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Rat basophilic leukemia (RBL-2H3) cells predominantly express the type II receptor for
inositol 1,4,5-trisphosphate (InsP3), which operates as an InsP3-gated calcium channel. In
these cells, cross-linking the high-affinity immunoglobulin E receptor (FceR1) leads to
activation of phospholipase C g isoforms via tyrosine kinase- and phosphatidylinositol
3-kinase-dependent pathways, release of InsP3-sensitive intracellular Ca21 stores, and a
sustained phase of Ca21 influx. These events are accompanied by a redistribution of type
II InsP3 receptors within the endoplasmic reticulum and nuclear envelope, from a diffuse
pattern with a few small aggregates in resting cells to large isolated clusters after antigen
stimulation. Redistribution of type II InsP3 receptors is also seen after treatment of
RBL-2H3 cells with ionomycin or thapsigargin. InsP3 receptor clustering occurs within
5–10 min of stimulus and persists for up to 1 h in the presence of antigen. Receptor
clustering is independent of endoplasmic reticulum vesiculation, which occurs only at
ionomycin concentrations .1 mM, and maximal clustering responses are dependent on
the presence of extracellular calcium. InsP3 receptor aggregation may be a characteristic
cellular response to Ca21-mobilizing ligands, because similar results are seen after
activation of phospholipase C-linked G-protein-coupled receptors; cholecystokinin
causes type II receptor redistribution in rat pancreatoma AR4–2J cells, and carbachol
causes type III receptor redistribution in muscarinic receptor-expressing hamster lung
fibroblast E36M3R cells. Stimulation of these three cell types leads to a reduction in InsP3
receptor levels only in AR4–2J cells, indicating that receptor clustering does not correlate
with receptor down-regulation. The calcium-dependent aggregation of InsP3 receptors
may contribute to the previously observed changes in affinity for InsP3 in the presence of
elevated Ca21 and/or may establish discrete regions within refilled stores with varying
capacity to release Ca21 when a subsequent stimulus results in production of InsP3.

INTRODUCTION

Cross-linking the immunoglobulin E (IgE)-primed Fce
receptor 1 (FceR1) of rat basophilic leukemia (RBL-
2H3) cells leads to Lyn-mediated phosphorylation of
immunoreceptor tyrosine activation motifs within the
cytoplasmic tails of FceR1 b and g subunits, followed
by recruitment and activation of the tyrosine kinase

Syk (reviewed in Benhamou, 1997). This initial kinase
activation results in stimulation of two isoforms of
phospholipase C-g, PLCg1 and PLCg2, and leads to
elevated levels of inositol 1,4,5-trisphosphate (InsP3)
that are sustained over prolonged periods (.10–15
min) of cross-linking (reviewed in Wilson et al., 1997).
Previous evidence has shown that phosphatidylino-
sitol 3-kinase supports the activation and phosphory-
lation of PLCg1 and is required for maximal InsP3
synthesis (Barker et al., 1995, 1998). Under optimal
cross-linking conditions, intracellular Ca21 stores are
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rapidly depleted and do not refill (R.J. Lee et al., 1997).
Concomitant Ca21 influx supports a persistent eleva-
tion in cytoplasmic Ca21. Influx occurs primarily via
the capacitative Ca21 pathway (Fasolato, et al., 1993),
although there is evidence that a second Ca21 influx
pathway also participates in Ca21 entry into antigen-
stimulated RBL-2H3 cells (Lee and Oliver, 1995). Im-
portantly, sustained elevations in cytoplasmic Ca21

are absolutely required for secretion of histamine, se-
rotonin, and other preformed mediators of the allergic
response (Beaven et al., 1984; Stump et al., 1987).

Mobilization of intracellular calcium stores is medi-
ated by InsP3 receptors, of which there are three
closely related types (reviewed in Joseph, 1996). Al-
though most evidence supports the endoplasmic re-
ticulum (ER) as the principal localization site for InsP3
receptors (Mignery et al., 1989; Ross et al., 1989; Satoh
et al., 1990), there are reports of InsP3 receptor iso-
forms residing in additional locations, including the
plasma membrane (Kuno and Gardner, 1987; Fujimoto
et al., 1992; Khan et al., 1992) and perhaps secretory
granules (Gerasimenko et al., 1996). There is also evi-
dence for concentrations of InsP3 receptors near the
lumenal borders of polarized cells, including intestinal
epithelium (Maranto, 1994), and pancreatic and sali-
vary gland acinar cells (M.G. Lee et al., 1997; Yule et al.,
1997). The molecular basis for this variability in intra-
cellular localization is currently unresolved but is
likely to be determined by undefined protein sorting
motifs within the nonhomologous portions of the
InsP3 receptor isoforms. Because the distribution of
InsP3 receptors has profound implications for the in-
terpretation of calcium responses in nonexcitable cells,
it is important to define both the abundance and lo-
calization of specific isoforms in commonly used
model systems.

Ferris et al. (1989) and Perez et al. (1997) have shown
that incorporation of purified receptors into lipid ves-
icles is sufficient to reconstitute InsP3-mediated Ca21

release, providing proof that InsP3 receptors act as
ligand-gated Ca21 channels. InsP3 receptors can be
regulated in a number of ways. First, they contain
binding sites for Ca21 (Sienaert, et al., 1997), and ele-
vations in free Ca21 from nanomolar to micromolar
concentrations can modify receptor properties. Thus a
rise in Ca21 from 0.1 nM to 0.7 mM converts hepato-
cyte InsP3 receptors from a low-affinity, high-conduc-
tance channel to a high-affinity, low-conductance
channel (Pietri et al., 1990). Similar results have been
reported in RBL cells (Watras, et al., 1994) but not
cerebellum membranes (Worley et al., 1987) or several
other cell types (see Yoneshima et al., 1997, and refer-
ences therein). Recent work suggests that this varia-
tion results from the tissue-specific distribution of
InsP3 receptor types; Yoneshima et al. (1997) found
that micromolar Ca21 increases the ligand-binding af-
finity of recombinant type III InsP3 receptors but has

the opposite effect on the ligand-binding affinity of
type I InsP3 receptors. Second, InsP3 receptor concen-
tration can be modified by “down-regulation” in re-
sponse to chronic activation of certain PLC-linked cell
surface receptors (Wojcikiewicz, et al., 1994). When
this adaptation is initiated, it leads to an 80–90% re-
duction in InsP3 receptor levels within 1–2 h, is depen-
dent on the integrity of Ca 21 stores, and is attributable
to accelerated receptor proteolysis (Wojcikiewicz, et
al., 1994, 1995), via either a calcium-dependent cys-
teine protease (Wojcikiewicz and Oberdorf, 1996) or
the ubiquitin/proteosome pathway (Bokkala and Jo-
seph, 1997).

An intriguing feature of the InsP3 receptors is their
ability to release incremental fractions of Ca21 from
intracellular stores in response to repetitive, submaxi-
mal concentrations of InsP3 (Muallem, et al., 1989;
Kindman and Meyer, 1993). The mechanisms under-
lying this unusual property, referred to as “quantal
release,” are unknown but have been variously attrib-
uted to receptor desensitization or to stepwise mobi-
lization of Ca21 from discrete stores (see Beecroft and
Taylor, 1997, and references therein). However, stud-
ies of Ca21 transport in vesicles containing reconsti-
tuted receptors suggest that it is a fundamental prop-
erty of the receptor (Ferris, et al., 1992), and Keizer and
colleagues (1995, review) have proposed a model
whereby repetitive increments raise the height of the
bell-shaped dependence of the InsP3-gated channel for
cytoplasmic Ca21. Understanding the complex nature
of Ca21 store regulation must now take into account
new evidence that the sarcoplasmic reticulum and ER
may be organized into distinct compartments of Ca21

stores (Golovina and Blaustein, 1997), possibly gov-
erned by the unequal distribution of calcium-binding
proteins and transporters (Simpson et al., 1997). A
recent report using the RBL-2H3 model system sug-
gests that depletion of Ca21 stores in the presence of
extracellular Ca21 leads to restricted diffusion of an ER
lumenal marker (Subramanian and Meyer, 1997).

Here, we show that FceR1 cross-linking and other
calcium-mobilizing treatments cause a rapid and pro-
gressive aggregation of type II InsP3 receptors within
the ER of RBL-2H3 cells and that maximal aggregation
requires Ca21 influx to sustain elevations in intracel-
lular Ca21. We also show that Ca21 mobilization me-
diated by G-protein-coupled receptors induces clus-
tering of type II receptors in AR4–2J rat pancreatoma
cells and of type III receptors in E36M3R Chinese ham-
ster lung cells. We speculate that calcium-induced ag-
gregation of InsP3 receptors may underlie some of the
previously observed Ca21-induced changes in recep-
tor properties. Furthermore, redistribution of recep-
tors could contribute to the organization of refilled
stores into InsP3-sensitive and -insensitive compart-
ments.

B.S. Wilson et al.

Molecular Biology of the Cell1466



MATERIALS AND METHODS

Materials
FITC- and cyanin 3 (Cy3)-conjugated secondary antibodies were
from Jackson ImmunoResearch (West Grove, PA). Dinitrophenol-
conjugated bovine serum albumin (DNP-BSA) was purchased from
Molecular Probes (Eugene, OR); ionomycin was from Calbiochem
(San Diego, CA); and thapsigargin, carbachol, cholecystokinin
(CCK), and phorbol 12-myristate 13-acetate (PMA) were from
Sigma (St. Louis, MO). DNP-specific IgE was purified from mouse
ascites containing the H1-DNAP-e-26-82 hybridoma (Liu et al.,
1980). Culture reagents for RBL-2H3 cells were from HyClone (Lo-
gan, UT), and those for AR4–2J and E36M3R cells were from Life
Technologies, Inc. (Grand Island, NY). Affinity-purified rabbit CT1
and CT2 antibodies, which recognize types I and II InsP3 receptors
respectively, were prepared as previously described (Wojcikiewicz,
1995). Mouse monoclonal antibody to the type III InsP3 receptor
(TLIII) was purchased from Transduction Laboratories (Lexington,
KY).

Cell Culture and Activation
RBL-2H3 cells were cultured on tissue culture flasks in MEM sup-
plemented with 15% fetal calf serum, penicillin-streptomycin, and
l-glutamine. In most experiments, IgE receptors were primed by the
addition of anti-DNP-IgE (1 mg/ml) for 12–20 h. Cells were then
washed to remove excess IgE and activated by the addition of 1
mg/ml polyvalent antigen DNP-BSA at 37°C. Alternatively, cells
were activated for 10 min with the Ca21-mobilizing agents ionomy-
cin (1 or 5 mM) and thapsigargin (250 nM). Assays were performed
in Hank’s BSA buffer (125 mM NaCl, 5 mM KCl, 0.7 mM Na2HP04,
0.7 mM NaH2PO4, 15 mM NaHCO3, 5.5 mM glucose, 0.75 mM
MgCl2, 1.8 mM CaCl2, and 0.05% BSA).

ARJ-2J rat pancreatoma cells were cultured as described (Wojcik-
iewicz, 1995). E36M3R cells were derived from E36 Chinese hamster
lung cells (Kulka et al., 1988) by transfection with human m3-
muscarinic receptor cDNA in a pcDNA3 vector. Transfected cells
were selected in 1 mg/ml Geneticin, and m3 receptor expression
was confirmed by measuring the ability of carbachol to induce
increases in intracellular Ca21 concentration. These cells were cul-
tured in DMEM supplemented with 10% fetal calf serum, antibiot-
ics, nonessential amino acids, and 0.5 mg/ml Geneticin.

Western Blotting
Suspension cultures of IgE-primed RBL-2H3 cells were harvested,
resuspended in warm Hank’s BSA buffer (1 3 107 cells/ml), and
incubated at 37°C for indicated times plus or minus stimulus with
DNP-BSA. Tubes containing the cell suspensions were transferred
to a tray of ice and washed immediately with ice-cold PBS by
low-speed centrifugation, and tubes containing cell pellets were
rapidly frozen by immersion in liquid nitrogen. Monolayers of
E36M3R cells were incubated with or without carbachol and were
harvested with 155 mM NaCl, 10 mM HEPES, and 1 mM EDTA (pH
7.4). Cells were then homogenized in ice-cold hypotonic buffer [10 mM
Tris, 1 mM EGTA, 0.2 mM PMSF, 1 mM dithiothreitol, 10 mM leupep-
tin, 10 mM pepstatin, and 0.2 mM soybean trypsin inhibitor (pH. 7.4)].
Membranes were collected by centrifugation (16,000 3 g at 4°C for 10
min) and resuspended in hypotonic buffer for protein determination.
Samples were immunoblotted as described (Wojcikiewicz, 1995).

Sucrose Density Gradients
Suspension cultures of IgE-primed RBL-2H3 cells were harvested
(60 3 106 cells), resuspended in warm Hank’s BSA buffer, and
incubated at 37°C for 10 min with or without 1 mg/ml DNP-BSA.
Cell pellets were lysed in 200 ml of 50 mM Tris buffer (pH 8.3)
containing 1 mM EDTA, 1% CHAPS, and 1 mM PMSF. Insoluble
material was collected by microcentrifugation at 4°C and the super-

natants were loaded on 5–20% sucrose gradients prepared in 50 mM
Tris (pH 8.3), 1 mM EDTA, and 0.5% CHAPS. Tubes were centri-
fuged at 160,000 3 g at 4°C for 4 h in Beckman (Fullerton, CA)
Optima TL ultracentrifuge using a TLS 55 rotor. Thirteen fractions
of 150 ml each were collected into clean tubes; 20 ml of 83 Laemmli
sample buffer were added; and the samples were boiled for 5 min.
Aliquots (80 ml) were analyzed by SDS-PAGE (5% gels) followed by
immunoblotting as described (Wojcikiewicz, 1995). Negatives were
scanned using a Hamamatsu (Bridgewater, NJ) camera interfaced to
a Compix (Cranberry Township, PA) imager processor. One-dimen-
sional gel analysis was performed using Compix Simple software.

Immunofluorescence Labeling of InsP31 receptors
and Immunoglobulin-binding Protein (BiP)
For fluorescence microscopy, monolayers of RBL-2H3 cells on glass
coverslips were activated for specified times at 37°C in Hank’s BSA
or medium with DNP-BSA, ionomycin, or thapsigargin. In some
experiments, coverslips were coated with fibronectin. In some cases,
Ca21 was omitted from the Hank’s BSA buffer to stimulate cells in
nominally Ca21-free medium (Lee and Oliver, 1995). Cells were
fixed for 10 min with 2% paraformaldehyde in PBS (pH 7.4), fol-
lowed by 10 min permeabilization with 0.1% Triton X-100. The
coverslips were washed in PBS and incubated sequentially with
primary antibodies (1 mg/ml peptide affinity-purified CT2 or 1
mg/ml monoclonal anti-BiP; StressGen, Victoria, British Columbia,
Canada), followed by FITC-conjugated anti-mouse antibodies or
Cy3-conjugated anti-rabbit antibodies. Antibody solutions included
1% BSA (Ig-free BSA, Sigma). Where stated, blocking peptide was
included with CT2 antibodies at 10 mg/ml. Coverslips were
mounted on slides using Vectashield (Vector Laboratories, Burlin-
game, CA) and photographed using a Zeiss (Thornwood, NY) Pho-
tomicroscope III equipped for epifluorescence microscopy. Matched
exposure times (60 or 90 s) were used to normalize photographs
within a single experiment. For image analysis, data were acquired
using a Photometrics (Huntington Beach, CA) CH250 charge-coupled
device camera interfaced to a Compix image processor. Cells were
marked by hand and thresholded to locate bright spots corresponding
to receptor aggregates, and the number of spots per cell was deter-
mined using Compix Simple software. For double-labeling experi-
ments, samples were photographed using a Nikon (Garden City, NY)
Optiphot equipped with a triple cube fluorescence filter (ChromaLabs)
or, alternatively, analyzed by confocal microscopy using a Bio-Rad
(Richmond, CA) MRC 600 microscope. For flow cytometry, suspension
cultures were incubated with or without DNP-BSA followed by iden-
tical fixation and staining protocols using CT2 antibodies, as described
above. Fluorescence intensity for FITC labeling of type II InsP3 recep-
tors was quantified using a Coulter (Hialeah, FL) Elite flow cytometer.

For AR4–2J and E36M3R cells, methods were essentially identical,
except that cells were stimulated in normal culture medium and
were then fixed with 3.6% paraformaldehyde (Acros Organics, New
Brunswick, NJ) buffered in Dulbecco’s PBS with Ca21 and Mg21.
Subsequent steps were performed in Ca21- and Mg21-free PBS; cells
were permeabilized with 0.2% Triton X-100 for 10 min, washed, and
incubated for 1 h with CT2 and TLIII antibodies, respectively, plus
10% fetal calf serum followed by rhodamine-conjugated donkey
secondary antibodies (Chemicon, Temecula, CA), also in 10% fetal
calf serum. Coverslips were rinsed, mounted in 90% glycerol/0.1%
p-phenylenediamine, and photographed using a Nikon Microphot-
FXA fluorescence microscope. Negatives were scanned with a Po-
laroid SprintScan 35 and compiled with Adobe 3.0 software.

Transmission Electron Microscopy (TEM)
Suspension cultures of RBL-2H3 cells were incubated for 10 min at
37°C in medium with DNP-BSA (1 mg/ml), ionomycin (1 or 5 mM),
or no stimulus. Cells were fixed with 2% glutaraldehyde in cacody-
late buffer (pH 7.4) and processed for TEM as described by Pfeiffer
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et al. (1985). Samples were analyzed and photographed using a
Hitachi (Mountain View, CA) 600 transmission electron microscope.

RESULTS

InsP3 Receptor isoform expression in RBL-2H3 cells
It has been inferred from previous analyses of mRNA
levels that RBL-2H3 cells express type I–III InsP3 re-
ceptors with the type II (and perhaps a closely related
species) constituting ;70% of total (De Smedt et al.,
1994; Parys et al. 1995). A more recent report indicates
that the entirety of this 70% is type II receptor (De
Smedt et al., 1997). We confirmed this by immunoblot-
ting RBL-2H3 cell membrane preparations in a manner
that allows for quantitation of InsP3 receptors (Wojcik-
iewicz, 1995); the results indicate that the relative abun-
dance of type I, II, and III receptors is ;10, 70, and 20%,
respectively (our unpublished observations).

Type II InsP3 Receptors Colocalize with an ER
Marker in Resting RBL-2H3 Cells
We used immunofluorescence labeling and confocal
microscopy to identify the intracellular localization of
type II InsP3 receptors in resting RBL-2H3 cells. Type
I and III receptors were too scarce for detection by
immunofluorescence methods. As shown in Figure
1A, a fine reticular pattern is seen in cells stained with
CT2 antibodies, which recognize a unique C-terminal
sequence in type II InsP3 receptors, followed by anti-
rabbit Cy3-conjugated secondary antibodies. Immu-

noreactivity is also seen along the nuclear envelope,
which is contiguous with the ER. To unequivocably
identify these structures as the ER, cells were double
labeled with monoclonal antibodies to BiP, a member
of the heat shock protein 70 family of chaperones and
an ER resident protein (Hass, 1994; Figure 1B). The
reticular patterns are identical and indicate that the
type II InsP3 receptor typically has a diffuse distribu-
tion within the ER of resting RBL-2H3 cells.

Type II InsP3 Receptors Form Large Clusters after
Stimulation of RBL-2H3 Cells with Calcium-
mobilizing Agents
As shown in Figure 2, there is a dramatic change in the
appearance of type II InsP3 receptors after activation

Figure 1. Colocalization of type II InsP3 receptors and BiP in the ER of RBL-3H3 cells. (A) Confocal image showing cells fixed,
permeabilized, and stained with CT2 polyclonal antibodies against the type II InsP3 receptor, followed by Cy3-conjugated secondary
antibodies. (B) Confocal image of the same field double labeled with monoclonal antibodies to the ER resident protein BiP, followed by
FITC-conjugated secondary antibodies. Bar, 25 mm.

Figure 2 (facing page). Changes in distribution of type II InsP3
receptors after activation of RBL-2H3 cells. Cells were grown on
glass coverslips and fixed before (A) or after (B–H) incubation at
37°C with calcium-mobilizing agents, followed by permeabilization
and staining with CT2 antibodies and Cy3-conjugated secondary
antibodies. Cells in B and C were primed with DNP-specific IgE,
washed, and stimulated for 10 min or 1 h, respectively, with DNP-
BSA (1 mg/ml). The coverslip shown in D was treated identically to
that in B, except that immunizing peptide was added during incuba-
tion with CT2 primary antibodies. Cells in E and F were incubated for
10 min with 1 mM ionomycin with (E) or without (F) extracellular
calcium. Cells in G and H were incubated for 10 min with 250 nM
thapsigargin with (G) or without (F) extracellular calcium. Results are
representative of at least four separate experiments.
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Figure 2.
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of RBL-2H3 cells with antigen, which cross-links
FceR1, or with the calcium-mobilizing agents ionomy-
cin and thapsigargin. Figure 2A shows the typical
diffuse pattern for type II InsP3 receptors in the
rounded and poorly adherent resting RBL-2H3 cell, as
seen by epifluorescence analysis of whole cells. In
resting cells, there are consistently a few brightly la-
beled spots suggestive of small aggregates. After 10
min (Figure 2B) or 1 h (Figure 2C) of antigen stimula-
tion, RBL-2H3 cells dramatically up-regulate their ad-
hesive properties and spread. Here, the type II InsP3
receptors are seen in large clusters, concentrating
around the nuclear envelope and dispersed through-
out the cytoplasm. The pattern is specific for type II
InsP3 receptors, because it is abolished by the presence
of immunizing peptide during incubation with CT2
(Figure 2D). Similar patterns of receptor clustering are
seen in cells treated for 10 min with 1 mM ionomycin
(Figure 2E) or 250 nM thapsigargin (Figure 2G). These
agents fail to stimulate cell adhesion and spreading,
indicating that clustering is not dependent on morpho-
logical changes that accompany antigen stimulation.
However, the clustering of type II InsP3 receptors is
largely prevented if cells are activated with ionomycin
(Figure 2F), thapsigargin (Figure 2H), or antigen (our
unpublished observations) in the absence of extracellular
calcium. These results suggest that Ca21 influx is specif-
ically necessary for type II InsP3 receptor redistribution.

Binding of Type II InsP3 Receptor Antibodies Is Not
Affected by Activation State
The intensely bright spots labeled with antibodies to
type II InsP3 receptors in activated cells raised the

possibility that epitope unmasking could potentially
enhance the binding of CT2 antibodies to target recep-
tors. To rule out this possibility, suspension cultures of
RBL-2H3 cells were activated, fixed, permeabilized,
and stained using protocols identical to those for mi-
croscopy. Their fluorescence intenstiy was measured
by flow cytometry. As shown in Figure 3A, there was
no increase in the overall intensity of CT2 labeling in
activated cells, compared with resting RBL-2H3 cells.
Indeed, the slight downward shift in the mean intensity
of label for antigen-stimulated cells is possibly at-
tributible to quenching of signal within large clusters.

Receptor Aggregates Increase in Number after
Antigen Stimulation in RBL-2H3 Cells
We used digital image analysis to confirm the visual
perception of receptor aggregation. Resting cells were
compared with cells stimulated for 10 min with anti-
gen. Results of this analysis show approximately three
times more intensely bright spots corresponding to
receptor clusters in antigen-stimulated cells in com-
parison with resting cells (Figure 3B).

Changes in the ER Follow Calcium Mobilization in
RBL-2H3 Cells
Earlier reports have suggested that prolonged treatment
with calcium ionophores can lead to profound changes
in the ER, including vesiculation and restricted diffusion
of ER resident proteins (Koch et al., 1988; Subramanian
and Meyer, 1997). We used antibodies to BiP to analyze
the integrity and general morphology of the ER by im-
munofluorescence microscopy. As shown in Figure 4A,

Figure 3. (A) Total immunofluoresence labeling of RBL-2H3 cells with CT2 antibodies does not change after antigen stimulation. Suspension
cultures of DNP-specific, IgE-primed RBL-2H3 cells were fixed before (dotted and solid lines) or after (dashed line) 10-min activation with
antigen (1 mg/ml DNP-BSA). Permeabilized cells were stained with CT2 antibodies directed at type II InsP3 receptors (solid and dashed
lines), followed by FITC-conjugated secondary antibodies, or with secondary antibody alone (dotted line). Fluorescence was quantitated by
flow cytometry. (B) Receptor aggregates increase after antigen stimulation. Coverslips were prepared as described in the legend to Figure 2
and documented using a Zeiss Photomicroscope III equipped with a computer-interfaced Photometrics charge-coupled device camera.
Images were acquired for a minimum of 15 fields, totaling .70 cells for each condition. Image analysis was performed using Compix Simple
software. Cell boundaries were manually defined in each field, and a threshold was set for object recognition using the Sobel function. Data
are expressed as objects per unit area 6 SEM; significance was determined using the unpaired t test (p , 0.0001).
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the ER of resting RBL-2H3 cells comprises a fine mesh-
work of interconnecting tubules. After 10 min of stimu-
lation with antigen (Figure 4B, 1 mg/ml DNP-BSA) or
with ionomycin (Figure 4C, 1 mM), BiP staining within
the ER tubules has a coarser appearance and often re-
sembles beads on a string. Vesiculation of the ER was not
observed with antigen stimulation and only rarely seen
after 1 mM ionomycin treatment. However, increasing
the concentration of ionomycin to 5 mM had a pro-
found effect on the ER. As shown in Figure 4D, this led
to almost complete vesiculation of the ER within 10
min. Cell viability was also rapidly compromised at
the higher ionomycin concentration (our unpublished
observations).

The general morphology of the ER was further doc-
umented by TEM. A typical thin section of a resting
RBL-2H3 cell is shown in Figure 5A. The ER (Figure
5A, arrowhead) is seen as narrow ribbons that extend
through the cytoplasm. Mitochondria (M) are fre-

quently in very close opposition to the ER. Although
immunofluorescence labeling of the ER marker BiP
appears to be discontinous in cells treated with antigen
(Figure 4, B and C), there is no gross change in the
appearance of the ER in TEM sections after antigen stim-
ulation (Figure 5B). This suggests that changes in protein
mobility, and not a physical restriction, take place in the
ER of antigen-stimulated cells. Similarly, although swell-
ing of the ER was noted in a small fraction of cells treated
with 1 mM ionomycin, the ERs in the majority of these
cells were not markedly altered (Figure 5C). Finally,
Figure 5D shows the vesiculation of the ER that occurs in
RBL-2H3 cells treated for 10 min with high (5 mM) iono-
mycin concentrations.

Clustered Type II InsP3 Receptors Are Distributed
throughout the ER and the Nuclear Envelope
To confirm that the receptor clusters were still as-
sociated with the ER, we used double-labeling pro-

Figure 4. Distribution of BiP within the ER of DNP-specific IgE primed-RBL-2H3 cells before (A) or after 10 min at 37°C with 1 mg/ml
DNP-BSA (B), 1 mM ionomycin (C), or 5 mM ionomycin (D). Cells were fixed, permeabilized, and labeled with anti-BiP antibodies as described
in MATERIALS AND METHODS. Micrographs are representative of results at least three independent experiments.
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Figure 5.
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cedures to compare the distributions of type II InsP3
receptors and BiP in stimulated RBL-2H3 cells. Results
are shown in Figure 6, A and B, for antigen-stimulated
cells and Figure 6C for cells treated with 1 mM ionomy-
cin. These photographs clearly document that InsP3 re-
ceptor clusters (yellow and red) are dispersed along the
ER network (green), as well as concentrated along the
nuclear envelope. Arrowheads point to examples of in-
dividual clusters that align with an ER tubule. These
data show that InsP3 receptors do not require massive
ER vesiculation for aggregation but do not rule out the
possibility that aggregates pinch off from the ER to form
small ER-associated vesicles resembling the calciosomes
previously described by others (Hashimoto et al. 1988;
Volpe et al., 1988).

Receptor Clustering Is a Characteristic Feature of
InsP3 Receptors in Activated Cells
We also sought to determine whether InsP3 receptors
were redistributed after activation of G-protein-cou-
pled receptors. For these studies we examined E36M3R

cells, which express predominantly type III InsP3 re-
ceptors and which, by virtue of being transfected with
human m3-muscarinic receptor cDNA, mobilize cal-
cium in response to carbachol (Wojcikiewicz, unpub-
lished data). We also examined AR4–2J cells, which
express predominantly type II receptor (Wojcikiewicz,
1995) and mobilize Ca21 in response to CCK (Simeone
et al., 1995). Figure 7A shows that type III receptors are
distributed diffusely in resting E36M3R cells. Figure 7,
B–D, shows that exposure to carbachol for 10–60 min
leads to receptor clustering. This effect was maximal by
30 min, was blocked by atropine (Figure 7E), was re-
versed 30 min after withdrawal of carbachol, and was
not seen in untransfected carbachol-treated E36 cells (our
unpublished results), indicating that it is muscarinic re-
ceptor mediated. The effect of carbachol was not mim-
icked by PMA (Figure 7F) but was mimicked by thapsi-
gargin (Figure 7G), indicating that release of Ca21 from
intracellular stores is critical to this process.

Activation of AR4–2J cells with CCK (Figure 7, H–K)
showed a similar response to that seen in E36M3R cells,
except that in addition to receptor clustering there was a
gradual loss in intensity of immunofluorescence stain-
ing, as predicted based on previous evidence that InsP3
receptors are down-regulated in these cells after pro-
longed stimulus (Wojcikiewicz, 1995).

Figure 6. Clustered type II InsP3 receptors align with ER tubules in
activated RBL-2H3 cells. Cells were grown on coverslips, primed
with DNP-specific IgE, and incubated for 10 min at 37°C with 1
mg/ml DNP-BSA (A and B) or 1 mM ionomycin (C). Cells were fixed
and doubled labeled with CT2 polyclonal antibodies and Cy3-
conjugated secondary antibodies together with anti-BiP monoclonal
antibody and FITC-conjugated secondary antibodies. Arrowheads
point to examples of receptor clusters on ER tubules that extend into
the cell periphery.Figure 5 (facing page). Morphology of the ER in DNP-specific

IgE-primed RBL-2H3 cells before (A) or after stimulus for 10 min at
37°C with 1 mg/ml DNP-BSA (B), 1 mM ionomycin (C), or 5 mM
ionomycin (D). Cells were fixed with glutaraldehyde and processed
for TEM. M, mitochondria. Bar, 1 mm.
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Receptor Clustering Does Not Correlate with
Degradation of InsP3 Receptors
We next examined the possibility that receptor clus-
tering correlates with, and perhaps leads to, InsP3
receptor down-regulation by degradation. For these
experiments, RBL-2H3 and E36M3R cells were stimu-
lated with either antigen or carbachol, membrane frac-
tions were prepared, and levels of InsP3 receptors
were determined by SDS-PAGE and Western blotting.
As shown in Figure 8, there is no apparent relation-
ship between the ability of agonists to stimulate recep-
tor clustering and receptor degradation. After 2 h of
exposure to antigen, there is no change in type II InsP3
receptor levels in RBL-2H3 cells (Figure 8A). Similarly,
4 h of exposure to carbachol stimulation fails to alter

type III InsP3 receptor levels in E36M3R cells (Figure
8B). Thus, of the three cell types examined here, only
stimulation of AR4–2J pancreatic cells leads to down-
regulation of InsP3 receptors (Wojcikiewicz, 1995).

Clustered Receptors Migrate to a Denser Fraction in
Sucrose Gradients
Biochemical analysis using sucrose density gradients
provided additional evidence for receptor aggregra-
tion. For these experiments, cell lysates were prepared
from CHAPS-solubilized RBL-2H3 cells before and
after 10-min stimulation with antigen. Lysates were
applied to 5–20% sucrose gradients, followed by West-
ern blotting analysis of fractions collected from the

Figure 7. InsP3 receptor clustering in E36M3R and AR4–2J cells. Cells were stimulated, fixed, and permeabilized and then incubated with
antibodies against type II or III InsP3 receptors and rhodamine-conjugated secondary antibodies. (A–G) E36M3R cells stained for type III
receptor after exposure to 1 mM carbachol for 0 min (A), 10 min (B), 30 min (C), and 60 min (D) or for 60 min to 1 mM carbachol plus 10
mM atropine (E). Alternatively, E36M3R cells were treated with 400 nM PMA (F) or 2 mM thapsigargin (G). (H–K) AR4–2J cells stained for type
II receptor after exposure to 0.5 mM CCK for 0 min (H), 10 min (I), 30 min (J), and 60 min (K). Micrographs shown are representative of at
least two independent experiments. Bar, 20 mm.
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gradient after ultracentrifugation. As shown in Figure
8C, type II Ins(1,4,5)P3 receptors from resting cells are
found throughout the last 10 fractions of the gradient,
with the highest levels in fraction 6 (15.8%) and frac-
tion 13 (17.6%). These results suggest that resting RBL-
2H3 cells contain a range of receptors in the partially
aggregated and nonaggregated state and are consis-
tent with observations of a few small clusters in these
cells by fluorescence microscopy (Figure 2A) and with
imaging analysis (Figure 3B). After antigen stimula-
tion, there is a significant shift of receptors to the
higher density fractions of the gradient, with the high-
est values in the densest fractions, 12 (26%) and 13
(28%).

DISCUSSION

In this report, we show that activation of PLC and
Ca21 mobilization via tyrosine kinase-associated re-
ceptors or G-protein-coupled receptors leads to InsP3
receptor clustering. In RBL-2H3 cells, cross-linking the
tyrosine-coupled IgE receptor FceR1 leads to progres-
sive aggregation of InsP3 receptors within the ER and
nuclear envelope of RBL-2H3 cells. In these cells, the
clustering of InsP3 receptor is complete within 10 min
of stimulus and persists for at least 1 h. Receptor
aggregation is a calcium-dependent process, because
it is initiated by treatment of cells with the calcium
ionophore ionomycin, or when stores are emptied by
the leak pathway in the presence of the SERCA Ca21/
ATPase pump inhibitor thapsigargin. Receptor clus-
tering is incomplete in the absence of extracellular

calcium, indicating that continous elevation of [Ca21]i
is a requirement.

InsP3 receptor clustering is also initiated by carba-
chol stimulation of E36M3R cells and by CCK stimula-
tion of AR4–2J cells. Again, the clustering appeared to
be dependent on stores depletion, because it was mim-
icked by thapsigargin. The time course of redistribu-
tion in these cell types (evident within 10 min and
maximal at 30 min) was somewhat slower than that
seen in RBL-2H3 cells, perhaps because of the differ-
ence in the class of cell surface receptor being stimu-
lated. The mechanism for redistribution is not known.
However, it is not altered by brefeldin A, which dis-
rupts Golgi structure and blocks ER to Golgi transport,
or by the actin- and microtubule-depolymerizing
agents cytochalasin and colchicine (Oberdorf and
Wojcikiewicz, unpublished observations). We specu-
late that depletion of Ca21 stores and subsequent sus-
tained elevations in cytoplasmic Ca21 lead to receptor
clustering because of a subtle reorganization of ER
structure. Alternatively, clustering could be attributed
to the Ca21 binding properties of the InsP3 receptors
and/or associated ER-resident proteins.

In RBL-2H3 cells, antigen or moderate concentra-
tions of ionomycin (,1 mM) cause the finely net-
worked ER to take on a coarser appearance. After
Ca21 mobilization, BiP staining appears beaded, as
though there are regularly spaced constrictions in the
tubules. Recently, Subramanian and Meyer (1997)
found that 1 mM ionomycin caused a marked reduc-
tion in the diffusion of a green fluorescent protein-

Figure 8. Analyses of receptor levels and aggregation. (A) Membranes were prepared from anti-DNP IgE-primed RBL-2H3 cells incubated
without (2) or with (1) antigen (1 mg/ml DNP-BSA) for 2 h. Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and probed
with anti-type II receptor antibody. (B) Membranes were prepared from E36M3R cells incubated without (2) or with (1) 1 mM carbachol for
4 h. Membrane proteins were separated by SDS-PAGE, transferred to nitrocelluose, and probed with anti-type III receptor antibody. (C)
Sucrose density gradient analysis of stimulated receptor aggregation. RBL-2H3 cells were lysed in CHAPS buffer after 10 min of incubation
without (solid line) or with (dashed line) antigen (1 mg/ml DNP-BSA). Cell lysates were clarified by microcentrifugation and loaded onto
5–20% sucrose gradients, followed by ultracentrifugation, as described in MATERIALS AND METHODS. Fractions were collected and
analyzed by Western blotting and densitometry for the presence of type II Ins(1,4,5)P3 receptors. Data shown are representative of two
independent determinations.
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tagged elastase within the ER lumen of RBL-2H3 cells.
These investigators hypothesized either that a persis-
tent Ca21 increase results in physical restrictions in the
ER that limit lumenal diffusion or that the ER becomes
fragmented into individual vesicles. Using TEM, we
found no marked change in the appearance of the ER
after antigen treatment (Figure 5). When used at a
concentration of 1 mM, ionomycin also failed to induce
gross changes in the ER in a majority of RBL-2H3 cells.
Extensive vesiculation of the ER requires threefold to
fivefold higher concentrations of ionomycin (Figures 4
and 5) and is accompanied by loss of adherence and
cell viability. We note that the size and distribution of
clustered InsP3 receptors in antigen-treated cells do
not resemble the beaded appearance of BiP within the
ER, suggesting that the two phenomena may not be
related.

What is the significance of InsP3 receptor clustering?
Early in the course of these experiments, we specu-
lated that receptor clustering might be a prerequisite
in the pathway leading to down-regulation of InsP3
receptors by proteolytic degradation (Wojcikiewicz et
al., 1994). As shown in Figures 7 and 8, however,
receptor redistribution is observed in RBL-2H3 cells
and in E36M3R cells, which fail to rapidly degrade
InsP3 receptors after calcium mobilization via tyrosine
kinase- or G-protein-coupled pathways. In contrast,
redistribution is seen in AR4–2J cells, in which pro-
found InsP3 receptor down-regulation occurs (Wojcik-
iewicz, 1995). Thus receptor clustering does not ap-
pear to lead directly to degradation. Other possibilities
can now be considered and experimentally addressed.
Receptor clustering may directly affect InsP3 binding
affinity and/or the open probability of the channel.
Another intriguing possibility is that receptor aggre-
gates form by association with additional ER constit-
uents, which include calcium-binding proteins such as
calreticulin and calsequestrin. Indeed, Simpson et al.
(1997) showed recently that cultured rat oligodendro-
cytes contain patches of type II InsP3 receptors and
calreticulin along cell processes. These patches are
frequently associated with mitochondria. They pro-
pose that the patches represent specialized regions or
microdomains that are capable of causing locally high
concentrations of Ca21 within the cytoplasm and po-
tentially evoke Ca21 waves or oscillatory behavior.

Finally, it seems reasonable to expect that conditions
that limit diffusion of ER constituents may favor the
trapping of aggregated InsP3 receptors within a small
fraction of the ER subcompartments. If this is the case,
it could result in the reorganization of the ER into
domains with markedly different sensitivities to
Ins(1,4 5)P3. Similar concepts were proposed by Mak
and Foskett (1997) after patch-clamp electrophysiol-
ogy of InsP3 receptors in oocyte outer nuclear mem-
branes. In the latter study, a large fraction of patches
(86%) contained no InsP3 receptor activity. Of the ac-

tive patches detected, .50% contained multiple chan-
nels. These data strongly suggest that there are both
single and clustered InsP3 receptors within the outer
membrane of oocyte nuclei, as well as large regions of
the membrane that lack functional receptors. Mak and
Foskett (1997) suggest that, under submaximal con-
centrations of Ins(1,4,5)P3, clustering of InsP3 recep-
tors could limit mobilization of Ca21 to those stores
where there is sufficiently high density of receptors to
respond before channel inactivation. In contrast, par-
tially emptied stores with low-density receptors might
be expected to be a source of Ca21 for mobilization by
a subsequent stimulus. These interpretations may rep-
resent new considerations for models of incremental,
or quantal, release of Ca21.
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