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The type 1 inositol 1,4,5-trisphosphate receptor (IP3R1) calcium release channel is present on the endo-
plasmic reticulum of most cell types. T lymphocytes which have been made deficient in IP3R1 lack detectable
IP3-induced intracellular calcium release and exhibit defective signaling via the T-cell receptor (TCR) (T.
Jayaraman, E. Ondriasova, K. Ondrias, D. Harnick, and A. R. Marks, Proc. Natl. Acad. Sci. USA 92:6007–6011,
1995). We now show that IP3R1-deficient T cells are resistant to apoptosis induced by dexamethasone, TCR
stimulation, ionizing radiation, and Fas. Resistance to TCR-mediated apoptosis in IP3R1-deficient cells is
reversed by pharmacologically raising cytoplasmic calcium levels. TCR-mediated apoptosis can be induced in
calcium-free media, indicating that extracellular calcium influx is not required. These findings suggest that
intracellular calcium release via the IP3R1 is a critical mediator of apoptosis.

As a general paradigm, excitatory events at the plasma mem-
brane trigger the release of intracellular stores of calcium.
Cellular processes activated by the resulting increase in intra-
cellular (cytoplasmic) calcium concentration ([Ca21]i) include
diverse phenomena such as muscle contraction, cellular pro-
liferation, synaptic transmission, fertilization, and antigen-spe-
cific T-cell activation. In T cells, after stimulation of the T-cell
receptor (TCR), a sustained elevation in [Ca21]i is one of the
signals that lead to transcriptional activation of the interleu-
kin-2 (IL-2) gene (15). IL-2 promotes cellular proliferation
required for antigen-specific T-cell activation (53). Upon TCR
stimulation an initial rapid elevation in [Ca21]i is due to the
release of intracellular calcium stores via inositol 1,4,5-tris-
phosphate receptor (IP3R) calcium release channels on the
endoplasmic reticulum. The resulting depletion of endoplas-
mic reticulum calcium stores activates a calcium channel in the
plasma membrane (11, 60), causing a prolonged influx of cal-
cium, a process called capacitative calcium entry (CCE) (38,
39). Inhibiting the expression of the type 1 IP3R (IP3R1) by
stable transfection of antisense IP3R1 cDNA prevents TCR-
mediated release of intracellular calcium and CCE and blocks
IL-2 production (17).

Apoptosis, or programmed cell death, is a fundamental pro-
cess that is required for the normal development and function
of the immune system. Apoptosis can be induced in thymocytes
by diverse stimuli, including glucocorticoids (35, 56), g-irradi-
ation (43), antibody to CD3 (aCD3) (33, 42, 45, 46, 48), anti-
body to Fas antigen (24, 36), CD2 antigen (2), and removal of
essential growth factors (7, 37, 50).

It has been proposed that calcium activates endonucleases
that cause DNA fragmentation and death in apoptotic cells.
Increases in [Ca21]i have been shown to trigger apoptosis (19),
and inducers of apoptosis that lead to increases in [Ca21]i
include glucocorticoids (20, 32), g-irradiation (47), and aCD3
(46). Pharmacological elevation of [Ca21]i with calcium iono-
phores (56) or the endoplasmic reticulum Ca21-ATPase inhib-
itor thapsigargin can initiate apoptosis (18). The antideath

protein Bcl-2 reduces calcium release from the endoplasmic
reticulum via an unknown mechanism (26), and chelation of
intracellular calcium inhibits apoptosis (32, 47). Thus, it would
appear that elevation of [Ca21]i is a generalized trigger for
apoptosis. However, in some instances [Ca21]i elevation blocks
cell death, but this occurs in cells lacking calcium-dependent
endonuclease activity in their nuclei, suggesting that other
mechanisms for DNA fragmentation are present (41).

In addition to calcium-activated nucleases, other key mole-
cules associated with the regulation of apoptosis include cyto-
kines, the cysteine protease IL-1b-converting enzyme (ICE),
and the transcription factor p53. The role of cytokines in the
regulation of TCR-dependent T-cell apoptosis remains contro-
versial. IL-2 has been shown to induce apoptosis in mature T
cells (27), whereas it prevents apoptosis in human medullary
thymocytes and activated peripheral T cells (13). Antibodies to
Fas (CD95), a cell surface protein with homology to tumor
necrosis factor receptor, can induce apoptosis (49, 58). T cells
deficient in ICE are resistant to Fas-mediated apoptosis, sug-
gesting that ICE is one of the components in the Fas pathway
(29). ICE-deficient mice develop normally, and their thymo-
cytes undergo apoptosis induced by glucocorticoids or ionizing
radiation but are resistant to apoptosis induced by Fas anti-
body (25, 28). The tumor suppressor p53 is required for DNA-
damaging agents to induce apoptosis. Thymocytes from p53-
deficient mice are resistant to apoptosis induced by radiation
(30). It appears that, rather than activating transcription, p53
acts as a repressor of genes necessary for cell survival or as a
component of the enzymatic machinery involved in apoptotic
DNA fragmentation (3).

In order to explore the role of IP3R1 in T-cell signaling, we
made Jurkat T cells that were deficient in this intracellular
calcium release channel. We initially observed that IP3R1-de-
ficient T cells have defective TCR-mediated signaling, despite
normal levels of TCR (17). Moreover, after pharmacologic
depletion of intracellular calcium stores with thapsigargin,
IP3R1-deficient T cells exhibited normal CCE, indicating that
the calcium influx pathway was intact. Stimulating IP3R1-de-
ficient T cells with ionomycin and phorbol myristate acetate
resulted in normal production of IL-2, indicating that except
for the defect in intracellular calcium release, the signaling
machinery required for T-cell activation was intact (17).
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Seemingly, no two cellular functions are more disparate than
proliferation and programmed cell death. However, in the cur-
rent study we demonstrate that IP3R1-deficient T cells that are
defective in TCR-mediated signaling are also resistant to ap-
optosis induced by TCR stimulation, Fas, glucocorticoids, and
ionizing radiation. TCR-mediated upregulation of CD95 is
abrogated in the IP3R1-deficient cells. Pharmacologically ele-
vating [Ca21]i with thapsigargin restores the cells’ sensitivity to
apoptotic induction via TCR stimulation, and chelation of ex-
tracellular calcium with EGTA does not block apoptosis in
wild-type cells. Together these findings demonstrate that IP3R1
plays a role in generating the calcium signal during induced
apoptosis. These observations suggest that the IP3-gated intra-
cellular calcium release channel on the endoplasmic reticulum
is central to divergent signaling pathways that lead either to
proliferation or to cell death, and that whether cells live or die
must be determined by additional costimulatory events.

MATERIALS AND METHODS

Cell culture and characterization. Jurkat cells were grown in RPMI medium
containing 10% fetal bovine serum (FBS), 100 U of penicillin/ml, and 100 mg of
streptomycin/ml. IP3R1 expression was inhibited in the Jurkat cells by stable
transfection with an antisense 2.9-kb fragment of the 59-most portion of the
IP3R1 cDNA with hygromycin selection as described previously (17). For all
experiments, the same construct in the sense orientation and sense and antisense
vectors alone were used as transfection controls. aCD3 (HIT3a, an immuno-
globulin G2a antibody) (Pharmingen) was used to stimulate the TCR as de-
scribed previously (17). Exponentially growing cells were g-irradiated at a dose
of 20 Gy with 137Cs as the source (Memorial Sloan-Kettering Cancer Center,
New York, N.Y.). Cells were then plated for an additional 40 h, and the per-
centage of dead cells was scored by trypan blue dye positivity. The percentage of
cells that were dead after g-irradiation was compared with that of cells that had
not been irradiated. Cell cycle progression was examined with propidium iodide
(50 mg/ml)-stained cells analyzed by flow cytometry. Cells were made quiescent
by removal of serum for 24 h, after which serum (10% fetal calf serum) was
added. Cells were stained with propidium iodide at various time points and
analyzed by flow cytometry with a Coulter analyzer.

IP3R protein analyses. IP3R immunoblotting with a polyclonal antibody spe-
cific for IP3R1 (14) or for IP3R2 (54) or with a monoclonal antibody specific for
IP3R3 (Transduction Laboratories) was performed as described previously (14).
Proteins were size fractionated by sodium dodecyl sulfate–6% polyacrylamide gel
electrophoresis, transferred to nitrocellulose, and probed with antibodies, fol-
lowed by signal detection with enhanced chemiluminescence and Western blot
reagents (Amersham).

Calcium measurements. Jurkat cells in RPMI 1640 solution were placed on
coverslips coated with Cell-Tak (Biocoat) and incubated for 20 min at 37°C.
After incubation, 5 mM Fluo-3 AM (Molecular Probes, Eugene, Oreg.) was
added and the mixture was incubated for 40 min at 37°C, diluted 10-fold, and
incubated for an additional 30 min at 37°C. The cells were washed three times
with Krebs-Ringer solution containing 1 mM calcium or 40 mM calcium (the
latter was considered calcium-free). Coverslips were mounted in a microscope
tissue chamber. Measurements of intracellular calcium in the Jurkat cells were
performed with a Nikon inverted microscope. Data analysis was performed with
Kinephoto software (Kinetek, Yonkers, N.Y.). The cells were stimulated with
aCD3. At the conclusion of each trial, maximal fluorescence (Fmax) was obtained
by the addition of 6 mM digitonin and 5 mM CaCl2. Minimal fluorescence (Fmin)
was obtained by exchanging the calcium solution for 6 mM digitonin with 20 mM
EGTA. [Ca21]i was calculated from these values as Kd(F 2 Fmin)/(Fmax 2 F),
where Kd is 400 nM (21). Fluorescence measurements were performed at room
temperature.

Calcium levels in populations of cells were determined by analyzing Indo-1
AM (Molecular Probes)-loaded cells by flow cytometry. Cells were incubated
with Indo-1 AM (3 mM) for 40 min at 37°C as described previously (5). Calcium
levels were determined by calculating the ratio of Indo-1 fluorescence emission
at 395 nm and at 500 nm with a Coulter flow cytometer.

DNA and nuclear fragmentation assays. We cultured 5 3 103 cells per well in
24-well plates with or without plate-bound aCD3. At various time points, 20 ml
of cells was removed from each well, mixed with an equal volume of trypan blue,
and counted with a hemocytometer. Cells taking up trypan blue were scored as
dead and were expressed as a percentage of the total number of cells counted.
DNA fragmentation was assessed with propidium iodide-stained cells as de-
scribed previously (34). We plated 5 3 103 cells per well in 24-well plates with or
without platebound aCD3; at various time points, cells were collected, resus-
pended in a hypotonic buffer (0.1% sodium citrate and 0.1% Triton X-100)
containing 50 mg of propidium iodide/ml, and analyzed with a Coulter flow
cytometer. The percentage of cells undergoing DNA fragmentation was deter-

mined based on the number of cells that had a DNA content in the subdiploid
range that is characteristic of apoptotic cells.

For DNA fragmentation assays (4), cells were lysed in a solution containing 5
mM Tris-Cl (pH 8.0), 5% glycerol, 0.05% bromophenol blue, and 5 mg of RNase
A/ml. The sample was loaded onto a discontinuous agarose gel with the part
above the sample wells containing 1% agarose, 2% sodium dodecyl sulfate, and
64 mg of proteinase K/ml and the part below the wells containing 2% agarose.
Gels were run at 60 mV for 14 h at room temperature. DNA was visualized by
ethidium bromide staining as described previously (31).

DNA synthesis was determined by measuring [3H]thymidine incorporation as
described previously (16). Triplicate cultures containing 5 3 103 cells per well
were cultured in a 96-well plate precoated with various concentrations of aCD3.
Cells were harvested at various time points, and [3H]thymidine incorporation
was measured with a scintillation counter.

Analysis of CD95 expression. Cells (5 3 105 per well) were stimulated with
plate-bound aCD3 for a set period at 37°C and analyzed for CD95 expression
with human anti-CD95 antibody (aCD95; Pharmingen). A minimum of 3,000
cells were analyzed for each sample.

RESULTS

Apoptotic resistance in IP3R1-deficient Jurkat cells. To ex-
amine the role of IP3-gated Ca21 channels in signaling apo-
ptosis, we used a T-cell (Jurkat) line that is deficient in the
expression of IP3R1 and that fails to mobilize calcium upon
TCR stimulation (17). The Jurkat T cells from which the
IP3R1-deficient cells were derived express three forms of IP3R
which can be detected by immunoblotting with type-specific
antibodies. The most abundant form appears to be IP3R1, with
lower levels of IP3R2 and IP3R3 (Fig. 1A); however, possible
differences in the avidity of the different antibodies used in
these experiments limit the significance of the relative signals
seen by immunoblotting. IP3R1-deficient T cells had no de-
tectable IP3R1 and had decreased but detectable levels of
IP3R2 and IP3R3 protein detected by immunoblot analyses
(Fig. 1A). Compared to the controls (which were sense vector
transfected), IP3R1-deficient T cells were defective in intra-
cellular calcium release after activation with aCD3 (Fig. 1B).

TCR stimulation with aCD3 induces apoptosis in Jurkat
cells (33, 46). In sense vector-transfected (control) Jurkat T
cells, activation with aCD3 inhibited cell growth (Fig. 2A) and
DNA synthesis (Fig. 2B) in a concentration-dependent manner
and induced apoptosis marked by DNA fragmentation in
;40% of the cells (Fig. 2C). In contrast, aCD3 had no signif-
icant effect on cell growth and did not induce apoptosis in
IP3R1-deficient cells (Fig. 2A to C).

In addition to TCR stimulation with aCD3, well-character-
ized inducers of apoptosis in T cells include Fas ligand (58),
glucocorticoids (32), irradiation (56), and serum deprivation
(7). Jurkat cells cultured with aCD95 exhibited apoptosis
marked by an increase in the percentage of cells exhibiting
DNA fragmentation, but IP3R1-deficient cells did not (Fig.
3A).

Glucocorticoids induce DNA damage and apoptosis possibly
via a calcium-dependent mechanism (4). Dexamethasone in-
duced apoptosis in the control but not in IP3R1-deficient cells
(Fig. 3B). Irradiation induces DNA damage and apoptosis via
a p53-dependent pathway (30). The role of calcium in p53-
mediated apoptosis is not well understood. Irradiation induced
apoptosis in the control Jurkat T cells but not in IP3R1-defi-
cient cells (Fig. 3C). For Fig. 3A to C flow cytometry was used
to determine the percentage of cells exhibiting DNA fragmen-
tation. In addition, DNA fragmentation was visualized with
agarose gels (Fig. 3D). Control cells, but not IP3R1-deficient
cells, exhibited DNA laddering consistent with apoptosis fol-
lowing stimulation with aCD3, aCD95, g-irradiation, and
dexamethasone (Fig. 3D). Taken together, these results sug-
gest that four pathways leading to apoptosis—TCR stimula-
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tion, CD95/Fas, glucocorticoids, and irradiation—involve in-
tracellular calcium release via the IP3R1.

Growth factor withdrawal has been reported as an inducer
of apoptosis in fibroblasts, IL-2-dependent T cells, and Jurkat
T cells (7, 10, 59). Growth factor withdrawal induced apoptosis
in both control and IP3R1-deficient cells (Fig. 4). Thus, in
contrast to TCR stimulation, Fas, glucocorticoids, and irradi-
ation, growth factor withdrawal induces apoptosis despite the
defect in IP3-mediated intracellular calcium release in IP3R1-
deficient Jurkat cells, suggesting that a calcium-independent
signaling pathway is important for this form of apoptosis.

Cytosolic calcium levels were elevated in sense vector-trans-
fected Jurkat cells, but not in IP3R1-deficient cells, in response
to Fas stimulation, g-irradiation, and dexamethasone, in addi-
tion to TCR stimulation (Fig. 5). Interestingly, in contrast to
TCR stimulation, which induces an elevation in [Ca21]i within
minutes, the other three apoptotic stimuli cause elevations in
[Ca21]i 24 to 48 h after exposure of the cells (Fig. 5). To
address the question of whether this late [Ca21]i rise in cells
treated with Fas, g-irradiation, and glucocorticoids can be
blocked by EGTA (implying that this rise might be due to
calcium entry through a damaged or leaky membrane), cells
were stimulated at time zero, EGTA (2 mM, sufficient to
chelate extracellular calcium to the level of ;10 mM) was
added at 24 h, and cells were loaded with Indo-1 AM at 48 h
for determination of [Ca21]i. The rise in [Ca21]i following Fas
stimulation, g-irradiation, and dexamethasone occurred be-
tween 24 and 48 h after stimulation and was not blocked by
chelation of extracellular calcium.

Regulation of the Fas pathway in IP3R1-deficient Jurkat
cells. The Fas pathway is an important regulator of apoptosis,
and upregulation of CD95 on the cell surface correlates with
increased kinetics of activation-induced apoptosis in T cells
(51). As noted above, stimulation of Fas with aCD95 induced
apoptosis in Jurkat cells but not in IP3R1-deficient cells (Fig.
3A). The resistance to Fas-mediated apoptosis led us to exam-
ine the levels of Fas/APO-1 on the IP3R1-deficient cells com-
pared to those on (control) cells. Using flow cytometry of cells
stained with aCD95, we detected similar levels of Fas/APO-1
in unactivated (control) cells and in IP3R1-deficient cells.
However, upregulation of CD95 levels occurred only in the
(control) cells after TCR stimulation and not in the IP3R1-
deficient cells (Fig. 6).

Induction of apoptosis in calcium-free media. IP3R1-defi-
cient T cells are defective in intracellular calcium release, and

as a result of the inability to deplete the intracellular calcium
store after TCR stimulation, there is no calcium influx (17). To
determine whether it is intracellular calcium release or calcium
influx that signals apoptosis, Jurkat T cells were stimulated
with aCD3 in calcium-free medium, and apoptosis was deter-
mined. TCR-mediated apoptosis occurred whether or not ex-
tracellular calcium was present, as long as intracellular calcium
release occurred (Fig. 7A). IP3R1-deficient T cells cross-linked
with aCD3 and treated with thapsigargin (to pharmacologi-
cally deplete the intracellular calcium stores and raise [Ca21]i)
in the absence of extracellular calcium exhibited degrees of
apoptosis similar to those shown by (control) cells after TCR
stimulation, indicating that pharmacologically releasing intra-
cellular calcium stores restores the cells’ susceptibility to in-
duced apoptosis (Fig. 7A). Exposure of cells to low concentra-
tions of thapsigargin (10 and 20 nM) did not induce apoptosis
in either control cells or IP3R1-deficient cells (Fig. 7B). Low
concentrations of thapsigargin (10 and 20 nM) did not restore
the cells’ sensitivity to the four inducers of apoptosis that were
examined, aCD3, Fas, g-irradiation, and glucocorticoids (Fig.
7C and 8). These results suggest that a rise in [Ca21]i rather
than depletion of calcium stores is the signal required for
apoptosis.

DISCUSSION

We report that T cells deficient in intracellular calcium re-
lease via the IP3R1 have defective TCR-mediated signaling
and are resistant to induced apoptosis. These findings are
consistent with earlier reports showing that calcium plays a
role in antigen-specific TCR signaling and in apoptosis. The
identification of IP3R1 as a regulator of induced apoptosis
indicates that intracellular calcium release via this channel is
involved in both T-cell activation and apoptosis. How calcium
itself interacts with these other apoptotic signals remains un-
certain, although activation of calcium-dependent enzymes
(e.g., proteases and/or nucleases) may be a common feature of
multiple pathways leading to apoptosis.

Activation of parental Jurkat cells via TCR stimulation with
aCD3 resulted in a rapid rise of calcium due to both an initial
intracellular calcium release from internal stores and a subse-
quent sustained calcium influx through a plasma membrane
(Fig. 1B). When the same experiment was conducted with
essentially Ca21-free extracellular solution, calcium release but
not calcium influx occurred, indicating that the initial rise in

FIG. 1. IP3R1-deficient Jurkat cells have defective intracellular calcium release in response to TCR stimulation. (A) Immunoblot analyses of proteins from lysates
of parental and IP3R1-deficient Jurkat T cells with antibodies specific for IP3R1, IP3R2, or IP3R3. IP3R1 is the most abundant form of IP3R expressed in the parental
Jurkat T cells. It is not detected by immunoblot analysis in Jurkat T cells stably transfected with antisense IP3R1 cDNA. Lower levels of IP3R2 and IP3R3 are detected
in both parental and IP3R1-deficient Jurkat T cells. The arrow indicates the position of the IP3R proteins which migrate at ;300 kDa. The same nitrocellulose filters
were incubated with aCD3 to indicate the relative levels of a common antigen detected on each immunoblot. Molecular weight (in thousands) is indicated on the left.
(B) Addition of soluble aCD3 to activate the TCR elicited a rapid and sustained rise in [Ca21]i in sense vector-transfected (control) Jurkat cells but not in
IP3R1-deficient cells. Fluorescence measurements were performed on single cells loaded with the calcium-sensitive dye Fluo-3 AM. aCD3 was added at the times
indicated by the arrows. Each experiment was repeated more than 10 times, and representative results are shown.
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[Ca21]i is due to the release of internal calcium stores in the
parental Jurkat cells (17).

The antisense cDNA used to inhibit IP3R1 expression was
2.9 kb long and had 60 to 75% homology with IP3R2 and
IP3R3 at the nucleotide level (14, 57). Thus, expression of all
three types of IP3R could have been inhibited. To determine
whether IP3R2 or IP3R3 is expressed in IP3R1-deficient T
cells, immunoblotting was conducted with antibodies specific
for either IP3R2 or IP3R3. Immunoblot analyses did not de-
tect IP3R1 protein, but low levels of IP3R2 and IP3R3 were
present in IP3R1-deficient and parental Jurkat T cells (Fig.
1A). These data suggest that in IP3R1-deficient Jurkat T cells
neither IP3R2 nor IP3R3 is sufficient to provide the calcium
signal required for T lymphocytes to undergo TCR-mediated
activation or induced apoptosis. Interestingly, it appears that
IP3R1 is most abundant in Jurkat cells, with lower levels of
IP3R2 and IP3R3 (Fig. 1A), in contrast to previous reports
that IP3R3 is highly expressed in Jurkat cells and is more
abundant than IP3R1 mRNA (57). It is possible that the dis-
crepancy in the relative levels of the IP3R subtypes could be

due to differences in the avidities of the antibodies rather than
to the relative amounts of the antigens.

It has been proposed that there may be a calcium-sensitive
step involved in Fas signaling (52) and that aCD3-induced
apoptosis is mediated, at least in part, through Fas/CD95 ex-
pression (53). Unstimulated cells from both wild-type and
IP3R-deficient T cells showed comparable low levels of Fas
expression (Fig. 6). Activation of sense vector-transfected
(control) Jurkat T cells with aCD3 resulted in a rapid upregu-
lation of Fas levels, whereas no such upregulation of Fas was
seen in IP3R1-deficient T cells. Cells with increased levels of
Fas are more susceptible to apoptosis, and Fas appears to play
a role in mediating immune privilege (12). Upregulation of Fas
has been reported to increase the kinetics of activation-in-
duced apoptosis in T cells (51). Increased levels of Fas on T
cells may contribute to the pathology of autoimmune diseases,
such as the lymphopenia seen with systemic lupus erythema-
tosus (1). The present study suggests that upregulation of Fas
after TCR stimulation depends on intact TCR signaling and
may be calcium dependent as well.

FIG. 2. TCR stimulation induces apoptosis in control Jurkat cells but not in IP3R1-deficient cells. (A) Sense vector-transfected (control) Jurkat T cells exhibit
reduced cell growth after TCR stimulation with aCD3 compared to that of unstimulated cells growing in culture. In contrast, no significant reduction in cell numbers
occurs when IP3R1-deficient T cells are stimulated with aCD3. Cell numbers were determined for Jurkat cells growing in medium plus 10% FBS with or without
plate-bound aCD3. (B) DNA synthesis was inhibited in (control) cells after TCR stimulation with aCD3. In contrast, there was no inhibition of DNA synthesis after
TCR stimulation in IP3R1-deficient T cells over a range of concentrations of aCD3. DNA synthesis was determined by measuring [3H]thymidine incorporation in
triplicate samples for each data point. (C) The percentage of cells exhibiting DNA fragmentation, a marker for apoptosis, was increased in (control) cells after TCR
stimulation with aCD3 but not in IP3R1-deficient T cells. DNA fragmentation was determined in propidium iodide-stained cells by flow cytometry. Error bars represent
standard errors of the means.
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The finding that [Ca21]i is elevated 24 to 48 h after certain
apoptotic stimuli (including Fas, dexamethasone, and g-irradi-
ation) in parental and control cells but not in IP3R1-deficient
cells (Fig. 5) provides further support for the hypothesis that
an increase in [Ca21]i is an important signal for apoptosis
induced by these agents. TCR stimulation induced an imme-
diate rise in [Ca21]i (Fig. 1B), whereas other inducers caused
elevations hours after the initial stimulation. This suggests that
an elevation of [Ca21]i at any point within the first 24 to 48 h
after an initial signal is sufficient to allow apoptosis to proceed.
Data in the present study indicate that the late [Ca21]i rise in
cells treated with Fas, g-irradiation, and glucocorticoids is due
to intracellular calcium release, not calcium flux through the
plasma membrane. Moreover, depletion of the endoplasmic
reticulum calcium pool with low concentrations of thapsigargin
does not restore the cells’ sensitivity to inducers of apoptosis in
IP3R1-deficient cells (Fig. 7C and 8), suggesting that a rise in
[Ca21]i rather than depletion of calcium stores is the signal

required for apoptosis. Addition of EGTA to cell culture me-
dium such that the extracellular calcium concentration is re-
duced to 10 mM prevents calcium entry through the voltage-
gated calcium channels and is considered to be equivalent to
calcium-free medium. It should be noted, however, that even
in essentially calcium-free medium a nonspecific leak in the
plasma membrane (with unknown biophysical properties)
could theoretically permit calcium to enter the cell because
there would still be a 100-fold concentration gradient for cal-
cium (e.g., 10 mM extracellular and 100 nM intracellular).

FIG. 3. Resistance to inducers of apoptosis in IP3R1-deficient cells. (A) Activation of the Fas pathway. Cells were activated by cross-linking plate-bound aCD95
as described previously (22). We added 0.5 3 103 cells per well from sense vector-transfected (control) Jurkat T cells or IP3R1-deficient T cells to aCD95-coated wells.
The cells were collected after 48 h in culture, washed, and stained with propidium iodide, and apoptotic nuclei were detected as described in Materials and Methods.
(B) Dexamethasone (Dex) was added to cells at the indicated concentrations. After 48 h cells were collected, washed, stained with propidium iodide, and analyzed as
described in Materials and Methods. (C) Cells were g-irradiated with 20 Gy and cultured in RPMI medium containing 10% FBS for an additional 40 h at 37°C. The
number of dead cells was determined by using the trypan blue exclusion test and expressed as a percentage of the total number counted. (D) DNA fragmentation was
examined by agarose gel electrophoresis for each of the following conditions: unstimulated (unstim), dexamethasone (1027 M) for 24 h (dex, 24 h), dexamethasone
(1027 M) for 48 h (dex, 48 h), irradiated as for panel C (rad), 48 h after stimulation with aCD3 (aCD3), and 48 h after stimulation with aCD95 as for panel A (Fas).
Error bars show standard errors of the means. No error bars are shown when the range of the standard error is small.

FIG. 4. Serum withdrawal induces apoptosis in both sense vector-transfected
(control) Jurkat cells and IP3R1-deficient T cells. Cells growing exponentially in
medium containing 10% FBS were washed three times and placed in RPMI
medium with no serum. At the indicated time points, cells were collected, stained
with propidium iodide, and analyzed as described in Materials and Methods.
Error bars represent standard errors of the means.

FIG. 5. Effects of inducers of apoptosis on cytosolic calcium levels in control
and IP3R1-deficient Jurkat T cells. Apoptotic inducers (dexamethasone [dex],
g-irradiation [rad], and aCD95) all induce a rise in [Ca21]i at 48 h that is likely
due to intracellular calcium release. Cytosolic calcium levels were determined in
Indo-1-loaded sense vector-transfected (control) and IP3R1-deficient Jurkat T
cells at the indicated times following stimulation with dexamethasone (1027 M),
g-irradiation at 20 Gy, or aCD95. Addition of EGTA (2 mM) did not block the
late rise in [Ca21]i. In each case cells were stimulated as described in Materials
and Methods and in the legends to Fig. 2 and 3. One hour prior to analysis by
flow cytometry, cells were loaded with Indo-1 AM (3 mM). The mean Indo-1
ratio of 395-nm/500-nm fluorescence emission is plotted at baseline (unstimu-
lated cells) and at 48 h.
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Apoptosis during growth factor withdrawal has been de-
scribed for systems in which the retinoblastoma protein (Rb)
pathway is activated without the concurrent activation of other
mitogenic pathways. For example, blocking Rb action by over-
expression of adenovirus E1A protein, a stoichiometric inhib-
itor of Rb (8, 9), or circumventing it by E2F overexpression
induces apoptosis when cells are placed in serum-free medium
(40, 44). This process appears to involve a p53-dependent
checkpoint that triggers apoptosis in response to an imbalance
of mitogenic signals (6, 55). Indeed, it has been proposed that

inactivation of Rb by hyperphosphorylation may cause apopto-
sis when cells are deprived of growth factors (6, 40, 44, 55). The
hyperphosphorylated form of Rb persisted in both control and
IP3R1-deficient Jurkat cells after growth factor withdrawal
(data not shown), indicating that Rb was inactivated and pos-
sibly explaining why these cells were driven to apoptosis, rather
than growth arrest, by serum deprivation.

Although Rb hyperphosphorylation was also observed in
cells after TCR activation and after Fas stimulation (data not
shown), it is unlikely that it was the cause of apoptosis in these
situations, since inactivation of Rb has not been shown to
cause apoptosis without concomitant growth factor with-
drawal. The fact that the IP3R1-deficient Jurkat cells can un-
dergo apoptosis when growth factors are withdrawn indicates
that the final common pathways that result in programmed cell
death are intact in the antisense vector-transfected cells. In
other words, the IP3R1-deficient Jurkat cells are capable of
undergoing apoptosis under some conditions (presumably trig-
gered by non-calcium-dependent stimuli).

The argument could be made that the expression of anti-
sense IP3R1 mRNA in Jurkat cells disrupted a number of
signaling pathways, resulting in a generalized defect in these
cells, one of the consequences of which is resistance to apo-
ptosis. Several points argue against this possibility, including
the fact that the cells produce normal amounts of IL-2 and
CD69 when they are stimulated with phorbol myristate acetate
and ionomycin (17). Moreover, data showing that mitogen
withdrawal induces apoptosis in IP3R1-deficient cells (Fig. 4)
and that pharmacologically raising [Ca21]i restores the sensi-
tivity of the cells to inducers of apoptosis (e.g., aCD3, as shown
in Fig. 7A) underscores the point that apoptotic signaling is
intact, with the exception of IP3R1. Thus, the defect in the
IP3R1-deficient cells that results in resistance to apoptosis
appears to be specific for the IP3R1.

A delay in cell cycle progression results in a reduced growth
rate in the IP3R1-deficient cells (data not shown). However,

FIG. 6. Defective upregulation of Fas in TCR-stimulated IP3R1-deficient
cells. Fas levels were similar in unactivated sense vector-transfected (control)
Jurkat cells and IP3R1-deficient cells (left panels). Fas levels increased 48 h after
TCR stimulation in control cells but not in IP3R1-deficient T cells (right panels).
Fas expression was determined by flow cytometry with cells immunostained with
aCD95 conjugated to fluorescein isothiocyanate. Cells were activated by cross-
linking to aCD3. The thick line represents cells stained with preimmune serum;
the dotted line represents cells stained with aCD95.

FIG. 7. Role of intracellular calcium release in induced apoptosis. (A) Apoptosis was induced 48 h after TCR stimulation without extracellular calcium. Cells were
stimulated by cross-linking to aCD3 in media containing physiological concentrations of extracellular calcium (control 1 aCD3) and in media in which the extracellular
calcium was chelated with 1.0 mM EGTA (control 1EGTA1aCD3). Similar results were observed when 2.5 mM EGTA was used to chelate extracellular calcium.
Sensitivity to TCR-mediated apoptosis was restored in IP3R1-deficient T cells (AS) by pharmacologically increasing cytosolic calcium levels with the calcium ATPase
inhibitor thapsigargin (100 nM) (AS 1aCD31Thaps). Similar results were observed when extracellular calcium was chelated with EGTA (1.0 mM) (AS
1aCD31Thaps1EGTA). Thapsigargin alone (100 nM) did not induce apoptosis in either control cells or IP3R1-deficient cells. The percentage of cells exhibiting DNA
fragmentation was determined by flow cytometry of propidium iodide-stained cells. (B) Low concentrations of thapsigargin (10 and 20 nM) applied for 48 h did not
induce apoptosis as determined by agarose gel electrophoresis in either control or IP3R1-deficient cells. (C) Chelation of extracellular calcium with EGTA (2 mM)
did not inhibit apoptosis induced by Fas (aCD95), g-irradiation (Rad), or glucocorticoids (Dex).
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the decrease in apoptosis in IP3R1-deficient cells is out of
proportion to the delay in cell cycle progression. Compared to
control cells, IP3R1-deficient cells exhibited a delay in progres-
sion to G2, but the percentage of cells in S phase was only
reduced by 15% (9.5 versus 11.1% for IP3R1-deficient versus
control cells). This relatively small reduction in S-phase cells
cannot explain the ;80% reduction in the number of IP3R1-
deficient cells that undergo apoptosis compared to the number
of control cells that do so.

The data showing that raising [Ca21]i with thapsigargin in
IP3R1-deficient cells, even in calcium-free media (Fig. 7A),
restores the ability of TCR stimulation with aCD3 to induce
apoptosis further implicates intracellular calcium release as
opposed to calcium influx as the critical source of calcium
during induction of apoptosis. Moreover, since the thapsigar-
gin-induced increase in [Ca21]i in calcium-free medium in
IP3R1-deficient cells is sufficient to allow aCD3 to trigger
apoptosis, it appears that CCE is not required for induced
apoptosis. In support of the lack of a requirement for calcium
influx (i.e., CCE) during induced apoptosis is the finding that
aCD3 can trigger apoptosis in calcium-free media in the pa-
rental (data not shown) and control (Fig. 7A) Jurkat T cells.

The finding that extracellular EGTA does not block aCD3-
induced apoptosis is in disagreement with earlier studies show-
ing that removal of extracellular Ca21 blocks apoptosis in-
duced by aCD3 or by glucocorticoids (32, 33). One possible
explanation for this discrepancy is the difference in the con-
centrations of EGTA used to remove extracellular Ca21 in
each study. McConkey et al. (32, 33) used 8 mM EGTA as
opposed to the 1 or 2.5 mM EGTA used in the present study.
In the present study the concentration of EGTA was chosen by
calculating how much EGTA would be required to buffer the
calcium concentration in the cell culture media to ;10 mM, or
.10-fold higher than cytosolic [Ca21]. At 8 mM, EGTA might
remove intracellular cations and possibly even deplete the en-
doplasmic reticulum, resulting in inhibition of both calcium
influx and intracellular calcium release. In contrast, we have
shown that under the conditions considered to be calcium free

IP3-induced calcium release is preserved, whereas calcium in-
flux does not occur (17).

While this article was under review, Khan et al. reported that
blocking expression of IP3R3, but not IP3R1, in B and T
lymphocytes with antisense oligonucleotides inhibited trig-
gered apoptosis (23). They suggest that calcium influx via
IP3R3 in the plasma membrane is required for triggered apo-
ptosis. Our results are in agreement with those of Khan et al.
in terms of the fundamental observation that calcium flux via
an IP3R is required for some forms of triggered apoptosis. We
differ in that our data indicate that calcium influx is not essen-
tial for triggered apoptosis, as evidenced by the fact that apo-
ptosis was induced in calcium-free media (Fig. 7A and C and
8). Moreover, in our studies IP3R1-deficient cells were resis-
tant to apoptosis despite the presence of IP3R3 (Fig. 1). Khan
et al. found that IP3R3 levels were highest and IP3R1 levels
were lowest in cells after 80% had undergone apoptosis. These
results of Khan et al. suggest that cells with the highest levels
of IP3R3 and lowest levels of IP3R1 are relatively resistant to
apoptosis and thus survive longer, which is in agreement with
our findings that cells deficient in IP3R1 are in fact resistant to
apoptosis.

The role of calcium in apoptosis has been controversial. The
present study substantially strengthens the argument that cal-
cium is important for apoptosis induced by TCR stimulation,
glucocorticoids, Fas, and ionizing radiation. Moreover, our
data show that IP3-induced intracellular calcium release, or
pharmacologically increased [Ca21]i in IP3R1-deficient cells, is
sufficient to support calcium-dependent forms of apoptosis.
Since IP3-gated intracellular calcium release channels are
widely expressed in most types of cells, we propose that they
serve as a common pathway for releasing intracellular calcium
stores after cells have been stimulated by a wide array of
signals, including growth factors and inducers of apoptosis.
Accordingly, while calcium release is essential, whether cells
live or die is more likely determined by other signals associated
with activation of specific pathways that lead either to cellular
proliferation or to apoptosis.
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