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We address the specific role of cytoplasmic Ca2� over-
load as a cell death trigger by expressing a receptor-
operated specific Ca2� channel, vanilloid receptor sub-
type 1 (VR1), in Jurkat cells. Ca2� uptake through the
VR1 channel, but not capacitative Ca2� influx stimu-
lated by the muscarinic type 1 receptor, induced sus-
tained intracellular [Ca2�] rises, exposure of phosphati-
dylserine, and cell death. Ca2� influx was necessary and
sufficient to induce mitochondrial damage, as assessed
by opening of the permeability transition pore and col-
lapse of the mitochondrial membrane potential. Ca2�-
induced cell death was inhibited by ruthenium red, pro-
tonophore carbonyl cyanide m-chlorophenylhydrazone,
or cyclosporin A treatment, as well as by Bcl-2 expres-
sion, indicating that this process requires mitochon-
drial calcium uptake and permeability transition pore
opening. Cell death occurred without caspase activa-
tion, oligonucleosomal/50-kilobase pair DNA cleavage,
or release of cytochrome c or apoptosis inducer factor
from mitochondria, but it required oxidative/nitrative
stress. Thus, Ca2� influx triggers a distinct program of
mitochondrial dysfunction leading to paraptotic cell
death, which does not fulfill the criteria for either apo-
ptosis or necrosis.

Release of mitochondrial intermembrane proteins to the cy-
tosol is a fundamental step in the cell death machinery during
apoptosis and necrosis (1). Among other triggers, massive cal-
cium uptake into isolated mitochondria induces the collapse of
the mitochondrial membrane potential (��m)1 (1), the opening

of the mitochondrial permeability transition pore or megachan-
nel (PTP) and the release of proapoptotic factors such as cyto-
chrome c (2) and/or apoptosis inducer factor (AIF) (3). It has
been shown that high [Ca2�] (100–500 �M) is necessary for PTP
opening in isolated mitochondria (1), but this [Ca2�] is not
attained in the cytosol of intact cells. It has been proposed that
mitochondrial Ca2� overload in intact cells can trigger the
opening of PTP and release of proapoptotic factors during neu-
ronal ischemic and/or excitotoxic cell death (4, 5), but the down-
stream events that couple the rise in calcium to cell death are
unknown. Mitochondrial Ca2� overload would be a side result
of the rise in the cytosolic Ca2� concentration ([Ca2�]c) pro-
moted by Ca2� entry through plasma membrane receptor-op-
erated and voltage-dependent Ca2� channels. When the
[Ca2�]c increases, Ca2� is taken up into the mitochondria via
the mitochondrial Ca2� uniporter (MCU), a low affinity, high
capacity Ca2� transport system driven by the ��M. Since up-
take through MCU is a function of ([Ca2�]c) (6), its extent
critically depends on both the magnitude and duration of the
[Ca2�]c rise (7).

In the ischemic/excitotoxic stress model, the precise role of
Ca2� overload in neuronal cell death is too complex to trace (5).
Stress stimuli often produce, in addition to Ca2� entry through
the plasma membrane, other effects, including (i) changes in
membrane potential that can activate a variety of ion channels,
(ii) metabolic changes that may lead to free radical production,
(iii) activation of kinases, and (iv) release of Ca2� from the
intracellular Ca2� stores. Release of Ca2� from the stores may
be particularly relevant, as Ca2� depletion of the endoplasmic
reticulum (ER) blocks protein synthesis and is proapoptotic
per se (8, 9).

Apoptosis is induced through Ca2�-dependent pathways in
several cell types. This raises the question of whether Ca2�

influx is sufficient for cell death. An apoptotic pathway involv-
ing up-regulation of the FasL gene has been extensively stud-
ied in T cells (10–12). This activation-induced cell death
(AICD) pathway can be triggered by receptors that stimulate
phosphoinositide turnover, such as the T cell receptor or the
human muscarinic type 1 receptor (HM1R), which produce an
increase in [Ca2�]c by inositol 1,4,5-trisphosphate-mediated
Ca2� release from ER and capacitative Ca2� entry. This is
followed (�6 h) by calcium-dependent up-regulation of FasL
mRNA expression (12, 13), FasL binding to Fas, and activation
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of caspases (14). Treatment with the sarcoendoplasmic reticu-
lum calcium ATPase blocker thapsigargin or with Ca2� iono-
phores induces cell death in T cells (8); however, both treat-
ments produce emptying of the ER (15, 16), which by itself can
trigger apoptosis (9).

We address here the specific role of Ca2� overload as a cell
death trigger by transiently expressing vanilloid receptor type
1 (VR1) (17) in Jurkat J-HM1–2.2 cells. VR1 is a receptor-
operated Ca2� channel, which is naturally expressed in some
neurons (17), peripheral blood T lymphocytes, and Jurkat cells
(18, 19). Selective activation of VR1 with capsaicin allows for
the control of Ca2� influx through the plasma membrane and
the study of specific effects of [Ca2�]c rises in our model. Since
the T cell line used in this study also expresses HM1R, the
effects of Ca2� influx (through VR1) and Ca2� release from the
ER (through HM1R) can be directly compared. We find that
sustained Ca2� entry though VR1 but not Ca2� release from ER
induced by HM1R causes fast mitochondrial damage with loss of
��M and caspase-independent, paraptotic cell death. This cell
death pattern is completely different from AICD, thus revealing
that different programmed cell death pathways can coexist in the
same cell and be selectively induced by diverse stress stimuli.

EXPERIMENTAL PROCEDURES

Cell Cultures—J-HM1–2.2 cells expressing the human HM1R have
been previously described (20). Cells were maintained in Dulbecco’s
modified Eagle’s medium (Bio-Whittaker Europe) supplemented with
5% heat-inactivated fetal calf serum, 1 mM L-glutamine, 10 mM HEPES,
penicillin-streptomycin (100 units/ml and 100 �g/ml; Bio-Whittaker
Europe), and 0.5 mg/ml G418 as a selection medium for expression of
the HM1R.

Antibodies and Reagents—The anti-Fas (clone CH-11) monoclonal
antibody was obtained from Medical and Biological Laboratories Co.,
Ltd. Rabbit polyclonal Anti-AIF was a kind gift from Dr. Susin (Institut
Pasteur, Paris, France). Mouse monoclonal anti-cytochrome C was from
Pharmingen (clone 6H2.B4). Human polyclonal anti-mitochondria Ab
was from Dr. A. Serrano. Reagents used include 8-methyl-N-vanillyl-6-
nonenamida (capsaicin; Sigma), carbonyl cyanide m-chlorophenylhy-
drazone (CCCP; Sigma), and Z-Val-Ala-DL-Asp-fluoromethylketone (Z-
VAD; Bachem AG). Monoclonal antibody 12C4 against cytochrome
oxidase subunit II was from Molecular Probes (Eugene, OR), and AC15
monoclonal antibody anti-�-actin was from Sigma.

Expression Vectors—The pEF-GFP-VR1 plasmid was generated by
subcloning the VR1 cDNA into the plasmid pEF-GFPC1 (21) using the
SalI and KpnI restriction sites. For that purpose, the VR1 cDNA was
subcloned into pCDNA3 (17) and was amplified by PCR with ECOTAQ
Plus polymerase (Ecogen, Ltd.), using the oligonucleotides VR1.1 (GG-
AATTCCGTCGACATGGAACAACGGGCTAGC) and VR1.2 (GCTCTA-
GAGGTACCGCGGCCGCTTATTTCTCC). The construction of expres-
sion plasmids pEF-p35 and pEF human Bcl-2 (pEFhbcl-2) was
previously described (22). For some experiments involving measure-
ment of 2�,7�-dichlorodihydrofluorescein (DCFH2) oxidation by flow cy-
tometry in the FL1 channel, VR1 cDNA was subcloned into the pEF4/
Myc-His B expression plasmid (pEF-VR1) (Invitrogen).

Transfection Assays—For transfection, cells in logarithmic growth
were transfected with 20–30 �g of the pEF-GFP-VR1 plasmid by elec-
troporation at 270 V/975 microfarads using the Gene Pulser II (Bio-
Rad). Cells were analyzed 48 h after transfection. J-HM1–2.2 cells
stably expressing baculoviral caspase inhibitor p35 were obtained by
transfecting J-HM1–2.2 cells with pEF-p35 plasmid and five rounds of
selection with anti-Fas. These cells expressed similar levels of Fas on
the cell surface as compared with parental J-HM1–2.2 cells.

GFP-VR1 Expression Analysis—The expression of the GFP-VR1 pro-
tein was analyzed by Western blot, flow cytometry, and fluorescence
microscopy. For the Western blot analysis, transfected cells were lysed
for 10 min in ice-cold radioimmune precipitation lysis buffer supple-
mented with 0.1 mM phenylmethylsulfonyl fluoride. The cell lysate was
centrifuged at 15,500 � g for 5 min, and the supernatant protein was
electrophoresed (25 �g/lane) on a 5% SDS-polyacrylamide gel and an-
alyzed by Western blot (WB). For the flow cytometry expression assays,
cells were resuspended in PBS-propidium iodide (PI; 200 ng/ml) and
then analyzed (Coulter Epics XL-MCL). Data analysis was performed
with System II software (Coulter) by measuring the green (505–545
mm; FL1) fluorescence in the cells excluding PI (605–635 mm; FL3).

Intracellular Calcium Measurements—Single cell measurements of
[Ca2�]c were performed by time-resolved ratiometric digital imaging
fluorescence microscopy in cells loaded with the low affinity Ca2� dye
fura-4F. The dye was loaded into the cells by incubation with 4 �M

fura-4F/AM (Molecular Probes, Inc., Eugene, OR) for 60 min at room
temperature, in standard solution containing 145 mM NaCl, 5 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES-sodium,
pH 7.4. Cells were then washed with fresh medium, resuspended at
10 � 106 cells/ml, and used for measurements.

Coverslips (12-mm diameter) were coated with fibronectin by incu-
bation (2 h, 37 °C) in PBS containing 20 �g/ml fibronectin (from human
plasma; Sigma), followed by incubation in PBS containing 1% bovine
serum albumin (1 h, 37 °C). Coverslips were mounted under the micro-
scope (Diaphot; Nikon) in a 37 °C chamber, and 105 cells loaded with
fura-4F were attached to the coverslip during 10 min. Test solutions
were applied by continuous perfusion at 2–3 ml/min. This allowed
�95% exchange of the medium bathing the cells within 5–10 s. For
fluorescence measurements, cells were alternately epi-illuminated at
340 and 380 nm. Light emitted above 520 nm was recorded by an
extended ISIS-M camera (Photonic Science, Robertbridge, East Sussex,
UK) and analyzed using an Applied Imaging Magical image processor
(Sunderland, Tyne and Wear, UK) with 32-megabyte video RAM. Six-
teen video frames of each wavelength were averaged by hardware with
an overall time resolution of about 5 s for each pair of images at
alternate wavelengths. Consecutive frames obtained at 340- and
380-nm excitation were rationed pixel by pixel, and the [Ca2�]c was
estimated using the following formula (23): [Ca2�]c � Kd���{(R � Rmin)/
(Rmax � R)}, where R is the ratio between the fluorescence emissions
measured at 340- and 380-nm excitation, Rmax and Rmin are the ratios
obtained at saturation of the dye with Ca2� and in the absence of Ca2�,
respectively, Kd is the dissociation constant for the dye (0.77 �M), and �
is the ratio of the maximal (in the absence of Ca2�) and the minimum
(at saturation with Ca2�) fluorescence emissions measured at 380-nm
excitation. The values of Rmax and Rmin and � were determined in cells
permeabilized to Ca2� with ionomycin and perfused with media con-
taining either no Ca2� (5 mM EGTA) or 10 mM Ca2�. These values were
similar to the ones obtained with fura-2. These procedures have been
previously described (24). The standard perfusion solution was as de-
scribed above for fura-4F loading except that bovine serum albumin (1
mg/ml) and EGTA (50 �M) were added to prevent spontaneous activa-
tion of cells during measurements. For the Ca2�-free solution, CaCl2
was omitted from the standard perfusion solution, and 100 �M EGTA
was added.

Assessment of Apoptotic Cell Death—Detection and quantification of
apoptosis at the single cell level was determined using the In Situ Cell
Death Detection Kit, TMR red (Roche Molecular Biochemicals), which
labels DNA strand brakes (TUNEL assay), following the manufactur-
er’s instructions, followed by flow cytometry analysis. DNA degradation
was determined by measuring the orange-red (555–600 mm; FL2) flu-
orescence in both GFP-VR1� and GFP-VR1� cells.

DNA degradation was determined by staining cellular DNA with PI,
followed by flow cytometry analysis. Briefly, transfected cells (0.5–1 �
106) were fixed and permeabilized in 70% ethanol (�20 °C) for 5 min in
order to preserve GFP fluorescence. Cytosolic DNA fragments were
then extracted by incubation with DNA extraction buffer (0.2 M

Na2HPO4, 1 mM citric acid, 10 min). Finally, cells were resuspended in
DNA staining solution (PBS; 100 �g/ml RNase A, 20 �g/ml PI) before
analysis by flow cytometry. DNA degradation was determined as the
percentage of DNA located in the sub-G0/G1 peak of the cell cycle in both
GFP-VR1� and GFP-VR1� cells.

For the determination of DNA fragmentation in oligonucleosomal
fragments (DNA laddering), total cellular DNA was extracted from 106

cells using the Easy-DNA kit (Invitrogen) following the instructions
provided by the manufacturer. Half of the DNA obtained was loaded on
1.5% agarose gel and electrophoresed.

PS exposure was evaluated by staining the cells with annexin V-PE
(BD Pharmingen) and 7-aminoactinomycin D (7-AAD; Sigma) following
the instructions given by the manufacturer. Calcium-free Dulbecco’s
modified Eagle’s medium supplemented with 0.2 mM EGTA to chelate
calcium from fetal calf serum and the same medium plus 2 mM CaCl2
were used in experiments that required the absence of extracellular
calcium. Briefly, cells treated in complete Dulbecco’s modified Eagle’s
medium (0.1 �M capsaicin unless otherwise indicated) were collected by
centrifugation, washed once in PBS, and incubated for 5 min with
annexin V-PE in the appropriate binding buffer. Cells were then incu-
bated for 5 min with 7-AAD (1 �g/ml) and analyzed by flow cytometry.
GFP-VR1� cells and GFP-VR1� cells were electronically gated, and PS
(phosphatidylserine) exposure and 7-AAD permeability were analyzed
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in both populations. For continuous recording of annexin-V binding,
cells were incubated with Hanks’ balanced salt solution supplemented
with up to 2.5 mM CaCl2, and annexin-V PE binding was measured in
gated cell populations by the increase in FL2 fluorescence.

Active Caspase-3—Active caspase-3 in cells transfected with the
pEF-GFP-VR1 plasmid was detected using the PE-conjugated poly-
clonal active caspase-3 antibody apoptosis kit 1 (BD Pharmingen),
followed by flow cytometry analysis of the orange-red (555–600 mm;
FL2) fluorescence in the GFP-VR1� and GFP-VR1� cells.

Western Blot Analysis—Total cellular protein was separated by SDS-
PAGE under reducing conditions and transferred to nitrocellulose
membranes (HybondTM ECLTM; Amersham Biosciences). Membranes
were blocked overnight with 5% nonfat dry milk in PBS buffer. Subse-
quent antibody incubations and membrane washes were performed in
0.5% nonfat dry milk in PBS, 0.2% Tween 20 buffer. The blot was
developed with peroxidase-conjugated anti-rabbit or anti-mouse anti-
bodies using ECL reagents.

Analysis of Changes in ��m—Changes in ��m were determined by
staining the cells after transfection with 100 nM MitoTracker Red
(CMX-Ros; Molecular Probes) for 15 min at 37 °C in a humidified
atmosphere containing 5% CO2. Cells were then washed in Hanks’
balanced salt solution, supplemented or not with calcium (2 mM) when
required, and analyzed by flow cytometry by measuring the red (605–
635 mm; FL3) fluorescence in both GFP-VR1� and GFP-VR1� cells. The
decrease in ��m is seen as a decrease in CMX-Ros fluorescence. Control
experiments were performed using CCCP (10 �M; Sigma). For the
continuous recording of measurements determining ��m changes, cell
suspensions were kept at 37 °C during data acquisition (20 min).

Cytochrome c and AIF Release—Release of cytochrome c and AIF
from the mitochondria to the cytosol in sorted GFP-VR1� and GFP
VR1� cells was analyzed by Western blot analysis as previously de-
scribed (25). Supernatants (cytosolic extracts free of mitochondria) and
pellets (particulate fraction that contains mitochondria) from digitonin-

permeabilized cells were electrophoresed on a 15% SDS-polyacrylamide
gel and then analyzed by WB using anti-cytochrome c antibody
(7H8.2C12; BD Pharmingen) or polyclonal anti-AIF antibody as de-
scribed above. To verify proper separation of the mitochondria, mem-
branes were reprobed with anti-cytochrome oxidase antibody. Protein
loading was normalized by using an anti-�-actin monoclonal antibody.

Immunofluorescence—Transfected cells (106) were washed in PBS,
fixed in 4% paraformaldehyde for 15 min at room temperature, prein-
cubated in 5% bovine serum albumin, and incubated for 1 h with
primary antibodies (anti-mitochondria, anti-cytochrome c, anti-AIF) in
PBS containing 0.5% bovine serum albumin and 0.1% Triton X-100.
Cells were washed three times with the same buffer and incubated for
1 h with goat Fab2 anti-human Cy3, goat Fab2 anti-mouse Cy5, or goat

FIG. 1. Transient expression of GFP-VR1. A, GFP-VR1 construct.
GFP was fused to N-terminal rat VR1, and the resulting open reading
frame was under the control of the pEF-Bos promoter. B, flow cytometry
analysis of J-HM1–2.2 Jurkat cells after transfection with the pEFGFP-
VR1 construct or an empty vector (pEF4). C, kinetics of GFP-VR1
expression. WB analysis of GFP-tagged proteins was performed in cell
lysates at different time points after transfection. As a negative control,
J-HM1–2.2 cells were transfected with an empty vector (pEF4). An
80-kDa GFP-tagged molecule (GFP-DGK�) (21) was used as a positive
control.

FIG. 2. Functional expression of GFP-VR1 Ca2� channel. A,
single-cell [Ca2�]c image kinetic analysis of short pulse-treated cells
expressing GFP-VR1. Transiently transfected cells were loaded with
fura 4F and subjected to digital imaging fluorescence microscopy, and
[Ca2�]c images were obtained as indicated under “Experimental Proce-
dures.” The first color frame (GFP) at the top corresponds to the green
fluorescence image, and subsequent ratiometric images for [Ca2�]c were
recorded every 5 s. Representative frames corresponding to the differ-
ent [Ca2�]c peaks were taken at the indicated time points and are
shown at the top. [Ca2�]c profiles were averaged for the two cell popu-
lations (GFP-VR1�, n � 45; GFP-VR1�, n � 62) and represented at the
bottom. Cells were superfused during the indicated periods with the
different solutions containing the VR1 agonist capsaicin (0.1 �M) and
the HM1R agonist carbachol (50 �M), in the absence (empty bar) or the
presence (gray bar) of calcium in the external medium. See also the
video file provided in Supplemental Material. B, single-cell [Ca2�]c
measurements corresponding to long pulse-treated cells. Average
[Ca2�]c profile analysis was performed as indicated in A, and treatment
with the different agonists was maintained for the time indicated. The
solid line corresponds to average [Ca2�]c of GFP-VR1� cells (n � 30),
whereas the dashed line shows the average response of GFP-VR1� cells
(n � 69). The S.D. in all cases was below 10% of the mean. C, same as
in B, but representing individual cell [Ca2�]c traces (left side). On the
right, the frequency distribution of calcium responses is shown
(n � 335).
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Fab2 anti-rabbit Cy5 (Jackson Immunoresearch Inc.), respectively. Af-
ter antibody staining, cells were labeled with 4�,6-diamidino-2-phe-
nylindole following standard protocols. Confocal images were captured
with Bio-Rad microscope model Radiance 2000 MP with four lasers,
argon (488 nm), helium-neon (543 nm), red laser diode (633 nm), and
infrared multiphoton (Mira 690–1000 nm), mounted on an Olympus
IX70 microscope and using a �60 Plan Apo NA, 1.4 objective. For
visualization of 4�,6-diamidino-2-phenylindole we used two-photon ex-
citation at 760 nm and emission filter HQ390/70.

Measurement of Reactive Oxygen Species (ROS)/Reactive Nitrogen
Species (RNI)—Oxidative/nitrative stress was measured by analyzing
DCFH2 oxidation to DCF. To this end, cells transfected with pEF-VR1
plasmid were labeled with 10 �M cell-permeable DCFH-DA (2�,7�-di-
chlorodihydrofluorescein diacetate) for 30 min, washed, and challenged
for the indicated periods of time with different stimuli. The fluorescence
corresponding to the oxidized probe was followed by measuring the
green (505–545 mm; FL1) fluorescence in the annexin V-PE� popula-
tion (555–600 mm; FL2).

RESULTS

Expression of GFP-VR1 Fusion Protein—We constructed an
N-terminal GFP fusion protein (Fig. 1A) that enabled us to
simultaneously follow the expression of VR1 (by GFP fluores-

cence) and the functional consequences of VR1 stimulation
with capsaicin in transient expression experiments with
J-HM1–2.2 cells. The GFP-VR1� cells in this heterogeneous
cell population constituted an excellent internal control for the
functional experiments. In routine experiments, GFP-VR1 ex-
pression was achieved in 20–40% of Jurkat cells, as evidenced
by flow cytometry (Fig. 1B). Expression of the construct was
also confirmed by Western blot analysis (Fig. 1C), and its
localization to the plasma membrane was assessed by confocal
microscopy (Fig. 9B).

Functional Properties of the VR1 Channel in Jurkat
Cells—To characterize calcium transport through the VR1
channel, we followed the Ca2� influx induced by capsaicin by
single cell ratiometric calcium imaging in cells loaded with a
fluorescent Ca2� probe (fura 4F, Kd for Ca2� � 0.77 �M), which
allows for an accurate estimation of [Ca2�]c in the micromolar
range. Cells bound to coverslips were superfused with the
appropriate solutions, and fluorescence emission was imaged
for [Ca2�]c quantitation (see “Experimental Procedures”). Indi-
vidual cells expressing GFP-VR1 were identified by their fluo-

FIG. 3. VR1 triggering induces PS
exposure in the absence of perme-
ability to 7-AAD. J-HM1–2.2 cells ex-
pressing GFP-VR1 were treated with cap-
saicin (0.1 and 0.04 �M) or carbachol (50
�M) for the indicated time points. A, gated
GFP-VR1� and GFP-VR1� cells were an-
alyzed for PS exposure (annexin V bind-
ing). B, kinetics of PS exposure (left) and
permeability to 7-AAD (right) in gated
populations. C, dot plot analysis of per-
meability to 7-AAD in GFP-VR1�, an-
nexin V� cells. Where appropriate, the
percentage of cells in each subpopulation
is indicated.
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rescence at the end of each experiment, and Ca2� influx in
GFP-VR1� and GFP-VR1� cells present in the same field was
analyzed separately. Sequential stimulation of cells with cap-
saicin and carbachol induced changes in [Ca2�]c; the time
course of this response is shown in Fig. 2A. The traces have
been averaged for all of the cells in each group, identified by
GFP fluorescence. Stimulation with capsaicin (0.1 �M) in Ca2�-
containing medium induced a fast increase of [Ca2�]c from 0.1
to 6 �M in a subpopulation of the cells, which quickly returned to
base line after the removal of capsaicin. The capsaicin-sensitive
cells corresponded to cells expressing GFP-VR1, as assessed by
superimposition of fluorescence images excited at 490 nm (to
visualize GFP) and the ratiometric Ca2� images (fura-4F, excited
at 340 and 380 nm; see upper panels in Fig. 2A).

We compared Ca2� influx through VR1 with receptor-con-
trolled, capacitative calcium influx. To this end, we took advan-
tage of the fact that J-HM1–2.2 cells stably express HM1R, and
HM1R stimulation by carbachol induces inositol 1,4,5-trisphos-
phate-mediated Ca2� release from the ER and subsequent
capacitative calcium influx (20). More than 95% of the cells
responded to carbachol with a rise in [Ca2�]c of up to 3–4 �M

(Fig. 2A and Supplemental Material). We also confirmed the
source of the calcium responsible for these changes by stimu-
lating the cells with the agonists in Ca2�-free medium. Under
these conditions, the ability of capsaicin to induce the [Ca2�]c
rise was completely blocked, but carbachol still induced a con-
siderable [Ca2�]c increase (Fig. 2A and Supplemental Materi-

al). These results indicate unambiguously that the mechanisms
for the [Ca2�]c increases induced by both agonists are com-
pletely different. Capsaicin exclusively induced ligand-gated
Ca2� influx, whereas carbachol induced Ca2� release from the
ER and subsequent capacitative Ca2� influx. When cells were
stimulated for a sustained period of time (5–6 min), [Ca2�]c
remained increased during the full stimulation period with
capsaicin but decreased rapidly from 3–4 to 0.7–0.9 �M within
2 min during stimulation with carbachol (Fig. 2, B and C). This
behavior is consistent with different mechanisms of action,
since release of Ca2� from the ER by carbachol ceases once the
calcium store is emptied, and then the [Ca2�]c increase is
sustained only by the stimulated capacitative Ca2� influx,
which is much smaller than Ca2� influx through VR1. The
shapes of the frequency distributions of the maximal [Ca2�]c
peaks induced by capsaicin and carbachol were completely
different (Fig. 2C). The VR1 agonist increased [Ca2�]c in only
20–40% of the cells (the ones expressing the vanilloid recep-
tor), and 88% of the peak values were within the 5–7 �M range
(and 100% over 3 �M). On the contrary, the HM1R agonist
increased [Ca2�]c in 95% of the cells, and the frequency distri-
bution was quite uniform in the 1–7 �M range. The fraction of
the total cell population that responded with the largest Ca2�

peaks (6–7 �M) was quite similar for both agonists (19% for
capsaicin and 17% for carbachol; Fig. 2C, right), but the re-
sponses to carbachol were transient, whereas the responses to
capsaicin were sustained over time (Fig. 2C, left).

FIG. 4. Calcium influx-induced PS
exposure requires extracellular cal-
cium and involves mitochondrial
PTP opening. A, J-HM1–2.2 cells ex-
pressing GFP-VR1 were treated for 1 h
with capsaicin (0.1 �M) in the absence or
presence of calcium (2 mM) in the culture
medium and CSA (10 �M). B, cells were
cotransfected with 10 �g of pEFGFP-VR1
construct and either 30 �g of pEF empty
vector (control) or an equivalent amount
of the pEFhbcl-2 expression vector (hbcl-
2). hbcl-2 expression was analyzed by WB
analysis in the upper panel. Transfected
cells were stimulated with 0.1 �M capsai-
cin or 2 �M staurosporin for the indicated
periods. The numbers represent the per-
centage of annexin V� cells in the GFP-
VR1� population.
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Capsaicin Treatment Induces Paraptosis in GFP-VR1�

Cells—Once the functional expression of the VR1 was observed,
we analyzed whether capsaicin-induced opening of the calcium
channel could induce the exposure of phosphatidylserine (PS)
from the inner to the outer leaflet of the plasma membrane, one
feature of cell death. To this end, we electronically gated on
GFP-VR1� cells and analyzed annexin V binding by two-color
flow cytometry. As shown in Fig. 3A, treatment with capsaicin
induced early (15-min) translocation of PS in GFP-VR1� cells.
PS exposure increased in a time- and dose-dependent manner
(Fig. 3B). After 1 h of treatment with capsaicin, 	70% of the
GFP-VR1� cells had PS on the outer leaflet of the plasma
membrane (Fig. 3A). As an internal control, we examined the
ability of capsaicin to induce PS exposure in the GFP-VR1�

cells. Capsaicin did not induce PS exposure in this cell group.
Although carbachol induced a [Ca2�]c increase peaking at 6–7
�M in 17% of the cells (about the same percentage as capsaicin;
see above), PS exposure did not increase above background in
carbachol-stimulated cells (Fig. 3, A and left panel in B). This
observation indicates that a sustained [Ca2�]c increase, such as
the one produced by capsaicin, rather than a high transient
[Ca2�]c, is required to trigger PS exposure.

PS exposure not only occurs in apoptosis but also in necrosis.
Necrotic cell death is characterized by simultaneous annexin V
staining and increased plasma membrane permeability to
small solutes such as 7-AAD. To distinguish between apoptotic
and necrotic cell death, simultaneous tricolor flow cytometry
analysis was performed. As seen in Fig. 3C, GFP-VR1� an-
nexin V� cells excluded 7-AAD during the first 1 h of treatment
with capsaicin. This supports the hypothesis that VR1� cells
underwent apoptotic rather than necrotic cell death upon cap-
saicin treatment. GFP-VR1� annexin V� cells became perme-
able to 7-AAD after 2 h of culture with capsaicin (Fig. 3B, right
panel), which demonstrates that these cells ultimately under-
went necrotic cell death.

To gain insight into the pathways that connect calcium in-
flux with cell death, we determined the different requirements
for triggering PS exposure. First, we tested whether the pres-
ence of extracellular calcium was required for the process. In
the absence of extracellular calcium (nominally calcium-free
culture medium), capsaicin-induced PS exposure was inhibited
(Fig. 4A). Therefore, calcium influx through the VR1 channel
was required to induce cell death. Second, we investigated the
contribution of mitochondria to PS exposure. Cyclosporin A
(CSA) has been shown to inhibit apoptotic and necrotic cell
death induced by mitochondrial damage by preventing the
opening of the PTP (1). We therefore analyzed the effect of CSA
on capsaicin-induced PS exposure. As shown in Fig. 4A, CSA
prevented PS exposure on the outer leaflet of the cell mem-
brane, suggesting that mitochondrial PTP opening is involved
in cell death induced by capsaicin. Overexpression of the anti-
apoptotic protein Bcl-2, which protects mitochondria from di-
verse insults (1), also reduced capsaicin-induced PS exposure,
which supports the contribution of mitochondria to the ob-
served cell death (Fig. 4B).

We also analyzed whether caspase activation was involved in
this process. Although the general caspase inhibitor Z-VAD
prevented anti-Fas-induced apoptosis (measured as annexin-V
binding), Z-VAD treatment of GFP-VR1� cells did not interfere
with capsaicin-induced cell death (Fig. 5A). Furthermore, GFP-
VR1� cells stably expressing the general caspase inhibitor p35
from baculovirus exhibited reduced PS exposure in response to
�-Fas but not in response to capsaicin (Fig. 5B). Taken to-
gether, these results indicate that caspases are not involved in
capsaicin-induced cell death. Additional experiments were per-
formed to test whether capsaicin treatment could also induce

other apoptotic events such as cell shrinkage and increase in
cell complexity. Treatment with capsaicin induced cell shrink-
age (measured by a decrease in forward scatter) and increased
cell complexity (increase in side scatter) as assessed by flow
cytometry in GFP-VR1� cells (not shown). Z-VAD-insensitive,
CSA-inhibitable PS exposure, cell shrinkage, and increase in
cell complexity were also induced by capsaicin in three other
cell lines transiently expressing GFP-VR1: NCB20 (neuroblas-
toma), HEK 293 (human embryonic kidney cells), and
WEHI231 (pre-B cell line), which indicates that this process is
not restricted to Jurkat cells (results not shown).

Recent results suggest that the distinction between apopto-
sis and necrosis is less clear than initially thought, and
caspase-independent programmed cell death and “paraptotic”
cell death have been described, which display mixed features of
apoptosis and necrosis (26, 27). To distinguish among these
possibilities, we performed other classical protocols for the
analysis of apoptosis such as caspase-3 activation assays, DNA
fragmentation, and TUNEL. These assays were carried out by
two-color flow cytometry analysis on electronically gated GFP-
VR1� cells or by sorting of GFP-VR1� cells. The flow cytometry
experiments quantified (i) active caspase-3 (Fig. 6A), (ii) cells in
the sub-G0/G1 peak of the cell cycle (Fig. 6B), and (iii) TUNEL�

cells. GFP-VR1�, capsaicin-treated cells did not express active
caspase-3 (Fig. 6A), did not undergo DNA degradation into
small fragments such as those observed when �-Fas was used
(Fig. 6B), and were TUNEL� (not shown). Consistent with the
results of the cell cycle analysis, GFP-VR1�-sorted cells treated
with capsaicin did not undergo oligonucleosomal DNA ladder-
ing as assessed by agarose gel electrophoresis of genomic DNA
(Fig. 6C, left). Pulse field electrophoresis of DNA from these
cells demonstrated the progressive appearance of 1000-kbp
DNA fragments (Fig. 6C, right) that did not progress to 50 kbp

FIG. 5. Activation of caspases is not involved in calcium over-
load-induced PS exposure. A, J-HM1–2.2 cells expressing GFP-VR1
were treated with capsaicin (0.1 �M) for 1 h in the presence or absence
of Z-VAD (100 �M) and �-Fas (100 ng/ml) as a control. B, J-HM1–2.2 or
J-HM1–2.2 cells stably expressing the p35 caspase inhibitor were trans-
fected with GFP-VR1 expression vector. PS exposure was assessed after
capsaicin and �-Fas treatment for 1 h. p35 expression was analyzed by
WB analysis (upper panel). The numbers represent the percentage of
annexin V� cells in the GFP-VR1� population.
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and/or oligonucleosomal fragmentation as occurs in AIF-de-
pendent apoptosis or in classical apoptosis (26–28). In contrast,
treatment with staurosporin, a well known apoptosis inducer,
produced initial fragmentation of the DNA in 1000 kbp and
subsequent processing to 50 kbp (Fig. 6C, right). Taken to-
gether, the data show that capsaicin-induced cell death fulfills
several criteria for both apoptosis and necrosis.

Capsaicin Treatment Induces Caspase-independent ��m

Dissipation—Protection by CSA and Bcl-2 suggested the in-
volvement of mitochondrial PTP opening in capsaicin-induced
cell death (Figs. 4A and 5). To further investigate the role of
mitochondria, we labeled cells with CMX-Ros (29) and meas-
ured ��m by two-color flow cytometry. Treatment with capsa-
icin induced a decrease of CMX-Ros fluorescence (depolariza-
tion) in GFP-VR1� cells but not in GFP-VR1� cells (Fig. 7A).
The decrease in CMX-Ros fluorescence induced by capsaicin
was comparable with the one induced by treatment with the
protonophore CCCP, a mitochondrial uncoupler that collapses
��m (Fig. 7, B and C). To circumvent the possibility that
CMX-Ros may be retained into the mitochondria upon depolar-
ization, which could undervalue the ��m loss, we performed
some experiments in which cells were treated with capsaicin

before the staining with CMX-Ros. The uptake of CMX-Ros in
GFP-VR1� cells pretreated with capsaicin was also decreased
in comparison with untreated GFP-VR1� (Fig 7B, top). In
addition, we performed experiments prelabeling cells with a
reversible, potential-sensitive dye, tetramethyl rhodamine
methyl ester (TMRE). We observed a rapid decrease in the
TMRE fluorescence of GFP-VR1� cells upon the addition of
capsaicin or CCCP, confirming the data obtained with CMX-
Ros (Fig. 7B, bottom). The capsaicin-induced mitochondrial
depolarization occurred rapidly; ��m dissipation was evident
after 2–3 min and reached a plateau in 10–15 min (Fig. 7A).
Consistent with the annexin V binding results (see above),
removal of extracellular calcium or the addition of the PTP
inhibitor CSA blocked the ability of capsaicin to dissipate ��m

(Fig. 7, A and C). These results suggest that dissipation of ��m

was not only due to mitochondrial calcium uptake but most
probably was a consequence of PTP opening induced by mito-
chondrial calcium overload. The fact that HM1R triggering did
not induce such a ��m loss (not shown) provides further sup-
port for this hypothesis.

Pretreatment of the VR1-expressing cells with the general
caspase inhibitor Z-VAD did not prevent the ��m collapse

FIG. 6. Ca2� influx does not induce
caspase-3 activation or oligonucleo-
somal/50-kbp DNA fragmentation. A,
two-color flow cytometry analysis of gated
GFP-VR1� cells was performed for detec-
tion of active caspase-3. B, cell cycle anal-
ysis on gated GFP-VR1� cells was per-
formed by DNA staining with PI. C,
oligonucleosomal DNA fragmentation
(left) and pulse-field agarose (right) gel
electrophoresis of genomic DNA from
sorted GFP-VR1� cells, treated for the in-
dicated time points with capsaicin (0.1
�M), staurosporin (Sts; 2 �M), or �-Fas
(100 ng/ml) as positive controls.
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induced by capsaicin (Fig. 7D), suggesting that caspases do not
contribute to the observed ��m dissipation. In summary, these
results indicate that the cell death triggered by capsaicin is
mediated by calcium-induced mitochondrial damage but does
not involve caspase activation.

Calcium Influx into Mitochondria Is Necessary for Capsa-
icin-induced Cell Death—PTP opening can be triggered by the
increase of [Ca2�] inside the mitochondrial matrix (1). The
results described so far suggest that the increase of [Ca2�]c
promoted by VR1 activation stimulates mitochondrial Ca2�

uptake through the MCU, leading to an increase in intramito-
chondrial [Ca2�] and subsequent PTP opening. If this hypoth-
esis were correct, depolarization of mitochondria before activa-
tion of VR1 should inhibit capsaicin-induced cell death, since
��m is the driving force for mitochondrial Ca2� uptake (7, 30,
31). To test this possibility, we studied the effect of capsaicin
when mitochondria had been depolarized by prior treatment
with CCCP. Fig. 8A shows that pretreatment with CCCP at two
different doses prevented PS exposure induced by capsaicin. In
another series of experiments, the MCU was blocked by treat-
ment with ruthenium red during the electroporation of cells
(32). This treatment also prevented capsaicin-induced PS ex-
posure (Fig. 8B). Thus, inhibition of mitochondrial Ca2� up-

take, either by collapsing ��m with CCCP or by inhibiting
MCU with ruthenium red, prevented cell death. These results
indicate that accumulation of Ca2� into mitochondria is essen-
tial for PTP activation and cell death induced by VR1 opening.

Calcium Overload Does Not Induce Cytochrome c or AIF
Release from Mitochondria—Proapoptotic factors such as cyto-
chrome c and AIF are released from mitochondria during apo-
ptotic processes. Since we have demonstrated that mitochon-
drial damage is essential for Ca2�-induced cell death, we
examined whether cytochrome c and AIF were released from
mitochondria in the cell death model studied here, which
showed a paraptotic phenotype. Cytochrome c release was as-
sessed by Western blot analysis (Fig. 9A) of soluble and partic-
ulate fractions from GFP-VR1� and GFP-VR1� sorted cells and
by immunofluorescence analysis (Fig. 9B) using anti-cyto-
chrome c antibody. Actinomycin D was used as a positive con-
trol (33). Sorted GFP-VR1� cells underwent massive PS expo-
sure (82% annexin-V� cells; not shown) within 45 min after the
capsaicin addition. However, this treatment did not induce
detectable cytochrome c release (Fig. 9A). In contrast, treat-
ment with actinomycin D (Act. D) for 4 h induced a lower extent
of PS exposure (60% annexin-V� cells; not shown), but cyto-
chrome c was released from mitochondria in both GFP-VR1�

FIG. 7. Ca2� influx induces caspase-
independent ��m dissipation. A, ki-
netic analysis of ��m changes on gated
GFP-VR1� and GFP VR1� cells, in the
absence or presence of extracellular cal-
cium. The arrows indicate capsaicin addi-
tion (0.1 �M). B, top, GFP-VR1� cells were
left untreated (CONTROL) or pretreated
with capsaicin 0.1 �M (CAPS) or 10 �M

CCCP uncoupler for 5 min and then were
labeled for an additional 15-min period
with CMX-Ros (100 nM), and CMX-Ros
uptake was analyzed by flow cytometry.
Bottom, GFP-VR1� cells were preloaded
for 15 min with 20 nM of the potential-
sensitive dye TMRE. Subsequently, cells
were left untreated (CONTROL) or
treated with capsaicin 0.1 or 10 �M CCCP
uncoupler for 5 min, and ��m dissipation
(TMRE fluorescence decrease) was meas-
ured by flow cytometry. C, the experiment
was performed as in A, in the presence or
absence of a 10-min pretreatment period
with CSA (10 �M). CCCP uncoupler (10
�M) was used as a positive control for ��m
dissipation. D, same as in A, but pretreat-
ment with Z-VAD (100 �M) was per-
formed 20 min prior to the capsaicin
addition.
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and GFP-VR1� cells as assessed by Western blot analysis of
cytosolic fractions (Fig. 9A) and confocal immunofluorescence
(Fig. 9B).

We also analyzed whether AIF release from mitochondria
was associated with calcium-induced cell death. We could not
detect AIF in either the soluble fractions (Western blot; Fig.
9C) or cell nuclei (Fig. 9D) from GFP-VR1� cells treated with
capsaicin. In contrast, staurosporin treatment induced AIF
release into the cytosol (Fig. 9C), subsequent translocation to
the nucleus, and chromatin condensation (Fig. 9D).

Calcium Overload Induces Oxidative/Nitrative Stress-
dependent Cell Death—Oxidative/nitrative stress plays a piv-
otal role in regulating programmed cell death. ROS as well as
RNI can be generated after mitochondrial damage and may
subsequently mediate apoptosis or necrosis (1). In order to
assess free radical production by calcium overload, we analyzed
DCFH2 oxidation in cells expressing the VR1 channel. Capsa-
icin induced early (5 min) accumulation of DCF as measured by
an increase in fluorescence (Fig. 10A) in the annexin V� pop-
ulation; after 30 min, the increase in DCF fluorescence was
comparable with that of cells treated with the uncoupler CCCP.
Antioxidants such as N-acetyl-1-cysteine (NAC) are useful
tools in determining the involvement of ROS/RNI in pro-
grammed cell death (34). To this end, we measured real time
PS exposure in response to capsaicin, in the presence or ab-
sence of NAC. As shown in Fig. 10B, NAC inhibited capsaicin-

induced PS exposure, which demonstrates the contribution of
oxidative and/or nitrative stress to Ca2� influx-induced
cell death.

DISCUSSION

We describe a unique model of rapid cell death, triggered by
Ca2� influx through a receptor-operated channel and involving
mitochondrial damage. This cell death fulfills several criteria of
apoptosis, such as collapse of ��m, decrease in cell size, in-
crease in cell complexity, exposure of phosphatidylserine on the
outer leaflet of the plasma membrane, and lack of permeability
to small solutes (7-AAD). Nonetheless, it occurred in the ab-
sence of detectable AIF and cytochrome c release, caspase
activation, or 50-kbp/oligonucleosomal DNA degradation.
Thus, the calcium-induced cell death described in this paper
resembles the so-called paraptotic programmed cell death,
which displays mixed features of both apoptotic and necrotic
death (26, 27).

Cell death associated with excitotoxic or ischemic neural
lesions and ischemia/reperfusion damage in several tissues
shows a paraptotic phenotype (26, 35, 36). It has been proposed
that mitochondria play a prominent role in excitotoxic cell
death (4, 37), but this model is too complex to determine the
specific role of Ca2� overload in cell death (5) (see Introduc-
tion). In our model, cell death is triggered exclusively by Ca2�

influx through the plasma membrane by the direct and specific

FIG. 8. Ca2� influx-dependent PS
exposure requires mitochondrial cal-
cium uptake. A, kinetics of annexin V
binding on GFP-VR1� cells was per-
formed by incubating cells with Hanks’
balanced salt solution supplemented with
calcium and annexin V-PE, in the absence
or the presence of a 10-min pretreatment
with CCCP uncoupler (0.025 and 0.01 �M

in left and right panel, respectively). B,
fixed time point analysis of annexin-V
binding to GFP-VR1� cells incubated dur-
ing electroporation with ruthenium red
(0.01 and 0.05 �M) and treated with cap-
saicin (0.1 �M) 36 h later.
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activation of a receptor-operated plasma membrane channel,
VR1. The current study provides evidence that mitochondrial
Ca2� overload plays a decisive role in this paraptotic cell death,
as shown by the ��M collapse upon VR1 receptor activation
leading to PTP opening and cell death, as expected from the
electrogenic Ca2� uptake through MCU and activation of PTP.
It is remarkable that death is prevented by blocking MCU with
ruthenium red (Fig. 8B). Consistent with calcium’s role in cell
death, removal of extracellular Ca2� prevented mitochondrial
depolarization (Fig. 7A) and cell death (Fig. 4A). Also, CSA, a
PTP blocker (1), prevented both the ��m collapse and the PS
externalization induced by capsaicin (Figs. 7B and 4A, respec-
tively). In addition, depolarization of mitochondria with CCCP,
a mitochondrial Ca2� uptake inhibitor (7, 31), before VR1 ac-
tivation prevents the early events of cell death (Fig. 8A). These
findings demonstrate that sustained [Ca2�]c levels in the low
micromolar range are sufficient to trigger PTP opening, mito-
chondrial damage, and cell death.

Stimulation of T cells expressing HM1R with carbachol trig-
gers AICD (12), but the cell death induced by carbachol is much
slower than the one induced by VR1 stimulation (Fig. 3A;
compare with Ref. 12). Direct comparison of the effects of cap-
saicin and carbachol on [Ca2�]c showed important differences
(Fig. 2). The effect of the VR1 agonist was much more sustained
over time compared with carbachol, as expected from the dif-
ferent mechanisms of action. Whereas capsaicin treatment sus-
tains Ca2� influx during the entire stimulation period, the
effect of carbachol is transient, consistent with cessation of
Ca2� release once the ER empties. Subsequently, the plasma
membrane Ca2� ATPase pumps out the Ca2� load, and [Ca2�]c
quickly returns toward lower levels. At this stage, [Ca2�]c is
still maintained moderately high (
1 �M) (Fig. 2B) by Ca2�

FIG. 9. Ca2� influx-dependent paraptosis does not involve cy-
tochrome c or AIF release. A, GFP-VR1� and GFP-VR1� sorted cells
were analyzed for cytochrome c release to cytosol by WB after treatment
with capsaicin (0.1 �M, 45 min) or actinomycin D (2 �g/ml, 4 h) as a
control. B, cytochrome c (Cyt c) redistribution was analyzed by confocal
immunofluorescence in GFP-VR1� and GFP-VR1� cells treated as in-
dicated in A. A polyclonal anti-human mitochondria (MIT) antibody was
used for co-localization (47). C, same as in A, but AIF release to soluble
fractions was assessed by WB by using polyclonal anti-AIF. As a con-
trol, cells were treated with staurosporin (sts; 2 �M) for 1 h. Mitochon-
dria contamination in the soluble fractions was assessed by using
anti-cytochrome oxidase subunit II (COX). D, AIF redistribution was
assessed by confocal immunofluorescence. DAPI, 4�,6-diamidino-2-phe-
nylindole.

FIG. 10. Oxidative-nitrative stress is involved in Ca2� influx-
dependent paraptosis. A, cells transfected with pEF-VR1 expression
vector were loaded with DCFH-DA probe as indicated under “Experi-
mental Procedures.” They were subsequently challenged with capsaicin
(0.1 �M) and CCCP (10 �M) for the indicated periods, and the fluores-
cence corresponding to oxidized probe (DCF) was measured in the gated
annexin V� population. B, kinetics of annexin-V binding was performed
on GFP-VR1� cells by directly incubating cells in phenol red-free Dul-
becco’s modified Eagle’s medium and supplemented up to 2.5 mM cal-
cium and annexin V-PE in the presence or absence of antioxidant NAC
(10 mM). At the indicated times, cells were challenged with capsaicin
(0.1 �M).
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influx through capacitative mechanisms (calcium release-acti-
vated channels), which are activated by the emptying of the ER
(15, 16, 38). In response to these, [Ca2�]c calcium release-
activated channels are partially inactivated, since [Ca2�]c is
kept above resting levels (39). However, regarding mitochon-
drial Ca2� accumulation, [Ca2�]c below 1 �M, the level main-
tained by carbachol, produces slow mitochondrial Ca2� uptake
(7), whereas a [Ca2�]c of 7 �M, which is sustained with capsa-
icin treatment, produces a fast mitochondrial uptake. The in-
crease in [Ca2�]c from 1 to 7 �M accelerated mitochondrial
uptake more than 30 times in chromaffin cells (7). Our results
show that the mitochondrial calcium overload resulting from
capsaicin treatment induced PS externalization within 15 min
(Fig. 3A), whereas 1-h treatment with carbachol had no sig-
nificant effect on this parameter (Fig. 3A). Such an early
commitment to death suggests that an irreversible event,
most likely PTP opening, has occurred by this time. This
hypothesis is supported by the observation that the maximal
decrease in ��m has also taken place after 15 min of treat-
ment (Fig. 7A). In contrast, commitment to apoptosis during
AICD only takes place after 3– 4 h, when enough FasL
protein has been synthesized (12).

Release of proapoptotic factors cytochrome c and AIF from
mitochondria occurs during apoptotis. Cytochrome c release
may eventually lead to the assembly of the cytochrome c, ATP,
Apaf-1, caspase-9, and caspase-3 complex (apoptosome), which
drives activation of the caspase cascade (40) and oligonucleo-
somal DNA fragmentation (41). In contrast, released AIF
translocates to the nucleus and produces 50-kbp DNA fragmen-
tation (1). Under conditions of severe ATP depletion and/or
inefficient cytochrome c release, it is thought that caspase
activation is not achieved, and cells fail to manifest some of the
caspase-dependent features of apoptosis, this favoring the
adoption of a more “necrotic” phenotype (1, 42). In our model,
capsaicin-induced cell death occurred without release of AIF or
cytochrome c from mitochondria (Fig. 9). Also calcium-induced
mitochondrial damage and cell death occurred without concom-
itant caspase-3 activation and were not inhibited by general
caspase inhibitors. In addition, neither 50 kbp nor oligonucleo-
somal DNA degradation were found. The lack of AIF release
correlated with an absence of 50-kbp DNA fragmentation,
which is one hallmark of AIF-induced programmed cell death
(42). Capsaicin-induced cell death was instead associated with
cleavage of the DNA into 	1000-kbp fragments (Fig. 6C). In-
terestingly, such a DNA degradation pattern has been reported
during cell death induced by glutamate in cerebellar granule
cells (43). This pattern is different from the features of AICD
and resembles characteristics reported for caspase-independ-
ent cell death (3, 26) and the so-called paraptotic programmed
cell death (26, 27).

We observed rapid DCFH2 oxidation upon VR1 stimulation,
and cell death was inhibited by the antioxidant NAC, which
supports the role of oxidative/nitrative stress in calcium over-
load-induced paraptosis. Future experiments using specific NO
probes and scavengers will help to identify the nature of the
molecules involved in the oxidation of DCFH2 (ROS and/or
NOI) and their relative contribution to paraptosis. Our prelim-
inary data2 demonstrate that ��m loss still occurs when ROS
accumulation is inhibited with antioxidant NAC, and these
results locate oxidative/nitrative stress downstream of calcium-
induced mitochondrial damage. Taken together, our data pro-
vide the first evidence for a direct involvement of cellular
calcium influx on mitochondrial damage, subsequent oxidative/
nitrative stress, and paraptotic cell death. Supporting the pha-

tophysiological importance of our model, it is remarkable that
stimulation of the VR1 receptor with anandamide, an endocan-
nabinoid that accumulates during in vivo induced excitotoxic
necrosis/apoptosis (44) and in lipopolysaccharide-stimulated
lymphocytes (45), induces mitochondrial damage and subse-
quent neural and immune cell death (46).

Finally, our results indicate that T cells possess all of the
mechanisms necessary for coupling mitochondrial Ca2� over-
load to cell death. The paraptotic cell death resulting from
activation of the transfected VR1 receptors resembles ischemia/
reperfusion or excitotoxic damage found in excitable tissues,
which possess mechanisms for massive Ca2� entry. The emerg-
ing inference is that the type of stress a cell undergoes deter-
mines the cell death response (apoptosis, paraptosis, or necro-
sis) by evoking the corresponding death mechanisms, which
may be universal for all cell types.
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