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Cross-linking the high affinity IgE receptor, FcER1, with multivalent antigen induces
inositol 1,4,5-trisphosphate [Ins(1,4,5)P3]-dependent release of intracellular Ca2+ stores,
Ca2+ influx, and secretion of inflammatory mediators from RBL-2H3 mast cells. Here,
fluorescence ratio imaging microscopy was used to characterize the antigen-induced
Ca2' responses of sin§le fura-2-loaded RBL-2H3 cells in the presence and absence of
extracellular Ca2+ (Ca +). As antigen concentration increases toward the optimum for
secretion, more cells show a Ca2+ spike or an abrupt increase in [Ca2 ]i and the lag time
to onset of the response decreases both in the presence and the absence of Ca+. When
Ca2 is absent, fewer cells respond to low antigen and the lag times to response are
longer than those measured in the presence of Cao, indicating that Cao+ contributes to
Ca stores release. Ins(1,4,5)P3 production is not impaired by the removal of Cao I

suggesting that extracellular Ca2+ influences Ca2+ stores release via an effect on the
Ins(1,4,5)P3 receptor. Stimulation with low concentrations of antigen can lead, only in the
presence of Cao , to a small, gradual increase in [Ca2 ]i before the abrupt spike response
that indicates stores release. We propose that this small, initial [Ca2+]i increase is due to
receptor-activated Ca2+ influx that precedes and may facilitate Ca2+ stores release. A
mechanism for capacitative Ca2+ entry also exists in RBL-2H3 cells. Our data su est that
a previously undescribed response to FcERI cross-linking, inhibition of Ca stores
refilling, may be involved in activating capacitative Ca2' entry in antigen-stimulated
RBL-2H3 cells, thus providing the elevated [Ca2+1i required for optimal secretion. The
existence of both capacitative entry and Ca2+ influx that can precede Ca2+ release from
intracellular stores suggests that at least two mechanisms of stimulated Ca2+ influx are
present in RBL-2H3 cells.

INTRODUCTION

In RBL-2H3 rat mucosal mast cells, cross-linking the
high affinity IgE receptor (FcER1)1 stimulates a sus-

* Corresponding author: Cell Pathology Laboratory, Surge Build-
ing, University of New Mexico School of Medicine, Albuquerque,
NM 87131.

1 Abbreviations used: BSA, bovine serum albumin; [Ca2]il, intra-
cellular Ca21 concentration; Ca2+, extracellular Ca2+; DNP, dinitro-
phenol; FcER1, the high affinity receptor for IgE; Ins(1,4,5)P3, inositol
1,4,5-trisphosphate; MEM, minimal essential medium; RBL-2H3, the
2H3 secreting subline of rat basophilic leukemia (RBL) cells; SERCA,
the sarcoplasmic or endoplasmic reticulum Ca2+-ATPase.

tained increase in intracellular Ca2+ concentration
([Ca2+ 1I) that results from the release of intracellular,
stored Ca2+ and from Ca21 influx from the medium
(Pribluda and Metzger, 1987; Stump et al., 1987; Mill-
ard et al., 1989). Both phases of the Ca2' response are
necessary for the release of inflammatory mediators
by degranulation (Fewtrell and Metzger, 1981; Stump
et al., 1987).
RBL-2H3 cells contain receptors for inositol 1,4,5-

trisphosphate [Ins(1,4,5)P3] and they respond to FcER1
cross-linking by increased phosphatidylinositol-spe-
cific phospholipase C activity and Ins(1,4,5)P3 synthe-
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sis (Cunha-Melo et al., 1987; Pribluda and Metzger,
1987; Meyer et al., 1988; Deanin et al., 1991b). It is
therefore likely that the antigen-stimulated release of
stored Ca2" occurs, at least in part, from Ins(1,4,5)P3-
sensitive Ca21 stores. As is the case in other nonexcit-
able cells, stimulated Ca2+ influx in RBL-2H3 cells is
not well understood at present. There is experimental
evidence for the dependence of antigen-stimulated
Ca2+ influx on G protein activity (Narasimhan et al.,
1988; Wilson et al., 1989) and a negative membrane
potential (Kanner and Metzger, 1984; Mohr and Few-
trell, 1987; Millard et al., 1989). Inhibition of Ca2+
influx has been shown after treatment with metal ions
(La3+, Zn2+, and Mn2+), phorbol esters (TPA and
PMA), and tenidap, an anti-inflammatory compound
(Sagi-Eisenberg et al., 1985; Cunha-Melo et al., 1989;
Hide and Beaven, 1991; Cleveland et al., 1993). How-
ever, the membrane protein (or proteins) responsible
for antigen-stimulated Ca2+ influx remains elusive.
Capacitative Ca2+ entry, Ca2+ influx that occurs in

response to depletion of intracellular Ca21 stores (Put-
ney, 1986), has been described in a number of cell
types (Takemura et al., 1989; Hoth and Penner, 1992;
Lee et al., 1993). Recent studies suggest that this path-
way exists in RBL-2H3 cells. Thus, thapsigargin, an
inhibitor of the sarcoplasmic or endoplasmic reticu-
lum Ca2+-ATPase (SERCA) that pumps Ca21 into in-
tracellular stores (Inesi and Sagara, 1992), causes sus-
tained increases in [Ca2+]i by activating capacitative
Ca2+ entry in suspensions of RBL-2H3 cells (Wong et
al., 1991; Cleveland et al., 1993). In addition, Fasolato et
al. (1993) demonstrated a Ca2+ release-activated Ca2+
current in patch-clamped RBL-2H3 cells and provided
evidence that a G protein is involved in the coupling
of empty Ca2+ stores to Ca2+ influx.
The first examination of antigen-stimulated [Ca2+]i

changes in individual RBL-2H3 cells by Millard et al.
(1988) showed that responses in single cells can be
quite different from the average Ca2+ responses mea-
sured in cellpopulations. Lag times from antigen ad-
dition to Ca + response were found to vary widely
from cell to cell and it was noted that the increase in
[Ca2+]i in a single cell could occur much more rapidly
than was apparent in population responses. In a sub-
sequent study in which ratioed images were acquired
in less than 1 s, compared with the 8-10 s time reso-
lution of the previous work, Millard et al. (1989) were
able to demonstrate that antigen stimulation of RBL-
2H3 cells can cause oscillations in [Ca2+]i in some
cells. These oscillations were not abolished by mem-
brane depolarization or removal of Cao+, and thus
appeared to be due to periodic Ca2+ release from
intracellular stores.
To better characterize the antigen-stimulated Ca2+

response, particularly at low concentrations of anti-
gen, we have examined the antigen concentration
dependence of the stimulated Ca2' response in single

RBL-2H3 cells incubated in both the presence and the
absence of Cao . Our data confirm that Ca2+ stores
release occurs at the beginning of the sustained Ca2+
response. They also reveal several new aspects of Ca2+
regulation in activated RBL-2H3 cells, including evi-
dence that extracellular Ca2+ influences Ca2+ stores
release and evidence that Ca2+ influx may be medi-
ated by both receptor-activated and capacitative Ca2+
influx pathways in RBL-2H3 cells. Our results provide
the first evidence that Ca2+ uptake into stores may be
regulated by receptor-activated pathways.

Results of these studies have previously been pub-
lished in abstract form (Lee and Oliver, 1993a; Lee and
Oliver, 1993b).

MATERIALS AND METHODS

Materials
Fura-2AM, Pluronic F-127, and DNP25-conjugated bovine serum
albumin (DNP-BSA) were purchased from Molecular Probes (Eu-
gene, OR). Minimal essential medium (MEM) and streptolysin 0
were purchased from Life Technologies (Grand Island, NY). Dini-
trophenyl (DNP)-specific IgE was purified from mouse ascites con-
taining the Hl-DNP-e-26-82 hybridoma (Liu et al., 1980). Thapsi-
gargin and all other reagents were obtained from Sigma Chemical
(St. Louis, MO).

Cell Culture, Activation, and Fura-2-loading
RBL-2H3 cells were grown on bacterial grade plates in MEM sup-
plemented with 15% fetal calf serum, 50 U/ml penicillin, 0.05
mg/ml streptomycin, and 2 mM L-glutamine. Plates were incubated
at 37°C in an atmosphere of 5% CO2. Cells were primed with 1-2
,tg/ml monoclonal DNP-specific IgE (anti-DNP IgE) at least 2 h
before an experiment and were activated during experiments by the
addition of DNP-BSA. The acetoxy-methylester form of fura-2 (fura-
2AM) was dissolved in a 20% weight/weight solution of pluronic
acid (Pluronic F-127) in Me2SO, added to cells in MEM to a final dye
concentration of 2 ,uM, and the mixture was incubated at room
temperature (RT) for 25-30 min. These loading conditions led to a
uniform cytoplasmic fluorescence with less than 12% of fura-2
fluorescence present in intracellular compartments, as deter-
mined by assays of fluorochrome release after streptolysin 0
permeabilization. For both dye-loading and experiments, cells
were incubated in a Leiden coverslip dish/microincubator (Med-
ical Systems, Greenvale, NY) in an atmosphere of 5% C02/95%
air. Experiments were run at 35'C in Hanks'-BSA solution mod-
ified from Becker (25) and containing (in mM): NaCl, 125; KCl, 5;
Na2HPO4, 0.7; KH2PO4, 0.7; N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid, 10; NaHCO3, 15; glucose, 5.5; MgSO4, 0.75;
CaCl2, 1.8; and 0.05% BSA. In nominally Ca2+-free Hanks'-BSA,
CaCl2 was omitted.

Measurement of [Ca2+]i
[Ca2+]i was measured in individual, fura-2AM-loaded RBL-2H3
cells using fluorescence ratio imaging microscopy. Cells were ob-
served with a Zeiss IM35 inverted fluorescence microscope
equipped with computer-controlled filter wheels and shutters (CRG
Precision Electronics, Houston, TX). Excitation light from a Hg arc
lamp was alternately passed through one of two 10-nm bandpass
filters centered at 360 and 385 nm. Emitted fluorescence was col-
lected with a 510 nm WB 40 filter (all filters, Omega Optical, Brattle-
boro, VT). Fluorescence images were acquired with a Photometrics
Series 200 CCD array camera (Tucson, AZ) using camera exposure
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times of 0.2-0.5 s. A Microvax II computer controlled the filter
wheel movement and image acquisition during experiments.

Solutions were exchanged using a two-syringe device that simul-
taneously added and removed medium. Complete exchange of the
5 ml volume in the Leiden coverslip dish required 45 ml of medium
and took approximately 30 s. Rates of solution exchange were
determined for each solution change and used to determine the time
point at which the solution being added had displaced the dead
volume and entered the coverslip dish (generally 2 s after the start
of the solution exchange). This time point was used as the time of
solution exchange or stimulus addition. Culture medium and ex-
tracellular fura-2 were exchanged for Hanks'-BSA solution just be-
fore beginning an experiment.

After experiments, background images acquired at 360 and 385
nm excitation were subtracted from fluorescence images taken dur-
ing an experiment and 360/385 ratio images were calculated on a
pixel-by-pixel basis. Time resolution of the ratioed images was 2-5
s. Average ratio values for each cell in a field were calculated for a
user-defined area within each cell. All software used for image
acquisition and analysis was written in our laboratory. Average
ratio values were converted to [Ca2"] as described in Grynkiewicz
et al. (1985) using ratio values measured on calibration solutions
containing maximal Ca2" (2 mM) and minimal Ca2" (2 mM EGTA),
and a Kd for fura-2 and Ca2" of 155 nM (determined using the Ca2"
Calibration Buffer Kit, Molecular Probes). Results are reported as
[Ca2"]i versus time. For determining the percentage of responding
cells and lag times to response (Tables 1 and 2), an individual cell
was considered to have given a Ca2" spike response if the rate of
increase in [Ca2"Ii was 9 nM/s or more and the [Ca2"]i increased to
at least 1.8 times its initial level.

Measurement of Secretion
RBL-2H3 cells were plated into 24-well culture dishes at a density of
2 x 105 cells/well. Sixteen to twenty-four hours before an experi-
ment, 0.4 ,uCi/ml [3H]serotonin (5-hydroxytryptamine, Dupont-
NEN, Boston, MA) was added to each well and cells were primed
with 1 ,ug/ml anti-DNP IgE. To assay secretion, medium was aspi-
rated, wells were washed twice with Ca2"-containing Hanks'-BSA,
and 205 ,ul of warmed Hanks'-BSA containing either no additions
(for measurement of spontaneous secretion) or the indicated con-
centrations of DNP-BSA, was added to each well. Plates were incu-
bated at 37°C under 5% CO2 for 20 min. To halt secretion, plates
were chilled in a tray of ice and 0.2 ml of cold phosphate-buffered
saline (PBS) was added to each well. [3Hlserotonin released into the
supernatant was measured by liquid scintillation counting of 0.3 ml
aliquots of the supematants from each well. Percent serotonin re-
lease was calculated based upon duplicate wells lysed with 1%
Triton X-100 and was corrected for blanks taken before the 20-min
incubation. Measurements were performed in duplicate.

Measurement of Ins(1,4,5)P3
IgE-primed cells (20 x 106 cells/ml) were washed once and resus-
pended in either Ca2+-containing or nominally Ca2+-free Hanks'-
BSA solution and 0.4 ml aliquots were activated by the addition of
100 ng/ml DNP-BSA. Ins(1,4,5)P3 levels were determined using the
competitive binding assay described by Deanin et al. (1991a).

RESULTS

The Antigen Concentration Dependence of Ca2+
Responses Measured in the Presence of Ca2
Figure 1 illustrates the typical Ca2+ responses of indi-
vidual, fura-2-loaded RBL-2H3 cells stimulated with
increasing concentrations of DNP-BSA in the presence
of Ca2 (Protocol I). The average lag time from antigen

addition to Ca response and the number of cells
used to determine lag time at each concentration of
antigen are documented in Table 1 (Protocol I). The
percent responding cells and the total numbers of cells
observed at low antigen concentrations are given in
Table 2 (Protocol I). As described in MATERIALS
AND METHODS, the appearance of a Ca2+ spike or
an abrupt increase in [Ca21]i was taken as evidence
that a cell had responded to stimulation, and the onset
of the spike was used to calculate a lag time for the
response. Later, we will discuss the small elevation in
[Ca2+]i that precedes the Ca2+ spike response in some
cells.
There is marked heterogeneity in the appearance

and magnitude of the response, and in the lag time to
response, particularly at the lowest antigen concentra-
tions (0.01 and 0.1 ng/ml DNP-BSA). Despite this
heterogeneity, the magnitude of the Ca2' responses
generally increased (Figure 1) whereas the average lag
times decreased (Table 1), with increasing concentra-
tions of antigen. The standard deviations of the aver-
age lag times also decreased with increasing antigen
concentration, indicating less cell-to-cell heterogeneity
at higher doses of antigen. Millard et al. (1988) re-
ported a similar decrease in lag time and in the stan-
dard deviation of the lag time in RBL-2H3 cells stim-
ulated with increasing concentrations of antigen in the
presence of Cao
Addition of the lowest antigen concentrations (0.01

and 0.1 ng/ml DNP-BSA) activated Ca2' responses in
only a fraction of the observed cells (Table 2, Protocol
I) and these responses frequently consisted of Ca2+
spikes superimposed on only a small increase in base-
line [Ca2i (Figure 1, A and B). At antigen concentra-
tions of 1 ng/ml DNP-BSA and higher, Ca2+ re-
sponses occurred in all cells (Table 2). Ca2' responses
to stimulation with 1 ng/ml DNP-BSA typically con-
sisted of Ca2+ oscillations superimposed on a signifi-
cantly elevated baseline (Figure iC) whereas re-
sponses to activation with concentrations of 10 ng/ml
DNP-BSA and higher were characterized by an abrupt
elevation in [Ca ]i that was sustained or decreased
slowly over time (Figure 1, D-F).
Secretory responses in adherent populations of RBL-

2H3 cells parallelled single-cell Ca2 responses, with
antigen concentrations of 10-100 ng/ml DNP-BSA
eliciting the largest Ca2+ responses (Figure 1, D and E)
and maximal secretion (Figure 2; Oliver et al., 1988;
Seagrave and Oliver, 1990).

The Antigen Concentration Dependence of Ca2+
Responses Measured in the Absence of Ca2+
Figure 3 illustrates typical single-cell Ca2+ responses
in experiments using a protocol patterned after the
Ca2+-free/Ca2+-reintroduction protocol described by-
Grohovaz et al. (1991). Baseline [Ca2+]i was estab-
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Figure 1. The antigen concentration dependence of Ca2" responses in RBL-2H3 cells stimulated in the presence of Cao+ (Protocol I). [Ca2Ii
was measured in individual cells as described in MATERIALS AND METHODS. Cells were activated (arrows) with the indicated
concentrations of antigen (DNP-BSA, A-F). Cells were also activated with 5 ,ug/ml DNP-BSA and responses similar to those illustrated in
F were observed. Antigen was present for the duration of the experiment.

Molecular Biology of the Cell

1.0t

+
0C)-

0.5 +

1.0+

0.5

+
c4(%Ja
C.

I

828

II

I



FcERi-activated Ca2' Responses in RBL-2H3 Cells

Table 1. Comparison of average lag times to Ca2" response mea-
sured in the presence (Protocol I) and absence (Protocol II) of Ca"0

Protocol I Protocol II

Antigen Lag time s Lag time s
(ng/ml) n (SD) + Ca2+ n (SD) ± Ca2+

0.01 12 106 (125) 10 130 (88)
0.1 18 109(94) 20 171 (122)
1 23 48 (47) 27 103 (82)

10 29 28 (17) 25 53 (33)
100 48 25 (12) 30 30 (13)

1000 22 15 (5) 12 24 (8)
5000 24 17 (8) 13 13 (5)

Average lag times, in seconds, from antigen (DNP-BSA) addition to
Ca2+ spike response were determined for each concentration of
antigen and protocol. The number of cells used to calculate each
average is given by n. The standard deviation of each average lag
time is indicated in parentheses.

lished first in the presence, and then the absence of
Ca2+. Antigen was added in the absence of Ca2+, and
stimulation was continued after the re-addition of
Ca2+. The number of cells examined at each antigen
concentration, percent responding cells, and average
lag times to response are given in Tables 1 and 2
(Protocol II). The appearance of a Ca2+ spike was
again taken as evidence that a cell had responded to
antigen stimulation.
When cells were activated in nominally Ca2'-free

medium, the average lag times to response and their
standard deviations decreased (Table 1; Protocol II)
and the percentage of cells showing Ca2+ spike re-
sponses increased (Table 2; Protocol II, first %) with
increasing concentrations of antigen. All cells stimu-
lated with DNP-BSA concentrations of 10 ng/ml or
higher showed Ca2+ spike responses in the absence
ofCao+2
In the absence of Ca2o the antigen-stimulated in-

crease in [Ca2+]i was due only to release of intracel-
lular stores and was transient, returning within 2 min
to a level that, after stimulation with higher concen-
trations of antigen (1 ng/ml DNP-BSA and greater),
was approximately 20-50 nM higher than the pre-
stimulation baseline (Figure 3, C-F). As was observed
in the presence of Ca2+, multiple oscillations in [Ca2+]i
were frequently seen after stimulation with low con-
centrations of antigen. In general, the oscillations ob-
served in the absence of Cao+ were characterized by
more rapid rates of [Ca2+]i increase and decrease and

Table 2. Comparison of percent responding cells in the presence
(Protocol I) and absence (Protocol II) of Ca"0

Protocol I Protocol II

Antigen % Responding cells % Responding cells
(ng/ml) n + Cao+ n -Cao+; ±Cao+

0.01 29 41% 24 25%; 42%
0.1 22 82% 26 54%; 92%
1 24 100% 36 83%; 100%

The percentages of cells giving Ca21 spike responses after the
addition of 0.01, 0.1, and 1 ng/ml DNP-BSA are listed for protocols
I and II. n indicates the number of cells observed under each
condition. The first percentage listed under Protocol II is the fraction
of cells responding in the absence of Ca2+; the second, the fraction
responding at any time during a Protocol II experiment.

appeared to be more uniform than those seen in the
presence of Ca+.' As antigen concentration increased,
the frequency of the oscillations increased while the
number of oscillations decreased (Figure 3, C-F). At
the highest concentrations of antigen, a single tran-
sient elevation in [Ca2+]i was the typical response
observed in the absence of Ca2+. The multiple oscilla-
tions activated by low antigen (Figure 3, B-D) were
characterized by rapid increases and decreases in
[Ca2+]i. The rapid, rising phase of the Ca21 spike is
consistent with the positive feedback effect of released
Ca21 on the further release of Ca2+ from Ins(1,4,5)P3-
sensitive intracellular Ca2+ stores (Bezprozvanny et
al., 1991; Finch et al., 1992; Parys et al., 1992). The rapid
decline presumably reflects the combined activities of
the Ca-* pumps responsible for removing Ca2+ from
the cytosol by efflux and by re-uptake into Ca2+ stores
(Tepikin et al., 1992a,b). Although the Ca2+ transients
stimulated by high concentrations of antigen showed
the same rapid rate of increase as those stimulated by
low antigen, the rate of [Ca2+]j decrease from peak to
baseline was slower after stimulation with high anti-
gen (compare results in Figure 3, C and D with E and
F). Later oscillations at a single antigen concentration
also declined more slowly than the initial oscillations
(Figure 3D).
In the absence of Ca +, oscillations eventually

ceased. However, in the final phase of Protocol II
experiments, the re-addition of Ca2+ always resulted
in an immediate increase in [Ca2+]i whose magnitude
increased along with increasing antigen concentration.
In some cells, returning Ca2 to the medium also
resulted in the resumption of oscillations (Figure 3C).

Vol. 6, July 1995

Figure 1 cont. [Ca2"i (,uM) is plotted as a function of time (min) for three typical cells from at least two separate experiments at each
concentration of antigen; 20-30 cells were observed at each concentration. The top cell in panel A did not show a Ca2+ spike response meeting
the criteria defined in MATERIALS AND METHODS. The top cell in panel B showed a spontaneous oscillation in [Ca2+]i before the addition
of antigen. Spontaneous oscillations were observed in 10-15% of unstimulated cells. Because some spontaneous oscillations were observed
in the absence of Ca 2 (see Figure 3, A, C, and D), they appeared to be due to Ca2' release from and re-uptake into intracellular stores.
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Figure 2. The antigen concentration dependence of secretion in
RBL-2H3 cells. Secretion was assayed using adherent cells as de-
scribed in MATERIALS AND METHODS and is reported as %
release of total cellular [3H]serotonin in 20 min at 37°C. Results are
corrected for spontaneous secretion measured in parallel aliquots of
unstimulated cells. Antigen concentrations are indicated. Data are
averages of four separate experiments, each performed in duplicate.

Based on [Ca2+]i measurements made in cell popu-
lations, previous investigators have concluded that the
release of intracellular Ca21 stores occurs at the begin-
ning of the sustained Ca2' response measured in the
presence of Ca2 (Albert and Tashjian, 1984). Our
single cell measurements support this conclusion. The
transient Ca21 spike responses of cells stimulated in
the absence of Ca2 result from Ca2' release from
intracellular stores (Figure 3). Very similar Ca2+
spikes are the first response of many cells to stimula-
tion with low antigen in the presence of Ca21 (Figure
1, A and B). At higher antigen concentrations, the
sustained Ca2+ response typically begins with one or
two rapid oscillations that most likely result from the
release of intracellular Ca2+ stores (Figure 1, C-E).

Extracellular Ca21 Is Involved in Triggering
Intracellular Ca2+ Responses in Antigen-stimulated
RBL-2H3 Cells
Comparison of the percent responding cells and the
average lag times to Ca2+ response of individual RBL-
2H3 cells stimulated in the presence and absence of
Ca2O (Tables 1 and 2) revealed that extracellular Ca2+
is important in activating Ca2+ spike responses.
At the lowest concentrations of antigen, more cells

gave Ca2+ responses in the presence of Ca2o (Table 2,

Protocol I) than in its absence (Table 2, Protocol II, first
%). However, the percentage of cells showing Ca2+
responses at any time ± Ca2+) during Protocol II
experiments, the second percentage listed under Pro-
tocol II (Table 2), is comparable to the percentage of
cells showing Ca2+ responses in the presence of Ca2O+
(Protocol I) for a given antigen concentration. Thus,
some cells that did not respond in the absence of Ca2O+
did show Ca2+ spike responses once Ca2o was re-
turned to the medium. Three cells demonstrating this
pattern of response are plotted in Figure 3, A and B.
Two additional examples are given in Figure 4. In
approximately 50% of cells (10 of 19) exhibiting stim-
ulated Ca2+ responses after the re-addition of Ca2o
the onset of the stimulated response was well corre-
lated with the re-addition of Ca2+, as illustrated in
Figure 4. The cells plotted in Figure 4, A and B showed
increases in [Ca2+]i at 10 s and 4 s, respectively, after
the re-addition of Ca2+. These results suggest that
Ca2o is involved in triggering Ca2+ s ike responses.

Similar to the effect of removing Cao , the addition
of Ni2+, a Ca2+ influx blocker (Hide and Beaven,
1991), also reduced the percentage of cells showing
Ca2+ spike responses after stimulation with a low
concentration of antigen. Spike responses were ob-
served in 44% of cells (15/34) treated with 5 mM NiCl2
approximately 1 min before stimulation with 0.1
ng/ml DNP-BSA, whereas 82% of control cells stimu-
lated with the same concentration of antigen gave
Ca2+ spike responses (Table 2). These experiments
were done in the presence of Cao . Ca2+ spike re-
sponses in Ni2+-containing medium were similar in
appearance to spikes observed in the absence of Ca2O+
after stimulation with low concentrations of antigen
(Figure 3, A-C).
The average lag times measured in the presence of

Ca2+ are shorter than those in its absence after stim-
ulation with low concentrations of antigen (Table 1).
Using the Wilcoxon Rank Sum Test, these differences
were found to be significant at p < 0.074 for stimula-
tion with 0.1 ng/ml, p < 0.006 at 1 ng/ml, and p <
0.004 at 10 ng/ml DNP-BSA. Although the average lag
time after stimulation with 0.01 ng/ml DNP-BSA was
longer in the absence of Ca 2 than in its presence, this
difference was not significant, probably because cells
were not observed for a long enough period of time to
get a good estimate of the true average lag time at this
low concentration of antigen. Because of uncertainties
in the time of antigen addition and the initial Ca2+
response, it was not possible to conclude that differ-

Molecular Biology of the Cell

Figure 3 (facing page). The antigen concentration dependence of Ca2+ responses in RBL-2H3 cells stimulated first in the absence, and then
in the presence of Ca2 (Protocol II). [Ca2+]i was measured as described in MATERIALS AND METHODS. The indicated concentrations of
antigen (A-F) were added at the arrows and were present for the duration of each experiment. Cells were also activated with 1 ,ig/ml
DNP-BSA and responses similar to those illustrated in E and F were observed. Extracellular Ca2+ was removed from and returned to the
medium by solution exchange at the times indicated by the bars beneath each graph.
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A 1 ng/mI DNP-BSA

I

shows that the amount of Ins(1,4,5)P3 produced in the
absence of Ca2 (dashed line) is elevated compared
with control (solid line) at the early time points, this
was true in only three of five experiments. In the other
two experiments, Ins(1,4,5)P3 levels were approxi-
mately the same in the presence and absence of Ca2
for the first 5 min of stimulation.

Stimulation with Low Concentrations of Antigen
Reveals a Ca2+ Influx that Precedes Ca + Stores
Release in some Cells

.I48 1 0

I In the presence of Ca'+, the Ca2" response of some
2 4 6 8 10 cells to low antigen had two components, the spike

-I Iresponse discussed above that we attribute to Ca2+
release from and uptake into intracellular stores, and a

B 0.1 ng/mI DNP-BSA more gradual elevation in [Ca2+li that is not observed
in the absence of Ca2 and is due, therefore, to Ca2+
influx. This response is illustrated in Figure 6. The
cells plotted in Figure 6, A and B, show Ca2+ spikes
superimposed on a gradual elevation in [Ca2+]i. This
type of response was observed in 73% of cells stimu-
lated with 0.01, 0.1, and 1 ng/ml DNP-BSA. In 19% of
the same cells, a small sustained increase in [Ca2li
that began shortly after antigen addition was the only
Ca2' response observed (solid line, Figure 6C). In
unstimulated control cells (n = 14), baseline [Ca2+I

l l l was generally steady until 5-7 min after the start of the
2 4 6 8 10 experiment, at which point it increased at a rate of 0.1

Time (min) I nM/s or less for the remainder of the experiment
(dashed line, Figure 6C). There was intercellular het-

Re-addition of Ca"+ triggers Ca2+ responses in some erogeneity in both the time of onset of the increase and
id not respond to stimulation in the absence of Cao. its rate. In unstimulated controls, the increase in

Antigen, at the indicated concentrations, was added at the arrows
and was present for the duration of the experiment. Extracellular
Ca2" was present as indicated below each graph. The cell plotted in
B shows an unusually large decrease in [Ca2"]i upon the removal of
C2+.

ences in average lag times between the two protocols
were significant when those differences were smaller
than 8-10 s (Table 1, compare lag times at 100 ng/ml,
1 jig/ml, and 5 ,ug/ml DNP-BSA).

Extracellular Ca2+ Is Not Required for Antigen-
stimulated Production of Ins(1,4,5)P3
One possible explanation for the effect of Ca2 on the
lag times to Ca2+ response and the percentage of
responding cells is that Ins(1,4,5)P3 production might
be reduced in the absence of Cao . If less Ins(1,4,5)P3
were produced, lag times to release of Ins(1,4,5)P3-
sensitive Ca2+ stores would be longer, and the fraction
of cells that could give a Ca2+ response to a sub-
optimal concentration of antigen might be reduced.
Figure 5 shows that antigen-stimulated Ins(1,4,5)P3
production is not inhibited in the absence of Cao .

Although this time course of Ins(1,4,5)P3 production

50.0 r

- 40.0

0.

30.0

0

0 20.0E

_ 10.0r

0.0

G-e +Ca'Ca2+
3 -Ca 2+

- a
/ -,

,

,' "s~~~~

0 5
Time (min)

10

Figure 5. Ins(1,4,5)P3 production in the presence and absence of
Ca". RBL-2H3 cells were stimulated at t = 0 with 100 ng/ml
DNP-BSA and the amount of Ins(1,4,5)P3 produced at the indicated
times in either the presence (circles, solid line) or the absence
(squares, dashed line) of Ca2 was measured as described in
MATERIALS AND METHODS. Each data point is the average of
duplicate samples. Four replicate experiments gave similar re-

sults (see text).
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I A 0.1 ng/ml DNP-BSA

1.01

0.5°

1.0 +

0.5 +

0.0

1.0*

B 1 ng/ml DNP-BSA

1

-~~~~~-S
I

C 0.01 ng/mI DNP-BSA

0.5 -

id line, Figure 6C), the average rate of increase was 0.3
nM/s and its onset was well-correlated with antigen
addition, becoming apparent within 30-60 s. In the
remaining 8% of cells stimulated with the three lowest
concentrations of antigen, no stimulated Ca2' re-
sponse, either a Ca2+ spike or a gradual increase dif-
ferent from unstimulated controls, was apparent.
The 73% of total cells demonstrating Ca2+ spikes

superimposed on a gradual elevation in [Ca2+]i could
be further subdivided into two §roups. In 30% of total
cells, a gradual increase in [Ca ']i preceded the first
spike response. The cell in Figure 6A illustrates this
response, showing an increase in [Ca21I1 that is sus-
tained for 140 s before the first Ca2+ spike and that
reached approximately 60 nM above baseline concen-
tration just before the spike. For all cells in which a
small increase in [Ca2+]i was apparent before the first
Ca2+ spike, the average [Ca2+]i increase just before the
spike was 45 nM, and the average lag time between
antigen addition and the first spike response was 115
s. In 43% of total cells, the gradual [Ca2+]i increase was
not apparent until after the first Ca2+ spike. The cell in
Figure 6B illustrates this response. Because a gradual
elevation in [Ca2+]i that preceded the Ca2+ spike re-
sponse was not observed in the absence of Cao , this
elevation was apparently due to Ca2+ influx and sug-
gests that antigen-stimulated Ca2+ influx can occur
before release of intracellular Ca2+ stores. We hypoth-
esize that this small influx of Ca2O+ is directly activated
by antigen. Its function may be to facilitate Ca2+ stores
release, at least when antigen concentrations are low.

Capacitative Ca2' Entry Occurs in RBL-2H3 Cells

0.0 i;X
2 4 6

Time (min)

Figure 6. Ca2+ responses to activation with low con
antigen in the presence of Ca2+. Antigen, at the indi
trations, was added at the arrows and maintained in tl
the duration of each experiment. (A and B) The dashe
the pre-stimulation Ca + baseline into the period aft4
dition. (C) The dashed line is a plot of [Ca2+]i ove
unstimulated control cell. The Ca2' response illustrat
consisting of a small increase in [Ca2+]i that precedes
spike, was observed in 30% of cells stimulated in ti
Ca2 with 0.01, 0.1, or 1 ng/ml DNP-BSA. In 43% of
baseline increase in [Ca2+]i was detected until after
spike (B). In 19% of the cells, a small increase in the [C
whose onset was well-correlated with antigen addi
only Ca2" response observed (C, solid line).

[Ca2+li over baseline during 10 min of
ranged from 5-25 nM. In the experiments r
by the remaining plots in Figure 6, antigE
occurred at approximately 2.5 min. In the:
that showed the small, gradual increase res

The existence of a mechanism for capacitative Ca2+
8 l'0 entry in RBL-2H3 cells was confirmed using thapsi-

gargin, an inhibitor of SERCA, the Ca2+-ATPase re-
sponsible for Ca21 uptake into intracellular stores

icentrations of (Takemura et al., 1989; Inesi and Sagara, 1992). Under
icated concen- resting conditions, Ca2+ continually "leaks" from in-
he medium for tracellular stores and is returned to the stores by
edrlanetigenads SERCA activity. Inhibition of SERCA by thapsigargin
er time for an gradually empties intracellular Ca2+ stores as Ca2+
red in panel A, leaks from them and is not pumped back in. Capaci-
the first Ca2+ tative Ca2+ entry occurs in response to the depletion
te presence of of Ca2+ stores. In RBL-2H3 cells incubated according
these cells, no

the first Ca2° to Protocol II, thapsigargin addition in the absence of
a2+Ilbaseline, Cao+ led to a slow increase and decrease in [Ca2+I.
ition, was the After the re-addition of Ca [Ca2 ]i increased rap-

idly due to capacitative Ca influx (Figure 7A).
Further evidence for a mechanism of capacitative

Ca2+ entry in RBL-2H3 cells is given in Figure 7, B and
Dbservation C. Here, cells were simply incubated in the absence of
represented Ca2+ and not stimulated in any way. Removal of Ca2O+
en addition did not cause a dramatic change in [Ca2 Ij, although
19% of cells decreases of 10-20 nM were common. Re-addition of
,ponse (sol- Ca2+, however, led to an immediate increase in [Ca211i
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Ca 2+ 1

0.1 ,AM Thapsi

I

Unstimulate

Unstimulate

2 4 6
Time (min)

Figure 7. Capacitative Ca2' entry occurs in RBL
were incubated with 0.1 ,uM thapsigargin (A) or wi
and C) according to Protocol II; Ca2 was present a<
each graph. Thapsigargin addition (arrow, A) le
elevation in [Ca2 ]i in the absence of Cao', and a su

in [Ca2J]i after the re-introduction of Ca Simpl

to the medium after a 5-7 min incubation in its ai
was sufficient to trigger an elevation in [Ca2+]i in
Ca2" elevation led to a Ca2+ spike response in ap
of cells (C).

in 95% of the cells (40 of 42 cells). The
this increase varied from cell to cell, but*
smaller than the increases that were o
re-addition of Ca2+ to stimulated cells (F

igargin In approximately 25% of the cells, a Ca2+ spike re-
sponse was observed after the re-addition of Ca2
(Figure 7C). We suppose that cells incubated in the
absence of Ca 2 use stored Ca21 to help maintain a
steady [Ca2 ]I, depleting their Ca2+ stores in the pro-
cess. Once Ca2+ is returned to the medium, the par-

I1 1 tially depleted stores are able to activate Ca2+ influx
via a capacitative mechanism.

Low Antigen plus Thapsigargin Induces Ca2+ and
Secretory Responses Resembling those Activated by

| High Antigen
We showed in Figure 3, C and D that cells in nom-

d inally Ca2+-free medium respond to low antigen
concentrations with multiple Ca2+ oscillations char-
acterized by rapid rates of increase and decrease.
Activation with higher concentrations of antigen
caused an increase in the frequency and reduction in
the number of oscillations observed (Figure 3E).
Stimulation with the highest concentrations of anti-
gen produced single Ca2+ transients that showed
the same rapid increase in [Ca2+]i as those activated

A.MKW~.A by lower antigen, but a slower rate of [Ca2+]i de-
crease (Figure 3F). To explain the transition from

-i---+---e--- multiple oscillations to single Ca2+ transients, we
I - hypothesized that high antigen concentrations may

inhibit the refilling of intracellular Ca2+ stores. In-
d hibition of Ca2+ store refilling would inhibit Ca2+

oscillations by blocking repeated cycles of release
and re-uptake and would also reduce the rate of
[Ca2+Ji decrease from a spke response by eliminat-
ing one pathway for Ca removal from the cyto-
plasm.
To test this hypothesis, cells were activated simul-

taneously with thapsigargin and 1 ng/ml DNP-BSA
in the absence of Ca2 (Figure 8). No Ca2+ oscilla-
tions were observed in 15 of 15 cells, confirming that
the multiple oscillations usually observed at this

l l antigen concentration (Figure 3C) require Ca2+ re-
8 uptake into intracellular stores. Instead, approxi-

- mately 40% of cells jave a Ca2' response that con-
sisted of a single Ca2 spike (Figure 8A) comparable

1-2H3 cells. Cells to Ca2+ responses after high concentrations of anti-
ith no addition (B gen (Figure 3, E and F). In these cells, antigen stim-
sindicated under ulation was apparently able to elicit a substantial
stained elevation release of stored Ca2+ before it had been depleted
y returning Ca2+ by thapsigargin, but the presence of thapsigargin
bsence (B and C) prevented Ca2+ re-uptake necessary for a second
95% of cells. This Ca2+ spike. Another 25% of cells showed a Ca2+fproximately 25% ...response consisting of an initial slow increase fol-

lowed by a spike response, suggesting that thapsi-
gargin was able to cause some release of stored Ca2+

magnitude of before antigen took effect (Figure 8B). The remain-
was generally ing 35% of cells gave just a slow increase and de-
)bserved after crease in [Ca2+]i (Figure 8C), resembling the re-
'igure 3, A-F). sponse to thapsigargin alone (Figure 7A). These
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1 ng/ml DNP-BS)
+ Thapsigargi

I A
1.0t

0.5 t

0.0

A thapsigargin alone and low antigen alone both induce
in a small secretory response. By inhibiting Ca2' uptake

into intracellular stores, thapsigargin potentiated the
sub-optimal secretory response produced by 1 ng/ml
DNP-BSA, eliciting the same percentage secretion as
was measured in response to 100 ng/ml DNP-BSA.
These results suggest that activating capacitative Ca2+
influx can provide the high [Ca2 Ij needed for opti-
mum secretion, and support our hypothesis that inhi-
bition of Ca2+ uptake into intracellular stores may be

adbg" a mechanism by which antigen-stimulated cells main-
- tain an elevated [Ca2+1i.

B
DISCUSSION

Cross-linking the FcER1 on RBL-2H3 cells leads to a
sustained elevation in [Ca2+1i that is critical for secre-
tion. To dissect the antigen-stimulated Ca2' responses
of RBL-2H3 cells, we have examined these responses
in single cells activated with a wide range of antigen
concentrations in both the presence and absence of
Ca21. Observing changes in [Ca21]i in single cells
allowed us to determine the percentages of respond-
ing cells, the lag times to response, and the nature of
the responses in individual cells. Our results show
that as antigen concentration increases toward the
optimum for secretion, the percentage of cells show-
ing Ca21 stores release increases and the delay to the
onset of Ca2' responses decreases. They confirm pre-
vious evidence that Ca21 stores release occurs at the
beginning of the sustained Ca2' response. They reveal
several new aspects of Ca2' regulation in activated
RBL-2H3 cells, including evidence that extracellular

0.0 -

Ca 2+ 1

1 2 3 4
Time (min)

5 6 7

Figure 8. The addition of thapsigargin to cells stimulated with low
antigen elicits Ca2+ responses comparable to those activated by high
concentrations of antigen. The cells plotted in panels A-C demon-
strate the types of Ca2+ response observed when RBL-2H3 cells
were activated with low antigen (1 ng/ml DNP-BSA) and thapsi-
gargin (0.1 ,M) together, in Ca2+-free medium. The cells plotted in
panels A and B were from the same experiment, performed in the
absence of Ca2+. The cell plotted in panel C was observed initially
in the presence of Ca2+; solution exchange to Ca2+-free medium
was made at the time indicated under the graph.

c)

u, 60-

cic)

40

0

a)
0 20-

1 ng/ml DNP-BSA
100 ng/ml DNP-BSA
100 nM Thapsigargin

+ - + _

_

_ + +_

results establish that thapsigargin, a known inhibi-
tor of SERCA, in combination with a low concentra-
tion of antigen, is able in some cells to produce Ca21
responses that are comparable to those activated by
high concentrations of antigen alone.

Parallel secretion assays (Figure 9) showed that

Figure 9. Thapsigargin addition potentiates secretion stimulated
by low antigen. Secretion was determined from the % release of
[ H]serotonin during a 20 min assay after the addition of the indi-
cated stimuli. Results, corrected for spontaneous secretion, are the
average of duplicate (antigen alone and thapsigargin alone) or

quadruplicate (antigen and thapsigargin together) measurements
from a representative experiment.
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Ca21 is involved in triggering the Ca2+ stores release
response and evidence that Ca21 influx may be medi-
ated by multiple pathways in RBL-2H3 cells.
A role for extracellular Ca2+ in activating the release

of intracellular Ca21 stores was indicated by the
greater percentage of responding cells and the shorter
lag times to the Ca2+ stores release response measured
in cells activated in medium containing Ca21 com-
pared with cells activated in nominally Ca2+-free me-
dium. A reduced percentage of responding cells was
also observed in the presence of extracellular Ni2+,
and suggests that influx of Ca2+ is involved in trig-
gering the release of Ca2.+ stores. Although the secre-
tory response is completely inhibited in Ca2+-free me-
dium, the pathway from receptor cross-linking to
F-actin assembly, membrane ruffling, and sJreading is
intact, demonstrating that removing Ca2 does not
have a general deleterious effect on transmembrane
signalling (Pfeiffer et al., 1985). Although there is sub-
stantial evidence that Ca2 is involved both in main-
taining and setting the frequency of Ca2+ oscillations
(Harootunian et al., 1988; Jacob et al., 1988; Friel and
Tsien, 1992), there is little experimental evidence, par-
ticularly in nonexcitable cells, that Ca2+ is involved in
triggering stores release (oscillations) in the first place.
Previous evidence for the latter comes from stopped-
flow fluorimeter measurements of [Ca2+]i in popula-
tions of platelets. After stimulation with thrombin,
vasopressin, platelet-activating factor, and ADP, the
lag times from agonist addition to Ca2' response were
longer in the absence of Ca2+ than in its presence
(Sage and Rink, 1987). Subsequent studies in ADP-
stimulated platelets showed that the initial [Ca2+]i
increase was comprised of Ca2+ influx, and suggested
that this increase was important in activating the sub-
sequent release of intracellular Ca2+ stores (Sage et al.,
1990).
We report here that levels of Ins(1,4,5)P3 are compa-

rable in cells activated in both the presence and ab-
sence of Ca2+. These measurements, made with an
Ins(1,4,5)P3-specific receptor assay, demonstrate that
removal of Ca2O+ does not affect the activation of phos-
phatidylinositol-specific phospholipase C-y (PtdIns-
specific PLCy), the enzyme implicated in antigen-
stimulated Ins(1,4,5)P3 production in RBL-2H3 cells
(Park et al., 1991; Li et al., 1992; Beaven and Metzger,
1993). Previous studies indicated that the DNP-BSA-
induced production of total inositol phosphates
(Cunha-Melo et al., 1987) and InsP3 (containing both
the 1,3,4 and the 1,4,5 isomers) (Pribluda and Metzger,
1987) was reduced in cells stimulated in the absence of
Ca +. Ins(1,4,5)P3 comprises only a small fraction of
the total inositol phosphates released after stimulation
of RBL-2H3 cells (Cunha-Melo et al., 1987). Because
multiple inositol phosphate species were included in
the measurements made in these previous studies, it is
not possible to conclude from them that the removal of

Ca 2 inhibits the production of the specific isomer,
Ins(1,4,5)P3. It may also be that Cao removal did
inhibit Ins(1,4,5)P3 production in these studies, but
that different experimental conditions can explain
our apparently contradictory results. The Ca2'-free
medium used in both our Ca2' experiments and
Ins(1,4,5)P3 assays contained no added Ca21 or
EGTA. Solution exchange to Ca2+-free medium ei-
ther had no effect on [Ca2+li or led to a small de-
crease (Figure 3). Rhee and Choi (1992) have re-
ported that Ca2+ is required for the activity of
PtdIns-specific PLCy. It is possible that the presence
of EGTA in the Ca2+-free medium used in both of
the previous studies lowered [Ca21]i sufficiently
that Ptdlns-specific PLCy activation and subsequent
Ins(1,4,5)P3 production were inhibited. We conclude
that, in our experiments, the same amount of
Ins(1,4,5)P3 is present after antigen stimulation in
the presence and the absence of Ca21. The longer lag
times to release of Ca2+ stores and the reduced
percentage of responding cells observed in the ab-
sence of Ca21 must be explained by something other
than a reduction in stimulated Ins(1,4,5)P3 levels.
We hypothesize that removing Ca2o or blocking

Ca2' entry impairs Ca21 stores release in part by
reducing the open probability of the Ins(1,4,5)P3 re-
ceptor/Ca2+ channel. There are at least two ways in
which this might occur. A number of studies have
demonstrated that Ca2+ can modulate the opening of
the Ins(1,4,5)P3 receptor/Ca21 channel. For a fixed
concentration of Ins(1,4,5)P3, increases in [Ca2+] to
300-500 nM promote opening of the Ins(1,4,5)P3 re-
ceptor/Ca2+ channel, whereas higher Ca2+ concentra-
tions inhibit Ca2' release from stores (Bezprozvanny
et al., 1991; Finch et al., 1991; Parys et al., 1992). Re-
moving extracellular Ca2+ may impair intracellular
stores release simply by lowering [Ca2+I. In approxi-
mately 50% of cells observed in Protocol II experi-
ments, removal of Ca21 led to a small (10-20 nM)
decrease in [Ca2+I. This decrease may be sufficient to
delay or inhibit the opening of the Ins(1,4,5)P3 recep-
tor/Ca2+ channel at a given, low concentration of
Ins(1,4,5)P3. The Ca2+ content of the intracellular
stores has also been shown to affect the open proba-
bility of the Ins(1,4,5)P3 receptor/Ca2+ channel, under
certain conditions. Specifically, stores that contain low
levels of Ca2+ show a much greater enhancement of
Ca2+ release by increases in [Ca2+]i than do stores that
are maximally loaded (Missiaen et al., 1994). Our data
suggest that incubation in the absence of Ca2+, even
for short periods, can partially deplete intracellular
Ca2+ stores (Figure 7, B and C). A reduced Ca2+
content of the stores would decrease the probability
that the Ins(1,4,5)P3 receptor/Ca2+ channel would be
open for a given [Ca2+]j and Ins(1,4,5)P3 level.
We also propose that extracellular Ca + may play a

more active role in antigen-induced release of Ca2+
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stores through activated influx that can precede and
facilitate stores release. The existence of this influx
pathway was inferred from evidence that approxi-
mately 30% of the cells stimulated with low concen-
trations of antigen in the presence of Ca21 show a
gradual increase in [Ca2+]i that precedes the Ca2+
spike response. This increase is not observed in Ca2+-
free medium, indicating that it results from Ca2+ in-
flux. We propose that this influx is directly stimulated
by IgE receptor cross-linking, although we cannot rule
out the possibility that it may be due to capacitative
entry activated by the emptying of a small pool of
intracellular Ca2+ that was not detected in our mea-
surements. To our knowledge, this is the first time
measurements of [Ca2+]i in single cells have suggested
that Ca2+ influx can precede release of intracellular
stores. As discussed previously, Ca2+ influx that pre-
cedes release from intracellular stores has been mea-
sured in populations of platelets (Sage et al., 1990). In
the generalized model for Ca2+-induced Ca2' release
from either ryanodine- or Ins(1,4,5)P3-sensitive intra-
cellular stores proposed by Berridge (1993), Ca2+ in-
flux that precedes release from intracellular stores is
important both in triggering release by binding to the
stores release channel and in filling the stores before
release. The data presented here are consistent with
this model.
Although we do not conclusively demonstrate the

cause of the extracellular Ca2+ effect on the release of
intracellular stores, our data support the idea that the
open probability of the Ins(1,4,5)P3 receptor/Ca2+
channel is reduced when Ca2+ is removed. The
[Ca2+I, the filling state of intracellular Ca2+ stores,
and the presence or absence of stimulated influx that
can precede stores release may all contribute to the
activated Ca2+ stores release response.
Additional results reported here indicate that capac-

itative Ca2+ entry secondary to antigen-mediated
Ca2+ stores depletion contributes importantly to the
Ca2+ influx necessary for secretion. Studies in RBL-
2H3 cells depleted of Ca2+ stores by thapsi argin
treatment and by incubation in nominally Ca +-free
medium established that Ca2+ stores depletion results
in Ca2+ influx by a capacitative pathway. Subsequent
analyses suggested that high antigen concentrations
are able to prevent the refilling of Ca2+ stores after
their Ins(1,4,5)P3-mediated release. Thus, cells re-
spond to low antigen concentrations with multiple
Ca2+ oscillations that are characterized by rapid in-
creases and decreases in [Ca2+]i and reflect the com-
bined activities of Ca2+ stores release, uptake, and
efflux pathways. They respond to higher antigen con-
centrations with fewer, and frequently single, eleva-
tions in [Ca2+]i whose rates of decrease are signifi-
cantly slower than those activated by lower
concentrations of antigen. We interpret these results as
evidence that high antigen inhibits Ca2+ stores refill-

ing, thereby eliminating one mechanism of Ca2' re-
moval from the cytoplasm, and interrupting the cycle
of Ca2' release and re-uptake that produces multiple
oscillations. Consistent with this interpretation, it was
shown that thapsigargin-induced inhibition of stores
refilling in combination with a low concentration of
antigen produced transient Ca2+ responses that were
comparable to those induced by optimal antigen in a
significant fraction of cells. Finally, we found that low
antigen plus thapsigargin induced the same level of
secretion as optimal antigen when cells were stimu-
lated in the presence of Ca2o, indicating that capaci-
tative Ca2+ entry secondary to Ca2+ stores depletion
can contribute to the secretory response. Previously,
Byron et al. (1992) demonstrated in bradykinin-stimu-
lated fibroblasts that intracellular Ca2l stores are emp-
tied and do not refill in the presence of agonist, despite
the presence of high levels of both intra- and extracel-
lular Ca2+. The similarity between these results and
our current data suggests that the agonist-induced
inhibition of Ca2+ stores refilling may be a general
phenomenon.
The refilling of Ca2+ stores could be inhibited if the

Ins(1,4,5)P3 receptor/Ca2+ channel were continuously
open in cells treated with optimal antigen. Although
some studies suggest that the Ins(1,4,5)P3 receptor is
maintained in an open state in the continuous pres-
ence of high Ins(1,4,5)P3, there is also evidence that, in
the presence of high levels of intracellular Ca2 , this is
not necessarily the case. Thus, Nakade et al. (1991)
have shown in isolated microsomes that the
Ins(1,4,5)P3 receptor/Ca2+ channel does not appear to
desensitize to repeated applications of the same or
higher concentrations of Ins(1,4,5)P3. This result was
confirmed in intact HeLa cells stimulated by increas-
ing concentrations of histamine (Bootman et al., 1994).
On the other hand, it has also been demonstrated that
concentrations of [Ca2+] above 250 nM reversibly in-
hibit Ins(1,4,5)P3 receptor/Ca2+ channels reconsti-
tuted into planar lipid bilayers (Bezprozvanny et al.,
1991). The studies demonstrating maintained receptor
sensitivity to repeated Ins(1,4,5)P3 challenge were con-
ducted in an vitro system in which Ca2 was main-
tained at a low level (Nakade et al., 1991), or in intact
cells in which the stimulus was removed and [Ca2+]i
was allowed to decrease before the next application of
agonist (Bootman et al., 1994). In intact cells in which
stimulation in the presence of Ca2O leads to a main-
tained elevation in (Ca2+I, it seems quite possible that
the Ins(1,4,5)P3 receptor/Ca2+ channel may be inacti-
vated by the high level of Ca2+. Additionally, recent
work in Vermeabilized hepatocytes has shown that,
after Ca stores release, Ins(1,4,5)P3 itself causes a
time-dependent, although not complete, inactivation
of the Ins(1,4,5)P3 receptor/Ca2+ channel that is po-
tentiated by increases in [Ca21]i (Hajnoczky and Tho-
mas, 1994). At present, it is not clear whether or not
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Ins(1,4,5)P3 receptors remain open in intact cells in the
presence of high concentrations of both Ins(1,4,5)P3
and Ca2+.

Alternatively, the refilling of Ca21 stores may be
blocked in antigen-stimulated RBL-2H3 cells by the
antigen dose-dependent inhibition of SERCA, two iso-
types of which have recently been shown to be ex-
pressed in rat mucosal mast cells (Wuytack et al.,
1994). This hypothesis assumes that SERCA inhibition
can occur in two ways, as a pharmacological response
to thapsigargin and, we are suggesting, as a physio-
logical response to optimal antigen. Support for this
hypothesis comes from measurements of Ca2+-acti-
vated CF- current in pancreatic acinar cells. Petersen et
al. (1993) demonstrated that inhibition of SERCA with
low concentrations of thapsigargin could increase
both the spiking frequency and the duration of a sin-
gle current spike, results that are consistent with our
observations that the frequency of Ca2+ oscillations
and the duration of the Ca21 transient both increased
with increasing concentrations of antigen. In addition,
glucagon stimulation of rat hepatocytes has been
shown to inhibit the activity of a related enzyme, the
plasma membrane Ca2+-ATPase, via a G5-dependent
pathway (Lotersztajn et al., 1990; Jouneaux et al., 1993).

In summary, our data confirm that the marked in-
crease in Ca + levels in antigen-activated RBL-2H3
cells is initiated by Ca21 stores release and maintained
by Ca21 influx. They provide substantial evidence that
extracellular Ca21 modulates Ca21 stores release in
intact cells, perhaps via an antigen-induced influx of
Ca2+. The immediate onset of antigen-activated Ca21
influx in some cells suggests that this Ca2+ entry
mechanism is closely coupled to the cross-linked IgE
receptor complexes and can be activated before intra-
cellular Ca21 stores release. They suggest that a pre-
viously undescribed response of RBL-2H3 cells to
FcER1 cross-linking, the inhibition of Ca21 stores re-
filling, supports capacitative Ca21 influx by maintain-
ing Ca2+ stores in an empty state after activation with
high concentrations of antigen. We hypothesize that
capacitative Ca2+ entry may contribute importantly to
the sustained elevation of [Ca2+]i that is necessary for
secretion.
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