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Abstract

We have previously reported that calcium ionophore A23187 differentially induces necrosis in CEM cells, a T-lymphoblastic leukemia

cell line, and apoptosis in HL60 cells, a promyelocytic leukemia cell line. Stimulation with VP16, however, induces typical apoptosis in both

cell lines. Necrosis in CEM cells, characterized by cell shrinkage and clustering, began within 5 min of treatment. Swelling of the

mitochondria, lumpy chromatin condensation and intact plasma membranes were evident by electron microscopy. These A23187-mediated

changes in CEM cells were suppressed by clonazepam or CGP37157, inhibitors of the mitochondrial Na+/Ca2+ exchanger. The changes,

however, were not affected by cyclosporin A, an inhibitor of the mitochondrial permeability transition pore. In both CEM and HL60 cells,

intra-cellular calcium increased with similar amplitude within 1 min of treatment with 2 AM A23187. Intra-mitochondrial calcium increased

with clonazepam pre-treatment alone in both CEM and HL60 cells. However, intra-mitochondrial calcium did not change drastically in

response to A23187 in CEM or HL60 cells, either untreated or pre-treated with clonazepam. A23187 induces necrosis in CEM cells

concurrent with mitochondrial dysfunction, which is independent of the mitochondrial permeability transition, but affected by intra-

mitochondrial calcium, while HL60 cells lack these early changes. Differences in the responses to A23187 between these two cell lines might

derive from differences in the susceptibility of the mitochondrial membrane to rapid increases in intra-cellular calcium.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cells lose viability in response to various stimuli; such

cell death can occur within minutes or take hours to

develop, depending on both the cell type and stimulus.

Apoptosis involves the execution of a pre-programmed

sequence of cellular events (Fiers et al., 1999) over the
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course of several hours, leading to the orderly resorption of

unneeded cells. In contrast to apoptosis, necrosis is thought

to be accidental and unregulated, occurring with a rapid

onset as a consequence of ATP depletion, the acute

disruption of cellular metabolism, or ion dysregulation.

These signals lead to mitochondrial and cellular swelling,

followed by plasma membrane destruction (Fiers et al.,

1999). The molecular mechanisms of apoptosis have been

well studied (Kroemer and Reed, 2000), while less is known

about the processes involved in necrosis. Recent reports,

however, have detailed a caspase-independent mode of cell
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death with necrotic morphology, which appears to be

regulated by cellular intrinsic programs (Blagosklonny,

2000; Chi et al., 1999; Jambrina et al., 2003; Kitanaka

and Kuchino, 1999; Leist and Jaattela, 2001; Velde et al.,

2000).

Calcium is understood to play an important role in

various types of cell injury (Berridge et al., 1998; Ichas

and Mazat, 1998; Lemasters et al., 1998). Calcium

ionophore A23187, which induces diverse responses in

many cell types (Matsubara et al., 1994; Qian et al.,

1999; Zhu and Loh, 1995), has often been used in models

of calcium-dependent cytotoxicity. A23187 induces

necrosis in CEM cells, a T-lymphoblastic leukemia cell

line, but apoptosis in HL60 cells, a promyelocytic

leukemia cell line (Matsubara et al., 1994). In contrast,

VP16, a topoisomerase II inhibitor, induces typical

apoptosis in both cell lines, which means there is no

intrinsic defect in the apoptotic mechanisms in CEM

cells. We examined the differences in the responses of

these two cell lines to A23187 through examination of

their morphology, caspase activation, mitochondrial mem-

brane potential, and plasma membrane permeability.

We found that the morphological changes induced in

CEM cells by A23187, including cell shrinkage and

clustering, appeared within 5 min of treatment. These

features, however, were subsequently followed by the

appearance of typical necrotic morphology. HL60 cells

lacked the early changes in morphology, instead requiring

at least 3 h of continuous exposure to A23187 for apoptotic

initiation. To examine the molecular mechanisms control-

ling this necrosis-like cell death, we explored changes in

the intra-cellular and intra-mitochondrial calcium concen-

tration in CEM and HL60 cells following treatment with

A23187.
2. Materials and methods

2.1. Cell lines and transfection

CEM, a T-lymphoblastic line, and HL60, a promyelocytic

leukemia line, were obtained from JCRB (Osaka, Japan). Cells

were cultured in RPMI1640 (Gibco-BRL, Grand Island, NY)

supplemented with 10% fetal bovine serum (Gibco-BRL). Human

Bcl-2 cDNAwas a kind gift from Y. Tsujimoto (Osaka University,

Japan) and was transfected into CEM cells by electroporation.

Expression of Bcl-2 protein was confirmed by Western blot

analysis.

2.2. Reagents

A23187, cyclosporin A, and propidium iodide were purchased

from Sigma-Aldrich Chemical Co. (St. Louis, MO). CGP37157

was acquired from Biomol Research Laboratories Inc. (PA, USA).

DiOC6(3), fluo-3 AM, and rhod-2 AM were obtained from

Molecular Probes (OR, USA). DEVD-AMC was procured from

Peptide Institute (Osaka, Japan). Clonazepam was kindly provided

by SUMITOMO Pharmacol. Co. (Osaka, Japan). [3H] Arachidonic
acid (209 Ci/mmol) was purchased from Amersham Pharmacia

Biotech (Buckinghamshire, UK).

2.3. Cell morphology

Cytospin preparation was performed at 80�g for 1 min using

Cytospin 2 (Shandon, UK). Cellular morphology was examined

under an optical microscope after May-Giemsa staining. For

electron microscopic observation (Toyokuni et al., 1989), 5�106

cells were isolated. Cell samples were fixed with 2% glutaralde-

hyde in 0.05 M phosphate buffer. Samples were washed in

isotonic phosphate-buffered sucrose solution, refixed in a

phosphate-buffered solution of 1% osmium tetroxide, dehydrated

in a graded ethanol series, and embedded in Epon 812. Samples

were sectioned with a glass knife on a Sorvall MT-5000

ultramicrotome, and then mounted on copper grids coated with

polyvinylformal. Samples were stained with uranyl acetate and

lead citrate, and then observed using a Hitachi HU-12A electron

microscope.

2.4. Caspase-3-like protease activity assay

Caspase-3-like protease activity was measured using a

Fluorometer 1420 ARVO SX FL (Wallac, Turku, Finland) with

DEVD-AMC, a specific substrate of caspase-3 (Yamashita et al.,

1999).

2.5. FACS analysis with DiOC6(3)/propidium iodide

Flow cytometric analysis was performed on a FACS Calibur

flow cytometer (Becton Dickinsons, Bedford, MA) following

staining of samples with propidium iodide, an indicator of plasma

membrane permeability, and DiOC6(3), an indicator of mitochon-

drial membrane potential. Five hundred thousand cells were mixed

with propidium iodide (5 Ag/ml) and DiOC6(3) (20 nM), and then

analyzed after a 10-min incubation in 37 -C.

2.6. Calcium assay

To measure intra-cellular calcium, we utilized a calcium-

sensitive fluorescent dye, fluo-3, suitable for measuring rapid

dynamic changes in intra-cellular calcium, using a flow cytometer

(Fanelli et al., 1999). Cells were loaded with fluo-3 by incubating

1�107 cells with 3 AM fluo-3 AM for 30 min at 37 -C. Following
extensive washing, samples were analyzed using a FACS Calibur.

While quantitative measurement of intra-mitochondrial calcium

using rhod-2 with confocal microscopy has been applied for fixed

adherent cells (Muriel et al., 2000), it is difficult to apply this

technique to CEM and HL60 suspension cells. Therefore, we have

developed a method for analyzing rhod-2-loaded cells using a

FACS Calibur. Rhod-2 AM was first reduced with NaBH4, and

then loaded into 1�107 cells at 5 AM for 1 h at 37 -C. Following
extensive washing, the cells were incubated for 6 h in 37 -C to

allow sequestration of rhod-2 into mitochondria. Samples were

analyzed by flow cytometry.

While it is impossible to quantify the absolute values of

calcium concentrations, as neither fluo-3 nor rhod-2 are

ratiometric dyes such as fura-2 or indo-1, fluorescence changes

reflect the dynamic changes in both intra-cellular and intra-

mitochondrial calcium. Relative values of fluo-3 or rhod-2

fluorescence are indicated as the ratio of sampled values to the
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initial fluorescence values, to indicate the calcium dynamics in

response to each agent.

2.7. Arachidonic acid release

CEM cells (6�106 cells/ml) were incubated with [3H]

arachidonic acid (1 ACi/ml) at 37 -C for 2 h. After being washed,

the labeled cells were stimulated with 2 AM A23187 for 10 or 30

min in a final volume of 200 Al. The reaction was terminated by

adding 2 ml of chloroform/methanol/HCl (200:200:1, v/v/v).

Lipids were extracted and separated by thin-layer chromatography

on a silica gel G plate with petroleum ether/diethyl ether/acetic

acid (40:40:1, v/v/v) as the development system. The area

corresponding to free fatty acid or other lipids was scraped off,

and the radioactivity was measured by liquid scintillation

counting. The radioactivity of fatty acid was corrected by

adjusting the total radioactivity to 2.0�105 dpm (Akiba et al.,

2004).

2.8. Immunoblot analysis of NCX isoforms

CEM and HL60 cells and tissues from mouse brain and

ventricular muscles were homogenized by physcotron (NITI-ON,

Japan) in RIPA lysis buffer containing 20 mM HEPES (pH 7.4),

150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1%

SDS, 2 Ag/ml leupeptin, 1 Ag/ml aprotinin, 200 AM phenyl-

methylsulphonyl fluoride, and 200 AM benzamidine hydrochlor-

ide. The lysates were centrifuged at 100,000�g for 20 min. The

supernatants were subjected to SDS-PAGE on an 8.5% gel and

then transferred to Immobilon membranes (Millipore). After

blocking, incubation with polyclonal antibodies against NCX

isoforms (Iwamoto et al., 1996) and washing, protein signals were

visualized using an enhanced chemiluminescence detection system

(Nakarai tesque).
3. Results

3.1. Morphology

Morphological changes of CEM and HL60 cells in response to

A23187 were observed (Fig. 1A). The morphology of CEM cells

treated for 6 h with 2 AM A23187 showed characteristics typical of

necrosis, including cell swelling and rupture. Within 10 min, CEM

cells treated with 2 AM A23187 exhibited the peculiar morphology

of cell shrinkage and clustering, which we considered to be early

stage of necrosis. HL60 cells treated for 6 h with 2 AM A23187,

however, showed characteristics typical of apoptosis, including cell

shrinkage, chromatin condensation and nuclear fragmentation. In

the first 10 min, HL60 cells treated with 2 AM A23187 did not

show any remarkable morphological changes. CEM cells treated

for 6 h with 10 Ag/ml VP16 exhibited the cellular changes typical

of apoptosis, indicating that CEM cells retained the capacity to

undergo apoptosis (data not shown).

The dose–response relationship of CEM cells (Fig. 1B) and

HL60 cells (Fig. 1C) in response to various concentration of

A23187 was examined. CEM cells were treated for 6 h either

with 0 AM, 0.5 AM, 1 AM, 2 AM or 4 AM of A23187 and

examined morphologically. CEM cells treated with increasing

concentration of A23187 exhibited increasing number of cells

with necrotic morphology, but almost none with apoptotic
morphology. In contrast, HL60 cells treated with increasing

concentration of A23187 exhibited increasing number of cells

with apoptotic morphology, but almost none with necrotic

morphology. With much higher concentration of A23187 at 20

AM, HL60 cells also exhibited cells with necrotic morphology

(data not shown).

The cellular and mitochondrial ultrastructural features of this

early necrosis in CEM cells were observed by electron microscopy

(Fig. 1D). The nuclei and mitochondria of untreated CEM cells

appeared normal. CEM cells treated with 2 AM A23187 for 6 h

showed the phenotypic changes associated with necrosis: destruc-

tion of the plasma membrane, condensation of nuclear chromatin

and enlarged electron-dense mitochondria. CEM cells treated with

2 AM A23187 for 10 min retained an intact plasma membrane, but

demonstrated lumpy chromatin condensation and enlarged elec-

tron-dense mitochondria, characteristic of necrosis (Leist and

Jaattela, 2001). CEM cells treated for 6 h with 10 Ag/ml VP16

showed typical apoptotic morphology, including an intact plasma

membrane, condensed chromatin and mitochondrial destruction.

Under the same conditions of treatment with 2 AM A23187 for 6 h,

HL60 cells exhibited morphology typical of apoptosis, similar to

the characteristics of CEM cells treated with 10 Ag/ml VP16 (data

not shown).

3.2. Caspase-3-like protease activation

Caspase-3-like protease activities were measured (Fig. 2).

Caspase-3 activation was demonstrated in both HL60 cells and

CEM cells treated for 6 h with 10 Ag/ml VP16. Caspase-3

activation was demonstrated in HL60 cells, but not in CEM cells,

treated for 6 h with 2 AM A23187. Caspase-3 activation was absent

in both HL60 cells and CEM cells treated for 10 min with 2 AM
A23187.

3.3. Flow cytometric analysis

Mitochondrial membrane potential was next analyzed by flow

cytometry (Fig. 3). Cells were stained with propidium iodide (PI),

an indicator of plasma membrane permeability, and DiOC6(3), an

indicator of mitochondrial membrane potential. Prior to treatment,

intact CEM cells exhibited a DiOC6(3)
high/PI� pattern. CEM cells

treated with 2 AM A23187 for 6 h exhibited a DiOC6(3)
low/PI+

pattern. This staining pattern may correspond to a necrotic

population in agreement with the morphological analysis of the

same sample. CEM cells treated with 2 AM A23187 for 10 min

contained a population of DiOC6(3)
low/PI� and a population of

DiOC6(3)
low/PI+. CEM cells treated with 10 Ag/ml VP16 for 6 h

exhibited a DiOC6(3)
low/PI� pattern, which likely corresponded

to an apoptotic population as deduced from the morphological

analysis of these cells.

3.4. Wash out experiment

To investigate the kinetics of the onset of necrosis and

apoptosis, cells were exposed to 2 AM A23187 for 10 min, and

then immediately washed with medium. Morphological and flow

cytometric findings were compared with those of cells under

continuous exposure to 2 AM A23187 for 6 h (Fig. 4). CEM cells

exposed to 2 AM A23187 for only 10 min contained a significant

population of necrotic cells (DiOC6(3)
low/PI+) after an additional

6 h of incubation (Fig. 4A). HL60 cells exposed to 2 AM A23187



Fig. 1. Morphology of the response of CEM and HL60 cells to A23187. (A) Cytospin morphology of CEM cells (left) and HL60 cells (right) observed

under an optical microscope. Untreated cells, cells treated with 2 AM A23187 for 10 min and cells treated with 2 AM A23187 for 6 h are shown from top to

bottom, respectively. The scale bars represent 10 Am. (B, C) The dose– response relationship of CEM cells (B) and HL60 cells (C) in response to various

concentration of A23187. The percentage of the cells with necrotic morphology (open bars) and the cells with apoptotic morphology (closed bars) are

shown. Data are meansTS.D. from four independent experiments. (D) Ultrastructure of CEM cells observed by electron microscopy. Untreated cells, cells

treated with 2 AM A23187 for 10 min, cells treated with 2 AM A23187 for 6 h and cells treated with 10 Ag/ml VP16 for 6 h are shown. The scale bars

represent 10 Am.
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for 6 h exhibited a significant population of apoptotic (DiO-

C6(3)
low/PI�) cells; however, those exposed to A23187 for 10

min did not exhibit a significant population of either apoptotic or

necrotic cells (Fig. 4B). An additional study varying the exposure

time revealed that necrosis was rapidly induced within 5 min in

CEM cells by 2 AM A23187 treatment (Fig. 5, thick solid line);

HL60 cells, however, required at least 3 h of continuous exposure

to 2 AM A23187 for the initiation of apoptosis (data not shown).
3.5. The effects of clonazepam, CGP37157 and cyclosporin A on

early necrotic change of CEM cells and Bcl-2 overexpressing CEM

cells

In order to clarify the role of Bcl-2 in early necrosis, we used

Bcl-2-overexpressing CEM cells (CEM/Bcl-2) in comparison with

control CEM cells (CEM/Neo). The time-dependence of the

changes of the morphology and flow cytometric features of



Fig. 3. DiOC6(3)/propidium iodide flow cytometric analysis. CEM cells

were stained with propidium iodide and DiOC6(3), and analyzed by flow

cytometry. The vertical axis indicates propidium iodide intensity and the

horizontal axis indicates DiOC6(3) intensity. Analysis of untreated cells,

cells treated with 2 AMA23187 for 10 min, cells treated with 2 AM A23187

for 6 h and cells treated with 10 Ag/ml VP16 for 6 h are shown.

Fig. 2. Caspase-3-like protease activity of CEM cells (A) and HL60 cells

(B). Caspase-3-like protease activity of CEM (A) and HL60 (B) cells were

analyzed and indicated with the relative value of activity as the ratio to the

activity of untreated cells. Relative value of activity of untreated cells, cells

treated with 2 AM A23187 for 10 min or 6 h and cells treated with 10 Ag/ml

VP16 for 6 h are shown from the left to the right, respectively. Data are

meansTS.D. from three independent experiments.
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CEM/Neo and CEM/Bcl-2 cells exposed to 2 AM A23187 was

determined (Fig. 5). CEM cells demonstrated cell shrinkage and

clustering morphology within 10 min and typical necrotic

morphology after 6 h of exposure to 2 AM A23187 (Fig. 1A).

Flow cytometry revealed that a PI+ population appeared at 10 min,

concurrent with the appearance of a PI� population with decreased

DiOC6(3) staining (DiOC6(3)
low/PI�) (Fig. 3). Time-course anal-

ysis of CEM/Neo cells treated with 2 AM A23187, expressed as the

percentage of total cells exhibiting a DiOC6(3)-low staining

pattern, demonstrated the effective conversion of normal cells to

this phenotype within 30 min (Fig. 5A, bold solid line). Time-

course analysis of CEM/Bcl-2 cells showed increased necrosis in

comparison with control CEM cells in response to A23187

stimulation (Fig. 5B, bold solid line). These morphological and

flow cytometric changes induced in CEM/Neo and CEM/Bcl-2

cells by A23187 were almost completely suppressed by pre-

incubation with 250 nM clonazepam, an inhibitor of the

mitochondrial Na+/Ca2+ exchanger (Griffiths et al., 1997) (Fig.

5A,B, bold dotted line). The subsequent necrosis occurring after 6

h was also inhibited (data not shown). The inhibitory effect of

clonazepam was mimicked by CGP37157, another inhibitor of the
mitochondrial Na+/Ca2+ exchanger (Scanlon et al., 2000) (Fig.

5A,B, thin solid line). Neither clonazepam nor CGP37157 affected

PI and DiOC6(3) staining pattern by itself (data not shown). Pre-

incubation with 1 AM cyclosporin A (Fig. 5A,B, thin dotted line),

an inhibitor of the mitochondrial permeability transition pore, did

not affect the onset of necrotic change (Nieminen et al., 1996). We

also examined the effect of various concentration of cyclosporin A

ranging from 100 nM to 10 AM. Neither doses of cyclosporin A

affect the onset of necrotic changes induced by A23187 (data not

shown).

3.6. Intra-cellular and intra-mitochondrial calcium assay

To determine whether intra-cellular or intra-mitochondrial

calcium was responsible for the induction of necrosis, we

measured intra-cellular or intra-mitochondrial calcium. A23187

treatment resulted in a rapid rise in intra-cellular calcium within 1

min to a similar degree in both cell lines (Fig. 6A,B, thin solid

line). However, intra-cellular calcium was normalized much more

rapidly in HL60 cells than in CEM cells. Clonazepam had no

effect on intra-cellular calcium by itself (Fig. 6A, B, bold solid

line) or on the kinetics of intra-cellular calcium in response to

A23187 treatment in either cell line (Fig. 6A,B, bold dotted line).

We then measured intra-mitochondrial calcium and found that it

increased gradually after exposure to 250 nM clonazepam (Fig.

6C,D, bold solid line), but was not affected by 1 AM cyclosporin

A (Fig. 6C,D, bold dotted line) in either cell line. However, intra-

mitochondrial calcium was not drastically affected by A23187 in

untreated cells (Fig. 6C,D, thin solid line) or cells after pre-

incubation with either 250 nM clonazepam (Fig. 6C,D, bold solid



Fig. 5. Time-course analysis of the early necrotic change of CEM cells and

Bcl-2-overexpressing CEM cells. The time-dependence of the changes of

the flow cytometric features of CEM/Neo cells (A) and CEM/Bcl-2 cells

(B) in response to 2 AM A23187 is shown as the percentage of DiOC6(3)-

low population. The percentage of the necrotic population of CEM cells

without pre-incubation (bold solid line), pre-incubated with 250 nM

clonazepam (CZP) (bold dotted line), pre-incubated with 25 nM

CGP37157 (CGP) (thin solid line) and pre-incubated with 1 AM cyclo-

sporin A (CsA) (thin dotted line) was measured after the addition of 2 AM
A23187. Data are meansTS.D. from three independent experiments.

Fig. 4. Wash out experiments. CEM cells (A) and HL60 cells (B) were

exposed to 2 AM A23187 for 10 min and immediately washed with fresh

medium, and were compared with cells continuously exposed to 2 AM
A23187 for 6 h. Open bars indicate the percentage of necrotic population

(DiOC6(3)
low/PI+), and closed bars indicate the percentage of apoptotic

population (DiOC6(3)
low/PI�). Untreated cells washed and incubated with

medium for 6 h (1), cells exposed to 2 AM A23187 for 10 min, washed and

incubated with medium for 6 h (2) and cells exposed to 2 AM A23187 for

10 min, washed and incubated again with 2 AM A23187 for 6 h (3) are

shown from left to right, respectively. Data are meansTS.D. from four

independent experiments.
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line) or 1 AM cyclosporin A (Fig. 6C,D, bold dotted line) in

either cell line. CGP37157 showed similar effects as clonazepam

on intra-mitochondrial calcium (data not shown). We also

examined intra-cellular and intra-mitochondrial calcium of Bcl-

2-overexpressing CEM cells, which showed similar kinetics to

control CEM cells in response to A23187 stimulation and similar

effect by clonazepam, CGP37157 and cyclosporin A (data not

shown).

3.7. Analysis of phospholipase activation

In order to clarify the effect of phospholipase activation in the

necrotic process, we examined phospholipase activation in CEM

cells treated with A23187. CEM cells labeled with [3H] arach-

idonic acid were stimulated with 2 AM A23187 for 10 or 30 min.

Then, the lipids were extracted, separated by thin-layer chroma-

tography and measured by liquid scintillation counting. Production
of diacylglycerol was stimulated but arachidonic acid was not

released in CEM cells treated with A23187 (Table 1).

3.8. Immunoblot analysis of NCX isoforms

In order to clarify the effect of Na+/Ca2+ exchanger inhibitors

on plasmalemmal NCX isoforms, we examined the expression

levels of NCX proteins in CEM and HL60 cells by Western

blotting. In CEM and HL60 cells, isoforms of NCX 1, 2, 3 were

not detected, which are expressed in the mouse brain or ventricular

muscle tissues (Fig. 7).
4. Discussion

Of the two patterns of cell death, considerable data exist

detailing the molecular mechanisms of apoptosis, while the

mechanisms governing necrosis remain to be elucidated.



Fig. 6. Intra-cellular and intra-mitochondrial calcium assays. (A, B) For intra-cellular calcium assay, cells were loaded with fluo-3, and analyzed sequentially by

flow cytometry after the addition of each agent. The relative value of fluo-3 fluorescence as the ratio to the initial fluorescence is indicated instead of the

absolute intra-cellular calcium of CEM cells (A) and HL60 cells (B). Thin solid line, 2 AM A23187-treated cells; bold solid line, 250nM clonazepam (CZP)-

treated cells; bold dotted line, 2 AMA23187-treated cells after pre-treatment with 250 nM clonazepam. (C, D) For intra-mitochondrial calcium assay, cells were

loaded with rhod-2, and analyzed sequentially by flow cytometry. The relative value of rhod-2 fluorescence as the ratio to the initial fluorescence is indicated

instead of the absolute intra-mitochondrial calcium of CEM cells (C) and HL60 cells (D). Thin solid line, cells without pre-treatment and following 2 AM
A23187-treatment (arrow head); bold solid line, cells with 250 nM clonazepam pre-treatment and subsequent 2 AM A23187-treatment (arrow head); bold

dotted line, cells with 1 AM cyclosporin A (CsA) pre-treatment and subsequent 2 AM A23187-treatment (arrow head). The figures show one of typical results

of four independent experiments.
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Necrosis is not merely a passive accidental event, but a pre-

programmed sequence of events. To clarify the differences

in the mechanisms controlling apoptosis and necrosis, we

used CEM and HL60 cells, which exhibit different

responses to A23187 stimulation (Matsubara et al., 1994).

Our experiments indicate that the necrotic process in CEM
Table 1

Arachidonic acid release by A23187 stimulation

Untreated 2 AM A23187

10 min 30 min 10 min 30 min

Diacylglycerol 854 911 1718 1833

Arachidonic acid 2688 2849 2948 2484

The radioactivity of released diacylglycerol and arachidonic acid from

CEM cells labeled with [3H] arachidonic acid, which are untreated (left) or

treated with 2 AM A23187 (right) for 10 or 30 min are indicated. The

radioactivity was corrected by adjusting the total radioactivity to 2.0�105

dpm.

Fig. 7. Protein expression levels of endogenous NCX isoforms. Lysates (5

Ag each) prepared from mouse brain, mouse ventricular muscles, CEM and

HL60 cells (from the left to the right, respectively) were subjected to

immunoblot analysis with antibodies to the Na+/Ca2+ exchanger isoforms,

NCX1, NCX2 and NCX3, from top to bottom, respectively.
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cells exposed to A23187 is initiated rapidly, while the

apoptotic process in HL60 cells under similar conditions is

initiated at a later stage. The time courses of the responses of

CEM cells to 2 AM A23187 indicate that the necrotic

process was initiated within 5 min, and was identifiable by

an atypical morphology, that was subsequently replaced by

typical necrotic morphology after 6 h. Flow cytometric

analysis of PI/DiOC6(3) staining at this early stage in the

necrotic process indicated the transient appearance of a

population with a DiOC6(3)
low/PI� pattern similar to that of

apoptotic populations and the subsequent shift to a

population with a DiOC6(3)
low/PI+ pattern after 6 h.

Mitochondrial dysfunction, demonstrated in the population

with decreased DiOC6(3) intensity, appeared early after

stimulation prior to destruction of the plasma membrane.

HL60 cells treated with 2 AM A23187 did not exhibit early

morphological changes or mitochondrial depolarization.

Electron microscopic observations of this early necrotic

stage illustrate some of the morphological characteristics of

necrosis (lumpy chromatin condensation and enlarged

electron-dense mitochondria in the presence of an intact

plasma membrane), reported for caspase-independent cell

death (Leist and Jaattela, 2001). These morphological

changes in mitochondria and the decrease in mitochondrial

membrane potential indicate that A23187 stimulation

prompts mitochondria to undergo changes associated with

early necrotic state.

This A23187-induced early necrotic change in CEM cells

is inhibited by EGTA and augmented by higher calcium

concentrations in the medium (data not shown). Intra-cellular

calcium assays demonstrated that initial increases in intra-

cellular calcium occurring within 1 min of A23187 treatment

were comparable between the two cell lines, while decreases

in intra-cellular calcium were more rapid in HL60 cells than

in CEM cells, possibly indicating differences among the two

cell lines in the mechanisms of pumping out or sequestration

into the intracellular organelle of calcium. These data

indicate that A23187 induces a rapid influx of calcium into

the cytoplasm and a slow decrease in intra-cellular calcium

in CEM cells, which triggers mitochondria to undergo the

morphological changes associated with necrosis. In contrast,

A23187 induces a rapid influx of calcium into the cytoplasm,

which rapidly decreases in HL60 cells, which are resistant to

the induction of necrosis by A23187. The morphological

changes, mitochondrial depolarization, and subsequent

necrosis occurring in CEM cells treated with A23187 were

suppressed by pre-incubation with clonazepam or

CGP37157. The role of the mitochondrial permeability

transition has been emphasized in the process of cell death

resulting from calcium ionophore stimulation (Berridge et

al., 1998; Hirsch et al., 1997; Kroemer and Reed, 2000;

Lemasters et al., 1998). The mitochondrial permeability

transition represents an abrupt increase in the permeability of

the mitochondrial membrane, resulting from the opening of

permeability transition pores in response to stimuli. Cyclo-

sporin A specifically blocks the onset of the mitochondrial
permeability transition (Lemasters et al., 1998; Nieminen et

al., 1996), recognized as an important step in both necrosis

and apoptosis. The mitochondrial permeability transition

occurs in several forms of necrotic cell death, acting as a

causative factor under some circumstances (Kroemer and

Reed, 2000; Lemasters et al., 1998; Velde et al., 2000). In

cultured rat hepatocytes, 10 AM Br-A23187 increased intra-

mitochondrial calcium, inducing necrotic cell killing within

1 h (Qian et al., 1999). The induction of both the

mitochondrial permeability transition and cell killing was

prevented by 1 AM cyclosporin A, but cyclosporin A had no

effect on the increase in intra-mitochondrial calcium. In

Jurkat cells, cytoplasmic calcium overload induced by

vanilloid receptor type1 trigger ‘‘paraptotic cell death’’,

which does not fulfill the criteria for either apoptosis or

necrosis (Jambrina et al., 2003). The mitochondrial perme-

ability transition and collapse of the mitochondrial mem-

brane potential occur in this type of cell death, which is

inhibited by cyclosporin A treatment.

In our study, cytoplasmic calcium overload induced by

A23187 induced necrotic cell death in CEM cells, an effect

which was prevented by clonazepam and CGP37157 but

unaffected by cyclosporin A. The induction of necrotic death

by A23187 in CEM cells is independent of the mitochondrial

permeability transition, as indicated by the lack of effect of

cyclosporin A. Intra-mitochondrial calcium assays using

rhod-2 indicated that both clonazepam and CGP37157

caused sequestration of calcium in mitochondria, inducing

increases in intra-mitochondrial calcium. Increased intra-

mitochondrial calcium levels seem to protect CEM cells from

the induction of necrosis by rapid increases of intra-cellular

calcium. The suppression of necrotic death by an agent

affecting the mitochondrial calcium level also suggests the

involvement of mitochondria in this form of necrotic death.

Bcl-2 shows anti-apoptotic effects in various cells and the

Bcl-2 expression level in various cells determines the mode

of cell death (Adachi et al., 1997; Melihac et al., 1999; Zhu et

al., 1999). Caspase-independent necrosis-like cell death is

also inhibited by Bcl-2 (Kitanaka and Kuchino, 1999;

Jambrina et al., 2003). In neural cells, mitochondria of Bcl-

2-overexpressing cells have enhanced capacity of Ca2+

uptake, which have greater resistance to Ca2+ induced injury

(Murphy et al., 1996). Although the level of Bcl-2 expression

assessed by Western blotting was comparable between our

HL60 and CEM cells (data not shown), Bcl-2 in the outer

mitochondrial membrane may play some role in this process.

Bcl-2-overexpressing CEM cells showed increased necrosis

in comparison with control CEM cells in response to A23187

stimulation, while the increase in intra-cellular and intra-

mitochondrial calcium was similar in both cell lines.

We have previously reported that mitochondrial function

is disturbed in the early phases of apoptosis (Adachi et al.,

1997, 1998). Here, we demonstrated that mitochondrial

dysfunction is observed early in the induction of necrosis.

The precise mechanism of the complete suppression of cell

death is not known, because clonazepam and CGP37157
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increased intra-mitochondrial calcium levels of both CEM

and HL60 cells but this intra-mitochondrial calcium increase

did not inhibit cell death in HL60 cells. One possibility is that

clonazepam and CGP37157 inhibited necrosis in CEM cells

from different mechanism from inhibition of the mitochon-

drial Na+/Ca2+ exchanger. Clonazepam and CGP37157 may

also inhibit plasmalemmal Na+/Ca2+ exchanger, which also

have some effect on necrosis (Czyz and Kiedrowski, 2003;

Omelchenko et al., 2003). In order to clarify the effect of

Na+/Ca2+ exchanger inhibitors on plasmalemmal Na+/Ca2+

exchanger isoforms, we compared the early necrotic changes

of CEM cells by A23187 in the Hanks solution and the

Hanks solution in which NaCl was replaced with choline

chloride. Those early necrotic changes in response to

A23187 were similarly observed in the Na+-abscent medium

(data not shown). We then examined the expression levels of

Na+/Ca2+ exchanger isoforms in CEM and HL60 cells by

Western blotting. In CEM and HL60 cells, expression of

NCX isoforms 1, 2, 3 was not detected, which are expressed

in the mouse brain or ventricular muscle tissues. Therefore

the inhibitory effect of clonazepam does not appear to occur

via plasmalemmal Na+/Ca2+ exchanger. There has been

identified that two distinct benzodiazepine binding sites, a

central site restricted to brain and a ubiquitously expressed

binding site, the so-called peripheral benzodiazepine recep-

tor (Braestrup and Squires, 1977). Clonazepam are widely

used as tranquilizers or anticonvulsants and these effects are

primarily mediated via the central benzodiazepine receptors

located in the central nervous system (Tallman et al., 1980).

There are some reports that peripheral benzodiazepine

receptor are related to apoptosis (Castedo et al., 2002;

Gidon-Jengirard et al., 1999). Although clonazepam has a

low binding affinity of peripheral benzodiazepine receptor, it

may have some effect of inhibition of cell death through

peripheral benzodiazepine receptor because clonazepam and

other peripheral benzodiazepine receptor agonists equally

inhibited rat microglia neuronal degeneration induced by

lipopolysaccharide (Wilms et al., 2003).

Phospholipases are also shown to be implicated in

necrotic cell death (Pilitsis et al., 2002). We then examined

if phospholipase activation was observed in CEM cells

treated with A23187. Phospholipase activation was not

observed in CEM cells treated with A23187. A23187

induced necrotic change seems to be independent of

phospholipase activation.

The early necrotic change induced by A23187 in CEM

cells is independent of mitochondrial permeability transi-

tion, and may involve an alternate pathway that is affected

by intra-mitochondrial calcium and that eventually disrupts

mitochondrial function.
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