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Ceramide increase cytoplasmic Ca2+ concentration in Jurkat
T cells by liberation of calcium from intracellular stores

and activation of a store-operated calcium channel
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d Laboratorio de Neuropéptidos, Facultad de Farmacia, Universidad Central de Venezuela, Caracas, Venezuela

Received 27 December 2004, and in revised form 9 February 2005
Abstract

The effect of ceramide on the cytoplasmic Ca2+ concentration ([Ca2+]i) varies depending on the cell type. We have found that in
Jurkat human T cells ceramide increases the [Ca2+]i from a thapsigargin-sensitive calcium pool and the subsequent activation of a
capacitative Ca2+ entry. This effect occurs both in the presence and in the absence of extracellular calcium. Addition of ceramine, a
non-hydrolysable analogue of ceramide, reproduced its effect on the [Ca2+]i ruling out that this is due to the conversion of ceramide
to sphingosine. The effect of ceramide was additive to that obtained by sphingosine, but not to the Jurkat T cells specific antibody
OKT3. However, different to the latter, ceramide do not induced an elevation of InsP3. The opening of a store operated Ca2+ chan-
nel by ceramide was corroborated by experiments of Fura-2 quenching, using Mn2+ as a surrogate for Ca2+ and confirmed by
whole-cell recording patch clamp techniques.
� 2005 Elsevier Inc. All rights reserved.
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Sphingolipids are ubiquitous among eukaryotic
organisms and have been implicated in cellular growth
regulation, differentiation, and apoptosis [1–3]. The pre-
cursor of these second messengers is sphingomyelin,
which generates ceramide via sphingomyelinase hydro-
lysis. Subsequently, sphingosine is derived from cera-
mide, by action of different ceramidases. Ceramide and
sphingosine can be phosphorylated by specific kinases,
generating ceramide-1-phosphate and sphingosine-1-
phosphate, respectively [1,2]. Ceramide has been fre-
quently implicated as an inductor of apoptosis in many
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cell types [1,3,4]. Even more, it has been recently re-
ported that ceramide plays an important role in lympho-
cyte activation and generation of immune response,
beside the induction of apoptosis [5], thus generating a
pleiotropic response in these cells. However, its mecha-
nism of action remains to be elucidated. On the other
hand, an increase in the cytoplasmic Ca2+ concentration
([Ca2+]i) contributes to essential triggering signals for T
cell activation in the immune system [6,7]. Therefore,
stimulation of the T cell receptor (TCR)1 complex by
1 Abbreviations used: TCR, T cell receptor; KHBB, Krebs–Henseleit
bicarbonate buffer; PLCc, phospholipase C-c; 2-APB, 2-amin-
oethoxydiphenylborate; MIC, Mg2+-inhibited cation; SPP-1, sphingo-
sine-1-P phosphohydrolase; PAK, p21-activated kinase (PAK).
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the anti-CD3 specific antibody OKT3 generates inositol
1,4,5-trisphosphate (Ins(1,4,5)-P3), which releases Ca2+

from the endoplasmic reticulum, with the subsequent
opening of store-operated Ca2+ channels [6], also called
capacitative Ca2+ entry, at the plasma membrane [8].
Thus, an increase in [Ca2+]i in stimulated T cells is due
to the release of Ca2+ from intracellular stores, sustained
by a Ca2+ influx from the extracellular milieu [9].

While it have been reported that sphingosine pro-
duces an increase in [Ca2+]i in Jurkat T cells and many
other cell types [7,10], the effect of ceramide on [Ca2+]i
is more controversial since in some cells produces a de-
crease in the [Ca2+]i [11], or an inhibition of extracellular
calcium entry [12–14], whereas in others produced an in-
creases in the [Ca2+]i [15,16]. Concerning Jurkat T cells,
the effect of ceramide on [Ca2+]i is not documented at
present.

In this work, we show that ceramide induce a rapid
increase in the [Ca2+]i in Jurkat T cells, with a biphasic
form followed by a sustained Ca2+ influx in the presence
of extracellular calcium. The effect of ceramide was
additive to that obtained by the use of sphingosine,
but not with OKT3. The opening of a store operated
Ca2+ channel was corroborated by patch clamp experi-
ments. Thus, our results show that ceramide constitutes
per se a new route for the liberation of intracellular Ca2+

from intracellular organelles and for the subsequent
opening of a plasma membrane Ca2+ channel in
lymphocytes.
Materials and methods

Chemicals

Ceramide (C2 and C8), dihydro-C2-ceramide, L-sphin-
gosine, D-sphingosine, and sphingosine-1-phosphate
were obtained from Avanti Polar Lipids (Alabaster,
AL) or from Calbiochem (La Jolla, CA). Fura-2 acet-
oxymethyl ester (Fura-2/AM) was obtained from
Molecular Probes (Eugene, OR). Myo-[2-3H]inositol
was obtained from Perkin-Elmer (Torrance, CA). Dow-
ex anion exchange chromatography (AG 1-X8, 100-200
mesh formate form) was from Bio-Rad Laboratory
(Hercules, CA). All lipids were microdispersed by soni-
cation at 4 �C under N2 before use. Stocks of concen-
trated lipids were dissolved in DMSO and its final
concentration in the cuvette was always below 0.1%.
OKT3 was a gift from Dr. Martı́n Rodrı́guez (Univers-
idad Central de Venezuela). Ceramine-C8 and all other
reagents were obtained from Sigma (St. Louis, MO).

Cell culture

Jurkat human leukaemia T cells line was maintained
in log-phase growth at 37 �C under a humidified atmo-
sphere of O2/CO2 (95:5) in RPMI-1640 medium supple-
mented with 10% (v/v) fetal bovine serum, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin.

Measurement of calcium concentration

Measurements of intracellular calcium concentration
were performed by the use of the fluorescent calcium
indicator Fura-2. The extracellular Ringer solution con-
tains (mM): 155 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 10
glucose, and 5 Hepes–NaOH (pH 7.4). In the calcium-
free solution, 2 MgCl2 plus 1 mM EGTA were substi-
tuted for CaCl2. A Jurkat T cells suspension
(1.0 · 106 cells/ml) was loaded with 5 lM Fura-2/AM
for 45 min at 37 �C in culture medium. After the loading
period, the Jurkat T cells were washed twice with extra-
cellular Ringer solution. The fluorescence of the Fura-2-
loaded cell suspension was monitored in a stirred cuvette
with a ratiometric fluorescence spectrophotometer HIT-
ACHI F-2000. The excitation wavelengths were 340 and
380 nm and emission was measured at 510 nm. All the
experiments were performed at 37 �C. Intracellular
Ca2+ concentration was estimated as described by
Grynkiewicz et al. [17] from the relationship:

½Ca2þ�i ¼ Kd½ðR� RminÞ=ðRmax � RÞ�F minð380Þ=F maxð380Þ;

where R is F340/F380 ratio, Rmin and Rmax are the ratios
at 0 Ca2+ (6 mM digitonin plus 4 mM EGTA) and sat-
urating Ca2+ (2 mM CaCl2 plus 6 mM digitonin),
respectively. Kd represents the apparent dissociation
constant of Fura-2 (224 nM) and Fmin(380)/Fmax(380)
are the fluorescence values of digitonized cells (6 mM
digitonin) plus 4 mM EGTA and 2 mM CaCl2, respec-
tively. Values of Rmin and Rmax were measured in situ
in Jurkat T cells.

Detection of subcellular Ca2+ signals with confocal

microscopy

Subcellular Ca2+ was monitored in individual cells by
using time-scan confocal microscopy. Jurkat T cells
were incubated with the cell permeant form of Rhod-2
(10 lM) for 50 min at 37 �C in culture medium and
washed with extracellular Ringer solution. Cells were
plated onto a 22 · 40 mm glass coverslip (0.15 mm
thickness, Warner Instruments, Hamden, CT). Rhod-2
is a positively charged molecule that is largely retained
within intracellular compartments, like endoplasmic
reticulum and mitochondria. Moreover, the low-affinity
of this dye allows it to be utilized as a Ca2+ concentra-
tion indicator in the endoplasmic reticulum. The incuba-
tion for relative large time and at 37 �C favours the
compartmentalization of the dye. The cells were then
incubated for additional 10 min at 37 �C with BODI-
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PY-FL-Ryanodine (500 nM). This indicator interacts
with the ryanodine sensitive Ca2+-channels on the endo-
plasmic reticulum membranes, thus allowing locating
this compartment. The coverslip with the loaded cells
was attached to an open experimental chamber (RC-
27, Warner Instruments, Hamden, CT) and mounted
in a Diaphot-TMD Nikon inverted microscope (Tokyo,
Japan) with Nikon 100/1.30 oil Ph4L oil-immersion
objective (Tokyo, Japan) connected to a confocal Nikon
C1, coupled to a C1-LU2 lasers unit with Neon
(543 nm) and Argon cooled air (488 nm). This lasers
unit was controlled by a D-eclipse C1 interface.

Experiments were performed using a DAD-12 perfu-
sion system with a PTR-2000 perfusion temperature reg-
ulator (Adam & List Associates, Westbury, NY) stage
to deliver the test solutions to the Jurkat T cells via pres-
sure ejection from a 200 lm ID carbonated pipette. This
device allows the computer to control the changes of dif-
ferent experimental solutions as fast as 20 ms (measured
by changing the resistance of a microelectrode placed
near the tip of the perfusion cannula after perfusion with
a diluted Ringer solution) [18,19].

Phosphoinositide hydrolysis

The InsP3 hydrolysis was assessed as the accumula-
tion of InsP1 in the presence of 10 mM LiCl, to block
the inositol-1-phosphate phosphatase [20], as described
[21]. Briefly, Jurkat T cells were labeled for 24 h at
37 �C under a humidified atmosphere of O2/CO2 (95:5)
in DMEM (with low inositol) culture medium with
2 mCi/ml of myo-[2-3H]inositol (specific activity
25.0 Ci/mmol). After labeling, the cells were washed
twice and kept in Krebs–Henseleit bicarbonate buffer
(KHBB) containing (mM): 111 NaCl, 26.2 NaHCO3,
1.2 NaH2PO4, 4.7 KCl, 1.8 CaCl2, 1.2 MgCl2, 10 LiCl,
5.5 glucose, and 10 Hepes–NaOH (pH 7.4) and resus-
pended at 4.0 · 107 cells/ml. Aliquots (0.4 ml) of the cell
suspension were transferred into individual 1.5 ml
Eppendorf tubes and incubated for 5 min at 37 �C with
or without the correspondent effector. The incubation
was terminated by addition of 6% of ice-cold trichloro-
acetic acid and the sample was transferred to ice. The
mixture was centrifuged at 10,000g for 15 min at 4 �C.
The whole supernatant was used for analysis of inosi-
tol-1-phosphate by Dowex anion exchange chromatog-
raphy (AG 1-X8, 100–200 mesh formate form).
Fractions (5 ml) containing InsP1 were collected and
counted for radioactivity. To estimate the incorporation
of radioactivity into phospholipids, membrane-associ-
ated radioactivity was extracted with chloroform–meth-
anol and counted for radioactivity. For Jurkat T cells,
the amount of InsP1 was calculated as percentage of
the radioactivity originally present in the membrane
(InsP1/InsP1 + Lipids). This relationship is directly pro-
portional to the InsP3 production [21].
Electrophysiological measurements

Patch clamp experiments were performed according
to standard techniques, in the whole-cell configuration
[22] using an Axopatch 200A patch clamp amplifier
(Axon Instruments, Foster City, CA, USA), and an
Axolab 1200 interface in an Axiovert 10 inverted micro-
scope (Zeiss, Jena, Germany). Data were acquired with
a PC-computer, using pClamp6 software (Axon Instru-
ments). Patch-pipettes were pulled in two stages from
borosilicate glass (Sutter Instruments, Novato, CA)
and then fired-polished. Electrodes used had a resistance
of 3–5 MX. Data were sampled at a rate of 5 kHz. Capa-
citative transients and series resistance were cancelled by
the compensation circuitry of the amplifier. The mem-
brane potential was clamped at 0 mV, and 100 ms volt-
age ramps from �120 to +20 mV after an 8 s prepulse to
�120 mV. Leak currents before channel activation were
averaged and subtracted from records with the activated
channels. Only experiments were Ileak remained constant
were used.

Cells were plated on 0.01% poly-L-lysine treated
Thermanox coverslips 30 min before recording. All
experiments were conducted at room temperature
(�21 �C) in a standard external solution containing
(mM): 155 NaCl, 4.5 KCl, 1 MgCl2, 10 D-glucose, 2 or
20 CaCl2, and 5 Hepes–NaOH (pH 7.4). Ceramide
was added to the external solution and the solution
was changed by a gravity-driven perfusion system. The
internal solution contained (mM): 115 CsCl, 1 CaCl2,
1 EGTA, 8 MgCl2, 10 NaCl, and 10 Hepes (pH 7.2).
Depending on the experiment (described in the text),
the Ca2+ chelators EGTA (Sigma), BAPTA tetracesium
salt (Molecular Probes) was added to this solution at the
specified concentrations.

Statistical analysis

The values shown in results and table are expressed as
means ± SD, for the number (n) of experiments ex-
pressed in parentheses. Statistical analysis was made
using the Student�s t test for unpaired observations.
Probability values below 0.01 (P 6 0.01) or 0.05 (P 6

0.05) were considered significant. The data are from at
least three different batches of cells.
Results

Effect of ceramide on [Ca2+]i in Jurkat T cell suspensions

To investigate the effect of ceramide on [Ca2+]i in
Jurkat T cells, a cell suspension was incubated in the
presence of extracellular calcium (Fig. 1A). Under
this condition, addition of ceramide (Cer-C2, 5 lM)
elicited a biphasic increase in the intracellular Ca2+



Fig. 1. Effect of ceramide on the [Ca2+]i in Jurkat T cells. The [Ca2+]i
was measured in Fura-2 loaded cell suspensions as described under
Materials and methods. All the experiments were done in the presence
of 2 mM CaCl2. (A) Arrow indicates the addition of ceramide (5 lM);
(B) arrows indicate the addition of dihydroceramide (5 lM) and
ceramide (5 lM). Traces are representative of at least three indepen-
dent experiments.
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concentration, reaching a Ca2+ peak (219.6 ± 14.9 nM)
and then descending to a sustained a plateau (Fig.
1A). This result is typical of events occurring through-
out an internal liberation of Ca2+ from cytoplasmic
Table 1
Effect of different sphingolipids on the [Ca2+]i on Jurkat T cells

Peak [Ca2+]i, (%) (

Control 100
OKT3 (5 lg/ml) 226.2 ± 19.3*

Ceramide-C2 (0.5 lM) 105.8 ± 13.7
Ceramide-C2 (2.5 lM) 179.5 ± 9.7*

Ceramide-C2 (5 lM) 243.7 ± 16.5*

Ceramide-C2 (10 lM) 225.7 ± 10.0*

Ceramide-C8 (2.5 lM) 174.4 ± 10.7*

Ceramide-C8 (5 lM) 253.6 ± 13.8*

Ceramine (2.5 lM) 176.6 ± 10.3*

Dihydroceramide (5 lM) 96.0 ± 4.6
Sphingosine (5 lM) 164.9 ± 10.1*

Sphingosine-1-phosphate (5 lM) 95.6 ± 6.9
L-Sphingosine (5 lM) 94.3 ± 2.0

The [Ca2+]i is expressed as the mean of the peak value, after addition of each s
T cells (90.1 ± 9.0 nM). Peak represents the maximal [Ca2+]i reached after th
experiments, and represent the percentage with respect to the control. N.D
significant (P 6 0.01) when compared with the [Ca2+]i at the resting level (co
reservoirs and the subsequent onset of a capacitative
calcium entry [8]. We also tested the effect of dihydro-
ceramide, the precursor of ceramide [1], which is com-
monly used as an inactive analogue of the latter.
Addition of dihydroceramide (5 mM) previous to cera-
mide neither has any effect (Fig. 1B) nor alters the action
of the second messenger (Fig. 1B and Table 1). Cer-
amine (5 mM) (Fig. 2A), a non-hydrolysable analogue
of ceramide [23], caused an identical effect on the
[Ca2+]i (Fig. 2B). Even more, the effect of ceramide
was not elicited when added after its non-hydrolysable
analogue (Fig. 2A). Accordingly, when ceramine is
added after ceramide, there was no further increase in
[Ca2+]i (Fig. 2B), which indicates the same site of action
of both compounds. These results taken together, ruled
out that the effect of ceramide is due to its enzymatic
conversion to sphingosine, pointing to a direct effect of
this sphingolipid on calcium mobilization. We also
tested the effect of ceramide-C8 on the [Ca2+]i, obtaining
identical results (Table 1).

We compared the effect of ceramide to the well-de-
scribed effect of the Jurkat T cells anti-CD3 specific anti-
body, OKT3 on [Ca2+]i. The latter is known to activate
phospholipase C-c (PLCc) via tyrosine phosphorylation
producing in turn Ins(1,4,5)-P3 from phosphatidylinosi-
tol (4,5) bis-phosphate, that liberates Ca2+ from the
endoplasmic reticulum [6]. OKT3 produces an overall
response similar to that observed with ceramide
(203.8 ± 17.4 nM vs 219.6 ± 14.9 nM). It can be ob-
served that when ceramide (5 mM) is added after
OKT3 (Fig. 3A) or when OKT3 is added after ceramide
(Fig. 3B), there was no additive effect, suggesting that
both effectors elevate the [Ca2+]i through the same
mechanism. When EGTA was added to the extracellular
milieu to abolish the extracellular calcium entry (Figs.
3C and D), it can be observed that OKT3 produced a
2 mM CaCl2) Peak [Ca2+]i, (%) (0 mM CaCl2)

86.8 ± 13.0
146.9 ± 6.3*

N.D
124.6 ± 12.3*

179.2 ± 2.8*

150.4 ± 11.7*

120.5 ± 10.1*

168.8 ± 11.2*

116.9 ± 6.2*

N.D.
129.1 ± 4.8*

N.D.
N.D.

phingolipid. Control represent the value of the [Ca2+]i in resting Jurkat
e indicated addition. Values are means ± SD of at least three different
., not determined. Asterisks indicate that differences were statistically
ntrol), as indicated under Materials and methods.



Fig. 2. Effect of ceramide and ceramine on the [Ca2+]i in Jurkat T cells.
All the experiments were done in the presence of 2 mM CaCl2. (A)
Arrows indicate the addition of ceramine (5 lM) and ceramide (5 lM);
(B) arrows indicate the addition ceramide (5 lM) and ceramine
(5 lM). Traces are representative of at least three independent
experiments.
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rapid increase in the [Ca2+]i, although of lower magni-
tude when compared to that obtained in the presence
of extracellular calcium (Fig. 3A). Again, addition of
ceramide after OKT3 (Fig. 3C) does not show any dis-
cernible effect on the [Ca2+]i. Accordingly, a similar re-
sult is obtained upon addition of ceramide in the
absence of extracellular calcium (Fig. 3D), which sup-
ports that this sphingolipid is able to release Ca2+ from
Fig. 3. Effect of OKT3 and ceramide on the [Ca2+]i in Jurkat T cells. (A) Arro
presence of 2 mM CaCl2; (B) arrows indicate the addition of ceramide (5 l
indicate the addition of OKT3 (5 lg/ml) and ceramide (5 lM) in the absenc
(5 lM) and OKT3 (5 lg/ml) in the absence of extracellular CaCl2. Traces ar
intracellular compartments. Again, the lack of effect of
OKT3 after ceramide addition is observed (Fig. 3D),
strongly suggesting a similar mechanism of action of
these two effectors.

In the next series of experiments we present the effect
of the combined action of ceramide and sphingosine.
While neither sphingosine-1-P nor L-sphingosine has
any effect on [Ca2+]i (Table 1), the natural sphingolipid
D-sphingosine, as reported by others [7], increases the
[Ca2+]i, showing also a biphasic response (Fig. 4A). It
can be also observed in the same figure that when cera-
mide was added to the cell suspension after sphingosine
addition, the [Ca2+]i is elevated to a higher level when
compared with ceramide (Fig. 1A) or sphingosine alone,
thus suggesting that this two sphingolipids liberate Ca2+

from different compartments, as reported for the action
of sphingosine and OKT3 [7]. Since the optimal concen-
tration of sphingosine is 20 lM [7], we used this concen-
tration in our experiments, followed by 5 lM ceramide,
which is the optimal concentration of this sphingolipid
obtained during this work (Table 1). It can be observed
in Fig. 4B that in the absence of extracellular calcium,
again an additive effect of both messengers were ob-
served supporting that they act through different cal-
cium pools, but in both cases, after reaching a peak,
the [Ca2+]i returned to the basal level indicating that
the plateau observed in the presence of extracellular
Ca2+ is due to the activation of store-operated calcium
channels.
ws indicate the addition of OKT3 (5 lg/ml) and ceramide (5 lM) in the
M) and OKT3 (5 lg/ml) in the presence of 2 mM CaCl2; (C) arrows
e of extracellular CaCl2; (D) arrows indicate the addition of ceramide
e representative of at least three independent experiments.



Fig. 4. Effect of ceramide and sphingosine on the [Ca2+]i in Jurkat T
cells. (A) Arrows indicate the addition of sphingosine (20 lM) and
ceramide (5 lM) in the presence of 2 mM CaCl2; (B) arrows indicate
the addition of ceramide (5 lM) and sphingosine (20 lM) in the
absence of extracellular CaCl2. Traces are representative of at least
three independent experiments.
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Effect of SERCA inhibitors on ceramide signaling in cell

populations

To investigate the origin of the intracellular calcium
increase induced by ceramide, we used thapsigargin, a
known Ca2+-ATPase (SERCA) inhibitor that releases
calcium from the endoplasmic reticulum [24], thereby
depleting calcium stores which in turn results in the acti-
vation of store-operated calcium entry through plasma
membrane (ICRAC) channels [25–27]. As can be observed
in Fig. 5A, thapsigargin indeed induces an elevation in
the [Ca2+]i, which is followed by a calcium decrease to
a plateau level higher than the basal calcium concentra-
tion. Ceramide added after the plateau reached by the
action of thapsigargin elicited no effect. On the contrary,
when thapsigargin is added after the onset of the cera-
mide effect (Fig. 5B), a clear increase in the [Ca2+]i can
be observed. This additional effect of thapsigargin after
ceramide action can also be observed in the absence of
extracellular calcium (Fig. 5C). This results indicates
that albeit ceramide liberates Ca2+ from a thapsigargin
sensitive calcium pool, there is another calcium pool
also sensitive to the SERCA blocker but insensitive to
ceramide. Fig. 5D shows the effect of ceramide in the ab-
sence of extracellular calcium. Under this condition, cer-
amide induces an increase in the [Ca2+]i which is lower
than that obtained in the presence of extracellular cal-
cium (Fig. 5B). Interestingly, in these experiments in
the absence of extracellular calcium, it can be observed
that after getting a peak upon addition of ceramide,
the [Ca2+]i reached a level well below to that of the ini-
tial basal calcium concentration (Fig. 5D), which was
not revealed in the presence of calcium.

To further quantify the magnitude of the calcium re-
lease by the different effectors, we use the Ca2+ iono-
phore ionomycin on the cell suspension and measured
the ionomycin-releasable pool [28], which can be taken
as the 100% (if acidic pools are neglected, since this ion-
ophore interchange Ca2+ by H+ electroneutrally). In
Fig. 6, it can be observed the integrated area under the
curve obtained after addition of ionomycin (1 lM) in
a medium without calcium. This register represents the
calcium flux from the intracellular stores to the extracel-
lular space, which encounters the fluorescence probe
present in the cytoplasm, before leaving the cell. It can
be noticed that this area is larger in magnitude to that
obtained upon addition of thapsigargin under the same
conditions. If a higher concentration of the ionophore
(10 lM) is used, the area under the curve obtained is
lower, suggesting that calcium ions passed the cytoplasm
too fast to be detected by the fluorophore. With this ap-
proach it is also possible to quantify if the ceramide and
sphingosine releasable calcium pools add up to the
thapsigargin releasable calcium store. Our results show
that indeed, it seems to be the case (Fig. 6), since the
sum of the area obtained after ceramide and sphingosine
added separately is equal to that obtained in the pres-
ence of thapsigargin. This appears to be the case in both,
when the experiments were done in the presence or in the
absence of extracellular calcium. Albeit it would be ex-
pected that in the absence of the thapsigargin some
redistribution of the calcium could occur, under the
experimental condition used this was not seen. The lack
of calcium redistribution was also observed in the exper-
iments when ceramide and ceramine were added in se-
quence (Fig. 2) and also when OKT3 was added after
ceramide addition and vice versa (Fig. 3). In all of these
cases, the addition of the second effector did not show
any additional significant calcium release, which would
be expected in the case of some re-accumulation of cal-
cium after its release.

Identification of the ceramide-sensitive Ca2+ pool by

confocal microscopy

We then explored by the use of confocal microscopy
the location of the ceramide-sensitive Ca2+ pool, taking
advantage of the fact that endoplasmic reticulum can be
easily marked by BODIPY-FL-Ryanodine (Fig. 7). This
organelle appears in Jurkat T cells surrounding the cyto-
plasm just below the plasma membrane. On the other
hand, cells were loaded with Rhod 2 under conditions



Fig. 5. Effect of thapsigargin and ceramide on the [Ca2+]i in Jurkat T cells. (A) Arrows indicate the addition of thapsigargin (1 lM) and ceramide
(5 lM) in the presence of 2 mM CaCl2; (B) arrows indicate the addition of ceramide (5 lM) and thapsigargin (1 lM) in the presence of 2 mM CaCl2;
(C) arrow indicates the addition of ceramide (5 lM) and thapsigargin (1 lM) in the absence of extracellular CaCl2. (D) Arrow indicates the addition
of ceramide (5 lM) in the absence of extracellular CaCl2. Traces are representative of at least three independent experiments.

Fig. 6. Calculated area under the curve of the integrated calcium
responses after different effectors. Thapsigargin (Tg), 1 lM; ceramide
(Cer), 5 lM; sphingosine (SPH), 20 lM; ionomycin (Iono), 1 lM.
Filled blocks were done in the presence of 2 mM CaCl2. Dashed
blocks, in the absence of CaCl2 (EGTA 0.1 mM). Bars are represen-
tative of at least three independent experiments.
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which favoured the compartmentalization of the dye
(see Materials and methods). The red color (Fig. 7) indi-
cates that the endoplasmic reticulum indeed possesses a
large Ca2+ concentration. Some other calcium pools are
also apparent, but these clearly do not correspond to
endoplasmic reticulum as can be seen in the merge of
the two indicators. Thus, a yellow-orange color indicates
the position of this organelle (Fig. 7). When ceramide is
added, after 7 min an evident bleaching of the orange-
yellow zones appeared, consistent with the notion that
this sphingolipid liberates Ca2+ from the endoplasmic
reticulum. It is also apparent from this figure that cera-
mide its not able to release Ca2+ from the whole endo-
plasmic reticulum, thus indicating that another Ca2+

pool which is part of the endoplasmic reticulum is not
sensitive to the action of ceramide.

Effect of ceramide on the phosphoinositide hydrolysis

To determine if the effect of ceramide occur through
the elevation of InsP3, as is the case for the action of
OKT3, Jurkat T cells were labeled with myo-[2-3H]ino-
sitol for 24 h prior to the stimulation with ceramide
(5 mM) for 5 min. Unexpectedly, Jurkat T cells stimu-
lated with ceramide did not produce an accumulation
of InsP3, when compared to the control (Fig. 8). This
is in contrast to the stimulation by OKT3, which caused
a significant increase on InsP3 accumulation (Fig. 8).
The production of InsP3 by OKT3 stimulation indicates
that cells are perfectly sensitive to the appropriate stim-
uli. Additionally, stimulation with sphingosine (20 mM)
did not stimulate InsP1 accumulation (Fig. 8), as re-
ported by others [7] for the action of this sphingolipid.



Fig. 7. Identification of the subcellular localization of the calcium pool sensitive to ceramide in Jurkat T cells by confocal fluorescence. Cells were
double-labeled with BODIPY-FL-Ryanodine (green) and with Rhod-2 (red) to visualize stored Ca2+. (A) Cells labeled with Rhod-2. (B) Cells labeled
with Rhod-2 after ceramide (5 lM) treatment for 7 min. (C) BODIPY-FL-Ryanodine labeling. (D) Merge image demonstrates the coincidence of the
labeling of the calcium pool at the endoplasmic reticulum and the ryanodine receptors as markers for this organelle. The arrow indicates the
bleaching of the ceramide-sensitive endoplasmic reticulum calcium pool after the addition of ceramide.

Fig. 8. Effect of ceramide, OKT3, and sphingosine on the accumula-
tion of InsP3 in Jurkat T cells. The InsP3 formation was assessed as
accumulation of radiolabeled InsP1, incubated in KHBB medium
containing 10 mM LiCl. Control, DMSO 1.6 ll, OKT3 5 lg/ml,
ceramide 5 lM, and sphingosine 20 lM (see text for details). The
asterisks indicate that results are statistically significant when com-
pared to the control (p 6 0,05). Values represent averages of four
determinations ±SE.
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Effect of ceramide on the capacitative calcium entry

Fig. 9A shows a typical effect of ceramide on [Ca2+]i
in the presence of extracellular calcium. When the ICRAC

inhibitor 2-aminoethoxydiphenylborate (2-APB) was
added after the [Ca2+]i plateau reached by the action
of ceramide, a clear decrease in the [Ca2+]i was observed,
reaching values similar to that prior to the addition of
ceramide. Fig. 9B shows that when 2-APB was added
previous to ceramide under the same condition, i.e., in
the presence of extracellular calcium, the capacitative
calcium entry is fully abolished, thus resembling the ef-
fect of ceramide in the absence of calcium (Fig. 5D).

The opening of CRAC channels by ceramide was
supported by experiments carried out with Mn2+ as a
surrogate permeable ion for calcium, and measuring
the rate of the Mn2+-induced quench of cytosolic
Fura-2 fluorescence [26]. As can be seen in Fig. 10, when
the excitation wavelength is set at the isosbestic point for
Fura-2 (360 nm) and the emission is recorded at 510 nm,
it can be followed the quenching of the fluorescent probe
by addition of Mn2+. Under this condition, there is a
large decay in the fluorescence after the addition of cer-
amide (lower line in Fig. 10), when compared to the con-
trol without the sphingolipid (upper line in Fig. 10),
which can be readily explained by the entrance of
Mn2+ through the CRAC channels and the subsequent
fluorescence quenching of the intracellular calcium indi-
cator. When digitonin is added to the cell suspension to
make the plasma membrane leaky to the divalent cation,
a rapid decline in the fluorescence is obtained under
both conditions, which is accordingly larger in the ab-
sence of ceramide.

To corroborate that ceramide indeed induces the
opening of a capacitative calcium entry, we studied the
plasma membrane calcium currents by the use of patch
clamp in whole-cell configuration. Internal solutions in-
cluded 8 mM MgCl2 to hinder Mg2+-inhibited cation
(MIC) channels [29], with the exception of Fig. 11B,
where intracellular MgCl2 was omitted. In Fig. 11A,
inwardly rectifying currents that developed after the
application of ceramide is shown. Judged by its cur-
rent–voltage relationship and positive reversal potential,
this current resembles that of the ICRAC. Several exper-
iments were conducted to verify ICRAC currents induced
by passive dialysis using EGTA or BAPTA and by
OKT3 (data not shown). Different [Ca2+]i were assayed



Fig. 9. Effect of ceramide and 2-APB on the [Ca2+]i in Jurkat T cells. All the experiments were done in the presence of 2 mM CaCl2. (A) Arrows
indicate the addition of ceramide (5 lM) and 2-APB (20 lM); (B) 2-APB (20 lM) was added 5 min before the addition of ceramide. Arrow indicates
the addition of ceramide (5 lM). Traces are representative of at least three independent experiments.

Fig. 10. Effect of ceramide on Mn2+ influx in Jurkat T cells. In the
upper trace (control), arrows indicate the addition of MnCl2 (100 lM)
and digitonin (6 lM) at the end of the experiment. In the lower trace,
arrows indicate the addition of MnCl2 (100 lM), ceramide (5 lM), and
of digitonin (6 lM). Entry of extracellular MnCl2 was detected by its
quenching effect on the Ca2+-insensitive Fura-2 fluorescence signal,
excited at 360 nm (isosbestic point), and the emission (F360) recorded at
510 nm. Traces are representative of at least three independent
experiments.
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to verify if ICRAC opened spontaneously. In the range of
10–200 nM Ca2+, only 10 out of 69 patches have spon-
taneous opening of ICRAC; BAPTA 10 mM induced al-
ways ICRAC currents (3 out of 3). Ceramide was only
added when no spontaneous activation of ICRAC cur-
rents was observed. This sphingolipid induced a Ca2+

current in approximately half of the cells (combined
data 20 out of 39). The peak current amplitude evalu-
ated at �120 mV was �2.3 ± 0.65 pA (n = 5), and
�7.4 pA (n = 2) at 2 and 20 mM external calcium,
respectively. Currents induced by OKT3 had an ampli-
tude, in 2 mM Ca2+, of �6.1 ± 1.5 pA (n = 4) (not
shown) as reported by others [9]. To further corroborate
that the observed current correspond to the opening of
ICRAC and not MIC currents, the development of this
last current was allowed by omission of internal MgCl2.
Under this condition, the MIC current spontaneously
opened after a variable period of time (not shown).
Addition of spermine (20 lM) to the extracellular solu-
tion is known to inhibit this current in a voltage-depen-
dent manner [30]. After addition of 5 lM ceramide a
current with a profile essentially identical to the ICRAC

developed (Fig. 11C), but larger in magnitude
(�5.43 ± 0.34 pA, n = 3), probably due to a contamina-
tion of the MIC current which is not totally inhibited by
spermine at very hyperpolarized potentials [30]. An out-
ward current appears at positive potentials (not shown),
which should correspond to the relief of the blockage by
spermine on the MIC currents at these potentials, since
the inhibition produced by polyamines is partially re-
leased at positive potentials [30]. Taken together, these
results demonstrated that ceramide induces the opening
of ICRAC currents in Jurkat T cells.
Discussion

It has been well recognized that ceramide is an impor-
tant factor in the induction of apoptosis in many cells



Fig. 11. Development of an inward rectifying current after the application of ceramide in Jurkat T cells. ICRAC currents were measured in whole-cell
configuration by applying 100 ms voltage ramps from �120 to +20 mV at a holding potential of 0 mV after an 8 s hyperpolarization prepulse at
�120 mV. (A) Effect of ceramide (5 lM). (B) Effect of ceramide (5 lM) in the in the absence of intracellular Mg2+ and presence of spermine (20 lM)
on MIC and CRAC currents. Currents were measured as in (A), but applying 200 ms voltage ramps from �120 to +20 mV, after a 1 s
hyperpolarization prepulse at �120 mV, to observe the development of MIC currents (see text for details). Each figure contains its respective control
record. Records were digitally filtered at 1 kHz.
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including Jurkat human T cells [31]. However, little is
known on the initial triggering of this response, while
intracellular Ca2+ elevation is known to be one of the
main events occurring during T cells activation. In this
report we demonstrate that ceramide is able to elevate
[Ca2+]i in Jurkat T cells from an intracellular pool that
closely resembles that caused by the well-known specific
antibody against the TCR/CD3 complex, OKT3. The
lack of additive effect between ceramide and OKT3, in
the presence and absence of extracellular calcium sup-
port this view.

The use of ceramine, a non-hydrolysable analogue of
ceramide, has been proved to be very useful in this work,
since this compound has allowed us to ascertain that the
effect of ceramide on the [Ca2+]i is not the result of its
enzymatic conversion to sphingosine which could occur
very rapidly. Indeed, the rapid metabolism of sphingoli-
pids could drive to wrong conclusions about the partic-
ular messenger involved in a given effect, when they are
studied in complex systems like whole cells. In this con-
text it is worthwhile to mention that it has been demon-
strated that sphingosine could be converted to ceramide
by the action of a ceramidase working in the reverse
mode [32,33]. However, this does not seem to be the case
in this work since we also demonstrate that ceramide
and sphingosine act through different mechanisms, as
confirmed by the additive effect observed when both
sphingolipids are added together. The effect of sphingo-
sine on the [Ca2+]i in Jurkat T cells had been previously
documented [7]. Sphingosine on Jurkat T cells is re-
ported to elevate [Ca2+]i via stimulation of a diacylglyc-
erol kinase and the subsequent increase in phosphatidic
acid, which liberates calcium from an intracellular com-
partment that is sensitive to thapsigargin but insensitive
to Ins(1,4,5)-P3 [7]. In contrast, the effect of OKT3 on
the increase of the [Ca2+]i is known to occur through
PLC stimulation and subsequent induction of release
from a compartment that is sensitive to both
Ins(1,4,5)-P3 and thapsigargin. In this perspective it is
worthwhile to mention that it has been reported that
Jurkat-T lymphocytes possess several intracellular cal-
cium pools [34]. Taken together, our results indicate that
ceramide liberates calcium from the same intracellular
pool employed by OKT3, which in turn is different to
that of sphingosine. This assumption is supported by
the fact that thapsigargin is able to release calcium even
after the onset of the effect of ceramide (this work) or
sphingosine [7]. The experiments done with ionomycin
and the calculation of the area under the curve of the
Ca2+ elevation induced by the different effectors also
support this notion, since the value obtained in the pres-
ence of ceramide and sphingosine add up to the value
obtained with thapsigargin, either in the presence or in
the absence of extracellular calcium.

One of the most interesting branch of the present
work concerns the approach to try to identify the mech-
anism of action of ceramide on the [Ca2+]i at the bio-
chemical level. It is interesting to mention that it have
been reported that ceramide is able to stimulate PLCb

in Xenopus laevis oocytes through activation of a Gq

protein, and then inducing Ins(1,4,5)-P3 production
and subsequent elevation of the [Ca2+]i [15]. However,
as mentioned before, Jurkat T cells posses PLCc , which
is activated via tyrosine phosphorylation [6]. Thus, it
was conceivable that ceramide also could activate the
PLCc. This possibility was discarded by the results ob-
tained in this work, since, in contrast to the effect of
OKT3 on the Ins(1,4,5)-P3 production, ceramide did
not stimulate phosphoinositide turnover. These results
indicates that albeit ceramide can liberate Ca2+ from
the same intracellular pool that OKT3, as demonstrated
by confocal microscopy and other approaches during
this work, the sphingolipid acts through a different
mechanism of action. Thus, ceramide do not activate
the TCR/CD3 receptor, tyrosine kinase activity or the
PLCc , but some event downstream to the InsP3 produc-
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tion. For example, ceramide could activate the IP3

receptor or the ryanodine receptor directly, or the sphin-
golipid could increase the level of another messenger
able to open these Ca2+ channels. Supporting this possi-
bility, ceramide is indeed synthesized in the cytoplasmic
surface of the endoplasmic reticulum [35]. Recent works
with the fluorescent ceramide analog C5-DMB-ceramide
has also demonstrated synthesis of ceramide de novo in
the endoplasmic reticulum [36]. Interestingly, a recent
report has presented evidences of the involvement of
sphingosine-1-P phosphohydrolase (SPP-1), located in
the endoplasmic reticulum, in generating sphingosine
as a substrate for ceramide synthase [37], which repre-
sents another way to generate ceramide within the cell.
These data could imply that the synthesis of ceramide
in the endoplasmic reticulum as a consequence of di-
verse cell signals could be translated in an elevation of
[Ca2+]i. In any case, the specific mechanism of action
of the ceramide-induced initial elevation of the [Ca2+]i
in Jurkat T cells remains to be elucidated and represents
an interesting focus of study.

Another interesting observation obtained in the pres-
ent work was the decay in the [Ca2+]i well below the ba-
sal level after the ceramide peak when the sphingolipid
was added in the absence of extracellular calcium. This
could be related to the reported stimulation of the plas-
ma membrane calcium pump induced by ceramide [38].
It has been reported that the plasma membrane calcium
pump is the main regulator of the basal [Ca2+]i in Jurkat
T cells [9]. In this context is worthwhile to mention that
this [Ca2+]i decrease was not revealed in the presence of
calcium, consequence of the large calcium influx ob-
tained under these conditions.

The transient elevation of the [Ca2+]i induced by cer-
amide was followed by a rapid regulation which reached
a higher [Ca2+]i level, when compared to the resting con-
centration, compatible with the induction of the opening
of a capacitative calcium entry. In Jurkat T cells this cal-
cium entrance is known to occur throughout a CRAC
channel which has been well characterized in these cells
[9,29,39].

The results obtained by the use of 2-APB as an ICRAC

inhibitor, also support that ceramide indeed open a
capacitative calcium entry in Jurkat T cells. It is worth-
while to mention that even though it was previously re-
ported that 2-APB produced an inhibition of the
Ins(1,4,5)-P3 receptor, recent studies [6,8,39,40] demon-
strate that, depending on the concentration used, it
inhibits ICRAC in Jurkat T cells, in a manner that is
not related to the inhibition of the Ins(1,4,5)-P3 receptor,
thus validating its general use as an ICRAC inhibitor. The
experiments done by measuring the Fura-2 quench by
Mn2+ also support this notion, since this divalent cation
has been demonstrated to be able to enter the cell by sev-
eral plasma membrane calcium channels [26]. This pro-
posal was finally corroborated with the patch clamp
experiments, where we show that ceramide induce the
opening of a calcium channel with the general character-
istics of the ICRAC. The experiments done allowing the
development of MIC currents and using spermine as a
MIC inhibitor also support that the channel opened
by the ceramide is indeed ICRAC. It is interesting to point
out that ceramide opened ICRAC in �50 % of the cells
studied, similar to the values reported for the opening
of ICRAC induced by Ins(1,4,5)-P3 [41]. Accordingly, in
experiments done with isolated cells, ceramide induced
an increase in [Ca2+]i also in approximately half of the
cells (combined data 29 out of 50). This means that
not all cells respond identically to the action of different
messengers, probably due to the lack of growth
synchronization.

Concerning a possible physiological role of the sphin-
golipids used during this work on T cell signaling, it is
interesting to mention that it have been reported an in-
crease in sphingolipids upon the activation of T lympho-
cytes by antigen presenting cells and by other means
[42]. Moreover, co-stimulation of the TCR in different
T cells lines by specific antibodies increases the activity
of a neutral [5] and acidic [43] sphingomyelinase with
the subsequent elevation of ceramide, so that a raise in
the intracellular concentration of ceramide could be part
of the process of T cells activation. In this respect, anti-
bodies against CD3 alone do not produce ceramide ele-
vation, but when used in combination with anti CD28
results in a rapid and transient increase in this sphingo-
lipid. [43]. Both exogenously added acid sphingomyeli-
nase and ceramide in the presence of anti-CD3
antibody enhanced T cell proliferation, associated with
the activation of NF-jB and elevated transcription of
the gene encoding IL-2 [5]. Moreover, it has been pro-
posed that ceramide might facilitate the cross-talk be-
tween CD28 costimulatory and TCR signals through a
pathway which is coupled with the activation of a signal-
ing cascade that include p21-activated kinase (PAK) and
MEK kinase 1 [44]. It has also been postulated that the
rapid elevation of ceramide in response to CD28 might
result in enhanced membrane fluidity, which, in turn,
might enhance the recruitment of the two receptors
(TCR and CD28) into the same lipid raft [5].

Regarding the possible physiological significance of
the ceramide-induced calcium fluxes, albeit the role of
calcium signaling in T lymphocytes is well documented
[6], the relationship between ceramide and intracellular
calcium elevation from endoplasmic reticulum is a sub-
ject of recent discussion. In this respect, Scorrano et
al. [45] have recently reported in a line of mouse embry-
onic fibroblasts deficient for BAX and BAK (DKO),
proteins which are multidomain proapoptotic members
from the BCL-2 family, a clear relationship between cal-
cium release from endoplasmic reticulum induced by
ceramide (where these proteins are located), and the ini-
tiation of apoptosis. These cells have lost the ability to
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undergo apoptosis in the presence of ceramide, when
compared to the wild- type. The increase in [Ca2+]i in-
duced by thapsigargin in cell deficient for BAX and
BAK is smaller when compared to wild-type cells. When
these DKO cells are exposed to a pulse of 2 mM iono-
mycin in the presence of extracellular calcium, which
causes an increase in [Ca2+]i primarily due to Ca2+ in-
flux, the pulse restore killing of these cells by ceramide.
Interestingly, the studies on the calcium dependence of
physiologic death signal have been extended to T cells
through TCR induced apoptosis [45]. Thus, the transfer
of calcium from the endoplasmic reticulum to mitochon-
dria is postulated to be required for the initiation of pro-
grammed cell death by some (but not all) apoptotic
signals [46]. Taken together, this data indicates that
the sensitivity to apoptosis depends on the ability of cells
to transfer Ca2+ from the endoplasmic reticulum to the
mitochondria [46]. Accordingly, procedures that en-
hance the transfer of Ca2+ endoplasmic reticulum to
mitochondria augment ceramide-induced cell death
[47]. All these recent data strongly support a possible
physiological role of the ceramide-induced Ca2+ release
observed in Jurkat T cells during the present work.

In conclusion, the results obtained in the present
work are consistent with an activation of an ICRAC in-
duced by calcium stores depletion in Jurkat T cells as
a result of ceramide, indicating that this important sec-
ond messenger is able to integrate the route of calcium
signaling with the sphingomyelin cycle. Since ceramide
has shown to be also implicated in apoptosis in many
cells including Jurkat T lymphocytes [42], and a rise in
[Ca2+]i has also been reported in apoptotic cells, we
are tempted to speculate that these two events could
be associated. Thus, the rapid elevation of [Ca2+]i in-
duced by ceramide could constitute a pre-apoptotic con-
dition, necessary for the onset of the apoptotic process,
provided that other essential signals are also simulta-
neously present. However, there is still a large gap be-
tween the fast [Ca2+]i elevation observed upon
addition of ceramide during this work (after few sec-
onds) and the onset of the apoptosis which last for
few days. The important piece of information that could
link this two events remains to be elucidated. Finally, it
is also conceivable that the effect of ceramide on [Ca2+]i
in Jurkat T cells could be related to other signaling pro-
cesses not directly related with apoptosis, as mentioned
before for the costimulation of CD3 and CD28, accord-
ing to the pleiotropic nature of the sphingolipids signal-
ing pathway.
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