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ARTICLE INFO ABSTRACT

Article history: A growing body of evidence suggests that mitochondria take up calcium upon receptor
Received 16 October 2007 (agonist) stimulation and that this contributes to the dynamics of spatiotemporal calcium
Accepted 17 December 2007 signaling. We have previously shown that engagement of the high-affinity receptor for

immunoglobulin E (FceRI) stimulates mitochondrial calcium ([Ca®*],,,) uptake in mast cells.
The present study was undertaken to investigate the mechanisms and biological signifi-

Keywords: cance of FceRI regulation of [Ca%*]m. Antigen stimulated [Ca®*]y, uptake in a dose-dependent
Mast cells manner with a minimal effective dose of 0.03-3 ng/ml. This [Ca®*],, uptake took place
FceRI immediately, reaching its peak within minutes and was inhibited by the src family kinase
Calcium inhibitor PP1 and phosphatidylinositol-3-kinase inhibitor wortmannin. Analyses using mast
Mitochondria cells expressing the wild-type or the mutated type of the FceRIB immunoreceptor tyrosine-
Dihydropyridine receptor based activation motif (ITAM) in which all tyrosine residues were replaced by phenylalanine

revealed that the FceRIB ITAM is essential for a sustained [Ca®*],,, uptake. The FceRIB ITAM
was essential for overall calcium response upon weak FceRI stimulation (at low antigen
concentration), while upon strong stimulation (at high antigen concentration) it appeared
necessary selectively to an immediate calcium response that was sensitive to the dihy-
dropyridine receptor (DHPR) antagonist nifedipine and wortmannin but not to the store-
operated calcium entry (SOCE) antagonists such as 2-aminoethoxyphenyl borate and
SK&F96365. These data demonstrate that the FceRIB regulates [Ca®'],, uptake in mast cells
via the ITAM and suggest that this plays a key role in regulating calcium influx especially
that induced via a DHPR-mediated calcium channel.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction 2H3 express the high affinity IgE receptor (FceRI) on their

surfaces, and antigen cross-linking of IgE-bound FceRlI initiates
Mast cells play a central role in allergic and inflammatory a cascade of intracellular signaling events that lead to mast
reactions. Mast cells and several tumor cell lines such as RBL- cell effector responses, including the release of preformed
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granular substances such as histamine, B-hexosaminidase, and
proteases, new synthesis and release of leukotrienes (LTs),
prostagalandins, cytokines and chemokines [1]. These chemical
mediators cause various pathophysiological events contribut-
ing to acute and chronic allergic and inflammatory reactions.
FceRI is a member of the immunoglobulin superfamily of
antigen receptors, which also includes T and B cell receptors
(TCR and BCR), and the signal transduction pathways presentin
mast cells have many similarities to those in T and B cells. FceRI
is a tetramer of a-, 8-, and y-chain homodimers, of which the a-
chain binds IgE, while the B- and y-chain mediate intracellular
signaling through the receptor. Like TCR and BCR, FceRI lacks
intrinsic enzyme activity, but its B- and y-chain contain the
immunoreceptor tyrosine-based activation motifs (ITAMs),
which are critical for cell activation through cell surface
receptors [1-3]. The FceRIB ITAM is recognized as an important
site of interaction with the src family tyrosine kinase Lyn for
signal transduction [4]. The Lyn kinase weakly binds to the
FceRIB ITAM in resting cells and is further recruited after
receptor aggregation [5-7]. The Lyn kinase is required for an
initial step of activation in which it phosphorylates the ITAMs of
the B- and y-chain [8,9]. The requirements for this initial process
are not fully understood. However, it has been thought that lipid
rafts, microdomains in the plasma membrane that are rich in
sphingolipids and cholesterol, are required as a platform where
the protein-protein interaction between Lyn kinase and the
FceRI may be enhanced [10].

In nonexcitable cells including mast cells, store-operated
calcium entry (SOCE) or capacitative calcium entry is
considered the most important route of calcium influx
[11,12]. SOCE is activated by the emptying of intracellular
calcium stores through inositol-1,4,5-triphosphate (IPs), which
is produced upon the activation of antigen receptors by
mechanisms yet to be resolved. SOCE is also activated when
intracellular calcium stores are emptied pharmacologically,
for instance with thapsigargin (TG) [12-15]. The molecular
entities of SOCE are still unclear, and they are still defined only
electrophysiologically, in terms of the current passing through
the store-operated calcium channels (SOCs). The best char-
acterized SOC current in hematopoietic cells is Icrac, the
current passing through calcium release-activated calcium
(CRAC) channels, which was first identified in rat basophilic
leukemia (RBL) cells and subsequently in Jurkat T cells [16,17].

It is well-known that mitochondria function as a cell’s
powerhouse, but over the past decade, it has been shown that
they also serve as important regulators of calcium signalingin
a wide variety of cells [18,19]. It is widely accepted that
mitochondria act as calcium buffers; that is, they take up
calcium and release it depending on the cytosolic calcium
([Ca®*];) levels, thereby maintaining homeostasis of cellular
calcium levels. Uptake of mitochondrial calcium ([Ca®*]y)
takes place through a uniporter in the inner membrane driven
by the large negative mitochondrial membrane potential
(A¥y,), while the accumulated [Caz*]m is released slowly
through Na*-dependent and -independent exchanges [20]. A
growing body of evidence suggests that mitochondria con-
tribute to the dynamics of spatiotemporal calcium signaling
upon receptor (agonist) stimulation.

Turning to the immune system, the roles of mitochondria
in T cells have been extensively studied; it has been shown

that mitochondria have several important actions that are
relevant to T cell activation and function [21]. It has been
demonstrated that T cell mitochondria have a fundamental
role in maintaining high-sustained rates of calcium influx
through CRAC channels [22,23]. In T cells stimulated with CD3
or TG, agents that depolarize mitochondria (including mito-
chondrial uncouplers, CCCP, antimycin A + oligomycin, and
myxothiazol) reduce calcium influx through CRAC channels.
The resulting changes in [Ca®*]; are associated with reduced
accumulation of the transcription factor NF-AT in the nucleus
[24]. Similar mitochondrial control of CRAC channel gating has
been reported in RBL cells [25]. Thus mitochondria not only act
as calcium buffers but also play a key role in regulating
calcium signaling in immune cells.

We have previously shown that both FceRI stimulation and
TG provoke [Ca®*],, uptake or release, but their effects are
distinct in terms of the dependence of the permeability
transition pore (PTP) [26]. This indicates that FceRI signaling
affects the mode of the regulation of [Ca®'],, homeostasis.
Herein, we demonstrate for the first time that the FceRIB ITAM
regulates [Ca®*],, uptake upon FceRI stimulation, which plays a
key role in regulating antigen-induced calcium influx via a
dihydropyridine receptor (DHPR)-mediated calcium channel.

2. Materials and methods
2.1. Materials

Nifedipine and CGP-37157 were obtained from Calbiochem
(San Diego, CA, USA). 2-Aminoethoxydiphenyl borate (2-APB)
and thapsigargin (TG) were obtained from Sigma (St. Louis,
MO, USA). The monoclonal anti-trinitrophenyl (TNP) IgE
antibody (clone IgE-3) was from BD PharMingen Japan (Tokyo,
Japan). TNP-bovine serum albumin (BSA) conjugate (25
molecules of TNP coupled to 1 molecule of BSA) was purchased
from Cosmo Bio Co. (Tokyo, Japan). Wortmannin, LY294002,
bongkrekic acid, and SK&F96365 were obtained from BioMol
(Plymouth Meeting, PA, USA). Fluo3-acetoxyl-methyl ester
(fluo3/AM) was purchased from Dojindo Laboratories (Kuma-
moto, Japan). Rhod-2/AM was obtained from Invitrogen Corp.
(Carlsbad, CA, USA).

2.2. RBL-2H3 cells

The RBL-2H3 cells were obtained from the National Institute
of Health Sciences (Japanese Collection of Research Bio-
sources [JCRBJ; Cell No. JCRB0023) and grown in Dulbecco’s
modified Eagle’s minimal essential medium (DMEM) (Sigma)
supplemented with 10% fetal bovine serum (FBS, JRH
Bioscience, Lenexa, KS, USA) in an atmosphere containing
5% CO,. Cells were harvested by incubating them in Hank’s
balanced salt solution (HBSS) [pH 7.4] containing 1mM
ethylenediamine tetraacetate (EDTA) and 0.25% trypsin for
Smin at 37°C. For IgE sensitization, cells suspended in
complete DMEM were plated on a 100-mm culture dish
(5 x 10° cells) or in a 24-well plate (2 x 10° cells/well) and
incubated with anti-TNP IgE (1 pg/dish or 0.1 pg/well) at 37 °C
overnight. IgE-sensitized cells were washed with PBS and
suspended in HBSS. For measurements, IgE-sensitized cells
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were stimulated with antigen (TNP-BSA) at the indicated
concentrations at 37 °C for the time indicated.

2.3. BMMCs culture

All animal experiments were performed according to Nihon
University guidelines. The g-chain-deficient (87/~) mice on
the chimeric BDF; and 129 background described previously
[27] were bred and kept in the animal facility under the
specific pathogen-free conditions. Mouse bone marrow-
derived mast cells (BMMCs) were prepared from femurs of
4- to 8-week-old B/~ mice as previously described [26]. Cells
were cultured in the RPMI1640 (Sigma) supplemented with
10% fetal bovine serum (FBS) (Sigma), 100 U/ml penicillin and
streptomycin (Invitrogen), 5 x 107> M mercaptoethanol (2-
ME; Wako Pure Chemicals, Osaka, Japan), 100 pg/ml sodium
pyruvate (Invitrogen), 1% minimal essential medium (MEM)
nonessential amino acid solution (Invitrogen), and 5 ng/ml
recombinant IL-3 (Pepro Tech Inc., Rocky Hill, NJ, USA)in a 5%
CO,-containing atmosphere at 37 °C. After 4-6 weeks of
culture, the cells were stained for a cell surface expression of
FceRI, and BMMCs were used for experiments after 4-8 weeks
of culture (>95% mast cells). For retroviral transfection,
BMMCs were cultured in the presence of 100 ng/ml recombi-
nant stem cell factor (Pepro Tech) for another week. An
ecotropic retrovirus packaging cell line, PLAT-E (kindly gifted
by T. Kitamura) was maintained in Dulbecco’s minimal
essential medium (DMEM, Sigma) supplemented with 10%
FBS, 1 pg/ml puromycin (Clontech, San Jose, CA, USA) and
10 pg/ml Blasticidin S (Kaken Pharmaceutical Co., Tokyo,
Japan). For some experiments BMMCs were also generated
from 4- to 8-week-old C57BL/6 mice and cultured as described
above.

2.4. cDNA constructions and transfections

The mouse B-chain ¢cDNA was constructed as described
previously [28]. Phenylalanine substitutions for tyrosine
on the B-chain ITAM (Y210F/Y216F/Y220F) were generated
by using a PCR-based, site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA). Mutation of the B-chain
was confirmed by DNA sequencing. Then, B-chain cDNAs
were subcloned into the EcoRI site of the retroviral vector
pMx-puro as previously described. These plasmids
were transfected into PLAT-E packaging cells with FuGENE
6 (Roche Diagnostics, Basel, Switzerland) to generate
retroviruses. BMMCs were infected with the retroviruses
for 48h in the presence of 1pg/ml polybrene (Sigma).
Cells expressing maker gene were selected by 1.2 pg/ml
puromycin.

2.5.  Flow cytometry analysis for FceRI expression

For an evaluation of FceRI expression on the cell surface,
BMMCs were stained with 1 mg/ml fluorescein isothiocya-
nate-conjugated anti-TNP IgE at 4 °C for 30 min, and then
washed twice with PBS containing 0.1% sodium azide. The
stained cells were analyzed with FACSCalibur (BD Biosciences,
San Jose, CA, USA). B~ BMMCs were used as negative
controls.

2.6.  Measurement of [Ca*'];

Measurement of the cytosolic calcium concentration ([Ca?"];)
was performed using the calcium-reactive fluorescence probe
Fluo3/AM as previously described [29]. Briefly, the cell
suspension (1 x 10°ml~?) was incubated with 4 uM Fluo3/
AM for 30min at 37°C, then washed with HBSS and
resuspended in the solution supplemented with 1 mM CaCl,.
To study calcium store release and calcium entry separately,
we resuspended aliquots of the Fluo3-loaded cells in HBSS
supplemented with 1mM ethyleneglycol tetraacetic acid
(EGTA) in place of 1mM CaCl,. Fluo3 fluorescence was
monitored at 5-s intervals for up to 3 min by a microplate
fluorometer (Fluoroskan Ascent CF; Labsystems, Helsinki,
Finland, excitation and emission at 485 and 527 nm, respec-
tively). [Ca®*]; was calculated using the equation [Ca®'];=Kq4
[(F = Fmin)/(Fmax — F)], where Ky is the dissociation constant of
the calcium-Fluo3 complex (450 nM), Fpax the maximum
fluorescence (obtained by treating cells with 5 pM A23187),
and Fpin represents the minimum fluorescence (obtained for
A23187-treated cells in the presence of 10 mM EGTA). F is the
actual sample fluorescence.

2.7.  Measurement of [Ca®*],,

Measurement of the mitochondrial calcium ([Ca®*],) was
performed using the mitochondrially localizing calcium-
reactive fluorescence probe rhod-2/AM as described in our
earlier publication [26]. To improve the discrimination
between cytosolic and mitochondrially localized dyes [30],
5 uM rhod-2/AM was reduced to the colorless, nonfluorescent
dihydrorhod-2/AM by sodium borohydride according to the
manufacturer’s protocols. Cells were loaded with the dye for
40 min at 37 °C, washed, and resuspended in HBSS in a 24-well
plate. After the cells were stimulated, rhod-2 fluorescence was
monitored at 5-s intervals for up to 3 min in a microplate
fluorometer (Fluoroskan Ascent CF; excitation and emission at
544 and 590 nm, respectively) using 5 pM A23187 as a positive
control and 5 pM A23187 in the presence of 10 mM EGTA as a
negative control.

2.8.  Statistical analysis
The Student’s t-test was performed to determine statistical

significance among the experimental groups; p < 0.05 was
considered significant.

3. Results

3.1 Mast cell mitochondria take up calcium in response to
antigen via the calcium uniporter

We have previously shown that FceRI stimulation affected
[Ca®*| levelsin the tumor mast cell line RBL-2H3 [26]. First we
confirmed the previous data with the potential expansion to
primary mast cells. Analysis using rhod-2/AM, a calcium-
sensitive fluorescent indicator that accumulates in mito-
chondria depending on the A%, [31] showed that antigen
cross-linking of IgE-bound FceRI resulted in a substantial
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Fig. 1 - FceRI stimulation induces [Ca?*],, uptake in mast cells. (A and B) RBL-2H3 cells (A) and BMMCs (B) (1 X 10° ml~*) were
loaded with nonfluorescent dihydrorhod-2/AM for 40 min at 37 °G, washed, and resuspended in calcium-containing
medium [Ca(+), HBSS supplemented with 1 mM CaCl,] in a 24-well plate. These cells were stimulated with TNP-BSA at the
indicated concentrations, and then rhod-2 fluorescence was measured for up to 3 min in a microplate fluorometer. (C and D)
The dihydrorhod-2-loaded RBL-2H3 cells (C) and BMMCs (D) were suspended in nominally calcium-free buffer [Ca(—), HBSS
supplemented with 1 mM EGTA in place of 1 mM CaCl,] and stimulated with TNP-BSA at the indicated concentrations, and
then fluorescence was measured as described above. Results expressed in A and B, and C and D were obtained in parallel,
and expressed in relative fluorescence units (RFU). Data are representative of three to six independent experiments.

increase in [Ca®*],, in RBL-2H3 cells (Fig. 1A). This response
was observed immediately, reachingits peak within minutes.
Antigen at concentrations of >0.3 ng/ml showed the effectin
adose-dependent manner. Antigeninduced a more sustained
[Ca®*] uptake in BMMCs (Fig. 1B). As the concentration of
antigen increased, the [Ca®*],, uptake took place more rapidly
and persistently, but the time course of the response varied in
different experiments. In both cell types antigen could evoke
[Ca?*],, uptake substantially in a nominally calcium-free
medium, though the effect was significantly smaller than that
seen in a calcium-containing medium (Fig. 1C and D),
indicating that mast cell mitochondria can take up calcium
from both extracellular spaces and intracellular stores.
According to the “mitochondrial calcium cycling” theory,
mitochondria take up calcium via the calcium uniporter and
release the accumulated calcium via the mitochondrial Na*/
Ca?* exchanger (mNCX) or H*/Ca?* exchanger. We therefore
elucidated the possible involvement of these pathways in
antigen-induced [Ca®*],, uptake by using selective pharma-
cological inhibitors. Treatment with ruthenium red, an
inhibitor of the calcium uniporter completely blocked the
response, but CGP-37157, a selective inhibitor of the mNCX
did not reduce it (Figs. 2A and B). On the other hand,
bongkrekic acid, a PTP antagonist significantly enhanced
antigen-induced [Ca®*],, uptake, and atractyloside, a PTP
agonist completely abolished it (Fig. 2C); this is consistent
with our previous finding that the PTP plays a role in
regulating [Ca®'],, [26]. Fig. 2D shows statistical analysis
data. The data indicate that, in response to antigen, mast cell
mitochondria take up calcium via the calcium uniporter and

that this [Ca®*],, uptake is negatively regulated by the PTP but
not the mNCX.

3.2.  FceRI-delivered signals are necessary for sustained
[Ca®*],, uptake

Because the endoplasmic reticulum (ER) Ca**-ATPase seques-
ters calcium leaked from intracellular stores back into the
organelles, pharmacological inhibitors of this pump such as
TG can induce a release of calcium, ultimately resulting in the
depletion of intracellular calcium stores. This leads to an
influx of external calcium via SOC channels, thereby evoking
mast cell activation independently of the generation of the
second messenger IP; [32]. TG could induce a robust [Ca®']y,
uptake in both RBL-2H3 cells and BMMCs (Fig. 3A and B). The
peak [Ca®'],, levels seen with 1 uM TG was usually signifi-
cantly higher than those seen with 30 ng/ml antigen, an
optimal dose for cell activation. Moreover, both external and
internal calcium were incorporated into the mitochondria in
response to TG, though the contribution of the external
calcium appeared to be more prominent in BMMCs than in
RBL-2H3 cells (Fig. 3A and B). However, the effect of TG was
usually less persistent than that of antigen; after stimulation
with TG, [Ca®*],, returned to the resting levels within minutes
(compare Fig. 2 with Fig. 3). In addition, both bongkrekic acid
and atractyloside had a minimal effect on TG-induced [Ca*'],
uptake (Fig. 3C), indicating that the PTP plays a minor role. This
strongly suggests that some FceRI-delivered signals that are
bypassed by TG may be necessary for sustained [Ca®*],, uptake
and the dependence of the PTP.



1496

BIOCHEMICAL PHARMACOLOGY 75 (2008) 1492-1503

(A) _ (B) ,

_. Antigen, RR o  Antigen, CGP

§ 120 % 120

S 2

§100 3 100

= 80 % 80

é Antigen g cee
£ 60 « 60

o

B 40 < 40 Antigen
8 -

£ 20 RR — 20

;t:— ; : K baseline “o : . baseline
S 0 50 100 150 200 Q0 50 100 150 200
- Time (sec) Time (sec)

(©) ; (D)

15’; 2c|0Antlgen, BKA/ATC 160 _

S 175 gm0

Q.

@ <120

8 150 s g

o S 100

x 125 5 a0

£ 100 -

G 75 o~ P .
é 50 Antigen “o

_E 25 baseline 2 20 bt
& i . ; T 0

S 0 50 100 150 200 - RR CGP BKA ATC

Time (sec) Antigen

Fig. 2 - FczRI-mediated [Ca®*],, uptake is regulated by calcium uniporter and the mPTP but not the mNCX. The dihydrorhod-
2-loaded RBL-2H3 cells (1 X 10° ml™") were treated with 3 uM ruthenium red (RR, A), 10 uM CGP-37157 (CGP, B), 1 pM
bongkrekic acid (BKA, C) or with 10 pM atractyloside (ATGC, C) and immediately stimulated with 30 ng/ml TNP-BSA, and then
fluorescence was measured as described above. Results are expressed as a percentage where the maximal response
induced by antigen alone is 100, and are representative of three to five independent experiments. (D) Statistical analysis
data of the maximal [Ca®*],,. The data represent the mean + S.E.M.
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Fig. 3 - TG induces [Ca®*],, uptake that is not regulated by the mPTP. (A and B) The dihydrorhod-2-loaded RBL-2H3 cells (A)
and BMMCs (B) (1 X 10° m1~?) were suspended in calcium-containing medium [Ca(+)] or nominally calcium-free medium
[Ca(—)]. The cells were stimulated with 1 pM thapsigargin (TG), and then fluorescence was measured for up to 3 min in a
microplate fluorometer. (C) After dihydrorhod-2 loading, RBL-2H3 cells (1 X 10° ml1™?) were treated with 1 pM bongkrekic
acid >pM atractyloside (ATC, C)/>pM atractyloside (ATC) and immediately stimulated with 1 uM TG, and then fluorescence
was measured. Results are expressed in RFU or a percentage where the maximal response induced by TG alone is 100, and
are representative of three to five independent experiments.
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Fig. 4 - The role of src family kinase and PI3K activity in FceRI-mediated [Ca®*],,, uptake. The dihydrorhod-2-loaded RBL-2H3
cells were treated with PP1 at the indicated concentrations (A and B) or with wortmannin at the indicated concentrations
(WT, C and D) and immediately stimulated with 30 ng/ml TNP-BSA (A and C) or 1 pM TG (B and D), and then fluorescence
was measured. Results are expressed as a percentage where the maximal response induced by antigen or TG alone is 100,
and are representative of three to five independent experiments.

3.3.  The role of src family kinase and PI-3K activity in
antigen-induced [Ca®*],, uptake

To gain insight into such early signals required for sustained
[Ca®*],, uptake, we examined the effect of divergent pharma-
cological inhibitors of selective signaling pathways on this
response. As shown in Fig. 4A, treatment with PP1, a src family
kinase inhibitor, reduced antigen-induced [Ca®*],,, uptake in a
dose-dependent manner with a minimal effective dose of
3 uM and with a complete inhibition at 30 uM. On the other
hand, PP1 treatment marginally inhibited TG-induced [Ca®'],
uptake (Fig. 4B). Wortmannin, a selective inhibitor of PI-3K
activity, also blocked antigen-induced [Ca®'],, uptake in a
dose-dependent manner with almost complete inhibition at
100 nM (Fig. 4C). In contrast, wortmannin up to 100 nM had no
effect on TG-induced [Ca®"],, uptake (Fig. 4D). Essentially
similar results were obtained with BMMCs (data not shown).
These results show that src family kinase and PI-3K activity
are signals required for persistent [Ca®*],, uptake.

3.4.  FceRIB ITAM is essential for antigen-induced
[Ca?*],, uptake

Lyn is amajor src family kinase found in mast cells. The kinase
binds to the FceRIB loosely even in resting cells and is activated
immediately upon FceRI activation to bind to the FceRIB tightly
and to transduce downstream signals [33]. It is established
that the FceRIB ITAM is an important site of interaction with
Lyn for signal transduction [33,34]. Given that the above data
indicate the importance of a src family kinase, FceRIg ITAM
might be critical for antigen-induced [Ca®'],, uptake. As
BMMCs from the FceRIB-deficient mice lack cell surface

expression of FceRI, we tested this possibility by analyzing
BMMCs expressing the wild-type (YYY) or the mutated FceRIB
in which all the three tyrosine residues in the ITAM were
replaced by phenylalanine (FFF mutant). These mutant cells
have been extensively characterized, and the mutant FFF
ITAM-expressing cells are shown to lack an FceRIB-Lyn
interaction via the ITAM [28,35]. When stimulated with
antigen, a rapid and persistent [Ca®'],, uptake was seen in
the YYY ITAM-expressing cells (Fig. 5A). Antigen at concen-
trations of >3 ng/ml showed a significant effect. Compared to
the YYY ITAM-expressing cells, the FFF ITAM-expressing cells
displayed a smaller [Ca®*], uptake, which was seen only when
they were stimulated with an optimal concentration of
antigen (30 ng/ml) (Fig. 5A and B). In response to TG, by
contrast, a comparable [Ca®*],,, uptake was seen in these two
cell types (Fig. 5C). Fig. 5D shows statistical analysis data.

3.5. The FczRIB ITAM is essential for an immediate
DHP-sensitive calcium response

To elucidate the potential role of [Ca®**],, uptake in the
regulation of calcium response, the YYY or the FFF ITAM-
expressing cells were stimulated with varying concentrations
of antigen, and [Ca®']; was measured. In the YYY ITAM-
expressing cells, antigen caused a substantial [Ca®']; increase
in a dose-dependent manner with a minimal effective dose of
0.3 ng/ml (Fig. 6A). On the other hand, suboptimal concentra-
tions (<3ng/ml) of antigen induced no substantial [Ca®';
increase in the FFF ITAM-expressing cells (Fig. 6B). At an
optimal concentration (30 ng/ml), antigen caused significant
[Ca*]; increase in the FFF ITAM-expressing cells, which was
almost comparable to that seen in the YYY ITAM-expressing
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cells stimulated with a lower concentration of antigen (Fig. 6B).
Furthermore, compared to the YYY ITAM-expressing cells, the
FFF ITAM-expressing cells display a significant delay in the
initiation of calcium response, as reported previously [28]. In
response to TG, by contrast, these two cell types showed a
comparable calcium response (data not shown). We also
found that calcium responses of these two cell types were
distinct in terms of their pharmacological properties. In the
YYY ITAM-expressing cells nifedipine, a dihydropyridine
receptor antagonist, profoundly decreased the antigen-
induced [Ca®*]; increase (Fig. 6C). In contrast, nifedipine
displayed no effect on the [Ca®*]; increase in the FFF ITAM-
expressing cells (Fig. 6D). On the other hand, SK&F96365, a
SOCE antagonist, blocked calcium response regardless of the
type of ITAM expressed (Fig. 6C and D).

3.6. FceRI activation but not TG can stimulate a store-
independent calcium entry that is sensitive to nifedipine and
wortmannin but not to SOCE antagonists

The above data suggest that the FceRIB ITAM is essential for a
DHP-sensitive calcium influx. To exclude the possibility that
this is an aberrant special case among mast cells expressing
the reconstituted FceRI, we sought to determine whether such
a DHP-sensitive calcium channel operates under physiological
conditions. Because other DHP-sensitive calcium channels,
such as L-type calcium channels (LTCCs), are known to be
activated independently of store emptying, this channel too
can be activated in a store-independent manner. To test this,
RBL-2H3 cells suspended in nominally calcium-free medium
were treated with TG in order to deplete internal calcium
stores, washed extensively, and then transferred to calcium-
Following TG application, [Ca*';
increased rapidly (reachingits peak within 30 s), then returned

containing medium.

to resting levels at 5min, indicating the depletion of
intracellular calcium stores. As expected, even when Ca*
was replenished, TG could no longer induce any substantial
calcium influx in the store-depleted cells (Fig. 7A). In contrast,
antigen could still induce a calcium influx in a dose-dependent
manner when calcium was reintroduced (Fig. 7A), indicating
the occurrence of non-SOCE. This non-SOCE was inhibited by
nifedipine but not affected by SK&F96365 or 2-APB (Fig. 7B).
Essentially similar results were obtained with BMMCs, too
(data not shown). Because antigen-induced [Ca®*],,, uptake and
TG-induced [Ca”], uptake are distinct in terms of the
dependence on PI3K activity, we also examined the role of
PI-3K activity. Wortmannin at concentrations of >30 nM dose-
dependently inhibited the non-SOCE (Fig. 7C). On the other
hand, both SK&F96365 and 2-APB significantly inhibited SOCE,
while neither nifedipine nor wortmannin up to 100 nM
reduced it (Fig. 7E, F and G). Fig. 7G shows statistical analysis
data. The data indicate that both nifedipine and wortmannin
blocks the non-SOCE selectively. Thus, FceRI stimulation can
activate not only SOCE but also non-SOCE influx via a DHP-
sensitive calcium channel by separate signaling pathways,
and that FceRIB and PI-3K activity play a selective role in the
non-SOCE (Fig. 8).

4, Discussion

The data presented in this paper clearly demonstrate that
FceRI activation results in increased [Ca®*],, uptake, and that
this response is distinct from that in resting cells in terms of
the dependences on the PTP and the mNCX. It has been widely
accepted that mitochondria take up calcium through the Ay, -
dependent calcium uniporter, while the accumulated [Ca®*],,
is released slowly, mainly through the mNCX [20]. Our data
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BMMCs (YYY, A) and the FFF ITAM-expressing cells (FFF, B) (1 X 10° ml™") were incubated with 4 pM Fluo3/AM at 37 °C for
30 min, washed with HBSS and then resuspended in calcium-containing medium. The Fluo-3-loaded cells were stimulated
with TNP-BSA at the indicated concentrations and then fluorescence was monitored in a microplate fluorescence reader. (C
and D) The Fluo3/AM-loaded YYY (C) and FFF cells (D) were treated with 1 uM nifedipine or 100 pM SK&F96365 (SK&F) and
immediately stimulated with 30 ng/ml TNP-BSA, and then fluorescence was measured. Results are expressed in [Ca?*]; and

are representative of two to four independent experiments.

indicate that while the FceRI-stimulated [Ca®'],, uptake is
mediated by the calcium uniporter, the [Ca*], efflux is
mediated by the PTP rather than the mNCX, because
pharmacological PTP modulators such as bongkrekic acid
and atractyloside can affect the [Ca®*],, uptake, while CGP-
37157, a selective inhibitor of mNCX, cannot. This is consistent
with our previous study demonstrating that the PTP plays a
key role in the regulation of [Ca®*],,, homeostasis and calcium
signaling in mast cells upon FceRI stimulation [26]. Bongkrekic
acid can inhibit adenine nucleotide translocase (ANT), a PTP
component, and stabilizes it on the matrix side, thereby
closing the PTP, while atractyloside stabilizes ANT on the
cytoplasm side, thereby opening the PTP [36,37]. Thus, our
data suggest that FceRI activation can switch the mode of
[Ca®*],, homeostasis to one more closely associated with ANT.
It is noteworthy that ANT has three cysteine residues whose
reversible oxidation is critical for the PTP open-closed
transitions and the [Ca®'],, efflux [38,39]. As a result, the
PTP open-closed transitions are controlled reversibly by ANT.
Such a transient activation of PTP might cause a minimal
damage to mitochondrial integrity, thereby regulating [Ca®*],
homeostasis without inducing cell death. Consistent with this
view, in non-neuronal cells, the PTP has been implicated as a
fast calcium-release mechanism in physiological calcium
signaling. On the other hand, a sustained and/or irreversible
PTP opening in an ANT-independent manner, may lead to a
disruption of mitochondrial [Ca®**],, homeostasis and integ-
rity. We have recently found that TG-induced [Ca*"],, efflux is
not mediated by the PTP, and that TG displays strong pro-
apoptotic activity in these mast cells [40], while FceRI
activation causes cell death only under limited conditions,

being consistent with earlier reports [41-44]. Thus, the
switching of [Ca®*],, homeostasis to one more closely
associated with ANT might be involved in mast cell survival
following cell activation. Further studies attempting to
establish this idea are underway.

The next question to be addressed is how FceRI regulates
[Ca**];, homeostasis. The SERCA blocker TG can serve as a
powerful tool for analyzing the role of the FceRI-specific signal
transduction pathway, because TG can activate mast cells by
bypassing signals proximal to FceRI aggregation [32]. We found
that TG could induce [Ca**],, uptake only transiently and
insensitive to PTP modulators. The data suggest that the
proximal signal(s) bypassed by TG may be essential for
prolongation of the response and PTP sensitivity. Pharmaco-
logical studies revealed the critical role of src family kinase
and PI3K activity in such prolongation. Because the FceRIB
ITAM serves as an important site of interaction with Lyn for
signal transduction [4], we tested whether the FceRIB ITAM
was involved in the prolonged [Ca®'], uptake. Analyses
employing BMMCs lacking tyrosine residues of the FceRIB
ITAM clearly demonstrated that the FceRIB ITAM is essential
for antigen-induced [Ca®'],,, uptake specifically. The dysfunc-
tion of the FceRIB ITAM has been shown to result in the
impairment of the physical interaction between Lyn and the
FceRIB via its ITAM and downstream signaling pathways
including activation of PI-3K [28]. In accordance with this, our
pharmacological data indicate that PI-3K activity is essential
for antigen-induced [Ca?'],, uptake. On the other hand, TG,
which evokes calcium signaling independently of the FceRIB,
induces [Ca®"],, uptake in a PI-3K-independent manner.
Indeed, the lack of the FceRIB ITAM had a minimal effect on
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stimulated with 1 uM TG or TNP-BSA at the indicated concentrations. (B and C) The store-depleted cells were treated with
10 pM 2-APB, 100 pM SK&F96365 (SK&F), 1 pM nifedipine (B) or wortmannin at the indicated concentrations (WT, C) and
immediately stimulated with 30 ng/ml TNP-BSA. (E and F) The Fluo3-loaded RBL-2H3 cells (1 X 10° ml™") were treated as
described above to deplete intracellular calcium stores. The cells were replenished with 2 mM calcium in the presence or
absence of 10 pM 2-APB, 100 pM SK&F96365 (SK&F), 1 pM nifedipine (E) or wortmannin at the indicated concentrations (WT,
F). Results are expressed in [Ca?*]; and are representative of four independent experiments. (D and G) Statistical analysis
data of the maximal [Ca®*];. The data represent the mean * S.E.M.

TG-induced [Ca**|,, uptake. Collectively, these data suggest
that [Ca®'],, uptake occurs through at least two distinct
signaling pathways, dependent or independent of PI-3K
activity, and suggest that FceRIB ITAM mediates the PI-3K-
dependent pathway selectively.

It has recently been demonstrated that mitochondria
contribute to the dynamics of spatiotemporal calcium signal-
ing by modulating SOCE (for a review see [45]). We demon-
strate, consistently with this view, that impairment of the

[Ca®*];, uptake by the dysfunction of the FcsRIB ITAM is
accompanied by reduced calcium influx. A similar reduced
calcium influx in FFF ITAM-expressing cells compared to YYY
ITAM-expressing cells has been reported previously [28].
Moreover, we have found that the effect of the ITAM mutation
on antigen-induced calcium influx depends on the intensity of
FceRI stimulation: upon weak stimulation, calcium responses
were entirely abolished, while upon strong stimulation, an
immediate calcium response was abrogated preferentially.
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Fig. 8 - Model for FceRI-triggered calcium signaling in mast
cells. Cross-linking of FccRI on mast cells results in
aggregation of the receptor and initiates a cascade of
intracellular events leading to calcium influx. In the
traditional view, the main pathway is activation of the
FceRIy-Syk-PLCy-IP; pathway, which causes depletion of
intracellular calcium stores and calcium entering through
SOCs (1). A growing body of evidence indicates that
mitochondria play a key role in activating SOCs distal to
calcium store emptying (2). The current study
demonstrates that FccRI can control mitochondrial calcium
uptake via the g chain ITAM (3) and another calcium influx
pathway via a DHPR (4). This pathway appears to
contribute to mitochondrial calcium homeostasis.

Our data demonstrate that the immediate calcium
response regulated by the FceRIB ITAM is sensitive to the
DHPR antagonist nifedipine but not to the SOCE antagonist
SK&F96365. Moreover, FceRI stimulation activates non-SOCE
sensitive to nifedipine but not to SOCE antagonists among all
types of mast cells tested. Taken together, the data suggest the
occurrence of a DHPR-mediated calcium influx in mast cells.
The DHPR is well known originally in excitable cells as the o
subunit of LTCCs [46,47]. Indeed, in several immune cells such
as B and T cells, antigen receptor stimulation evokes a calcium
influx via a DHP-sensitive calcium channels; this plays a role
in B and T cell functions including interleukin-4 production
[48-50]. If we draw an analogy to TCR and BCR, it is possible
that FceRI stimulation also evokes a similar DHPR-mediated
calcium influx in mast cells, an influx under the control of the
mitochondria. Further investigations to characterize such a
DHP-sensitive calcium channel are underway in our labora-
tory.

It is now widely accepted that the FceRIB acts as an
important signal modulator in mast cells. The FceRIB was
initially believed to act as an amplifier, because it has been
demonstrated in humans that the FceRIB can amplify early
activation signals through the FceRIy and allergic reactions
[51]. The emerging view is that the FceRIB is a critical signal
modulator that regulates activation signals both positively
and negatively [28,35]. Moreover, it is known that the

modulatory functions of the FceRIB strictly depend on the
intensity of FceRI stimulation. Like the effect on [Ca®*],, uptake
discovered in the present study, the FceRIB acts as an amplifier
of activation signals induced by weak stimulation, while it is
shown to dampen those induced by strong stimulation.
Therefore, our findings lead us to the idea that the FceRIB
might elicit a modulatory function by affecting the mitochon-
drial calcium homeostasis. We are now attempting to examine
this hypothesis further.

In conclusion, we demonstrate that FceRI regulates [Ca®*],
uptake via the FceRIB ITAM and that this plays a key role in
regulating non-SOCE via a DHP-sensitive calcium channel in
mast cells. These findings may uncover as yet unrecognized
roles of mitochondria and non-SOCE in regulating calcium
signaling.

Acknowledgments

We thank the National Institute of Health Sciences (Japanese
Collection of Research Bioresources) for providing RBL-2H3
(cellnumber JCRB0023). This work was partially supported by a
Grant-in-Aid from “High-Tech Research Center” Project for
Private Universities: matching fund subsidy from MEXT, and
by Grants-in-Aid from Nihon University.

REFERENCES

[1] Kinet JP. The high-affinity IgE receptor (FceRI): from
physiology to pathology. Annu Rev Immunol 1999;17:
931-72.

[2] Turner H, Kinet JP. Signalling through the high-affinity IgE
receptor Fc epsilonRI. Nature 1999;402:B24-30.

[3] Cambier JC. Antigen and Fc receptor signalling. The

awesome power of the immunoreceptor tyrosine-

based activation motif (ITAM). ] Immunol 1995;155:

3281-5.

Nadler MJ, Matthews SA, Turner H, Kinet JP. Signal

transduction by the high-affinity immunoglobulin E

receptor Fc epsilon RI: coupling form to function. Adv

Immunol 2000;76:325-55.

Eiseman E, Bolen JB. Signal transduction by the cytoplasmic

domains of Fc epsilon RI-gamma and TCR-zeta in rat

basophilic leukemia cells. ] Biol Chem 1992;267:21027-32.

Yamashita T, Mao SY, Metzger H. Aggregation of the high-

affinity IgE receptor and enhanced activity of p53/56lyn

protein-tyrosine kinase. Proc Natl Acad Sci USA
1994;91:11251-5.

Vonakis BM, Chen H, Haleem-Smith H, Metzger H. The

unique domain as the site on Lyn kinase for its constitutive

association with the high affinity receptor for IgE. ] Biol

Chem 1997;272:24072-80.

Paolini R, Jouvin MH, Kinet JP. Phosphorylation and

dephosphorylation of the high-affinity receptor for

immunoglobulin E immediately after receptor engagement
and disengagement. Nature 1991;353:855-8.

Pribluda VS, Pribluda C, Metzger H. Transphosphorylation

as the mechanism by which the high-affinity receptor for

IgE is phosphorylated upon aggregation. Proc Natl Acad Sci

USA 1994;91:11246-50.

[10] Dréaber P, Draberova L. Lipid rafts in mast cell signaling. Mol

Immunol 2002;38:1247-52.

4

[5

[6

[7

8

[9



1502 BIOCHEMICAL PHARMACOLOGY 75 (2008) 1492-1503

[11] Parekh AB, Penner R. Store depletion and calcium influx.
Physiol Rev 1997;77:901-30.

[12] Parekh AB, Putney Jr JW. Store-operated calcium channels.
Physiol Rev 2005;85:757-810.

[13] Montero M, Alvarez J, Garcia-Sancho J. Uptake of Ca®* and
refilling of intracellular Ca®* stores in Ehrlich-ascites-
tumour cells and in rat thymocytes. Biochem J
1990;271:535-40.

[14] Montero M, Alvarez ], Garcia-Sancho J. Agonist-induced
Ca?* influx in human neutrophils is secondary to the
emptying of intracellular calcium stores. Biochem J
1991;277:73-9.

[15] Alvarez J, Montero M, Alvarez J, Garcia-Sancho J. Agonist-
induced Ca®" influx in human neutrophils is not mediated
by production of inositol polyphosphates but by emptying
of the intracellular Ca®* stores. Biochem Soc Trans
1994;22:809-13.

[16] Hoth M, Penner R. Depletion of intracellular calcium stores
activates a calcium current in mast cells. Nature
1992;355:353-6.

[17] Zweifach A, Lewis RS. Mitogen-regulated Ca®* current of T
lymphocytes is activated by depletion of intracellular Ca**
stores. Proc Natl Acad Sci USA 1993;90:6295-9.

[18] Babcock DF, Hille B. Mitochondrial oversight of cellular Ca**
signaling. Curr Opin Neurobiol 1998;8:398-404.

[19] Duchen MR. Contributions of mitochondria to animal
physiology: from homeostatic sensor to calcium signalling
and cell death. ] Physiol 1999;516:1-17.

[20] Gunter TE, Pfeiffer DR. Mechanisms by which mitochondria
transport calcium. Am ] Physiol 1990;258:C755-86.

[21] Lewis RS. Calcium signaling mechanisms in T
lymphocytes. Annu Rev Immunol 2001;19:497-521.

[22] Hoth M, Fanger CM, Lewis RS. Mitochondrial regulation of
store-operated calcium signaling in T lymphocytes. J Cell
Biol 1997;137:633-48.

[23] Makowska A, Zablocki K, Duszynski J. The role of
mitochondria in the regulation of calcium influx into Jurkat
cells. Eur ] Biochem 2000;267:877-84.

[24] Hoth M, Button DC, Lewis RS. Mitochondrial control of
calcium-channel gating: a mechanism for sustained
signaling and transcriptional activation in T lymphocytes.
Proc Natl Acad Sci USA 2000;97:10607-12.

[25] Chang WC, Parekh AB. Close functional coupling between
Ca2+ release-activated Ca2+ channels, arachidonic acid
release, and leukotriene C4 secretion. ] Biol Chem
2004;279:29994-9.

[26] SuzukiY, Yoshimaru T, Inoue T, Ra C. Mitochondrial ca?
flux is a critical determinant of the Ca?* dependence of
mast cell degranulation. ] Leukoc Biol 2006;79:508-18.

[27] Hiraoka S, Furumoto Y, Koseki H, Takagaki Y, Taniguchi M,
Okumura K, et al. Fc receptor beta subunit is required for
full activation of mast cells through Fc receptor
engagement. Int Immunol 1999;11:199-207.

[28] Furumoto Y, Nunomura S, Terada T, Rivera ], Ra C. The
FcepsilonRIbeta immunoreceptor tyrosine-based activation
motif exerts inhibitory control on MAPK and IkappaB
kinase phosphorylation and mast cell cytokine production.
J Biol Chem 2004;279:49177-8.

[29] Yoshimaru T, Suzuki Y, Inoue T, Niide O, Ra C. Silver
activates mast cells through reactive oxygen species
production and a thiol-sensitive store-independent Ca**
influx. Free Radic Biol Med 2006;40:1949-59.

[30] Hajndczky G, Robb-Gaspers LD, Seitz MB, Thomas AP.
Decoding of cytosolic calcium oscillations in the
mitochondria. Cell 1995;82:415-24.

[31] Duchen MR, Mitochondria. Ca(2+) in cell physiology and
pathophysiology. Cell Calcium 2000;28:339-48.

[32] Huber M, Hughes MR, Krystal G. Thapsigargin-induced
degranulation of mast cells is dependent on transient

activation of phosphatidylinositol-3 kinase. ] Immunol
2000;165:124-33.

[33] Scharenberg AM, Kinet JP. Initial events in Fc epsilon RI
signal transduction. J Allergy Clin Immunol 1994;94:
1142-6.

[34] Rivera J. Molecular adapters in Fc(epsilon)RI signaling and
the allergic response. Curr Opin Immunol 2002;14:688-93.

[35] Nunomura S, Gon Y, Yoshimaru T, Suzuki Y, Nishimoto H,
Kawakami T, et al. Role of the FcepsilonRI beta-chain ITAM
as a signal regulator for mast cell activation with
monomeric IgE. Int Immunol 2005;17:685-94.

[36] Henderson PJ, Lardy HA. Bongkrekic acid. An inhibitor of
the adenine nucleotide translocase of mitochondria. J Biol
Chem 1970;245:1319-26.

[37] Brandolin G, Le Saux A, Trezeguet V, Lauquin GJ, Vignais
PV. Chemical, immunological, enzymatic, and genetic
approaches to studying the arrangement of the peptide
chain of the ADP/ATP carrier in the mitochondrial
membrane. ] Bioenerg Biomembr 1993;25:459-72.

[38] Petronilli V, Costantini P, Scorrano L, Colonna R,
Passamonti S, Bernardi P. The voltage sensor of the
mitochondrial permeability transition pore is tuned by the
oxidation-reduction state of vicinal thiols. Increase of the
gating potential by oxidants and its reversal by reducing
agents. ] Biol Chem 1994;269:16638-42.

[39] Halestrap AP, Woodfield KY, Connern CP. Oxidative stress,
thiol reagents, and membrane potential modulate the
mitochondrial permeability transition by affecting
nucleotide binding to the adenine nucleotide translocase. J
Biol Chem 1997;272:3346-54.

[40] Soboloff J, Berger SA. Sustained ER Ca®* depletion
suppresses protein synthesis and induces activation-
enhanced cell death in mast cells. ] Biol Chem
2002;277:13812-20.

[41] Xiang Z, Ahmed AA, Méller C, Nakayama K, Hatakeyama S,
Nilsson G. Essential role of the prosurvival bcl-2 homologue
A1 in mast cell survival after allergic activation. ] Exp Med
2001;194:1561-9.

[42] Moller C, Xiang C, Nilsson G. Activation of mast cells by
immunoglobulin E-receptor cross-linkage, but not through
adenosine receptors, induces Al expression and promotes
survival. Clin Exp Allergy 2003;33:1135-40.

[43] Alfredsson J, Puthalakath H, Martin H, Strasser A, Nilsson
G. Proapoptotic Bcl-2 family member Bim is involved in the
control of mast cell survival and is induced together with
Bcl-XL upon IgE-receptor activation. Cell Death Differ
2005;12:136-44.

[44] Piliponsky AM, Levi-Schaffer F. Regulation of apoptosis in
mast cells. Apoptosis 2000;5:435-41.

[45] Duszynski ], Koziet R, Brutkowski W, Szczepanowska J,
Zabtocki K. The regulatory role of mitochondria in
capacitative calcium entry. Biochim Biophys Acta
2006;1757:380-7.

[46] Varadi G, Mori Y, Mikala G, Schwartz A. Molecular
determinants of Ca?* channel function and drug action.
Trends Pharmacol Sci 1995;16:43-9.

[47] Bodi I, Mikala G, Koch SE, Akhter SA, Schwartz A. The L-
type calcium channel in the heart: the beat goes on. J Clin
Invest 2005;115:3306-17.

[48] Badou A, Savignac M, Moreau M, Leclerc C, Pasquier R,
Druet P, et al. HgCl,-induced interleukin-4 gene expression
in T cells involves a protein kinase C-dependent calcium
influx through L-type calcium channels. ] Biol Chem
1997,272:32411-8.

[49] Savignac M, Badou A, Moreau M, Leclerc C, Guéry JC, Paulet
P, et al. Protein kinase C-mediated calcium entry
dependent upon dihydropyridine sensitive channels: a T
cell receptor-coupled signaling pathway involved in IL-4
synthesis. FASEB J 2001;15:1577-9.



BIOCHEMICAL PHARMACOLOGY 75 (2008) 1492-1503 1503

[50] Savignac M, Gomes B, Gallard A, Narbonnet S, Moreau M, [51] Lin S, Cicala C, Scharenberg AM, Kinet JP. The
Leclerc C, et al. Dihydropyridine receptors are selective Fc(epsilon)RIbeta subunit functions as an amplifier of
markers of Th2 cells and can be targeted to prevent Th2- Fc(epsilon)RIgamma-mediated cell activation signals. Cell
dependent immunopathological disorders. ] Immunol 1996;85:985-95.

2004;172:52006-12.



	The high-affinity immunoglobulin E receptor �(Fc&epsiv;RI) regulates mitochondrial calcium uptake �and a dihydropyridine receptor-mediated calcium �influx in mast cells: Role of the Fc&epsiv;RI&beta; chain �immunoreceptor tyrosine-based activation motif
	Introduction
	Materials and methods
	Materials
	RBL-2H3 cells
	BMMCs culture
	cDNA constructions and transfections
	Flow cytometry analysis for Fc&epsiv;RI expression
	Measurement of [Ca2+]i
	Measurement of [Ca2+]m
	Statistical analysis

	Results
	Mast cell mitochondria take up calcium in response to antigen via the calcium uniporter
	Fc&epsiv;RI-delivered signals are necessary for sustained [Ca2+]m uptake
	The role of src family kinase and PI-3K activity in antigen-induced [Ca2+]m uptake
	Fc&epsiv;RI&beta; ITAM is essential for antigen-induced �[Ca2+]m uptake
	The Fc&epsiv;RI&beta; ITAM is essential for an immediate �DHP-sensitive calcium response
	Fc&epsiv;RI activation but not TG can stimulate a store-independent calcium entry that is sensitive to nifedipine and wortmannin but not to SOCE antagonists

	Discussion
	Acknowledgments
	References


