvoort A, Smith AJ, Sprong H, Fritzsche I, Schinkel AH, Borst
P, van Meer G: MDR1 P-glycoprotein is a lipid translocase of
broad specificity, while MDR3 P-glycoprotein specifically
translocates phosphatidylcholine. Cell 1996, 87:507-517

46. Zhuang J, Ren Y, Snowden RT, Zhu H, Gogvadze V, Savill JS, Cohen
GM: Dissociation of phagocyte recognition of cells undergo-

ing apoptosis from other features of the apoptotic program.
J Biol Chem 1998, 273:15628-15632

47. Hirt UA, Gantner F, Leist M: Phagocytosis of nonapoptotic cells
dying by caspase-independent mechanisms. J Immunol 2000,
164:6520-6529

48. Diaz C, Lee AT, McConkey DJ, Schroit AJ: Phosphatidylserine ex-
ternalization during differentiation-triggered apoptosis of
erythroleukemic cells. Cell Death Differ 1999, 6:218-226

49. Brown SB, Clarke MCH, Magowan L, Sanderson H, Savill J: Consti-
tutive death of platelets leading to scavenger receptor-me-
diated phagocytosis. J Biol Chem 2000, 275:5987-5996

50. Berard M, Mondière P, Casamayor-Pallejà M, Hennino A, Bella C, De-
france T: Mitochondria connects the antigen receptor to ef-
fector caspases during B cell receptor-induced apoptosis in
normal human B cells. J Immunol 1999, 163:4655-4662

51. Bouchon A, Krammer PH, Walczak H: Critical role for mitochon-
dria in B cell receptor-mediated apoptosis. Eur J Immunol 2000,
30:69-77

52. Aupeix K, Hugel B, Martin T, Bischoff P, Lill H, Pasquali JL, Freyssinet
JM: The significance of shed membrane particles during pro-
grammed cell death in vitro, and in vivo, in HIV-1 infection. J
Clin Invest 1997, 99:1546-1554

53. Mancini M, Anderson BO, Caldwell E, Sedghinasab M, Paty PB, Hock-
enbery DM: Mitochondrial proliferation and paradoxical
membrane depolarization during terminal differentiation
and apoptosis in a human colon carcinoma cell line. J Cell Biol
1997, 138:449-469

54. Connor J, Bucana C, Fidler IJ, Schroit AJ: Differentiation-depend-
ent expression of phosphatidylserine in mammalian plasma
membranes: Quantitative assessment of outer-leaflet lipid in
prothrombinase complex formation. Proc Natl Acad Sci USA
1989, 86:3184-3188

Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMedcentral will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Paul Nurse, Director-General, Imperial Cancer Research Fund

Publish with BMC and your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours - you keep the copyright

editorial@biomedcentral.com
Submit your manuscript here:
http://www.biomedcentral.com/manuscript/

BioMedcentral.com

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9283690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9867827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7596430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7596430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9559663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8752896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8752896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10229803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10229803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10570152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10570152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10570152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9142849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10753965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9012487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10770950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10770950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11487015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10878804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10878804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9716599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10064019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10064019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8898203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8898203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9624155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9624155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10200572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10681593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10528162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10528162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10602028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9119998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9119998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9230085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9230085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2717615
http://www.biomedcentral.com/
http://www.biomedcentral.com/manuscript/
http://www.biomedcentral.com/manuscript/
http://www.ncbi.nlm.nih.gov/PubMed/
http://www.pubmedcentral.nih.gov/

	Deciphering the plasma membrane hallmarks of apoptotic cells: Phosphatidylserine transverse redis...
	Abstract
	Background
	Results
	Discussion
	Conclusions
	Materials and Methods
	Abbreviations
	Acknowledgments
	References

