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1 We evaluated the role of the cross-linking of FceRI-mediated inositol 1,4,5-triphosphate (IP3) in
the increase in cytosolic Ca2+ level ([Ca2+]i) using xestospongin C, a selective membrane permeable
blocker of IP3 receptor, in RBL-2H3 mast cells.

2 In the cells sensitized with anti-dinitrophenol (DNP) IgE, DNP-human serum albumin (DNP-
HSA) and thapsigargin induced degranulation of b-hexosaminidase and a sustained increase in
[Ca2+]i. Xestospongin C (3 ± 10 mM) inhibited both of these changes that were induced by DNP-HSA
without changing those induced by thapsigargin.

3 In the absence of external Ca2+, DNP-HSA induced a transient increase in [Ca2+]i. Xestospongin
C (3 ± 10 mM) inhibited this increase in [Ca2+]i.

4 In the cells permeabilized with b-escin, the application of IP3 decreased Ca2+ in the endoplasmic
reticulum (ER) as evaluated by mag-fura-2. Xestospongin C (3 ± 10 mM) inhibited the e�ect of IP3.

5 After the depletion of Ca2+ stores due to stimulation with DNP-HSA or thapsigargin, the
addition of Ca2+ induced capacitative calcium entry (CCE). Xestospongin C (3 ± 10 mM) inhibited
the DNP-HSA-induced CCE, whereas it did not a�ect the thapsigargin-induced CCE.

6 These results suggest that FceRI-mediated generation of IP3 contributes to Ca2+ release not only
in the initial phase but also in the sustained phase of the increase in [Ca2+]i, resulting in prolonged
Ca2+ depletion in the ER. The ER Ca2+ depletion may subsequently activate CCE to achieve a
continuous [Ca2+]i increase, which is necessary for degranulation in the RBL-2H3 mast cells.
Xestospongin C may inhibit Ca2+ release and consequently may attenuate degranulation.
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Introduction

In a variety of cell types, various extracellular stimuli act
through cell surface receptors to promote the generation of
inositol 1,4,5-triphosphate (IP3) and consequently release

Ca2+ from intracellular Ca2+ stores, endoplasmic reticulum
(ER) (Berridge, 1993; Reischl et al., 1999; Taylor & Thorn,
2001). IP3-induced depletion of Ca2+ in the ER is generally

accompanied by an increase in Ca2+ entry from external
space (Putney, 1986; 1990; Berridge, 1993; Clapham, 1995).
This process has been known as capacitative calcium entry

(CCE) (Putney, 1986; Clapham, 1995), and it is mediated by
the store-operated channels (SOCs) in the plasma membrane
(Lewis, 1999).
An increase in the level of cytosolic Ca2+ ([Ca2+]i) is an

important component of various biological signals. In mast
cells, it has been generally known that IP3-induced Ca2+ that
is released from the ER, and the subsequent CCE activation

is considered to be essential and ubiquitous mechanisms in
the steps of degranulation mediated by the cross-linking of
IgE-FceRI (Neher, 1991; Reischl et al., 1999; Sullivan et al.,

1999). Among the pathways responsible for the increase in
[Ca2+]i, CCE is more important for the FceRI-mediated
degranulation, because the initial transient increase in [Ca2+]i
produced in the absence of external Ca2+ is not able to cause
degranulation in mast cells (Neher, 1991). In addition, CCE
ful®lls numerous important physiological functions in many

cell types. These functions include gene transcription, cell
cycle and proliferation and apoptosis (Parekh & Penner,
1997; Berridge et al., 1998). The re®lling of stores is
considered to be one of the important physiological functions

of CCE (Parekh & Penner, 1997; Takemura & Putney, 1989).
The release of Ca2+ from the ER involves an initial

transient phase followed by a sustained phase. It has been

suggested that IP3 production is crucial for not only the
initial phase but also for the sustained phase induced by
receptor stimulation (Millard et al., 1989; Hirose et al., 1999;
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Nash et al., 2001). At present, however, the role of IP3 on the
FceRI-mediated sustained increase in [Ca2+]i in mast cells
remains obscure.

Xestospongin C, isolated from the sponge Xestospongia sp.,
has recently been shown to be a membrane-permeable
inhibitor of the IP3-mediated Ca2+ release (Gafni et al.,
1997). Since this discovery, xestospongin C has been widely

used in various types of cells and tissues (Kiselyov et al.,
1998; Hu et al., 1999; Miyamoto et al., 2000). In the present
experiments, we investigated the FceRI-mediated Ca2+

kinetics using xestospongin C both in intact and b-escin
permeabilized RBL-2H3 mast cells.

Methods

Cells

RBL-2H3 cells (ATCC, VA, U.S.A.) were maintained in
Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemen-

ted with 10% foetal bovine serum and 1% penicillin ±
streptomycin. Trypsinized cells were plated into culture dishes
2 ± 3 days before usage. RBL-2H3 cells were incubated

overnight with anti-DNP mouse monoclonal-IgE
(0.05 mg ml71) in DMEM before use.

b-Hexosaminidase secretion

As an index of degranulation, the release of b-hexosamini-

dase was measured as described by Ortega et al. (1989). IgE-
sensitized RBL-2H3 cells (26105 cells per well) in 24-well
plates were washed three times with PIPES bu�er solution.
The attached cells were stimulated at 378C under gentle

rotation. The supernatants were collected and transferred to a
96-well plate. Triton X-100 solution (0.5%) was added to the
cells to quantify the enzyme activity remaining in the cells.

The extracts were transferred to the 96-well plate. To each
well, 50 ml of the substrate solution, namely 1.3 mg ml71

p-nitrophenyl-N-acetyl-b-D-glucosamide in 0.04 M sodium

citrate, pH 4.5, was added. The 96-well plate was incubated
at 378C for 60 min under gentle rotation. A stop solution
(150 ml) containing 0.2 M glycine adjusted to pH 10.0 with
NaOH, was added to each well. The absorbance at 405 nm

(optical density; OD) of each well was measured with the
microplate reader (Model 3550, BIO-RAD, Tokyo, Japan).
The percentage of degranulation was calculated by the

following formula:

%Degranulation�ODsupernatant=�ODsupernatant�ODpellet� � 100

Measurement of [Ca2+]i

RBL-2H3 cells grown on glass cover slips were washed twice
with normal HEPES bu�er solution. The cells were loaded

with fura-PE3 by exposure to normal HEPES bu�er solution
containing 5 mM fura-PE3 acetoxymethyl ester with 0.01%
cremophor EL for 40 min in a dark room at 378C. For the

¯uorescence measurements, cells on glass cover slips were
placed in a bath on the stage of an inverted microscope (TE-
300, NIKON, Tokyo, Japan) equipped with a 40-fold
objective lens. Data acquisition and analysis were performed

with a Ca2+-imaging system (PTI-4700, Photon Technology
International, NJ, U.S.A.). Images of 510 nm ¯uorescence
were captured every 3 s using 340 and 380 nm wavelength

light, and the images at 340 nm were divided by the images at
380 nm to provide resultant ratio images that are indicators
of [Ca2+]i. Data are expressed as relative values that are
derived by taking the resting [Ca2+]i as 0% and the [Ca2+]i in

the presence of 3 mM ionomycin with 3 mM Ca2+ as 100%.
[Ca2+]i was measured within regions of interest (ROI) that
consisted of pixel arrays in which all points were averaged

together. All experiments were performed at 378C.

Quantification of the Ca2+ oscillations

In the RBL-2H3 cells, the changes in [Ca2+]i that were
induced by antigens were oscillatory, asynchronous, irregular

and varied tremendously amongst cells. In this type of cell,
measuring the area under the antigen-induced D[Ca2+]i
time71 curve (AUC) was e�ective for quantifying the
antigen-induced response (Narenjkar et al., 1999). The

following equation was used for calculating the AUC of
each response:

AUC �
X

DX�Yi �Yi�1�=2

The area for each section was calculated as a trapezoid
whose heights were Yi and Yi+1 and whose base was equal to

the interval time between each two samples (DX=3 s).
Finally, the calculated areas for all sections were summed.

Measurement of [Ca2+]ER

RBL-2H3 cells grown on glass cover slips were washed twice
with normal HEPES bu�er solution. The cells were loaded

with mag-fura-2, a low-a�nity ¯uorescent Ca2+ indicator, by
exposure to normal HEPES bu�er solution containing 20 mM
mag-fura-2 acetoxymethyl ester with 0.01% cremophor EL

for 60 min in a dark room at room temperature. The mag-
fura-2-loaded cells were washed several times with Ca2+-free
EGTA solution, then were permeabilized by incubation with

40 mM b-escin for 2 ± 4 min at room temperature to evaluate
the level of Ca2+ in the endoplasmic reticulum (ER)
([Ca2+]ER) by washing out the mag-fura-2 in the cytoplasm.

In this experimental protocol, augmentation and reduction of
the ¯uorescence ratio respectively express an increase and a
decrease in [Ca2+]ER. Data are expressed as relative values,
taking the [Ca2+]ER in the absence of Ca2+ with 10 mM IP3

(the ER Ca2+ is depleted) as 0% and the [Ca2+]ER in the
presence of 1 mM Ca2+ without IP3 (the ER is ®lled with
Ca2+) as 100%. [Ca2+]ER was measured within ROI. All

experiments were performed at room temperature.
The permeabilized cells were stimulated by IP3 (10 mM) and

loaded with Ca2+ in Ca2+-loading solution. This Ca2+

releasing and loading cycle could be repeated several times
in the same permeabilized cells. The permeabilized cells were
conditioned by repeating this Ca2+ releasing and loading

cycle at least twice before usage.

Solutions

Normal PIPES bu�er solution contained (in mM): NaCl 140,
KCl 5, glucose 5.5, MgCl2 0.6, CaCl2 1.0, PIPES 10; BSA
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0.1%, pH 7.4. Low Ca2+ PIPES bu�er solution contained
0.1 mM CaCl2 instead of 1.0 mM CaCl2. Normal HEPES
bu�er solution (in mM): NaCl 125.4, glucose 11.5, KCl 5.9,

MgCl2 1.2, CaCl2 1.5, HEPES 10; pH 7.4. Low Ca2+ HEPES
bu�er solution contained 0.1 mM CaCl2 instead of 1.5 mM

CaCl2. Ca2+-free HEPES bu�er solution contained 0.5 mM

EGTA instead of 1.5 mM CaCl2. Ca
2+-free EGTA solution

contained (in mM): magnesium (methansulphonate)2 0.55,
potassium methansulphonate 131, ATP 3.9, PIPES 20 and
EGTA 1. The ionic strength was adjusted to 0.2 M, and the

pH was adjusted to 6.8 at 208C. Free Ca2+ concentration was
changed by adding an appropriate amount of Ca2+

(methansulphonate)2. The Ca2+-loading solution was added

0.502 mM Ca2+ (methansulphonate)2, and pCa was adjusted
to 6 at 208C. The ionic compositions of these solutions were
calculated by a computer program developed by Fabiato

(1981) with slight modi®cation (Miyamoto et al., 2000).

Chemicals

Xestospongin C was kindly donated by Dr M. Kobayashi
(University of Osaka, Japan). Other drugs used were
dinitrophenyl-human serum albumin (DNP-HSA), monoclo-

nal anti-DNP (mouse IgE isotype), thapsigargin, triton X-100,
p-nitrophenyl-N-acetyl-b-D-glucosamide, DMEM powder,
bovine serum albumin, b-escin (Sigma Chemicals, St. Louis

MO, U.S.A.), fura-PE3/AM (TEF Laboratories, Austin TX,
U.S.A.), mag-fura-2/AM (Molecular Probes, Eugene OR,
U.S.A.), cremophor EL (Nacalai Tesque, Tokyo, Japan), IP3,

EGTA (Dojindo Laboratories, Kumamoto, Japan) and foetal
bovine serum (Filtron, Brooklyn, Australia).

Statistical analysis

The results of the experiments were expressed as means
+s.e.mean. Statistical evaluation of the data was performed

using the unpaired Student's t-test for comparisons between
pairs of groups and by one-way analysis of variance
(ANOVA) followed by either Dunnett's test or the Tukey

test for comparisons among more than two groups. A value
of P50.05 was taken as signi®cant.

Results

Xestospongin C inhibited DNP-HSA-induced secretion

The intracellular b-hexosaminidase was released by DNP-
HSA (0.01 ± 100 ng ml71) stimulation for 30 min in normal

PIPES bu�er solution in a concentration-dependent manner
(data not shown). Ten ng ml71 DNP-HSA induced 80% of
the maximum degranulation that could be induced by

100 ng ml71 DNP-HSA, so the following experiments were
done with 10 ng ml71 DNP-HSA. RBL-2H3 cells were
incubated with or without xestospongin C (1 ± 10 mM) for
15 min in PIPES bu�er solution before being stimulated with

DNP-HSA (10 ng ml71). Xestospongin C inhibited the DNP-
HSA-induced degranulation in a concentration-dependent
manner (Figure 1a).

As shown in Figure 1b, the intracellular b-hexosaminidase
was released also by thapsigargin (1 mM), a potent inhibitor
of Ca2+-ATPase in the ER membrane, for 30 min in normal

PIPES bu�er solution. Xestospongin C (1 ± 10 mM) did not

inhibit the thapsigargin-induced degranulation. The intracel-
lular b-hexosaminidase was also released by thapsigargin
(1 mM) for 30 min in low (0.1 mM) Ca2+ PIPES bu�er

solution (20.4+2.4%, n=4). Xestospongin C did not inhibit
the degranulation (20.3+1.4%, n=4, 3 mM xestospongin C;
17.8+1.1%, n= 4, 10 mM xestospongin C; n=4).

Xestospongin C inhibited DNP-HSA-induced increase in
[Ca2+]i

In normal HEPES bu�er solution (1.5 mM Ca2+), DNP-
HSA (10 ng ml71) induced a sustained increase in [Ca2+]i
with diverse patterns of oscillations (Figure 2a). Pretreat-

Figure 1 E�ect of xestospongin C on degranulation. RBL-2H3 cells
were preincubated without (Control) or with xestospongin C (XestC)
for 15 min at 378C, then were stimulated with either 10 ng ml71

DNP-HSA (a) or 1 mM thapsigargin (TG) (b) for 30 min. The
released b-hexosaminidase was calculated as a percentage of the total
amount of b-hexosaminidase. Results are expressed as mean+
s.e.mean of 8 ± 17 experiments. **Signi®cantly di�erent from the
control with P50.01.
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ment of the cells with xestospongin C (3 ± 10 mM) for
15 min decreased the DNP-HSA-induced sustained increase
in [Ca2+]i. As shown in Figure 2b, xestospongin C

decreased the area under the curve (AUC: see Methods)
induced by DNP-HSA stimulation in a concentration-
dependent manner.

In normal HEPES bu�er solution (1.5 mM Ca2+),
thapsigargin (1 mM) induced a sustained increase in [Ca2+]i
(thapsigargin-induced AUC for 10 min; 22.1+0.6%´s´1000,

n=23). Xestospongin C (3 ± 10 mM) did not change the AUC
(21.5+0.8%´s´1000, n=20, 3 mM xestospongin C; 20.0+
0.7%´s´1000, n=14, 10 mM xestospongin C). Because the

thapsigargin (1 mM)-induced Ca2+ increment in normal
HEPES bu�er solution (1.5 mM Ca2+) was too large to
compare with the e�ect of xestospongin C on DNP-HSA
induced increment of [Ca2+]i, the external solution was

changed to a low Ca2+ HEPES bu�er solution (0.1 mM

Ca2+) 30 s before the stimulation with thapsigargin. In a low
Ca2+ HEPES bu�er solution, the thapsigargin-induced

sustained increase in [Ca2+]i was comparable in amplitude
to that induced by DNP-HSA as shown in Figure 2a.
Xestospongin C (3 ± 10 mM) changed neither the thapsigargin-

induced increase in [Ca2+]i (Figure 2c) nor the AUC (Figure
2d).

Xestospongin C inhibited DNP-HSA-induced Ca2+

release from the ER

As shown in Figure 3a, the addition of DNP-HSA
(10 ng ml71) for 3 min induced a transient increase in
[Ca2+]i in Ca2+-free HEPES bu�er solution. Subsequent

application of thapsigargin (10 mM) elicited a small
increase in [Ca2+]i with a gradual decrease in the
continuous absence of external Ca2+. In the cells treated

with xestospongin C (3 ± 10 mM) for 15 min, DNP-HSA
induced a smaller increase in [Ca2+]i than it did in the
absence of xestospongin C. A subsequent application of
thapsigargin induced a larger increase in [Ca2+]i than that

induced in the absence of xestospongin C. AUC for 3 min
after the DNP-HSA stimulation was decreased (Figure
3b), whereas AUC for 7 min after the thapsigargin

stimulation was increased (Figure 3c) by xestospongin C
in a concentration-dependent manner. Xestospongin C did
not change the total AUC during the stimulation with

Figure 2 E�ect of xestospongin C on the increase in [Ca2+]i (a and c). Typical recording of either 10 ng ml71 DNP-HSA-induced
(a) or 1 mM thapsigargin (TG)-induced (c) increase in [Ca2+]i in the fura-PE3-loaded RBL-2H3 cells without (Control) or with
xestospongin C (XestC). Cells were preincubated with xestospongin C for 15 min. In c, the external solution was changed to a low
Ca2+ HEPES bu�er solution 30 s before stimulation with thapsigargin. (b) AUC for 10 min after the DNP-HSA stimulation in (a).
(d) AUC for 10 min after the TG stimulation in (c). Results are expressed as mean+s.e.mean of 33 ± 46 cells. **Signi®cantly
di�erent from the control with P50.01. N.S. not signi®cantly di�erent.
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DNP-HSA and subsequent thapsigargin for 10 min (Figure
3d).

Xestospongin C inhibited IP3-induced Ca2+ release in the
b-escin-permeabilized cells

To investigate the direct e�ect of xestospongin C on the IP3-

induced Ca2+ release from the ER, [Ca2+]ER was monitored
using mag-fura-2-loaded RBL-2H3 cells permeabilized with
b-escin. After [Ca2+]ER was increased by Ca2+-loading

solution and reached a stable value, the cells were treated
with or without xestospongin C (3 ± 10 mM) for 3 min (Figure
4a). The external solution was changed to a Ca2+-free EGTA

solution 30 s before the stimulation with IP3. In the absence
of xestospongin C (Control), IP3 decreased [Ca2+]ER to the

Figure 3 E�ect of xestospongin C on DNP-HSA-induced Ca2+

release. (a) The fura-PE3-loaded RBL-2H3 cells were stimulated with
10 ng ml71 DNP-HSA for 3 min in Ca2+-free HEPES bu�er
solution followed by subsequent stimulation with 10 mM thapsigargin
(TG) for 7 min. The cells had been preincubated without (Control) or
with xestospongin C (XestC) for 15 min in normal HEPES bu�er
solution. The external solution was changed to Ca2+-free HEPES
bu�er solution for the last 30 s of preincubation. AUC in response to
DNP-HSA (b), to TG (c) or the sum of both (d). Results are
expressed as mean+s.e.mean of 27 ± 38 cells. **Signi®cantly di�erent
from the control with P50.01. N.S. not signi®cantly di�erent.

Figure 4 E�ect of xestospongin C on IP3-induced Ca2+ release. (a)
Typical traces of [Ca2+]ER in the mag-fura-2-loaded RBL-2H3 cells
permeabilized with 40 mM b-escin. After Ca2+-loading solution
(pCa=6) was introduced, the cells were treated without (Control)
or with xestospongin C (XestC) for 3 min. Then the solution was
changed to Ca2+-free EGTA solution 30 s before IP3 stimulation,
and the cells were stimulated by IP3 (10 mM) with or without
continued xestospongin C treatment. (b) [Ca2+]ER 2 min after IP3

stimulation without (Control) or with xestospongin C (XestC)
preincubation for 3 min. Results are expressed as mean+s.e.mean
of 33 ± 59 cells. **Signi®cantly di�erent from the control with
P50.01.
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level close to basal level. The e�ect of IP3 to decrease
[Ca2+]ER was attenuated by the preincubation with xestos-
pongin C. The amount of [Ca2+]ER remaining 2 min after the

addition of IP3 was increased by xestospongin C in a
concentration-dependent manner (Figure 4b).

Xestospongin C inhibited DNP-HSA-induced CCE

To deplete the Ca2+ stores, the cells were stimulated with
DNP-HSA (10 ng ml71) for 5 min in Ca2+-free HEPES

bu�er solution (0.5 mM EGTA). The cells were then treated
with or without xestospongin C (3 ± 10 mM) for 15 min in the
continued absence of external Ca2+ and presence of DNP-

HSA. The external solution was then changed to normal
HEPES bu�er solution (1.5 mM Ca2+) with or without
continuous xestospongin C treatment in the presence of

DNP-HSA (Figure 5a). In the absence of xestospongin C
(control), the addition of Ca2+ to the external solution
induced a transient increase followed by a sustained increase

in [Ca2+]i. Soon after the addition of external Ca2+, the
transient increase in [Ca2+]i was almost the same whether
xestospongin C was present or absent. In the presence of

xestospongin C, however, the sustained increase in [Ca2+]i
was inhibited. As shown in Figure 5b, xestospongin C
decreased the AUC in a concentration-dependent manner.

In the case of thapsigargin-induced depletion of Ca2+

stores followed by re-addition of 0.1 mM Ca2+ in the
continuous presence of thapsigargin (low Ca2+ HEPES bu�er
solution), similar amplitudes of increase in [Ca2+]i were

observed regardless of the treatment with xestospongin C
(3 ± 10 mM) (Figure 5c). As shown in Figure 5d, xestospongin
C did not change the AUC.

Discussion

In the present experiments, we have examined the e�ect of
xestospongin C on FceRI-mediated Ca2+ release, CCE and

Figure 5 E�ect of xestospongin C on the CCE. (a and c) The fura-PE3-loaded RBL-2H3 cells were stimulated with either
10 ng ml71 DNP-HSA (a) or 1 mM thapsigargin (TG) (c) in a Ca2+-free HEPES bu�er solution for 5 min. The cells were
subsequently incubated without (Control) or with xestospongin C (XestC) for 15 min in the continuous presence of DNP-HSA or
thapsigargin. The external solution was then changed to normal HEPES bu�er solution (a) or low Ca2+ HEPES bu�er solution (c)
with or without continued treatment of xestospongin C in the presence of respective agents. Typical recordings are shown. (b) AUC
for 10 min after changing the external solution to normal HEPES bu�er solution in (a). (d) AUC for 10 min after changing the
external solution to low Ca2+ HEPES bu�er solution in (c). Results are expressed as mean+s.e.mean of 32 ± 41 cells. **Signi®cantly
di�erent from the control with P50.01. N.S. not signi®cantly di�erent.
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degranulation. We found that xestospongin C (3 ± 10 mM) did
not change the total amount of ER Ca2+ released by a
combination of DNP-HSA and thapsigargin (Figure 3d).

This result indicates that xestospongin C altered neither the
ER Ca2+ homeostasis maintained by Ca2+ pumps nor the
size of Ca2+ stores in intact RBL-2H3 cells. In contrast,
xestospongin C decreased the DNP-HSA-induced Ca2+

release in Ca2+-free HEPES bu�er solution (Figure 3a,b)
and increased subsequent thapsigargin-induced Ca2+ release
(Figure 3a,c). These results suggest that xestospongin C

inhibits DNP-HSA-induced Ca2+ release. We further inves-
tigated the e�ect of xestospongin C on IP3-induced Ca2+

release from the ER using mag-fura-2-loaded RBL-2H3 cells,

which were permeabilized with b-escin. Exogenously applied
IP3 elicited a Ca2+ release from the ER, and xestospongin C
signi®cantly inhibited the IP3-induced Ca2+ release (Figure 4).

These results suggest that xestospongin C passes through the
plasma membrane of intact RBL-2H3 cells and inhibits IP3-
induced Ca2+ release by blocking the IP3-receptors on the ER
membrane.

We next examined whether xestospongin C a�ects CCE. As
demonstrated in Figure 5c,d, xestospongin C did not change
the thapsigargin-induced CCE, which suggests that xestos-

pongin C does not directly inhibit SOCs. However, as
demonstrated in Figure 5a,b, xestospongin C inhibited
DNP-HSA-induced CCE. Because DNP-HSA, but not

thapsigargin, produces IP3 to deplete the Ca2+ stores, we
considered DNP-HSA-induced CCE to be inhibited by
xestospongin C by its blocking of the IP3 receptors. It has

been suggested that IP3 production is crucial for Ca2+ release
from the ER, not only in the initial transient phase of
increase in [Ca2+]i but also in the sustained phase (Millard et
al., 1989; Hirose et al., 1999; Nash et al., 2001). Once CCE is

activated during the sustained phase of stimulation, increased
[Ca2+]i plays a role in various physiological functions
including the re®lling of Ca2+ stores (Takemura & Putney,

1989; Parekh & Penner, 1997). Taken together, these ®ndings
suggest that IP3 may release Ca2+ from the ER during the
sustained phase of the [Ca2+]i increase in the antigen-

stimulated mast cells.
It has been reported that the activity of CCE inversely

correlates with the amount of Ca2+ in the ER (Sedova et al.,
2000). Soon after the application of Ca2+, as demonstrated

in Figure 5a, the activity of CCE was not changed by the
treatment with xestospongin C. This result may indicate that
the ER had been equally depleted irrespective of the

treatment with xestospongin C. However, xestospongin C
inhibited the CCE during the sustained phase of the [Ca2+]i
increase. These results are consistent with our suggestion that

xestospongin C inhibits the IP3-induced release of Ca2+ with
the consequence of an acceleration of Ca2+ re®lling. In this
way, in the xestospongin C-treated cells, the ER is

replenished with Ca2+ and thus attenuates CCE activation.
Ching et al. (2001) have recently shown that, in RBL-2H3
cells, pathways other than IP3 (i.e. phosphoinositide 3-
kinase) also trigger the Ca2+ in¯ux. The e�ect of

xestospongin C on this pathway should be clari®ed in the
future study.
As demonstrated in Figures 2 and 5, xestospongin C did

not inhibit the thapsigargin-induced CCE, suggesting that
xestospongin C does not inhibit SOCs. However, it has
recently been hypothesized that there is a `conformational-
coupling' between the ER membrane IP3 receptors and the

SOCs in the plasma membrane, and this conformational-
coupling is needed to activate the SOCs (Irvine, 1990).
Moreover, it was reported that xestospongin C prevents the

conformational-coupling in HEK293 cells by the direct
interaction with IP3 receptor and xestospongin C is more
e�ective for the inhibition of CCE than Ca2+ release (Ma et

al., 2000). In our experiments, 3 ± 10 mM xestospongin C did
not change the thapsigargin-induced CCE (Figure 5c,d),
whereas it inhibited the DNP-HSA-induced Ca2+ release

(Figure 3). These results suggest that the susceptibility of
RBL-2H3 mast cells to xestospongin C is di�erent from that
of other cell types reported so far. In addition, in DDT1MF-2
cells, SOCs activation mediated by the conformational-

coupling is inhibited by jasplakinolide, a cell-permeate
stabilizer of actin ®laments (Patterson et al., 1999). In
RBL-2H3 cells, however, jasplakinolide (3 mM) did not inhibit

CCE (our unpublished observation). Given these ®ndings, we
proposed that the conformational-coupling model might not
be applicable to the activation of SOCs in RBL-2H3 cells.

It is generally recognized that in mast cells, degranulation
requires an increase in [Ca2+]i mediated by the CCE (Neher,
1991; Sullivan et al., 1999). As demonstrated in Figure 2,

xestospongin C did not change the thapsigargin-induced
increase in [Ca2+]i, although it inhibited the DNP-HSA-
induced increase in [Ca2+]i. Furthermore, xestospongin C
inhibited the DNP-HSA-induced degranulation without

changing the thapsigargin-induced degranulation (Figure 1).
These results suggest that, in RBL-2H3 cells, xestospongin C
inhibits the DNP-HSA-induced degranulation through the

inhibition of CCE.
In summary, FceRI-mediated production of IP3 contributes

to the increase in [Ca2+]i, not only in the initial transient

phase but also in the subsequent sustained phase. In the
sustained [Ca2+]i increase, Ca

2+ replenished through the CCE
is released again by the continuous production of IP3,
resulting in the prolonged store depletion. Depletion of the

Ca2+ store subsequently activates the CCE, which is a
necessary step for the degranulation in RBL-2H3 mast cells.
Xestospongin C selectively blocks the IP3 receptors and thus

inhibits the [Ca2+]i increase and degranulation.

This work was supported by the Program for Promotion of Basic
Research Activities for Innovative Biosciences (BRAIN) and a
Grant-in-Aid for Scienti®c Research from the Ministry of
Education, Culture, and Sciences.
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