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Abstract Rat basophilic leukemia (RBL-2H3) cells, which
exhibit Ca’"-dependent secretion of granules when stimulated
with antigen or the Ca?*-ionophore A23187, were observed under
a video-enhanced light/fluorescence microscope. Exocytotic
events of individual granules were visualized in individual cells
stimulated with antigen or A23187. Exocytosis of granules
stimulated with A23187 showed two peaks in the time course.
The earlier one was inhibited by selective inhibitors of protein
kinase C (Ro31-8425, Ro31-8220, and chelerythrine) and the
other was inhibited by an inhibitor of phosphatidate hydrolase,
propranolol. Exocytosis by antigen stimulation, however, showed
only one peak, which was inhibited by the selective inhibitors of
protein kinase C, but not by propranolol. These results indicate
that at least two distinct components of exocytosis exist in RBL-
2H3 cells.

Kev words: Exocytosis; Video-microscope; Protein kinase C;
Phspholipase D; RBL-2H3 cell

1. Introduction

secretory events of granules, which contain hormones and
transmitters, in response to an appropriate stimulus are
thought to be mediated by exocytosis, a fusion of secretory
grunules with the plasma membrane, an extrusion of the con-
terits to the extracellular space, and a membrane retrieval.
Recent studies with video-microscopic techniques employing
a charge coupled device (CCD) camera and/or a silicon inten-
sified target (SIT) camera, an image processor, and a video-
tape recorder have determined the properties and mechanisms
of exocytosis in many cells, including adrenal chromaffin cells
[1] mast cells [2], colonic goblet cells [3], and salivary glands
(4]

Rat basophilic leukemia (RBL-2H3) cells, a tumor analog
of rat mucosal mast cells [5], have been widely used as a
meadel for the study of mechanisms underlying the exocytotic
process [6]. These cells can be stimulated to secrete their in-

*C srresponding author. Fax: (81) (82) 257-5304.

Atbbreviations: RBL-2H3 cells, rat basophilic leukemia 2H3 cells; IgE,
im'nunoglobulin E; Fc:RI, high affinity immunoglobulin E receptor;
D™P, 24-dinitrophenol; DNP-BSA, antigen consisting of 24 mole-
cuies of dinitrophenol conjugated with one molecule of bovine serum
altumin; PIPES, 1,4-piperazinediethanesulfonic acid; PI3-kinase,
phosphatidylinositol 3-kinase; MLCK, myosin light chain kinase;
PKC, protein kinase C; PLD, phospholipase D; CCD camera, charge
coupled device camera; SIT camera, silicon intensified target camera;
DIC, differential interference contrast

tracellular granules in response to the cross-linking of (FcRI
category) receptor-bound immunoglobulin E (IgE) with anti-
gen, initiating a cascade of events [7] which include the activa-
tion of tyrosine kinases, Lyn and Syk [8], and the tyrosine
phosphorylation of various proteins [9-11]. including phos-
pholipase Cyl [12] and phosphatidylinositol 3-kinase (PI3-ki-
nase) [13], the activation of phospholipase C [12] and phos-
pholipase D (PLD) [14,15], along with sustained elevation of
diglycerides [15] and mobilization of Ca?* from intracellular
and extracellular sources [6,16,17], followed by the activation
of several serine/threonine kinases including protein kinase C
(PKC) [18,19], Ca?*/calmodulin-dependent myosin light chain
kinase (MLCK) [20,21], and a mitogen activated protein Kki-
nase [22,23].

Recently, the application of patch clamp techniques to
monitor the activity of individual fusion pores in mast cells
has generated a wealth of novel and unexpected observations
underlying exocytosis in many cells, including mast cells, neu-
trophils, adrenal chromaffin cells, and pituitary cells (see
[24,25] for reviews). Patch clamp measurements of secretory
cells undergoing exocytosis have revealed the exocytotic fu-
sion pore as a remarkably dynamic entity. With this tech-
nique, it has been clarified that the molecular structures that
regulate membrane fusion are likely to contain related pro-
teins, i.e. Rab3 proteins, and fundamental properties. The
patch clamp techniques have been used for quantitative anal-
ysis of exocytosis from granules, which contain hormones
and transmitters, in response to an appropriate stimulus in
many cells, including mast cells [24,25], but it has not been
reported in RBL-2H3 cells. For the quantitative analysis of
exocytosis in RBL-2H3 cells, measurements of biogenic
amines (i.e. histamine and 5-hydroxytryptamine) or hexosami-
nidase release from the cells have been widely used [7-23].
Recent advances in measuring low concentrations of biogenic
amines using voltammetric techniques have allowed measure-
ment of 5-hydroxytryptamine from single mast cell granules
[26], but a single cell technique for measurement of secretion
from RBL-2H3 cells is not available.

Here we report the visualization of contents release from
low-pH granules, including histamine and S-hydroxytrypta-
mine, to the extracellular space in RBL-2H3 cells by a vi-
deo-enhanced light/fluorescence microscope. We also demon-
strate, with quantitative analysis of single cell exocytosis
directly visualized by the microscope, that PKC and PLD
were involved in antigen- and A23187-induced exocytosis
not only through distinct pathways but also with different
time courses. It was also suggested that the visualization of
secretory processes by the video-enhanced light/fluorescence
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microscope might be useful for the study of molecular mech-
anisms underlying exocytosis and other cellular events.

2. Materials and methods

Materials were obtained from the following sources: pL-proprano-
lol and calcium ionophore A23187 from Sigma, St. Louis, MI; cal-
phostin C from Biomol Research, Plymouth Meeting, PA ; Ro31-8220
and chelerythrine chioride from Calbiochem-Novabiochem Int., San
Diego, CA. The antigen, DNP-BSA, and DNP-specific monoclonal
IgE were kindly supplied by Dr. Henry Metzger (NIAMS, National
Institutes of Health). Ro31-8425 was a gift from Eisai Co., Ibaraki.
Other reagents and materials were from the sources listed previously
[18].

Stock solution of R031-8425, R031-8220, chelerythrine, calphostin
C, and A23187 were prepared in dimethyl sulfoxide and diluted to
give <0.1% dimethyl sulfoxide [27]. All other reagents were dissolved
in a PIPES-buffered saline (see below).

2.1. Preparation of cell cultures for experiments

For observation under a video-enhanced light/fluorescence micro-
scope, RBL-2H3 cells were incubated overnight with 0.5 pg/ml of
DNP-specific IgE on coverslips (8 X 10? cells/ml of medium/slip). Cul-
tures were washed and experiments were performed with a PIPES-
buffered saline (25 mM PIPES, pH 7.2, 119 mM NaCl, 5 mM KCl,
0.4 mM MgCly, 5.6 mM glucose, 1 mM CaCl, and 0.1% BSA), as
required, 0.1 mM EGTA was added instead of Ca?t (Ca2'-free me-
dium).

2.2. Observation with a video-enhanced light{fluorescence microscope

Observation with a video-enhanced light/fluorescence microscope
was performed with minor modifications of previously described tech-
niques [28]. Specifically, RBL-2H3 cells on a coverslip were washed
with a PIPES-buffered saline and left for 10 min on a tissue culture
dish containing the medium. The coverslip was mounted on a perfu-
sion chamber and continuously perfused with the medium. Stimula-
tion of the cells with antigen or A23187 was performed by perfusion.
Differential interference contrast (DIC) images and fluorescence
images were observed with a Zeiss axiovert 135 TV microscope
(Carl Zeiss, Oberkochen, Germany) equipped with a CCD camera
(CS8330; Tokyo Electronic Industry, Tokyo) for the DIC image
and/or a SIT camera (C2741; Hamamatsu Photonics, Hamamatsu)
for the fluorescence image, an image processor (PIP-4000; A.D.S.,
Tokyo), and a video tape recorder (AG-7355; Panasonic, Osaka).
The video signal of the camera or the recorded data was contrast-
enhanced with the image processor.

For observation of the secretory process using a fluorescent ami-
noacridine dye, quinacrine, which was reported to be incorporated
selectively into low-pH secretory granules in RBL-2H3 cells and
whose incorporation has been used for quantitation of exocytosis in
this cell line {29], a band pass filter (peak transmission wavelength 430
nm) and a long pass filter (half-transmission wavelength 470 nm) were
used for the excitation side and the emission side, respectively, while
motion of granules was observed through the DIC image.

All measurements were performed at room temperature (25-26°C).

2.3. Staining with quinacrine

As required, RBL-2H3 cells on coverslips were stained with 0.5 uM
of quinacrine for 5 min at 37°C in the PIPES-buffered saline. Then,
they were washed with the medium and perfused immediately. Quina-
crine itself, even at 5 UM, did not affect exocytosis (data not shown).

2.4. Scoring number of exocytosis through the DIC image
Determination of the rate of exocytosis in RBL-2H3 cells through
the DIC image recorded in the videotape was performed with pre-
viously described methods [28]. Specifically, the number of granules
(total granules), which were 0.5-0.8 pm in diameter and pre-stained
with quinacrine, in a fixed focal plane of a cell (around 1 um deep
from the cell surface) was counted just before the beginning of exo-
cytotic events. The mean value of the total number of granules, not in
the whole cell but in a fixed focal plane, in each experiment was 74
(60-101). Then, the number of granules on which the exocytotic
events were observed was also counted (exocytotic granules). The
rate of exocytosis was expressed as the ratio of the number of exocy-
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totic granules to that of total granules. Although we measured the
rate of exocytosis not in the whole cell but in a fixed focal plane, the
ratio of exocytosis calculated with this method was similar, but some-
what low, to the results from B-hexosaminidase or histamine release
(data not shown, but similar results were previously reported in
[18,27]). The exocytotic response of RBL-2H3 cells was not an ‘all-
or-none’ type of response, but some cells did not show exocytosis even
after the proper stimulation through all experiments; the rate of non-
responding cells was 8.8% (10 of 114 cells) and 6.9% (8 of 116 cells)
for antigen or A23187 stimulation, respectively. In all results of quan-
titative analysis, the data of non-responding cells were omitted from
the results.

3. Results

3.1. Visualization of exocytotic process in RBL-2H3 cells

When RBL-2H3 cells were observed under a Nomarski mi-
croscope through a CCD camera, an image processor, and a
videotape recorder, exocytotic events of individual granules
were visualized in individual cells stimulated with 20 ng/ml
of DNP-BSA (Fig. 1a). Initial steps were quicker than 33
ms (Fig. 1b). The exocytotic events stimulated with antigen
were not observed in Ca?*-free medium (data not shown). To
discover whether the release of contents of a single granule
can be visualized, we tried with a fluorescent aminoacridine
dye, quinacrine, which is known to be incorporated selectively
into low-pH secretory granules, including histamine, 5-hy-
droxytryptamine, and B-hexosaminidase, in RBL-2H3 cells
[29]. The granules stained with quinacrine emitted bluish
green fluorescence. As shown in Fig. 2, upon stimulation
with antigen, release of the quinacrine fluorescence from
a granule was observed, while exocytotic events, shown
through the DIC image, were observed on the same granule
(Fig. 2).

In another series of experiments, antigen (Fig. 3a,b) or
A23187 (Fig. 3c,d) showed a time- and concentration-depend-
ent exocytosis. It is noteworthy, as shown in Fig. 3a,c, that
exocytosis of granules stimulated with A23187 showed two

+ DNP-BSA (20 ng/ml)
35 seC ~—————ewp + 33 msec

0 == 33 msec = 66 msec =~ 99 msec

Fig. 1. Nomarski images of exocytosis induced by antigen. RBL-
2H3 cells on coverslips were washed and perfused with PIPES-buf-
fered saline, and then the cells were observed with a video-enhanced
light/fluorescence microscope. RBL-2H3 cells were incubated with
20 ng/ml of DNP-BSA for the indicated times. a: Images of a cell
reproduced from video frames with a 33 ms interval. Granules (ar-
rows) showed abrupt increases in light intensity. b: Difference image
obtained by subtracting the image of one frame from the previous
frame. The interval between frames is 33 ms. This clearly reveals
the rapid brightness change of a granule (arrows in a).
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Fig. 2. Release of quinacrine accumulated in low-pH granules and
Nemarski images of exocytosis in RBL-2H3 cells. RBL-2H3 cells
on coverslips were stained with 0.5 pM of quinacrine for 5 min at
37°C in PIPES-buffered saline and washed by perfusion, and then
the cells were observed with a video-enhanced light/fluorescence mi-
croscope. The cells were stimulated with 20 ng/ml of DNP-BSA. a
and b: Images of a cell reproduced from video frames with a 33 ms
interval. A granule (arrow) showed abrupt increases in light inten-
sit.. ¢ and d: Fluorescence at 500 nm was measured. Release of
quinacrine fluorescence from a granule (arrow) was observed in the
sarie granule, shown in a and b, at the same time.

pe.ks in its time course but antigen-induced exocytosis
showed only one. With increasing the concentrations of anti-
gen or A23187, the maximum points of peak I (Fig. 3a) or
peitk II (Fig. 3c) were shifted from 1.5 min to 1 min and from
1 min to 30 s, respectively. Maximal responses of exocytosis
wi h antigen or A23187 were 63% of the total and 42%, re-
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spectively. These results are similar to the results of release of
histamine, 5-hydroxytryptamine, or B-hexosaminidase in pre-
vious reports [13,18,19,28,30].

3.2. Evidence that PKC and PLD were involved in exocytosis

To determine the meaning of the difference between anti-
gen- and A23187-induced exocytosis in its time course, we
studied the effects of inhibitors of PKC as well as phosphati-
date hydrolase on the exocytosis stimulated with DNP-BSA
or A23187. RBL-2H3 cells, sensitized with DNP-BSA-specific
IgE, on a coverslip were washed and incubated with various
concentrations of inhibitors at 37°C for 10 min, and the cov-
erslip was mounted on a perfusion chamber and continuously
perfused with the medium containing the same concentrations
of the inhibitors. The cells were immediately stimulated with
DNP-BSA or A23187. Ro31-8425, a selective inhibitor of
PKC, inhibited antigen-induced exocytosis (Fig. 4a); the
IC5, value was calculated to be 0.2 uM (Fig. 4b). Ro3l-
8220 and chelerythrine, selective inhibitors of PKC, also in-
hibited antigen-induced exocytosis at a concentration of 10
uM (Fig. 5a,b); the ICs values were calculated to be 0.5
uM and 0.8 uM for Ro31-8220 and chelerythrine, respec-
tively. Although calphostin C, which inhibits diacylglycerol
binding not only to PKC [31] but also to at least one other
protein that is critical for actin polymerization [32], also in-
hibited antigen-induced exocytosis (Fig. 6a,b), propranolol, an
inhibitor of phosphatidate hydrolase, did not affect antigen-
induced exocytosis (Fig. 7a,b). For A23187-induced secretion,
the results were more complicated. Exocytosis of granules
stimulated with A23187 showed two peaks in its time course
(Fig. 3c). The earlier peak was inhibited by Ro31-8425 (Fig.
4c), Ro31-8220 (Fig. 5¢), or chelerythrine (Fig. 5¢) and the
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Fii.. 3. Effects of antigen and A23187 on exocytosis visualized by a video-enhanced light/fluorescence microscope in RBL-2H3 cells. RBL-2H3
celis on coverslips were washed and perfused with PIPES-buffered saline, and then the cells were observed through a video-enhanced light/fluo-
rescence microscope. RBL-2H3 cells were stimulated with 0.1 (0), 1 (a), 10 (0), or 100 (&) ng/ml of DNP-BSA in a and with 50 (0), 100
(2), 200 (O), or 500 (¢) nM of A23187 in c. DNP-BSA or A23187 was added at the time indicated by arrows. The ratio of exocytosis (% of
total) was calculated by the methods described in Section 2. The mean values of total numbers of granules in each experiment (see Section 2)
were 73, 66, 70, or 68 for 0.1, 1, 10, or 100 ng/ml (a) and 66, 67, 75, or 77 for 50, 100, 200, or S00 nM (c), respectively. a and ¢: Time course
of antigen- or A23187-induced exocytosis. b and d: Dose-response curves of antigen- or A23187-induced exocytosis. The ratio of exocytosis in
b and d was recalculated as the sum of exocytosis of each dose shown in a and c, respectively. Values were mean*S.E. (error bars) of seven

separate experiments.
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Fig. 4. Effect of Ro31-8425 on antigen- or A23187-induced exocytosis. RBL-2H3 cells on coverslips were pre-incubated with inhibitors for 10
min at 37°C in PIPES-buffered saline and washed by perfusion, and then the cells were observed under a video-enhanced light/fluorescence mi-
croscope. The cells were stimulated with 20 ng/ml of DNP-BSA (a) or 500 nM of A23187 (c). DNP-BSA or A23187 was added at the time in-
dicated by arrows. The ratio of exocytosis (% of total) was calculated by the methods described in the legend of Fig. 3. a and c¢: Time courses
of antigen- or A23187-induced exocytosis without () or with 0.1 (@), 0.3 (a), 1 (m), or 10 (#) uM of Ro31-8425. b and d: Dose-response
curves of Ro31-8425 on antigen- or A23187-induced exocytosis. The ratio of exocytosis in b and d was recalculated as the sum of exocytosis of
each dose shown in a and c, respectively. Control in b and d means without Ro31-8425 in a and c, respectively. The mean values of total num-
bers of granules in each experiment were 70-95 (a) and 66-77 (c). The number of granules in Ro31-8425-inhibited cells was not changed before
and after the stimulation with antigen or A23187. Values were mean * S.E. of four separate experiments.

other was inhibited by propranolol (Fig. 7c); ICsq values were manner (Fig. 6d). These results indicate that A23187-induced
calculated to be 0.4 uM, 0.6 uM, 0.7 uM, and 0.25 uM for exocytosis is mediated through activation of both PKC (peak
Ro31-8425 (Fig. 4d), R031-8220, chelerythrine, and propra- IT in Fig. 3c) and PLD (peak III in Fig. 3c) and that antigen-
nolol (Fig. 7d), respectively. Calphostin C, furthermore, in- induced exocytosis is caused mainly by activation of PKC

hibited both peaks (Fig. 6¢c) in a concentration-dependent (peak I in Fig. 3a).
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Fig. 5. Effect of Ro31-8425, Ro31-8220, and chelerythrine on antigen- or A23187-induced exocytosis. Cells were stimulated with 20 ng/ml of
DNP-BSA (a) or 500 nM of A23187 (c). a and c: Time courses of antigen- or A23187-induced exocytosis without (O) or with 10 pM of Ro31-
84250 (@), Ro31-8220 (a), or chelerythrine (W). b and d: Effects of R031-8425, R031-8220, and chelerythrine on antigen- or A23187-induced
exocytosis. The ratio of exocytosis in b and d was recalculated as the sum of exocytosis of each compound shown in a and ¢, respectively.
Control in b and d means without inhibitors in a and c, respectively. The mean values of total numbers of granules in each experiment were
73-91 (a) and 76-89 (c). Values were mean+ S.E. of four separate experiments.
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Fis. 6. Effect of calphostin C on antigen- or A23187-induced exocytosis. Cells were stimulated with 20 ng/ml of DNP-BSA (a) or 500 nM of
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recalculated as the sum of exocytosis of each dose shown in a and c, respectively. Control in b and d means without calphostin C in a and c,
respectively. The mean values of total numbers of granules in each experiment were 67-82 (a) and 65-75 (c). Values were meant S.E. of four

separate experiments.

4. Discussion

[n the present study, we demonstrated that secretory proc-
esses can be visualized in RBL-2H3 cells by a video-enhanced
light/fluorescence microscope. With this system, we also found
that PKC and PLD were involved in antigen- and A23187-
induced exocytosis not only through independent pathways
but also with different time courses.

In RBL-2H3 cells, the exocytotic processes were more simi-
lar to those observed in bovine adrenal chromaffin cells, in
which exocytotic events of individual granules included fu-
sion, extrusion, swelling, omega-figure formation, and mem-
brane retrieval [1], than those in rat peritoneal mast cells,
which showed so-called compound or sequential exocytosis
of granules as well as exocytosis of individual granules upon
stimulation with compound 48/80 [2]. As shown in Fig. 2,
upon stimulation with antigen, disappearance of the quina-
crine fluorescence from a granule was observed at the same
time that the exocytotic events, shown in the DIC image, were
observed. As described above, quinacrine is reported to be
incorporated selectively into low-pH granules, which include
histamine, 5-hydroxytryptamine, and B-hexosaminidase in
RBL-2H3 cells [29], these results suggest that the exocytotic
events of granules, observed in this study, reflect the release of
the inflammatory mediators from low-pH granules to extra-
collular space. Further evidence for the release of intragranu-
lar materials to extracellular space is that, although we cannot
show the results here because of the limitation of the quality
o1 photograph, release and spread of quinacrine fluorescence
from granules to extracellular space was observed.

For quantitative analysis of exocytosis visualized by the
video-enhanced light/fluorescence microscope, we used the ra-

tio of the number of exocytotic granules to that of total gran-
ules, which were 0.5-0.8 um in diameter and pre-stained with
quinacrine, as the rate of exocytosis, percent of total.
Although the possibility that this method may be incorrect
cannot be excluded, the propriety of our estimation may be
supported by the following observation The release, percent of
total, calculated by the method described in the present study
was similar to the results of release of histamine, 5-hydroxy-
tryptamine, or B-hexosaminidase (data not shown, but similar
results were previously reported in [18,27)).

As shown in Figs. 3-7, quantitative analysis of exocytosis
directly visualized by the microscope revealed that exocytosis
of granules stimulated with A23187 showed two peaks in its
time course but antigen-induced exocytosis showed only one.
Such characteristics, however, have not been reported before.
For the quantitative analysis of exocytosis in RBL-2H3, meas-
urements of biogenic amines or hexosaminidase release from
the mass of cells have been widely used [7-23]. With measure-
ment of hexosaminidase release from RBL-2H3 cells, A23187-
induced secretion showed two phases of secretory process in
its time course, but a sharp distinction between these two
phases was not observed (data not shown). One explanation
why two peaks of A23187-induced exocytosis were not ob-
served with measurements of hexosaminidase or histamine
release might be that the results with these methods are the
averaged values of hexosaminidase or histamine release from
the mass of cells but quantitation of exocytosis with the mi-
croscope shows the results in a single cell. In this paper, we
observed cells only in a fixed focal plane of a cell (around 1 um
deep from the cell surface) through all experiments, but
peak periods for antigen- or A23187-induced exocytosis in a
different focal plane (i.e. cell surface attachment to the cover
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Fig. 7. Effect of propranolol on antigen- or A23187-induced exocytosis. Cells were stimulated with 20 ng/ml of DNP-BSA (a) or 500 nM of
A23187 (c). a and c: Time courses of antigen- or A23187-induced exocytosis without (O) or with 0.1 (@), 1 (a), 10 (W), or 100 (¢) uM of pro-
pranolol. b and d: Dose-response curves of propranolol on antigen- or A23187-induced exocytosis. The ratio of exocytosis in b and d was re-
calculated as the sum of exocytosis of each dose shown in a and c. Control in b and d means without propranolol in a and c, respectively.
The mean values of total numbers of granules in each experiment were 72-89 (a) and 71-94 (c). Values were mean * S.E. of four (experiments
except 1 UM of propranolol in c) or eight (I uM of propranolol in c) separate experiments.

glass) varied a little between each focal plane, though patterns
of exocytosis were the same as the results here (data not
shown). This result also supports our hypothesis on why
two peaks of A23187-induced exocytosis were not observed
with measurements of contents release from the mass of RBL-
2H3 cells. Although the patch clamp or the voltammetric
techniques have been used for the quantitative analysis of
exocytosis in a single secretory cell, including mast cells,
such techniques for measurement of secretion in RBL-2H3
cells have not succeeded. One advantage of quantitative anal-
ysis of exocytosis with the microscope is that we could meas-
ure exocytosis continuously not integrally but differentially in
a single RBL-2H3 cell. This advantage led us to find two
distinct components of A23187-induced exocytosis in RBL-
2H3 cells.

In permeabilized adrenal chromaffin cells, Holz et al. [33,34]
reported that there was one pathway for exocytosis that in-
cluded both ATP-dependent and ATP-independent compo-
nents. The ATP-independent component was a quick exocy-
tosis, which was finished within 2 min after addition of Ca’*,
and the ATP-dependent component was a slow response,
which was observed after 6 min of stimulation and continued
up to 12 min. Also in RBL-2H3 cells, exocytosis was observed
continuously up to 15 min after stimulation with antigen or
A23187 [6]. The present results, however, showed that anti-
gen- or A23187-induced exocytosis was finished within 3 min
(antigen) or 7 min (A23187) after stimulation. One possible
explanation is a time lag of response to the stimulation in a
single cell. The fact that exocytosis of granules adhering to the
glass surface was observed between 4 min and 8 min after
stimulation with antigen might support this speculation.
Although the possibility cannot be excluded that there might

exist secretory pathways other than the exocytotic process, the
present results of time course experiments reveal unique as-
pects of the secretory mechanisms in RBL-2H3 cells, detailed
below.

Quantitative analysis of exocytosis revealed several new as-
pects for the mechanisms of exocytosis, such that A23187-
induced exocytosis is mediated through activation of both
PKC and PLD and that antigen-induced exocytosis is caused
mainly by activation of PKC. We have already reported that
by using washed, streptolysin O-permeabilized RBL-2H3 cells
the elevation of [Ca®*]; and provision of the Ca%*-dependent
B or the Ca?*-independent & isozyme of PKC completely re-
stored the secretory response to antigen [18], suggesting that
PKC is necessary for exocytosis. And also, A23187 induced a
rise in concentration of cytosolic Ca®*, the activation of PLD,
and redistribution of PKC, followed by secretion of histamine
(H.M.S. Gonzaga, K. Ozawa, K. Yamada, and M.A. Beaven,
manuscript in preparation). Further implications of mecha-
nisms for exocytosis, however, have not been clarified, because
of the limitation of the previous methodology, for example,
limitation of time course experiments, which cannot clearly
identify the difference underlying the activation of PLD and
PKC. As shown in Figs. 4, 5 and 7, quantitative analysis of
A23187-induced exocytosis clearly indicated that activation of
both PKC and PLD promotes exocytosis through different
pathways also with different time courses. Time courses for
the activation of PKC [18,19] or PLD (H.M.S. Gonzaga, K.
Ozawa, K. Yamada, and M.A. Beaven, manuscript in pre-
paration) were paralle! to those for PKC- or PLD-induced
exocytosis shown in Figs. 3-7. In contrast, it is also suggested
that the activation of PKC is involved in antigen-induced
exocytosis but the activation of PLD is not involved in it
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(sec Figs. 4, 5 and 7). Although Nakashima et al. [35] reported
thut stimulation of RBL-2H3 cells with antigen caused pro-
duction of 1,2-diacylglycerol through the activation of PLD,
independent of activation of PKC and elevation of Ca’, the
present results suggest that activation of PLD pathways is not
involved in antigen-induced secretion of granules or its con-
trioution to the secretion is not so high at least up to 10 min
after the stimulation with antigen.

‘n RBL-2H3 cells, A23187 induced a rise in concentration
of cytosolic Ca®*, activation of PLD, and redistribution of
P}.C, followed by secretion of histamine (H.M.S. Gonzaga,
K Ozawa, K. Yamada, and M.A. Beaven, manuscript in
proparation). Propranolol inhibited A23187-induced diacyl-
ghcerol accumulation, through the activation of PLD, and
secretion of hexosaminidase (H.M.S. Gonzaga, K. Ozawa,
K Yamada, and M.A. Beaven, manuscript in preparation)
in RBL-2H3 cells. Although the question remains whether
acrivation of PLD is involved in A23187-induced secretion,
th results with propranolol, shown in Fig. 7c, strongly indi-
ca:e the possible involvement of activation of PLD pathways
in the second peak of A23187-induced exocytosis. Results
usng Ro31-8220, reported to inhibit PKC but not PLD
[35,37], and chelerythrine as well as Ro31-8425 (Fig. 5) also
support the involvement of activation of PKC only in the first
peak of A23187-induced exocytosis and PLD in the second
peak. Recently our group demonstrated using wortmannin
that PI3-kinase and MLCK play essential roles in antigen-
in luced exocytosis and the activation of MLCK is involved
in the first peak of A23187-induced exocytosis in RBL-2H3
ce Is [29]. With permeabilized RBL-2H3 cells, it was also sug-
gested that PI3-kinase acts upstream of PKC, which trans-
dv ces stimulatory signals for release process in RBL-2H3 cells
[13], and MLCK downstream of PKC (K. Ozawa, Y. Nono-
mara and T. Masujima, manuscript in preparation). Kitani
et al. [31] reported that PKC-inh bitors or wortmannin (at
thz concentration as a MLCK inhibitor) showed only 50%
inaibition of A23187-induced histamine release from RBL-
2H3 cells. This result is related to the present work.
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