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Apoptotic cell volume decrease (AVD) and exposure of phospha-
tidylserine (PtdSer) at the cell surface are early events in apoptosis.
However, the ion channels responsible for AVD, and their relation-
ship to PtdSer translocation and cell death are poorly understood.
Real-time analysis of calcium-induced apoptosis in lymphocytes and
thymocytes showed that AVD occurs rapidly, and precedes PtdSer
translocation. Blockers of the K+ channel IKCa1 completely inhibit-
ed AVD. Blockade of IKCa1, and hence AVD, also completely pre-
vented PtdSer translocation and cell death. Thus, IKCa1-mediated
AVD is the earliest-defined essential step in calcium-induced apop-
tosis, required for both PtdSer translocation and cell death.
EMBO reports 4, 189–194 (2003)

doi:10.1038/sj.embor.embor722

INTRODUCTION
Despite a detailed understanding of the later stages of apoptosis,
the early steps in this pathway are poorly understood. Apoptosis,
including that mediating T-cell deletion, is associated with a rise in
cytoplasmic Ca2+ (apoptotic calcium increase (ACI)), apoptotic cell
volume decrease (AVD) and changes in plasma membrane lipid dis-
tribution (Schanne et al., 1979; Schlegel et al., 2000; Mariathasan et
al., 2001; Yu et al., 2001). AVD is achieved by efflux of K+ and Cl−

ions and consequent loss of water, and is an early step in apoptosis
(Maeno et al., 2000). Whilst several studies have associated apopto-
sis with loss of K+ ions (Yu et al., 1997; Dallaporta et al., 1999;
Trimarchi et al., 2002), the channels responsible for ion efflux in
AVD have not been identified. Apoptosis is also characterized by a
rapid redistribution of phospholipids (Sims & Wiedmer, 2001). In
normal cells, plasma membrane phospholipids are asymmetrically
distributed, with phosphatidylserine (PtdSer) and phosphatidyl-
ethanolamine primarily in the inner leaflet. Following initiation of
apoptosis, PtdSer is translocated to the outer leaflet and is exposed
at the cell surface. The mechanism by which PtdSer is translocated
is controversial, with reports of a phospholipid scramblase mediat-
ing non-specific bi-directional transport of phospholipids (Sims &

Wiedmer, 2001), or of ABC1 acting as an outwardly-directed PtdSer
translocase (Hamon et al., 2000).

In this study we aimed to identify the ion channel(s) required for
AVD, and use this insight to establish the link, if any, between ACI,
AVD and PtdSer translocation in apoptosis. A continuous-flow 
cytometric method was developed to enable us to monitor simultane-
ously, in the same population of cells, the kinetics of each of the 
individual steps in the apoptotic pathway.

RESULTS AND DISCUSSION
Murine CD4+ T lymphocytes were used to study calcium-induced
apoptosis. A flow cytometric method was developed to enable the
study of AVD, PtdSer translocation and cell death in a single popula-
tion of cells (see Methods). Cell volume changes were measured by
forward scatter (FSC-H), a parameter used routinely to measure the
size of spherical cells (Vermes et al., 2000). Exposure of PtdSer was
monitored by annexin-V binding; cell membrane permeability was
measured by the uptake of propidium iodide. CD4+ lymphocytes
were studied specifically by labelling lymphocytes with a fluorescent
anti-CD4 antibody such that these were the only cells analysed with-
in the population.

Apoptosis was initiated by the addition of the calcium
ionophore calcimycin at the times shown (Fig.1). Calcimycin-
induced lymphocyte apoptosis, as with many physiological mech-
anisms of T cell death, has been shown to be caspase-independent
(Bortner and Cidlowski, 1999; Doerfler et al., 2000; Petronilli et
al., 2001). As reported by others (Bortner & Cidlowski, 1999;
Petronilli et al., 2001), calcimycin-induced cell death was rapid
and apoptotic (Fig. 1). Apoptosis was characterized by cell shrink-
age, translocation of PtdSer to the cell surface, and ultimately cell
breakdown; in contrast, necrosis is characterized by cell swelling
and the subsequent rupture of the plasma membrane. Cell shrink-
age occurred within three minutes of addition of the ionophore, as
indicated by decreased forward scattering of light (Fig. 1A). PtdSer
translocation occurred after cell shrinkage (Fig. 1B) and was fol-
lowed by increased membrane permeability (Fig. 1D). Importantly,
cell shrinkage, PtdSer translocation and propidium iodide uptake
occurred sequentially. This is illustrated by plotting, on the same
graph, as a function of time, the percentages of cells having 
undergone PtdSer translocation and cell death (Fig. 1E). At low 
calcimycin concentrations, volume decrease occurred without
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Fig. 1 | Kinetics of calcium-induced apoptosis. After establishing baselines in the continuous presence of annexin-V–FITC and PtdSer, apoptosis was induced

with calcimycin. (A) a, Flow-cytometric gating of cells staining positive with allophycocyanin-conjugated anti-CD4 (R2) in the absence of physical cell

separation. R1 (not shown) was used to exclude cell debris. a–d, Changes in cell volume, PtdSer translocation and cell death, monitored simultaneously in

the CD4+ lymphocyte population following induction with 1 µM calcimycin. For each parameter, data as a function of time after induction of apoptosis are

indicated as a derived line graph (mean units ± s.e.m.). b, Change in cell volume (measured by FSC-H) as a function of time, indicating cell shrinkage.

c, Changes in PtdSer exposure at the cell surface, indicated by annexin-V–FITC binding. d, Cell death (membrane permeability) as indicated by propidium

iodide uptake. (B) Representative control plots indicating (a) the stability of cell size and (b) annexin-V binding, in the absence of calcimycin stimulation.

Variation in responses to calcimycin within any given set of experiments was low. In this experiment, over 17 min there was a fall in control FSC-H of

0.8 units and an increase in the percentage of CD4+ cells binding annexin V from 3% to 3.3%. By contrast, in four experiments on the same day, stimulation

with 0.5 µM calcimycin resulted in a fall of FSC-H from 656.7 ± 0.2 to 614.8 ± 2.6 units (mean ± s.d.) and a rise in annexin-V-binding cells from 3% to 72.3 ±
13% (mean ± s.d.). (C) Percentage of CD4+ cells having translocated PtdSer (annexin-V-positive cells, indicated by open squares) or died (propidium

iodide-positive cells, indicated by open diamonds), obtained by replotting the data from panels (A) b–d. The background population of cells binding

annexin V or taking up propidium iodide before stimulation was excluded from the derived line graphs and from (C). (D) Response to stimulation with low

dose calcimycin. Cells were stimulated with 0.2 µM calcimycin. a, Shrinkage of CD4+ cells, indicated by change in FSC-H (mean ± s.e.m.) as a function of

time. b, Translocation as a function of time, indicated by the percentage of annexin-V-positive cells (open diamonds). A comparison with increase in

percentage of CD4+ cells translocating in response to 0.5 µM calcimycin (open squares) is shown.
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Fig. 2 | The effects of IKCa1 inhibitors on AVD and translocation. (A) Effect of 0.5 mM quinine (b), 10 µM clotrimazole (c) or 200 nM charybdotoxin (d) on

shrinkage of CD4+ cells induced by 1 µM calcimycin in comparison with control cells in the absence of inhibitor (a). Cell volume is indicated by FSC-H units

(mean ± s.e.m.). Stimulation with calcimycin is indicated by arrows. (B) Effects of IKCa1 inhibitors on translocation (annexin-V–FITC-binding) and cell death

(propidium iodide uptake), following calcimycin stimulation. Analyses were carried out on the same cell population. a, b, Data for a control with no inhibitor

(open squares), 0.5 mM quinine (open diamonds), or 10 µM clotrimazole (open circles). c, d, Data for a control with no inhibitor (open squares), and with 

200 nM charybdotoxin (open diamonds). (C) Effect of 0.4 mM lidocaine, a TASK-3 inhibitor (b), or 10 µM clotrimazole (c) on shrinkage of CD4+8+ thymocytes

induced by 0.2 µM calcimycin, compared with control cells in the absence of inhibitor (a). Cell volume is indicated by forward scatter (mean ± s.e.m. FSC-H

units). Time of stimulation with calcimycin is indicated by arrows.
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detectable PtdSer translocation (Fig. 1E), indicating that cell shrink-
age is insufficient to induce PtdSer exposure.

To investigate whether AVD is, however, necessary for PtdSer
translocation, we studied the effect of known inhibitors of volume-
regulatory K+ channels (Khanna et al., 1999; Weskamp et al., 2000;
Niemeyer et al., 2001) on both processes. Quinine, clotrimazole and
charybdotoxin are all inhibitors of IKCa1, and though none are
entirely IKCa1-specific they have no other known shared target. Each
inhibited AVD, PtdSer translocation and cell death effectively, at con-
centrations known to block IKCa1 (Fig. 2). Somewhat higher concen-
trations of charybdotoxin were required for full inhibition of AVD and
PtdSer translocation than have been reported to block IKCa1 currents
(15 nM), presumably due to the large cell numbers used in flow
cytometry, and simultaneous binding of this toxin to Kv1.3 and BK
channels (Khanna et al., 1999; Dick et al., 2001).

Besides their effects on K+ channels, some of these inhibitors are
known to affect Ca2+ channels. For example, clotrimazole inhibits
thapsigargin-stimulated, store-operated calcium influx (Benzaquen et
al., 1995), and IKCa1 modulates Ca2+ entry into activated T cells
(Fanger et al., 2001). Although calcimycin mediates Ca2+ transfer across
the plasma membrane, store-operated channels have also been impli-
cated in regulating intracellular Ca2+ concentration following stimula-
tion with this ionophore (Martinez et al., 1999). Therefore, to exclude
the possibility that the IKCa1 inhibitors block AVD via an effect on
Ca2+ channels, we measured their effects on Ca2+ uptake directly. Of
the three IKCa1 inhibitors used, only clotrimazole inhibited Ca2+

uptake under the conditions used, and then only slightly (Fig. 3).
To exclude the potential involvement of K+ channels other than

IKCa1 in AVD and PtdSer translocation, we assessed the effects of a
variety of other inhibitors. Although no single inhibitor is entirely spe-
cific for IKCa1, the spectrum of inhibitors used provided a fingerprint
diagnostic of this channel. Agitoxin, a potent inhibitor of Kv1.3, only
marginally delayed AVD and PtdSer translocation (Fig. 4), and
apamin and iberiotoxin had little or no effect, ruling out a significant
role for SKCa (Desai et al., 2000) or BK (Gribkoff et al., 1996). The K+

channel inhibitors lidocaine and XE991, blockers of TASK-3 and
KCNQ channels, respectively (Kim et al., 2000; MacVinish et al.,
2001), also had no effect on AVD or PtdSer translocation (not shown).
As TASK channels are clotrimazole-insensitive (Hoffmann, 2000),
while clotrimazole completely blocked AVD and PtdSer transloca-
tion, their role, if any, must be negligible. An involvement of TASK-1
in AVD is also unlikely, as this channel is inhibited by calcium-
mobilizing agents (Czirjak et al., 2001). In toto, therefore, these data
strongly suggest that the actions of quinine, charybdotoxin and clotri-
mazole are mediated through inhibition of IKCa1, and thus that
IKCa1 is the major channel involved in calcium-induced AVD in lym-
phocytes. Moreover, as blockade of AVD inhibits PtdSer translocation
and cell death, the data show that AVD is a necessary early step in the
apoptotic pathway.

The requirement for IKCa1 activity in calcium-induced apoptosis
was also apparent in immature thymocytes. Hence, whilst thymo-
cytes were more sensitive to calcimycin than were peripheral lym-
phocytes, AVD (Fig. 2C), PtdSer translocation and cell death were
also completely blocked by inhibitors of IKCa1, but not by those of
other of K+ channels tested (data for the effects of lidocaine are
shown). Thus, IKCa1 activity in early apoptotic events is not restricted
to CD4+ lymphocytes.

PtdSer on the outer leaflet of the plasma membrane acts as a cru-
cial ‘eat me’ marker for the rapid, immunologically silent removal of
apoptotic cells (Savill & Fadok, 2000). As its exposure may therefore
mark an in vivo physiological endpoint for dying cells, knowledge of
the mechanism, upstream regulation and kinetics of PtdSer trans-
location and its temporal relationship to other cellular events in the
diverse forms of apoptosis is central to the therapeutic manipulation
of cell death. In this study we have demonstrated that AVD precedes
PtdSer translocation, and that AVD is necessary for both PtdSer
translocation and apoptosis. Importantly, inhibition of the intermedi-
ate conductance KCa channel IKCa1 inhibited AVD, demonstrating
that this channel plays a key role in regulating cell volume and apop-
tosis, at least in T lymphocytes and thymocytes. Interestingly, IKCa1
has also been shown to have a major role in volume regulation fol-
lowing hypo-osmotic shock (RVD) in lymphocytes (Khanna et al.,
1999), and altered regulation of IKCa1 has been implicated in vol-
ume regulation in cells lacking the cystic fibrosis transmembrane reg-
ulator (Vazquez et al., 2001). Together, these data suggest a mecha-
nistic link between ACI, AVD and RVD, with implications for disease
pathophysiology. The early and essential role of IKCa1 in PtdSer
translocation and apoptotic cell death suggests that this K+ channel is
a potential therapeutic target in immune-related diseases marked by
aberrant apoptosis or apoptotic cell clearance.

METHODS
Simultaneous monitoring of AVD, translocation and cell death.
Mesenteric lymph node cells were isolated from adult mice
(FVB/n; 6–14 weeks), and lymphocytes suspended (107 ml−1) in
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seen. Stimulation with calcimycin is indicated by arrows.
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HEPES-buffered, phenol-red-free DMEM (Sigma). Cells were
stained with an allophycocyanin-conjugated antibody specific for
the T cell marker CD4 (Becton Dickinson), and were washed and
resuspended in DMEM supplemented with BSA. Cells were equili-
brated with propidium iodide and annexin-V–fluorescein isothio-
cyanate (FITC) (both Becton Dickinson) for 4 min and analysed by
flow cytometry on a FACScalibur machine using CellQuest soft-
ware (Becton Dickinson). The use of allophycocyanin-conjugated
anti-CD4 permitted analysis to be restricted to CD4+ lymphocytes.
Multiparameter FACS analysis permitted simultaneous analysis of

cell membrane permeability (propidium iodide uptake (detected
in channels FL-2 and FL-3), an indicator of cell death), cell volume
(FSC-H) and PtdSer exposure to the cell surface (annexin-V–FITC
binding, FL-1). Baseline fluorescence was established for approxi-
mately 1 min prior to addition of calcimycin (Sigma) and/or other
reagents (as indicated) to initiate apoptosis. FSC-H is used
routinely as a measure of the size of spherical cells (Vermes et al.,
2000), its sensitivity being greatest when light is collected over an
angle of less than 10° (Ormerod et al., 1995) as in the FACScalibur.
Debris was excluded from analysis on the basis of forward- and
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side-scatter. Continuous line graphs of changes in cell size (FSC-
H), annexin-V–FITC binding (FL1-H) and propidium iodide uptake
(FL3-H) were plotted using FCSPress software (FCSPress.com). For
analysis of thymocytes, cells were prepared as above and stained
with allophycocyanin-conjugated anti-CD4 and phycoerythrin-
conjugated anti-CD8 (Becton Dickinson).
Potassium channel inhibitors. Charybdotoxin, iberiotoxin, lido-
caine, quinine, clotrimazole and apamin were all obtained from
Sigma. Agitoxin was from Alomone, and XE991 was a gift from 
A. Cuthbert. Preliminary experiments showed that diluents had no
effect on either AVD or PtdSer translocation (data not shown). All
experiments were performed within 3–4 h of lymph node isolation
to minimize the potential influence of non-experimental apoptotic
stimuli, for example, that due to serum starvation. Consequently,
each reagent was assessed on at least three occasions, and inhibi-
tion was scored only when PtdSer translocation and volume
decrease compared with control samples was slowed or dimin-
ished on each of these occasions. Whilst variability was low on
any given occasion, and the degree of inhibition for any given
reagent was similar between experiments, as experiments were
often necessarily performed on different days, it was not valid to
define the s.e.m. of any given parameter. To avoid the potential
complication that differences may exist in responses of naive
(CD45RBloCD44hi) and memory (CD45RBhiCD44lo) cells and that
frequencies of these populations differ somewhat between individ-
uals, only results obtained using lymph node cells from the same
mouse were directly compared.
Analysis of Ca2+-uptake. Lymphocytes were stained with Cychrome-
conjugated anti-CD4 antibody (Becton Dickinson) to restrict analysis
to a relatively homogeneous T cell population, and incubated for 
15 min with a 0.3 µM solution of the calcium-sensitive fluorescent
indicator Fluo-4 AM (Molecular Probes). Cells were washed twice
and resuspended in phenol-red-free DMEM in the presence or
absence of IKCa1 inhibitors as indicated, and baseline fluorescence
was established by flow cytometry on a FACScan using CellQuest
software. Apoptosis was initiated by addition of 1 µM calcimycin
and the calcium-dependent increase in Fluo-4 fluorescence moni-
tored in the CD4+ cell population. To ensure the equivalence of
Fluo-4 loading, different aliquots of the same Fluo-4-loaded cell sus-
pension were used for each experiment. All results shown are repre-
sentative of at least three separate experiments.
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