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Mast cells are secretory cells that release their granules, which contain inflammatory mediators. Some recent data suggested that
cytoskeletons play a role in this process. However, the role of microtubules in Ca2� signaling has not yet been well defined. In this
study, we demonstrate that the microtubule cytoskeleton is important to maintain Ca2� influx in the degranulation pathway of
mast cells, using the microtubule depolymerizers nocodazole and colchicine. The microtubule depolymerizers inhibited Ag-in-
duced degranulation in RBL-2H3 cells and bone marrow-derived mast cells. When the cells were stimulated with Ag in the
presence of the microtubule depolymerizers, the Ca2� influx was decreased without affecting Ca2� release from the endoplasmic
reticulum (ER). Capacitative Ca2� entry, which was induced by inhibitors of Ca2�-ATPase in the ER membrane, thapsigargin and
cyclopiazonic acid, was also decreased by nocodazole. Fluorescent probe analysis demonstrated that nocodazole disrupted mi-
crotubule formation and changed the cytoplasmic distribution of the ER. The microtubule depolymerizers attenuated the passive
cutaneous anaphylaxis reaction in back skin of Sprague Dawley rats. These results suggest that the microtubule cytoskeleton in
mast cells is important to maintain Ag-induced capacitative Ca2� entry, which is responsible for degranulation and the allergic
response. The Journal of Immunology, 2005, 174: 4584–4589.

M ast cells are secretory cells that undergo an extensive
release of their granular content of inflammatory me-
diators within a few minutes following stimulation (1).

Mast cells are found in variety of tissues, particularly in associa-
tion with blood vessels. Mast cells release vasoactive mediators,
such as histamine and serotonin, which increase vasopermeability
(2). In mast cells, the cross-linking of IgE-bound Fc�RI by allergen
initiates biochemical cascades (1). This process, termed degranu-
lation, involves regulated changes in the concentration of Ca2� in
the cytoplasm ([Ca2�]i)

3. When Ca2� signaling is stimulated with
allergen, Ca2� enters the cytoplasm from two general sources,
namely, Ca2� release from intracellular stores, i.e., from the en-
doplasmic reticulum (ER), and Ca2� influx from the extracellular
space across the plasma membrane (3, 4). An important initiating
step is Ca2� release from the ER by the binding of inositol 1,4,5-
trisphosphate (IP3) to IP3 receptors in the ER membrane (5, 6).
Subsequently, the depletion of Ca2� in the ER activates a signaling
pathway leading to the opening of Ca2� channels in the plasma

membrane. This regulatory mechanism of Ca2� influx is a process
known as capacitative Ca2� entry (CCE), and it is mediated by
store-operated channels (SOCs) (7). Among the pathways respon-
sible for the increase in [Ca2�]i, because the initial transient Ca2�

release in the absence of external Ca2� is not able to induce de-
granulation, CCE is more important for allergen-mediated degran-
ulation (8). Although considerable attention has been focused on
the nature of the signal linking the depletion of Ca2� in the ER to
the opening of SOCs, its regulatory mechanism remains unknown
(3). Thus far, at least two general mechanisms have been proposed
to explain how signaling is transferred from the ER to the SOCs in
the plasma membrane (3, 9, 10). One model describes a type of
direct conformational coupling between the IP3 receptors in the ER
membrane and the SOCs in the plasma membrane (protein-protein
interaction) (9, 11). The other model describes a diffusible calcium
influx factor (CIF), which is released from the ER after Ca2� de-
pletion (diffusible messenger) (12). The exact mechanism of such
communication remains controversial.

Microtubules are one of the most important components in the
cytoskeleton. Microtubules are generally recognized to play a
number of roles in mitosis, in the maintenance of organelle struc-
tures, in cell mobility, and in granular transport. As regards mast
cell degranulation, the role played by microtubules in granular
transport has been studied (13–15). Apart from their role in gran-
ular transport, it is well known that the microtubules are necessary
for maintaining membrane-enclosed organelles at particular posi-
tions. It has been shown that the structures of the microtubules and
the ER are highly interdependent (16, 17). Considering that sig-
naling between the ER and the plasma membrane is important for
opening the SOCs, and that an increase in [Ca2�]i is prerequisite
for mast cell degranulation, we hypothesized that the microtubules
might modulate degranulation through Ca2� signaling regulation.

In this study, we investigated the effect of microtubule depoly-
merizers as antiallergic agents in the PCA reaction, and we further
demonstrated that these agents inhibited the allergic response
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through a novel effect on the Ca2� influx pathway in mast cell
degranulation.

Materials and Methods
Mast cells

RBL-2H3 cells (American Type Culture Collection) were maintained in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 �g/ml
streptomycin (18). Bone marrow-derived mast cells (BMMCs) were ob-
tained according to a previously described method (19). Briefly, bone mar-
row cells of male C57BL/6J mice (Charles River) were cultured in RPMI
1640 supplemented with 100 �M 2-ME, 10% FBS, 100 U/ml penicillin,
100 �g/ml streptomycin, and 10 �g/ml recombinant mouse IL-3 (Sigma-
Aldrich). More than 90% of the cells were identified as immature mast cells
4 wk after the initiation of the culture. The cells were used at 6–10 wk of
culture. Both types of cells were incubated overnight with 50 ng/ml anti-
DNP IgE (Sigma-Aldrich) before use.

�-Hexosaminidase degranulation

We measured the release of �-hexosaminidase as an index of mast cell
degranulation using a previously described method (18). In brief, RBL-
2H3 cells or BMMCs (2 � 105 cells/tube) were washed with HEPES-
buffered solution (125.4 mM NaCl, 11.5 mM glucose, 5.9 mM KCl, 1.2
mM MgCl2, 1.5 mM CaCl2, 10 mM HEPES; pH 7.4). The cells were
stimulated at 37°C under gentle rotation. The supernatants were transferred
to a 96-well plate. The rest of the supernatants were removed, and then
Triton X-100 solution (0.5%) was added to the cells. The extracts were
transferred to a 96-well plate. To each well, 1.3 mg/ml p-nitrophenyl-N-
acetyl-�-D-glucosamide (Sigma-Aldrich) in 0.04 M sodium citrate (pH 4.5)
was added. The plates were incubated at 37°C for 1 h. Glycine (0.2 M; pH
10.0) was then added to each well. The absorbance at 405 nm (OD) of each
well was measured with multilabel counter (PerkinElmer). The percentage
of degranulation was calculated using the following formula: % Degran-
ulation � ODsupernatant/(ODsupernatant � ODTriton X-100) � 100

Measurement of [Ca2�]i

[Ca2�]i was measured using fura-PE3/AM (TEF Laboratories) according
to a method described previously (18). In brief, RBL-2H3 cells or BMMCs
on glass coverslips in HEPES-buffered solution were loaded with 5 �M
fura-PE3/AM for 40 min in a dark room at 37°C. Every 3 s, the fluores-
cence of an image at 340 nm (F340) was divided by the fluorescence of an
image at 380 nm (F380) to provide a resultant ratio (F340/F380) by means of
a fluorescence imaging system (Hamamatsu Photonics). When the extra-
cellular Ca2� was removed, Ca2�-free HEPES-buffered solution (contain-
ing 0.5 mM EGTA instead of 1.5 mM CaCl2) was used. In the mast cells,
the changes in [Ca2�]i were oscillatory, asynchronous, and irregular, and
varied tremendously among cells. In this type of cell, measuring the area
under the �ratio per time curve (area under the curve (AUC)) was effective
for quantifying the response (20): �ratio � ratio � ratiomin; ratiomin was
ratio measured in the Ca2�-free HEPES-buffered solution.

Fluorescent staining

To visualize the ER, RBL-2H3 cells grown on glass coverslips or glass-
bottomed dishes and BMMCs loosely attached to glass coverslips in
HEPES-buffered solution were loaded with 1 �M ER-Tracker Blue-White
p-xylene-bis-pyridinium bromide (DPX) (Molecular Probes) for 30 min in
a dark room at 37°C. To visualize the ER in living cells, the RBL-2H3 cells
on glass-bottomed dishes were observed under microscopy at 37°C. For the
ER and microtubule cytoskeleton double-staining, the cells were fixed with
3.7% formaldehyde in HEPES-buffered solution for 10 min at 37°C, and
then were permeabilized with 0.2% Triton X-100 for 15 s. Afterward, the
cells were incubated with an FITC-labeled mouse monoclonal anti-
�-tubulin Ab (Sigma-Aldrich) at a 1/100 dilution and 1 �M ER-Tracker for
30 min at 37°C. The images were captured using a fluorescence imaging
system (Planetron). The microscope was equipped with excitation (FITC,
490 nm; DPX, 365 nm) and emission (FITC, 520 nm; DPX, 400 nm) filters.

Passive cutaneous anaphylaxis (PCA) reaction

We tested the effect of microtubule depolymerizers on mast cell degranu-
lation in vivo using PCA reaction (21, 22). Male Sprague Dawley (SD) rats
at 8 wk, each weighing �300 g (Charles River), were anesthetized with 50
mg/kg sodium pentobarbital (i.p.). Anti-DNP IgE (200 ng/ml) and exper-
imental molecules in 0.05 ml of normal saline were applied to the back skin
of the rats by intradermal injection. Two hours later, 1% Evans blue (Sigma-
Aldrich) and Ag, 1 mg/ml DNP-human serum albumin (HSA) (Sigma-
Aldrich), in 1 ml of normal saline was injected via the tail vein (i.v.).

Immediately thereafter, 0.05 ml of 10 ng/ml compound 48/80, a mast cell
secretagogue, was applied to the back skin of rats as a positive control.
Thirty minutes later, the rats were sacrificed by exsanguination while under
the anesthetic, and the skin was removed, turned over, and photographed.
Identical circular skin areas (�1 cm2) were then cut out, and the extrava-
sated Evans blue was extracted by incubating the skin samples in 99%
N,N-dimethylformamide for 24 h at 55°C. The supernatant was collected
by centrifugation and OD650 was measured with a multilabel counter. The
percentage of extravasation was calculated, taking saline- and compound
48/80-induced Evans blue extravasation as 0 and 100%, respectively. An-
imal care and treatment were conducted in accordance with the institutional
guidelines of University of Tokyo, which are consistent with the Guide for
the Care and Use of Laboratory Animals published by the National Insti-
tutes of Health.

Other chemicals

Nocodazole, colchicine, thapsigargin, and cyclopiazonic acid were pur-
chased from Sigma-Aldrich. DiOC6 (3) was purchased from Molecular
Probes.

Statistical analysis

The results of the experiments are expressed as the means � SE. Statistical
evaluation of the data was performed by unpaired Student’s t test for com-
parisons between two groups, and by ANOVA followed by Dunnett’s test
for comparisons between more than two groups. A value of p � 0.05 was
regarded as significant.

Results
Microtubule depolymerizers inhibit mast cell degranulation

First, we examined the effects of nocodazole and colchicine, both
of which are microtubule depolymerizers, on mast cell degranula-
tion. Intracellular �-hexosaminidase was released by DNP-HSA
(0.1–100 ng/ml) stimulation for 15 min in a concentration-depen-
dent manner in RBL-2H3 cells, and 10 ng/ml DNP-HSA induced
submaximal degranulation (data not shown). In RBL-2H3 cells,
nocodazole (Fig. 1A) and colchicine (B) inhibited the 10 ng/ml
DNP-HSA-induced degranulation in a concentration-dependent
manner. These microtubule depolymerizers also inhibited degran-
ulation caused by higher concentration of DNP-HSA (30 ng/ml
DNP-HSA, 42.8 � 1.0%; with 3 �M nocodazole, 17.9 � 1.8%;

FIGURE 1. Effects of microtubule depolymerizers on mast cell degran-
ulation. A and B, RBL-2H3 cells were preincubated with nocodazole (A) or
colchicine (B) for 15 min at 37°C, and then were stimulated with 10 ng/ml
DNP-HSA for 15 min. C, BMMCs were preincubated without (control) or
with microtubule depolymerizers (3 �M nocodazole or 30 �M colchicine)
for 15 min at 37°C, and then were stimulated with 10 ng/ml DNP-HSA for
15 min. The percentages of released �-hexosaminidase were calculated.
The spontaneous release of �-hexosaminidase (no Ag) was 6.4 � 0.6%
(RBL-2H3 cells) or 1.9 � 0.2% (BMMCs), respectively. The results are
expressed as the mean � SE of 5–10 experiments. Significantly different
from the control: �, p � 0.05; ��, p � 0.01.
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with 30 �M colchicine, 28.2 � 1.5%). In BMMCs, the microtu-
bule depolymerizers (3 �M nocodazole or 30 �M colchicine) inhib-
ited 10 ng/ml DNP-HSA-induced degranulation as well (Fig. 1C).

Microtubule depolymerizers inhibit CCE

Because it was known that an increase in [Ca2�]i is prerequisite for
mast cell degranulation, we investigated whether or not the micro-
tubule depolymerizers would affect the Ca2� signaling. In RBL-
2H3 cells, both nocodazole and colchicine inhibited DNP-HSA-
induced [Ca2�]i increase (Fig. 2, A and C). In BMMCs,
nocodazole inhibited DNP-HSA-induced [Ca2�]i increase as well
(Fig. 2, B and D).

Ca2� enters the cytoplasm from two general sources, namely,
Ca2� release from the ER and Ca2� influx across the plasma mem-
brane. First, we investigated whether or not microtubule disruption
would affect Ca2� release from the ER. In the absence of external
Ca2� (with 0.5 mM EGTA), stimulation with 10 ng/ml DNP-HSA
induced a transient increase in [Ca2�]i due to Ca2� release from
the ER (Fig. 3A). Nocodazole and colchicine had no effect on the
DNP-HSA-induced Ca2� release (Fig. 3, A and B). In addition, the
remaining Ca2� in the ER released by thapsigargin after stimula-
tion with DNP-HSA was not affected by treatment with the mi-
crotubule depolymerizers (Fig. 3C), suggesting that the total
amount of Ca2� in the ER remained unaffected by disruption of the
microtubules.

We then investigated whether or not microtubule disruption
would exert an effect on the other source of [Ca2�]i increase,
namely, Ca2� influx. Readmission of external Ca2� after the de-
pletion of Ca2� in the ER induced sustained Ca2� influx (Fig. 4).
Nocodazole (Fig. 4A) and colchicine (B) significantly inhibited the

FIGURE 4. Effects of microtubule depolymerizers on Ca2� influx. A and
B, Typical recordings of the increase in [Ca2�]i in fura-PE3-loaded RBL-2H3
cells. The cells were preincubated without (control), or with 0.3–3 �M no-
codazole (A), 3–30 �M colchicine (B) for 15 min at 37°C. The external so-
lution was replaced with Ca2�-free HEPES-buffered solution for the last 1 min
of preincubation. The cells were then stimulated with 10 ng/ml DNP-HSA for
5 min, followed by the readmission of external Ca2� (1.5 mM). C, AUC for
5 min after the addition of external Ca2� in A and B. The results are expressed
as the mean � SE of 54–81 cells in four to six independent experiments. ��,
Significantly different from the control with p � 0.01.

FIGURE 2. Effects of microtubule depolymerizers on DNP-HSA-in-
creased [Ca2�]i. A and B, Typical recordings of the increase in [Ca2�]i in
fura-PE3-loaded RBL-2H3 cells (A) or BMMCs (B). The cells were pre-
incubated without (control) or with microtubule depolymerizers (3 �M
nocodazole or 30 �M colchicine) for 15 min at 37°C, and were subsequently
stimulated with 10 ng/ml DNP-HSA. C, AUC for 10 min after DNP-HSA
stimulation in A. D, AUC for 3 min after DNP-HSA stimulation in B. The
results are expressed as mean � SE of 49–119 cells in four to five independent
experiments. ��, Significantly different from the control with p � 0.01.

FIGURE 3. Effects of microtubule depolymerizers on Ca2� release
from the ER. A, Typical recordings of the increase in [Ca2�]i in fura-PE3-
loaded RBL-2H3 cells. The cells were preincubated without (control) or
with microtubule depolymerizers (3 �M nocodazole or 30 �M colchicine)
for 15 min at 37°C. The external solution was replaced with Ca2�-free
HEPES-buffered solution for the last 1 min of preincubation. The cells
were then stimulated with 10 ng/ml DNP-HSA for 5 min, followed by
stimulation with 1 �M thapsigargin in the absence of external Ca2�. B and
C, AUC for 5 min after DNP-HSA (B) or thapsigargin (C) stimulation in
A. The results are expressed as the mean � SE of 46–52 cells in three
independent experiments. N.S., Not significantly different from control.
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influx of Ca2� after the depletion of Ca2� induced by DNP-HSA
stimulation in a concentration-dependent manner (C). We further
investigated whether or not the Ca2� influx that was inhibited by
the microtubule depolymerizers was CCE. Inhibitors of sarco-ER
Ca2�-ATPase, thapsigargin or cyclopiazonic acid, induce Ca2�

depletion in the ER and cause CCE, and therefore these drugs have
been used as a tool to activate CCE (3, 23). Nocodazole signifi-
cantly inhibited thapsigargin-induced CCE (Fig. 5, A and C) and
cyclopiazonic acid-induced CCE (B and D). In addition, we ex-
amined the time dependency of nocodazole treatment (Fig. 5, B
and D). Fifteen minutes of pretreatment with nocodazole (i.e., a
total of 23-min treatment before Ca2� readmission) reduced CCE
more potently than 2 min of pretreatment (i.e., 10 min treatment
before Ca2� readmission).

Microtubule disruption changes the distribution of the ER

As mentioned in the introduction, the ER is important for Ca2�

signal transduction, because this organelle is a store for Ca2� re-
lease and triggers signaling to induce CCE. Therefore, we inves-
tigated the effects of microtubule depolymerizers on the distribu-
tion of the ER. In RBL-2H3 cells in the resting state, microtubules
were nucleated from a microtubule-organizing center, the centro-
some, which is typically located in the cytoplasm next to the nu-
cleus (Fig. 6A, left panel). From this focal point, the cytoplasmic
microtubules emanated in a star-like conformation. The ER was
also located in accordance with the microtubules near the centro-
some (Fig. 6A, middle panel). However, when the RBL-2H3 cells

were treated with nocodazole, the microtubules did not assume the
star-like conformation (Fig. 6B, left panel). Moreover, the pattern
of the distribution of ER was drastically altered. The ER was found
to be dispersed throughout the cytoplasm (Fig. 6B, middle panel).
Similar changes in the conformational patterns of the microtubules
and the ER were observed in BMMCs. In BMMCs in the resting
state, the cytoplasmic microtubules emanated in the star-like con-
formation (Fig. 6C, left panel) and the ER was also located in
accordance with the microtubules (C, middle panel). After the no-
codazole treatment, not only the conformation of the microtubules
(Fig. 6D, left panel), but also the pattern of ER distribution was
drastically altered (D, middle panel). We further investigated the
time-dependent changes in ER distribution induced by treatment
with nocodazole in an individual cell. The ER began to disperse
throughout the cytoplasm at least 15 min after nocodazole treat-
ment (Fig. 7).

We then examined the effects of DNP-HSA stimulation on mi-
crotubules and ER distribution. There was increased spreading of
the cells over the substratum after the DNP-HSA stimulation (Fig.
8). In RBL-2H3 cells after the DNP-HSA stimulation, microtu-
bules emanated in the star-like conformation (Fig. 8A, left panel),
and the ER was located in accordance with the microtubules (A,
middle panel). When the RBL-2H3 cells were pretreated with no-
codazole, the microtubules did not assume the star-like conforma-
tion (Fig. 8B, left panel), and the ER was found to be dispersed
throughout the cytoplasm (B, middle panel). Similar changes were
observed in BMMCs. In BMMCs after the DNP-HSA stimulation,
the microtubules emanated in the star-like conformation (Fig. 8C,
left panel) and the ER was located in accordance with the micro-
tubules near the centrosome (C, middle panel). When the BMMCs
were pretreated with nocodazole, the conformation of the micro-
tubules was drastically altered (Fig. 8D, left panel), and the ER
was found to be dispersed throughout the cytoplasm (D, middle
panel). The patterns of distribution of both microtubules and the
ER were not found to have changed significantly after DNP-HSA
stimulation.

In this study, we also verified the observed ER distribution using
another fluorescent probe, DiOC6 (3), which is also used for stain-
ing the ER (17). We confirmed the distribution of ER in the central
region of RBL-2H3 cells in the resting state, whereas following
nocodazole treatment, the ER was dispersed throughout the cyto-
plasm (data not shown).

Microtubule depolymerizers attenuate the PCA reaction

Finally, we examined the effects of nocodazole and colchicine on
the PCA reaction in vivo. The intradermal injection of IgE (50–
300 ng/ml) induced the extravasation of Evans blue in a concen-
tration-dependent manner, and 200 ng/ml IgE induced submaximal
extravasation of the dye (data not shown). Nocodazole (Fig. 9, A
and C) and colchicine (B and D) attenuated the PCA reaction in a
concentration-dependent manner.

Discussion
Microtubules are now recognized as crucial to the mast cell de-
granulation. Although inhibitory effects of microtubule depoly-
merizers on mast cell degranulation have been observed, most
studies have focused primarily on the effects of such depolymer-
izers on the process of granular transport (13–15). In the present
study, we confirmed that two microtubule depolymerizers, nocoda-
zole and colchicine, reduced degranulation in RBL-2H3 cells and
BMMCs (Fig. 1). Moreover, we observed additional interesting
effects of these agents on ER distribution and Ca2� signaling.

When the mast cells were treated with nocodazole, the ER was
dispersed throughout the cytoplasm, along with the disruption of

FIGURE 5. Effects of nocodazole on CCE. A and B, Typical recordings
of the increase in [Ca2�]i in fura-PE3-loaded RBL-2H3 cells. The cells
were preincubated without (control) or with 3 �M nocodazole for 2 min
(only in B) or 15 min at 37°C. The external solution was replaced with
Ca2�-free HEPES-buffered solution for the last 1 min of preincubation.
The cells were then stimulated with 1 �M thapsigargin for 5 min (A) or 10
�M cyclopiazonic acid for 8 min (B), followed by the readmission of
external Ca2� (1.5 mM). C and D, AUC for 5 min after the addition of
external Ca2� in A (C) or in B (D). The results are expressed as the mean �
SE of 66–137 cells in four to nine independent experiments. ��, Signifi-
cantly different from the control with p � 0.01.
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the star-like microtubule conformation (Figs. 6–8). However, the
microtubule depolymerizers did not affect the Ca2� release in-
duced by DNP-HSA, nor was the total amount of Ca2� stored in
the ER affected (Fig. 3). The other important source of [Ca2�]i

increase is Ca2� influx from the extracellular space. The disruption
of microtubules inhibited the Ag-induced Ca2� influx (Fig. 4). We
also verified that nocodazole reduced the Ca2� influx, a process
known as CCE, which was induced by thapsigargin and cyclopia-
zonic acid (Fig. 5). As shown in Fig. 5, B and D, 15 min of pre-
treatment with nocodazole reduced CCE more potently than 2 min
of pretreatment. Nocodazole changed the distribution of the ER
(Fig. 7) and also reduced CCE (Fig. 5, B and D) in a time-depen-

dent manner. These results suggest that, although the ER redistri-
bution had no effect on Ca2� release mediated by IP3, it did alter
the potential of CCE. It is generally recognized that mast cells
release their granules in proportion to increases in [Ca2�]i (8, 24).
The microtubule depolymerizers used here inhibited degranulation
(Fig. 1) in accordance with the decrease in [Ca2�]i (Fig. 2). Con-
sidering that the inhibition of degranulation (Figs. 1, A and B)
parallels the inhibition of Ca2� influx (Fig. 4), the effect of these

FIGURE 6. Effects of microtubule depolymerizers on the distribution of
microtubules and the ER. RBL-2H3 cells (A and B) or BMMCs (C and D)
were preincubated without (A and C) or with 3 �M nocodazole (B and D) for
15 min at 37°C. The cells were double-labeled for tubulin (green) or ER
(pseudocolored; red). These figures are typical images from four experiments.

FIGURE 7. Time-dependent changes in ER distribution after microtu-
bule disruption. RBL-2H3 cells were incubated with 3 �M nocodazole for
0, 5, 10, or 15 min at 37°C. These figures are typical images of an indi-
vidual cell from among four experiments.

FIGURE 8. Effects of microtubule depolymerizers on the distribution of
microtubules and the ER after Ag stimulation. RBL-2H3 cells (A and B) or
BMMCs (C and D) were preincubated without (A and C) or with 3 �M
nocodazole (B and D) for 15 min, and the cells were subsequently stimu-
lated with 10 ng/ml DNP-HSA for 10 min at 37°C. The cells were double-
labeled for tubulin (green) or ER (pseudocolored; red). These figures are
typical images from four experiments.

FIGURE 9. Effects of microtubule depolymerizers on PCA reaction.
Nocodazole (A and C) and colchicine (B and D) were injected into the back
skin of rats simultaneously with IgE injections (i.e., 2 h before Evans blue
and DNP-HSA i.v.). A and B, Typical photographs of the PCA reaction
from among eight tests. C and D, Analytical data regarding the extrava-
sated Evans blue. The results are expressed as the mean � SE of eight
experiments. ��, Significantly different from the control with p � 0.01.
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agents on the Ca2� influx might be one of the main mechanisms
for the inhibition of degranulation.

One main question is how the disruption of microtubules inhib-
its CCE. As mentioned in the introduction, two general mecha-
nisms have been proposed for CCE activation: a conformational
coupling model (protein-protein interaction) and a CIF model (dif-
fusible messenger). Our results suggest that the ER has to be lo-
cated at a particular position to transfer a signal to the plasma
membrane, where the targets (SOCs) are located. Therefore, our
data appear to provide support for the conformational coupling
model. However, we cannot rule out the CIF model, because CIF-
producing stores, i.e., the ER (12), might need to be located at a
particular position near the SOCs in the plasma membrane. Al-
though we were unable to elucidate the entire process of CCE
activation in mast cells, the present findings strongly suggest that
intact ER distribution is important for the induction of CCE. In
addition to the elucidation of the mechanism, the molecular iden-
tification of native SOCs remains a major subject for further re-
search. However, the molecular identity of native SOCs in intact
cells has not yet been clarified. We expect that the evidence of the
involvement of microtubules in the opening of native SOCs will
provide crucial leads for more rapid molecular identification of
individual channels.

As discussed above, our findings suggest that the decrease in
[Ca2�]i by microtubule depolymerizers probably attenuates mast
cell degranulation. To date, there have been several studies dem-
onstrating that CCE plays an important role in mast cell degran-
ulation in vitro. However, the CCE system has not been recognized
as a clinical target in the treatment of allergic diseases. In this
study, we examined the effects of CCE-targeting drugs on the mast
cell-dependent allergic response in vivo, and observed a marked
effect in the PCA reaction (Fig. 9). Thus, we expect that the use of
CCE-targeting agents, including microtubule depolymerizers, will
exhibit great potential in the treatment of allergic diseases in the
future.

In summary, the ER of mast cells is maintained at particular
positions by microtubules, and the microtubule depolymerizers
used here were found to alter proper ER arrangement. As a con-
sequence, these agents inhibited CCE, and subsequently reduced
degranulation, and attenuated the allergic response in vivo. This is
the first report demonstrating that microtubule depolymerizers
could inhibit the allergic response; these drugs were found to exert
a novel inhibitory effect on the Ca2� influx pathway through CCE
in the process of mast cell degranulation.
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