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ERK activation by Ca2+ ionophores depends on Ca2+ entry in
lymphocytes but not in platelets, and does not conduct
membrane scrambling
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Abstract. Rapid Ca2+-dependent phospholipid (PL)
reorganization (scrambling) at the plasma membrane
is a mechanism common to hematopoietic cells
exposing procoagulant phosphatidylserine (PS). The
aim of this research was to determine whether
activation of the extracellular signal-regulated kinase
(ERK) pathway was required for PL scrambling,
based on a single report analyzing both responses
induced by Ca2+ ionophores in megakaryoblastic HEL
cells. Ca2+ ionophore-stimulated ERK phosphoryla-

tion was induced in platelets without external Ca2+,
whereas exogenous Ca2+ entry was crucial for ERK
activation in Jurkat T cells. In both cells, membrane
scrambling only occurred following Ca2+ entry and
was not blocked by inhibiting ERK phosphorylation.
Furthermore, ERK proteins are strongly phosphory-
lated in transformed B lymphoblastic cell lines, which
do not expose PS in their resting state. Overall, the
data demonstrated that ERK activation and mem-
brane scrambling are independent mechanisms.
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Introduction

Phospholipid (PL) reorganization (scrambling) with
translocation of phosphatidylserine (PS) to the exter-
nal leaflet of cell membranes occurs in apoptosis and
during blood coagulation [1, 2]. PS exposure, required
to clear apoptotic debris, can be slow (several hours) in
apoptotic situations [3]. Conversely, PS is exposed in
minutes in response to stimuli such as thrombin or

collagen in blood platelets and Ca2+ ionophores in
platelets and other hematopoietic cells [4, 5]. The
negatively charged platelet surface forms docking
sites, which catalyze the formation of complexes
essential for blood coagulation, leading to thrombin
formation (reviewed in [1]). PS translocation is
accompanied by the shedding of microparticles,
which also expose a negatively charged procoagulant
surface [4, 5].
The essential role of PL reorganization on the surface
of stimulated blood cells is illustrated by Scott
syndrome, a rare bleeding disorder [6, 7]. Platelets,
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erythrocytes, and Epstein-Barr virus (EBV)-immor-
talized B lymphocytes (B lymphoblasts) from these
patients all exhibit defective membrane scrambling
when challenged by Ca2+ ionophores, despite a normal
Ca2+ influx [7–13].
The Ca2+-dependent mechanisms underlying rapid PL
redistribution at the membrane include a variety of
events, such as activation of transmembrane outward
PS transporters (reviewed in [14]), inhibition of the
inward aminophospholipid translocase [4, 15], and PS
transmembrane redistribution due to the cell shrink-
age that modifies lipid packing in both leaflets [16]. In
lymphocytic cells, the increase in intracellular Ca2+

concentration ([Ca2+]i), e.g. , as induced by thapsigar-
gin, is not sufficient to provoke scrambling [11, 13, 17].
These results suggest that Ca2+ ionophores induce an
additional, unknown signaling that is required for
membrane scrambling.
Only a limited proportion of platelets exhibit rapid PS
translocation when activated with thrombin or colla-
gen in vitro [5, 15, 18]. In contrast, in platelets and
lymphocytes, Ca2+ ionophores (ionomycin or A23187)
efficiently induce membrane PL reorganization of the
whole population [5, 9, 13, 17]. Knowledge of the
particular signals, defective in Scott cells, underlying
Ca2+ ionophore-induced membrane scrambling is
therefore a motivating goal for the understanding of
blood hemostasis regulation.
Experimental data in human erythroleukemia
(HEL) cells suggested that extracellular signal-
regulated kinase (ERK) phosphorylation by Ca2+

ionophore A23187 was involved in the PS trans-
location mechanism [19]. The mitogen-activated
protein kinase (MAPK)/ERK pathway is crucially
involved in regulating growth and differentiation in a
variety of cells (reviewed in [20]). In this pathway,
two proteins, ERK1 (p44) and ERK2 (p42), which
share 88 % identical sequences, are phosphorylated
by their upstream kinases MEK1 and MEK2. Phos-
phorylation sites include a threonine (Thr, T) and a
tyrosine (Tyr, Y) residue. ERK1/2 proteins act as a
point of convergence for multiple intracellular sig-
naling pathways in response to different external
stimuli.
Anucleated platelets have no growth potential, and
are thus useful cells for studying the involvement of
ERK in cell signaling independently of DNA-related
pathways. The MAPK/ERK pathway contributes to
several platelet responses such as those implicating, in
aggregation or thrombosis, the membrane glycopro-
tein receptors involved in platelet adhesion to sub-
endothelial components [21–24]. Thrombin, collagen
and Ca2+ ionophores rapidly activate ERK phosphor-
ylation in isolated platelets [25–30]. However, the
involvement of the MAPK/ERK pathway in the PL

scrambling induced by these agents had not previously
been studied in platelets.
This work presents a detailed analysis of ERK
activation in relation to PL scrambling, in T and B
lymphoblastic cells and platelets activated by Ca2+

ionophores. Besides platelets, Jurkat Tand B lympho-
blasts are also relevant models for exploring the
mechanisms underlying PS translocation [9, 10, 13, 17,
31, 32]. We demonstrated that ERK phosphorylation
was induced by Ca2+ ionophores in a cell-specific
manner, requiring external Ca2+ influx in Jurkat cells,
but occurring in platelets without Ca2+ entry. Iono-
phore-induced PL scrambling was stimulated by an
external Ca2+ influx in both cell types. Plasma
membrane PL reorganization still occurred when the
MAPK/ERK pathway was inhibited. Our data sug-
gested that independent intracellular signals promote
Ca2+ ionophore-stimulated ERK phosphorylation
and plasma membrane scrambling.

Materials and methods

Reagents and materials. Fura-2/AM (Fura-2) and
FM1 – 43 were purchased from Molecular Probes;
Annexin A5-FluoProbes 488 and the Annexin A5
binding buffer (containing 2.5 mM CaCl2) were from
FluoProbes; U0126, PD98059, Bromo-A23187 and
ionomycin were from Calbiochem (Merck bioscien-
ces); X-VIVO 15 culture medium for lymphocytes,
containing 1.8 mM Ca2+, was from BioWhittaker;
RPMI 1640 glutamax-1 culture medium, nonessential
amino acids, sodium pyruvate, gentamicin and phos-
phate-buffered saline (PBS) were from Gibco; fetal
calf serum (FCS) was from PAA; the kit for quantify-
ing protein concentrations in lymphocyte cell lysates
was from Sigma; the lysis buffer provided in a
phospho-MAPK array kit, the affinity-purified poly-
clonal antibodies (Abs) against doubly phosphorylat-
ed ERK1 and ERK2 (anti-pT202/Y204 ERK1/pT185/
Y187 ERK2) and the monoclonal Ab directed against
both ERK1 and ERK2 (anti-ERK1/2) were from
R&D Systems; the monoclonal anti-pY-ERK1/2 Ab
was from Santa Cruz; the horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG was provided
by R&D Systems or Jackson Immuno-Research;
HRP-conjugated goat anti-rabbit IgG was from
Santa Cruz (sc-2004) or Jackson Immuno-Research;
electrophoresis and transfer devices were Mini Pro-
tean 3 from Bio-Rad or XCell SureLock Mini-Cell
and XCell II Blot Module from Invitrogen; transfer
membranes for Western blots were from GE Health-
care; HRP was revealed on the Western blots using
WesternGlo from R&D Systems, SuperSignal West
Pico Chemiluminescent substrate from Pierce, or the
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ECl-Plus Kit from GE Healthcare; ready-to-use gels
and buffers for electrophoresis and Western blotting
were provided by Bio-Rad or Invitrogen; all other
reagents for buffers were from Sigma Chemicals,
Carlo Erba, or Merck.

Cells and culture conditions. Jurkat E6 – 1 human
leukemia T cells were obtained from ATCC and
cultured in complete RPMI medium [RPMI gluta-
max-1 supplemented with 1 % (v/v) nonessential
amino acids, sodium pyruvate (1 mM), gentamicin
(20 mg/ml), and 10 % (v/v) FCS]. EBV-transformed B
lymphocytes (B lymphoblasts) from a French patient
with Scott syndrome, presumably homozygous for the
mutation, were established in our laboratory and
characterized, as previously detailed [10]. Scott B
lymphoblasts were cultured in X-VIVO 15 culture
medium. Control B lymphoblasts from unrelated
healthy donors were established in our laboratory
and cultured either in X-VIVO 15 or complete RPMI
media.

Ca2+ ionophore activation conditions. In the litera-
ture, micromolar range of either Ca2+ ionophore
A23187 [1, 5, 10], or ionomycin [11, 13, 15, 17] have
been used to stimulate membrane scrambling in
platelets, erythrocytes or lymphocytes. Several pa-
rameters, including Ca2+ and ionophore concentra-
tions, are essential to the process. It has been
demonstrated that ionomycin, A23187 and Bromo-
A23187, all exhibit the same Ca2+ transport properties
[33]. Our experimental conditions were based on our
previously published studies showing that efficient
membrane scrambling occurs for the whole popula-
tion of platelets upon stimulation with 3 mM bromo-
A23187 [5], and for the whole population of lympho-
blasts with 2 mM ionomycin [13].

Dual measurement of [Ca2+]i and plasma membrane
remodeling in Jurkat cells by fluorescence imaging
video microscopy. Jurkat cells were cultured in
suspension at 2�105 cells/ml and used 24 or 48 h
later. For video microscopy experiments, the cells
were centrifuged at 220 g for 10 min and suspended at
106 cells/ml in X-VIVO 15 culture medium containing
the Ca2+ probe Fura-2 (4 mM). A 500-ml sample of the
cell suspension was layered onto poly-L-lysine-coated
round glass slide for 40 min at 378C. The attached cells
were washed three times with the lymphocyte reaction
buffer containing 116 mM NaCl, 1.8 mM CaCl2,
5.6 mM KCl, 1.2 mM MgCl2, 5 mM NaHCO3, 1 mM
NaH2PO4, and 20 mM HEPES, pH 7.3, or without
CaCl2 in the presence of 0.1 mM EGTA [13]. The
slides were then set between adapted metal circles to
form an observation chamber. Reaction buffer

(500 ml) containing 5 mM FM1 – 43 was added to the
cells. FM1 – 43 is a styryl dye that fluoresces under
interaction with anionic PL at the external membrane
layer [34] and used to monitor membrane remodeling.
The chamber, maintained at 378C, was positioned
under the microscope equipped with a video camera.
Fura-2 and FM1– 43 fluorescence were recorded
simultaneously every 4 s and, as previously described,
images were analyzed by drawing regions of interest
over single cells [13]. Emitted light was collected with
a 515-nm dichroic mirror and a 520-nm longpass filter.
Excitation at 450–490 nm enabled us to determine the
increases in FM1– 43 fluorescence. Increases in
[Ca2+]i were shown by the ratios of Fura-2 fluores-
cence under excitation at 340 nm versus 380 nm. For
purposes of statistical analysis, individual cells treated
similarly in at least three independent experiments
performed on different days were taken into account
to calculate averages. The results are expressed as
means � standard deviation.

Activation of lymphocyte cells for ERK1/2 phosphor-
ylation and Western blot analysis. Cells were seeded
24 h before the experiments at 2�105 Jurkat/ml or
3�105 B lymphoblasts/ml. Immediately before the
experiments, the cells were centrifuged, suspended
at 107cells/ml in different volumes of reaction buffer,
depending on the experiments, and warmed for
5–10 min at 378C. A 1-ml aliquot of the cell suspension
was then withdrawn at different time points, before
(time ”0”) and after addition of 2 mM ionomycin, and
immediately centrifuged for 7 min at 220 g. The cells
were then suspended in 500 ml lysis buffer, agitated for
30 min at 48C, and centrifuged (14 000 g, 5 min at 48C)
to eliminate the cell debris. When 10 mM U0126 was
used, it was added to the cells for 20 min prior to
activation with ionomycin. For Western blotting, the
lymphocyte cell lysates (20 or 30 mg protein, in similar
amounts for all samples on a given gel) were diluted to
40 ml with PBS in 1� Laemmli buffer (62.5 mM Tris-
HCl, pH 6.8, 2 % SDS, 10 % glycerol, and 0.002 %
bromophenol Blue), heated at 908C for 5 min, sub-
jected to 10 % SDS-PAGE and transferred to the
membrane. Buffers and gels were provided by the
manufacturers [excepted for the transfer buffer used
with the Bio-Rad apparatus: 192 mM glycine and
25 mM Tris, pH 8.3, 20% (v/v) methanol]. Western
blotting was performed with the appropriate primary
and secondary HRP-conjugated Abs and detected
using chemiluminescent substrates.

Analysis of externalized PS by Annexin A5 staining
using flow cytometry. At the same time as the Jurkat
cells were withdrawn for lysis, as described above, 106

cells (100 ml) were taken as a function of time from the
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reaction and added to 500 ml Annexin A5 binding
buffer containing 10 ml Annexin A5-FluoProbes 488.
After 20 min in the dark, the cells were analyzed using
a Becton Dickinson FACScan equipped with Cell-
Quest software (BD Biosciences); 10 000 events were
acquired for each sample. Fluorescence emitted at the
level of the undamaged cells was determined by
analyzing the counts versus FL1-H for a gated
population of intact cells, excluding debris and micro-
particles, delineated with the light scattering proper-
ties using forward scatter (FSC) versus FL1-H profiles
in dot plot mode.

Platelet isolation. Freshly drawn blood was obtained
from control subjects by venepuncture, using acid-
citrate-dextrose formula A as an anticoagulant, and
platelets were washed in 145 mM NaCl, 4 mM KCl,
0.5 mM MgCl2, 0.5 mM NaH2PO4, 5 mM PIPES
pH 6.8, and 5.5 mM glucose (washing buffer), as
already described [5]. Washed platelets were resus-
pended in 137 mM NaCl, 2 mM KCl, 0.5 mM NaH2

PO4, 0.5 mM MgCl2, 10 mM HEPES pH 7.4, and
5.5 mM glucose (platelet reaction buffer) and used
immediately.

Kinetic studies of platelet membrane remodeling
using FM1 – 43. Platelets in reaction buffer (2 ml)
containing 2 mM Ca2+ or Ca2+-free buffer containing
0.1 mM EGTAwere pre-incubated with 10 mM U0126
or vehicle for 15 min at 378C. Membrane remodeling
was then analyzed with 5 mM FM1 – 43 in a cuvette
under stirring. Fluorescence was measured in a Spex
FluoroMax fluorimeter (Spex Industries Inc., Edison,
NJ), equipped with a thermostatic jacket and a stirring
device. Excitation and emission wavelengths were 510
and 590 nm, respectively, and time increment between
two fluorescence measurements was 1 s.

[Ca2+]i measurements in platelets. Isolated platelets
were incubated with 5 mM Fura-2 in washing buffer at
378C for 45 min, washed twice and resuspended in
reaction buffer. [Ca2+]i changes were monitored by
measuring the Fura-2 fluorescence ratio at 340/
380 nm with emission at 510 nm (time increment:
2 s). Fura-2-loaded platelets were incubated in reac-
tion buffer in the presence of 0.1 mM EGTA for
experiments performed in Ca2+-free buffer. Alterna-
tively, Ca2+ measurements were performed with Fura-
2-loaded platelets directly in the presence of 2 mM
extracellular Ca2+.

Activation of platelets for ERK1/2 phosphorylation
analysis by Western blotting. Platelets (500 ml) were
pre-incubated for 15 min with or without 10 mM
U0126, and stimulated with 3 mM A23187 at 378C.

Samples (50 ml) were taken at different time intervals.
The reaction was stopped by adding 5� Laemmli
reducing buffer in the presence of protease inhibitors
(cocktail set III, Sigma), and the samples were boiled
for 2–3 min. After electrophoresis on SDS-9 % poly-
acrylamide gels in the Mini-PROTEAN 3 Electro-
phoresis Cell, the proteins were transferred onto
nitrocellulose membrane for 1 h at 100 V using the
Trans-Blot Electrophoretic Transfer Cell, for Western
blotting.

Results

Effect of ERK inhibition on Ca2+ ionophore-induced
PL scrambling and [Ca2+]i increase in Jurkat cells. The
strict time correlation between [Ca2+]i increase and PL
scrambling was analyzed by fluorescence imaging
video microscopy, as previously described for B
lymphoblasts [13]. In this method, the fluorescence
of individual cells loaded with Fura-2 Ca2+ indicator
was recorded in FM1 – 43-containing medium, for
simultaneous assessment of [Ca2+]i and membrane
remodeling (see Materials and methods). FM1 – 43
lipophilic dye has been validated as an alternative to
Annexin A5 for monitoring the rapid PL scrambling
correlated with PS exposure [17, 31, 35].
In Ca2+-containing reaction buffer, the addition of
ionomycin produced rapid [Ca2+]i increases in all
Jurkat cells, as demonstrated by increases in the Fura-
2 fluorescence ratios (Fig. 1A). The [Ca2+]i increase
preceded membrane scrambling, which occurred at
different time points for each individual cell as
indicated by a sharp jump in FM1 – 43 fluorescence.
The shift in FM1 – 43 fluorescence corresponds to the
partitioning of the dye into the anionic outer mem-
brane leaflet, and the resulting increase in fluores-
cence quantum yield [36]. The FM1 – 43 fluorescence
curves exhibited a typical shape, consisting of a peak
followed by a transient decrease, as previously ob-
served for B lymphoblasts [13]. The shape of the
curves, after the initial sharp increase, indicated that
molecular conformational changes occur within the
membrane structure in the vicinity of the dye, leading
to a transient decrease in fluorescence.
As shown by the Western blotting in Figure 1C, Ca2+

ionophores produced an increased in ERK phosphor-
ylation, as compared to basal phosphorylation in this
cell line. This phosphorylation was transient due to the
phosphatase activation [37].
To examine the consequence of ERK pathway inacti-
vation on the kinetics, U0126, an inhibitor of ERK
phosphorylation by MEK1/2, was added to the cell
medium 20 min before the ionophore. Following
addition of ionomycin, the time required to reach
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the maximum [Ca2+]i increase and the typical shifts in
FM1 – 43 fluorescence were delayed, occurring be-
tween 5 and 20 min (Fig. 1B). As shown in Figure 1C,
ERK1/2 was completely unphosphorylated in Jurkat
cells incubated with U0126 (including basal phosphor-
ylation, compare lanes 0, minus and plus U0126, in
Fig. 1C). ERK1/2 remained unphosphorylated follow-
ing ionophore addition, signifying that ERK activa-
tion was inhibited throughout the video microscopy
experiment. Therefore, ERK inhibition delayed Ca2+

entry and PL scrambling, but with time both responses
were overcome.
In a Ca2+-free reaction buffer containing 0.1 mM
EGTA, ionomycin, per se, did not significantly change
the Fura-2 or FM1 – 43 fluorescence (Fig. 2). Addition
of 1.8 mM CaCl2 induced rapid Fura-2 and FM1 – 43
fluorescence increases and immediate ERK phos-
phorylation. Cells in which ERK phosphorylation was
inhibited in the presence of U0126 exhibited similar
kinetics (Fig. 2B).
Another MEK inhibitor, PD98059 (10 mM), directly
induced a slow increase in FM1 –43 fluorescence
following addition to Jurkat cells incubated in Ca2+

buffer (not shown). This artifact, which was not
associated with [Ca2+]i increase, is another illustration

Figure 1. Effects of U0126 on intracellular Ca2+ concentration
([Ca2+]i), phospholipid (PL) scrambling and extracellular signal-
regulated kinase (ERK) phosphorylation in Jurkat cells in Ca2+-
containing buffer. (A, B) Representative Jurkat single-cell traces
simultaneously recorded for [Ca2+]i increase, as shown by Fura-2
fluorescence ratios at 340/380 nm (upper traces, arbitrary units),
and membrane remodeling, revealed by FM1–43 fluorescence
(lower traces, arbitrary units). Traces are color coded: for an
individual cell, Fura-2 fluorescence ratio (upper trace) and FM1–
43 fluorescence (lower trace) are indicated by the same color. (A)
In the absence of U0126, 2 mM ionomycin induced an increase in
Fura-2 fluorescence ratio, rapidly followed by an increase in FM1–
43 fluorescence. (B) In the continuous presence of 10 mM U0126,
the onset of the increase in FM1–43 fluorescence was delayed
(mean time for the onset of FM1–43 fluorescence after ionomycin
addition: 2.2�1.5 min (n=26) in the absence of U0126 and
7.2�3.5 min (n=28) in the presence of U0126, p<0.0001). Data
are representative of three independent experiments. (C) ERK
phosphorylation analysis by Western blotting showed that ERK
phosphorylation, monitored by the anti-pYpT-ERK1/2 antibody
(Ab), was transiently induced in the absence of U0126 and
completely inhibited in cells incubated with U0126. Identical
protein loading is demonstrated by protein staining of the blot with
Ponceau dye, as indicated by the actin band.

Figure 2. Effects of U0126 on [Ca2+]i, PL scrambling and ERK
phosphorylation in Jurkat cells in Ca2+-free buffer. Experimental
conditions were as in Fig. 1, except that the cells were incubated in
Ca2+-free buffer containing 0.1 mM EGTA. Ionomycin (2 mM) was
added to the buffer for 10 min before adding 1.8 mM CaCl2

(arrows). (A) Traces in the absence of inhibitor. (B) U0126
(10 mM) was added 20 min prior to the addition of ionomycin
followed, 10 min later, by CaCl2. These data are representative of at
least three independent experiments performed on different days.
Results showed that for 100% cells present on the examination
fields (20–30 cells) both Fura-2 fluorescence ratio and FM1–43
fluorescence increased instantly with CaCl2, in the absence or
presence of U0126. (C) Western blots illustrate the ERK phos-
phorylation status in Jurkat cells at different time points in the
absence of inhibitor (arrowheads in A). Independent Western blots
were performed and immunolabeled with anti-pYpT-ERK1/2, and
anti-ERK1/2 Ab. Results showed that ERK phosphorylation
occurred rapidly following Ca2+ addition.
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that PD98059 has side effects on cell membranes
independently of MEK inhibition, as reported in a
different cell type [38].

Inhibition of the MAPK/ERK pathway did not
prevent ionophore-induced PS exposure, demonstrat-
ed by Annexin A5 binding. To confirm the PS
exposure in Jurkat cells where the MAPK/ERK
pathway had been inhibited using a different method,
the cells were analyzed for Annexin A5 binding by
flow cytometry. ERK phosphorylation and Annexin
A5 binding were assessed at the same time points
following ionophore activation with or without U0126
(Fig. 3). In the absence of the inhibitor, the percentage
of cells binding Annexin A5 increased rapidly
(Fig. 3A), reaching 31 % positive 5 min after ionomy-
cin addition (compared to 6 % for untreated cells),
and 59 % at 15 min, but no further increase up to
30 min (not shown). In the presence of U0126, which
inhibited ERK phosphorylation (Fig. 1C), the per-
centage of cells probed with fluorescent Annexin A5
were similar to those determined at the corresponding
time points in the absence of inhibitor (Fig. 3B).
Therefore, flow cytometry studies confirmed that PS
exposure occurred even when ERK phosphorylation
was inhibited. However, they did not reveal the
heterogeneous responses, captured by video micro-
scopy, of the individual cells in Ca2+ buffer (Fig. 1).

Effect of ERK inhibition on Ca2+ ionophore-induced
PL scrambling and [Ca2+]i increase in platelets. The
[Ca2+]i increase in Fura-2-loaded platelets in suspen-
sion and PL scrambling in the presence of FM1 – 43
were analyzed independently by spectrofluorimetry.
Recordings of the Fura-2 ratio and FM1 – 43 fluores-
cence in Ca2+-containing reaction buffer demonstrat-
ed that A23187 instantly caused both [Ca2+]i increase
and PL scrambling in platelets. The slope for the Fura-
2 ratio curve was, however, steeper than that for FM1 –
43 fluorescence, indicating that [Ca2+]i increase
slightly preceded scrambling (Fig. 4A, B). These
effects coincided with the rapid, transient ERK
phosphorylation (Fig. 4C). ERK2 is the form prefer-
entially expressed and activated in platelets [22, 23], as
illustrated by the single band on the gels. ERK
phosphorylation was inhibited in the presence of
U0126 (Fig. 4C) and the ionophore-induced increase
in [Ca2+]i was attenuated (Fig. 4A). However, the PL
scrambling kinetic was identical to that observed
without MEK inhibition (Fig. 4B). After [Ca2+]i

increase, membrane scrambling occurred more rap-
idly in platelets than in Jurkat cells (Fig. 1A, B),
whether U0126 was present or absent.
In a buffer without exogenous Ca2+ (containing
0.1 mM EGTA), adding ionophore to platelets in-
stantly produced a significant transient shift in Fura-2
fluorescence (Fig. 5A). This transient peak, indicating

Figure 3. Flow cytometry analysis of the binding of fluorescent Annexin A5 to Jurkat cells. The cells were stimulated by 2 mM ionomycin in
Ca2+-containing buffer without (A) or with the continuous presence of 10 mM U0126 (B). Aliquots of 100 ml cells (106) withdrawn from the
samples at the indicated time points were analyzed for phosphatidylserine (PS) exposure using fluorescent Annexin V-FluoProbes 488, in
parallel with the determination of ERK phosphorylation shown in Figure 1C. Fluorescence histograms of the gated region on forward
scatter versus Annexin A5 fluorescence dot plots revealed two subpopulations (M1 and M2). The percentage of the subpopulation
expressing maximum Annexin A5 binding (M2) increased with time following ionomycin activation, as a result of PS exposure, and
remained unchanged in the presence of U0126. The experiment is representative of three independent experiments.
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mobilization of the internal Ca2+ pool, was associated
with ERK phosphorylation (lanes 2- and 3-, Fig. 5C).
Therefore, exogenous Ca2+ entry is not necessary for
ionophore-induced ERK phosphorylation in platelets.
Adding CaCl2 induced Ca2+ entry and membrane
scrambling, but no significant change in ERK phos-
phorylation (lanes 4- and 5-, Fig. 5C). The presence of
U0126 reduced the amount of Ca2+ flowing into the
cells (Fig. 5A) but the rapid, sharp increase in FM1 –
43 fluorescence, indicative of membrane scrambling,
was normal (Fig. 5B). Western blotting confirmed that
ERK phosphorylation was continuously inhibited in
the presence of U0126 (lanes 2+ to 5+, Fig. 5C). The
data revealed that inhibiting ERK phosphorylation
did not prevent membrane PL scrambling in platelets,
although Ca2+ entry was reduced.

ERK phosphorylation in B lymphoblasts. Previous
experiments using the same video microscopy meth-
ods showed that Scott B lymphoblasts did not exhibit
the FM1 – 43 fluorescence response following iono-
phore activation, despite a normal Ca2+ influx [13]. To
test an initial hypothesis that a specific signal for
membrane scrambling was defective in these cells, we
analyzed the Ca2+-ionophore-induced ERK phos-
phorylation pathway in normal and Scott B lympho-
blasts.
As shown in Figure 6, both normal and Scott B
lymphoblasts demonstrated strong basal phosphory-
lation of ERK1/2. This constitutive ERK activation
did not depend on the cell growth medium, as similar
results were obtained using cells grown in serum-free
X-VIVO-15 medium and RPMI medium supplement-
ed with 10 % FCS (medium also used for Jurkat cells,
Materials and methods). Our results were thus in
keeping with the fact that, after transformation, the
EBV latent membrane protein 1 mediates lympho-
cytic cell immortalization by permanently activating
Ras/MEK/ERK pathways [39].
Neither increased ERK phosphorylation nor dephos-
phorylation was clearly detectable in these normal
and Scott B lymphoblasts following ionophore addi-
tion (Fig. 6). Overall, the data demonstrate that a high
basal ERK phosphorylation is not associated with
basal PS exposure, and in spite of ERK phosphory-
lation, Scott cells from the patient do not expose PS
upon ionophore-induced Ca2+ entry.

Discussion

Our investigation disproved the hypothesis that
activating the MAPK/ERK pathway promotes Ca2+-
dependent PL scrambling at the cell membrane.
Firstly, our results showed that ionophore-induced

Figure 4. Effects of U0126 on [Ca2+]i, PL scrambling, and ERK
phosphorylation in platelets incubated in Ca2+-containing buffer.
Platelets pre-incubated with 10 mM U0126 (gray curve), or vehicle
(black curve) at 378C for 15 min, were stimulated with Bromo-
A23187 (3 mM), a non-fluorescent Ca2+ ionophore, in the presence
of 2 mM CaCl2, and analyzed in suspension by fluorimetry, as
described in Materials and methods. (A) [Ca2+]i increase, indicated
by the Fura-2 fluorescence ratio. (B) PL scrambling monitored
with FM1–43. Curves A and B are representative of four to six
independent experiments. U0126 diminished cytosolic Ca2+ in-
crease but did not inhibit membrane scrambling. (C) Aliquots were
solubilized with reducing Laemmli buffer at the times indicated
during the kinetics, and analyzed for ERK phosphorylation by
Western blotting. Results showed that ERK2 (isoform expressed in
platelets) phosphorylation probed with the anti-pY-ERK1/2 Ab
was transient and inhibited in the presence of U0126. Identical
protein loading was shown by labeling with anti-ERK1/2 Ab. The
experiment in (C) is representative of three independent experi-
ments.
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ERK activation required Ca2+ influx in Jurkat cells but
was independent of Ca2+ entry in platelets, while PS
exposure required an intracellular Ca2+ increase in the
presence of extracellular Ca2+. Secondly, the A23187-
induced MAPK/ERK pathway activation in platelets
in Ca2+-free buffer was not accompanied by PL
scrambling, demonstrating that another signal, initi-
ated by Ca2+ entry, was necessary for the process.
Thirdly, membrane remodeling and PS exposure
occurred in Jurkat cells and platelets even when
ERK activation was inhibited (Figs. 1–5).
Ionomycin induces ERK1/2 activation in Jurkat cells
via the sequential activation of a calmodulin-depend-
ent protein kinase and p56Lck, both proteins acting
upstream from MEKs [40]. In these cells, ionophore-
induced ERK phosphorylation correlated with Ca2+

entry, as shown in experiments performed in the
presence of exogenous Ca2+, or following the addition
of CaCl2 to EGTA-containing medium (Figs. 1C, 2C).
In contrast, ERK phosphorylation in platelets was
induced by ionophores, together with Ca2+-store
depletion and no external Ca2+ was required
(Fig. 5C). In line with this result, other studies showed
that ERK phosphorylation was induced in platelets,
loaded with the intracellular Ca2+ chelator BAPTA/
AM in a Ca2+-free medium, by thapsigargin, which
depletes Ca2+ stores from the endoplasmic reticulum
[27]. Therefore, our data confirm that Ca2+ iono-
phores activate ERK via different signals in lympho-
blastic cells and platelets, whereas PL scrambling
presumably relies on a common pathway in both cell
types (as schematized in Fig. 7).
We observed that in Jurkat cells the lag between
[Ca2+]i increase and FM1 –43 fluorescence changes

Figure 5. Effects of U0126 on [Ca2+]i, PL scrambling and ERK
phosphorylation in platelets incubated in Ca2+-free buffer. Platelets
were pre-incubated with 10 mM U0126 (gray curve), or vehicle (black
curve) in reaction buffer containing 0.1 mM EGTA but no exoge-
nous Ca2+ at 378C for 15 min. The sample was stimulated with 3 mM
Bromo-A23187 for 4 min, then 2 mM CaCl2 was added to the
medium. (A) [Ca2+]i change revealed by Fura-2 fluorescence ratio at
340/380 nm. Adding the ionophore to platelets instantly caused a
significant transient shift in Fura-2 fluorescence, indicating mobi-
lization of the internal Ca2+ pool. (B) PL scrambling detected with
FM1–43. Curves A and B are representative of four to six
independent experiments. U0126 decreased Ca2+ influx but did not
inhibit membrane scrambling. (C) Samples (1–5) were taken at
different times (arrowheads in A), and immediately solubilized with
reducing Laemmli buffer for Western blotting. Results showed that
ERK2 phosphorylation probed with anti-pY-ERK1/2 Ab did not
require extracellular Ca2+, and was inhibited by U0126. Identical
protein loading was shown by labeling with anti-ERK1/2 Ab. The
experiment in (C) is representative of three independent experi-
ments.

Figure 6. ERK1/2 was constitutively phosphorylated in normal
and Scott B lymphoblasts. As described in Materials and methods,
EBV-transformed B lymphocytes were derived from a French
patient with Scott syndrome or from a healthy unrelated individual
(normal). The cells (107 cells/ml in reaction buffer containing
1.8 mM CaCl2) were activated by 2 mM ionomycin and samples
taken at different times were lysed and analyzed by Western
blotting with anti-pYpT-ERK1/2 Ab. Results showed that ERK
was basally phosphorylated both in EBV-transformed normal and
Scott cells. The membranes were stripped and re-probed with anti-
ERK1/2 Ab (A) or a new membrane was probed (B). Results are
representative of three experiments for each cell type.
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observed in Ca2+-containing buffer (Fig. 1A) did not
occur when ionomycin and Ca2+ were added to the
cells incubated in EGTA-containing buffer (Fig. 2A).
Similar results were observed in the presence of
U0126 (compare Fig. 2A and B). Therefore, the efflux
or influx of various ions due to the pumping of Ca2+

out of the cells by external EGTA in the medium
facilitates the activation of the scrambling mechanism,
since cells lose K+ and gain Na+ in Ca2+-free medium
[41]. Because K+ efflux and Na+ influx were proposed
to be involved in the PS exposure process [16, 42], it
may be that the novel ionic environment had already
primed the activation of the PL scrambling. Therefore,
scrambling and FM1 – 43 fluorescence increase occur-
red instantaneously with Ca2+ entry.
Interestingly, incubation with U0126, which effective-
ly inhibited ERK phosphorylation throughout the
experiments, delayed membrane remodeling when
Jurkat cells were analyzed in Ca2+-containing buffer,
by delaying [Ca2+]i increase (Fig. 1B). The Ca2+ signal
induced by Ca2+ ionophores has been shown to consist
of several components, including the activation of

influx via native Ca2+ channels, a phospholipase C-
dependent mobilization of Ca2+ from intracellular
stores, and a store-regulated mechanism [43]. Our
data suggest that U0126 inhibits one or more compo-
nents involved in the [Ca2+]i increase induced by the
ionophore concentrations of micromolar range nec-
essary to stimulate membrane scrambling in lympho-
cytic cells [9, 17]. The mechanism involved could be
the inhibition of a Ca2+ channel. Activated ERK
regulates Ca2+ channels by phosphorylation, as
demon ACHTUNGTRENNUNGstrated in neurons [44]. However, with time,
the effect of U0126 retarding [Ca2+]i increase in Jurkat
cells was overcome, and membrane scrambling was
not blocked.
The p-ERK1/2 status in the specific B lymphocytes
immortalized in our laboratory [10] correlates with
the fact that EBV latent membrane protein 1 mediates
cell transformation by permanently activating Ras/
MEK/ERK pathways [39]. Data showed that the
mutation in the Scott B lymphoblasts from a French
patient does not alter ERK phosphorylation upon
EBV-induced activation of Ras/MEK/ERK pathways.

Figure 7. Schematic representation of ERK activation and PS exposure induced by Ca2+ ionophores in Jurkat cells and in platelets. ERK
activation occurs through different pathways in platelets and lymphocytes, requesting Ca2+ entry in lymphocytes, and being induced
without a need for external Ca2+ in platelets. In T cells, Ca2+ ionophore-induced ERK phosphorylation occurs via p56Lck and calmodulin
(CaM)-kinase [40]. Our data suggest that the MAPK/ERK pathway modulates cytosolic Ca2+ increase in Jurkat cells, supposedly by
regulating a putative channel involved in Ca2+ entry. In platelets in Ca2+-free buffer, Ca2+ ionophore discharges Ca2+ from internal pools
including ER stores (store depletion), as shown in Fig. 5A. In platelets, the store depletion signal is associated with the activation,
independently of external Ca2+, of Ras and the MAPK/ERK pathway, which in turns modulates store-operated calcium channels [27]. Both
in Jurkat cells and platelets, membrane scrambling and PS exposure occur even when ERK activation is inhibited and are dependent on the
level of [Ca2+]i increase. Also shown is Ca2+-induced stimulation of ion channels, resulting in K+ and Cl– loss, Na+ entry, cell dehydration,
change in lipid packing, all concomitant with PL scrambling [16]. ERK activation and [Ca2+]i increase stimulate multiple other pathways
that are not schematized here.

Cell. Mol. Life Sci. Vol. 65, 2008 Research Article 3869



The strong basal phosphorylation of ERK1/2 in the B
lymphoblasts is not associated with basal PS exposure,
and, in spite of ERK activation, the Scott cells do not
expose PS upon ionophore-induced Ca2+ entry.
As the MAPK/ERK pathway is up-regulated in a
variety of solid tumors, multikinase inhibitors, shown
to inhibit ERK phosphorylation in vivo, have been
successfully developed as anticancer drugs. These
drugs are particularly effective in treating renal cell
carcinomas and a type of acute myelogenous leukemia
[45–47]. Clinical studies demonstrated diminished
platelet counts in some patients. Our results suggest
that the therapeutic use of ERK activation inhibitors
in cancer patients is unlikely to cause an exacerbated
tendency to bleeding.
New pathways should now be explored to discover
how Ca2+ entry controls PS translocation. Important-
ly, the rapid surface exposure of PS following stim-
ulation with Ca2+ ionophores or via cell-specific Ca2+

influx-inducing receptors is associated with cell
shrinkage, also a hallmark of apoptosis. Shrinkage
results from cell dehydration involving a Ca2+-acti-
vated efflux of K+ and Cl– ions [16, 48, 49]. In platelets,
PS exposure induced in vitro by collagen plus throm-
bin also involves K+ (Gardos) channels [50]. Other
studies showed that Na+ influx via a Na+/H+ ex-
changer is involved in PL scrambling in platelets
stimulated by the physiological agonists thrombin or
collagen [42].
Although existing models assume that the transloca-
tion of lipids in an asymmetrical membrane is due to
transmembrane ion transport [16] or depends on local
effects, such as the induced formation of transient
pores, the role of proteins catalyzing PS translocation
is still an extensively debated subject (reviewed in
[14]). The defect in Scott syndrome suggests the
existence of a strategic founding element for the
remodeling process, which may be a membrane ion
channel or a [Ca2+]i increase-dependent signaling
underlying ion movements, independently of
MAPK/ERK activation.
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