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A B S T R A C T

Mast cells (MCs) are important effectors of the immediate allergic response. MCs are distributed throughout
various tissues and organs, and adhere to extracellular matrix (ECM) with broad stiffness in the body. Here we
compared cellular responses following antigen stimulation in MCs on glass-base dishes with and without a
hydrogel. We found that an antigen-induced increase in intracellular Ca2+ concentration was suppressed slightly
in cells on hydrogel-coated dishes compared with those on non-coated dishes, whereas their subsequent de-
granulation was largely inhibited in cells adherent to the hydrogel. Focusing on focal adhesions (FAs), vinculin
was distributed in a dot-like manner at the bottom of resting cells on non-coated dishes but not on hydrogel-
coated dishes. According to antigen stimulation, phosphorylation of focal adhesion kinase and additive vinculin
accumulation to FAs were promoted in cells on non-coated dishes, but were diminished on hydrogel-coated
dishes. Moreover, microtubule reorganization and acetylation (which have important roles in MC degranulation)
were also suppressed in activated MCs adherent to the hydrogel. These findings suggest that adhesion to a
hydrogel led to failure of composition of functional FAs and microtubule tracts, which resulted in suppression of
MC degranulation following antigen stimulation.

1. Introduction

The extracellular matrix (ECM) regulates the proliferation, differ-
entiation, and function of cells through adhesion with resident cells
[1,2]. Cell–ECM adhesion complexes provide dynamic links between
ECM proteins and the intracellular cytoskeleton thanks to flexible en-
gagement, clustering, and turnover.

Integrins are major cellular adhesion molecules and are con-
centrated prominently in focal adhesions (FAs), where cells “sense” the
chemical and mechanical properties of their environment. The extra-
cellular domains of integrins bind to ECM ligands, and the cytoplasmic
domain interacts with adaptor proteins such as talin, paxillin, vinculin,
and focal adhesion kinase (FAK) to link with the cytoskeleton.

Cell–ECM adhesion sites are highly versatile “mechanosensing”
systems and enable cells to monitor their adhesive states. Hence, cells
can respond rapidly to changes in mechanical tension or shear stress by
modulation of the adhesion and migration of cells [3].

An increase in force loading and mechanical tension on cell–ECM
adhesion sites induces recruitment of adaptor proteins and FA ma-
turation. Engagement of integrins with the ECM promotes paxillin
phosphorylation, and the phosphorylated paxillin molecules contribute
to recruitment of FAK and vinculin as scaffold proteins [4]. FAK

phosphorylation generates a binding site for the SH2 domain of Src
tyrosine kinase. The FAK/Src complex phosphorylates assembled pro-
teins to FAs and has a role in “mechanotransduction”.

Vinculin has three functional domains (head, neck, tail) and exists
in two conformational forms in cells (open activation and closed auto-
inhibition) [5–8]. In the closed form, the tight binding of the head and
tail domains mask phosphorylation sites and hinder the ability to bind
target proteins. Force loading and phosphorylation have been proposed
to shift the vinculin conformation from a closed auto-inhibition form to
an open activation form. Vinculin can bind to talin, paxillin, and F-actin
in an open activation form and regulate transmission of mechanical
signals from the ECM to the cytoskeletal machinery. Thus, force across
vinculin stimulates the protein assembly and FA maturation, indicating
that vinculin plays a key part in the transduction of extracellular me-
chanical stimuli to cytoskeletal reorganization. F-actin anchored to FAs
by vinculin interacts with microtubules through fascin, an actin- and
microtubule-binding protein [9], suggesting that FAs are also involved
in the polarity and motility of cells.

Mast cells (MCs) are important effector cells of the immediate al-
lergic response. MCs secrete allergic mediators such as histamine and
serotonin prestored in intracellular granules [10]. These cells are dis-
tributed throughout various tissues and organs, some of which are
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influenced by mechanical stretch (e.g., heartbeat, respiration) and ad-
here to ECM proteins (e.g., fibronectin, vitronectin, laminin) by binding
to their adhesion molecules, including integrins [11,12].

Adhesion of MCs to ECM proteins is known to enhance MC de-
granulation by crosslinking to high-affinity immunoglobulin (Ig)E re-
ceptors (FcεRI) on their plasma membrane [13]. In turn, MC activation
amplifies their adhesion to ECM proteins [14]. FcεRI crosslinking by
multivalent antigen initiates activation of cascades of Src family tyr-
osine kinases, including Lyn and Fyn [10]. Phosphorylated Lyn induces
phosphorylation of Syk tyrosine kinase, which subsequently activates
several adaptor proteins, including phospholipase Cγ (PLCγ), which
generates inositol-1,4,5-trisphospahate (IP3) by hydrolysis of phospha-
tidylinositol-4,5-bisphosphate and diacylglycerol (DAG). IP3 binds to its
receptor (IP3R) on the endoplasmic reticulum (ER) membrane and
triggers Ca2+ release from the ER. The decreased Ca2+ concentration in
the ER subsequently induces extracellular Ca2+ influx into the cyto-
plasm via stromal interaction molecule–Orai interaction. The lasting

increase in the intracellular Ca2+ concentration ([Ca2+]i), as well as
activation of protein kinase C (PKC) by DAG, is essential for MC de-
granulation.

In addition, degranulation is accompanied by reorganization of the
cytoskeleton, which leads to membrane ruffling and cell spreading.
Movement of secretory granules toward the plasma membrane, where
they fuse to release allergic mediators, is dependent on the microtubule
tract [15].

Kinesin-1/Slp3/Rab27b and dynein/RILP/Rab12 complexes have
been reported to have roles in the anterograde and retrograde transport
of secretory granules along microtubules in MCs, respectively [16,17].
Post-translational modifications of tubulins, including acetylation, de-
tyrosination, glutamylation, and glycylation, affect not only the dy-
namics but also the reorganization and interaction of microtubules with
motor proteins [18–20]. Acetylation at Lys40 of α-tubulin, for instance,
does not affect microtubule structure, but it protects long-lived micro-
tubules and promotes the binding and transport of kinesin-1 [21–23].

Fig. 1. [Ca2+]i increase in activated RBL-2H3 cells following antigen stimulation.
(A) Differential interference contrast (DIC) images of RBL-2H3 cells in dishes coated with and without the hydrogel. Scale bar= 20 μm. (B–D) Time courses of
[Ca2+]i after addition of antigen (DNP-BSA; 50 ng/mL) (B), thapsigargin (50 nM) (C), and ionomycin (1 μM) (D) in cells on glass-base dishes coated with (dotted
lines) and without (solid lines) the hydrogel. The averaged ratio data (F/F0), which were calculated by dividing Fluo-4 fluorescence intensity (F) after addition of
stimulants by the fluorescence intensity (F0) at resting level (t = 0), of 50 cells are presented. Arrows indicate the time when the stimulants were added. (E)
Comparison of maximum ratio values of Fluo 4 fluorescence intensity after stimulant addition between cells on glass-base dishes coated with (gray boxes) and
without (black boxes) the hydrogel. Results are the mean ± SEM from 50 cells. *P < 0.05 and ***P < 0.001 by Student's t-test.
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Recently, we showed that microtubule acetylation was promoted ac-
cording to antigen stimulation by western blotting and im-
munocytochemistry, and played an important part in MC degranulation
[24].

Here, we studied the MC response on a hydrogel, focusing on FA
assemblies and the cytoskeleton tract. The hydrogel used in the present
study comprised thiol-modified hyaluronic acid and thiol-modified
gelatin with the crosslinking reagent disulfide-containing polyethylene
glycol diacrylate [25]. We found that accumulation of vinculin to FAs
was inhibited in resting MCs on a hydrogel. According to antigen sti-
mulation, microtubule acetylation and microtubule-organizing center
(MTOC) formation was impaired and, thereafter, degranulation was
also suppressed significantly in MCs on the hydrogel. Our results might
provide novel information on the molecular mechanism in relation to

cellular exocytosis and adhesion to ECM.

2. Materials and methods

2.1. Materials

Mouse anti-dinitrophenyl (DNP) IgE (IgE-53-569) was kindly pro-
vided by Professor T. Kishimoto (Osaka University, Suita, Japan). DNP-
conjugated bovine serum albumin (DNP-BSA) was prepared using
methods described previously [26]. In the present study, seven DNP
groups, on average, were conjugated with a single BSA molecule
[27–29]. Thapsigargin and ionomycin were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Phorbol-12-myristoyl-13-acetate
(PMA) and paclitaxel were obtained from Sigma–Aldrich (Saint Louis,
MO, USA).

2.2. Hydrogel preparation

The hydrogel was prepared using a Hystem®-C hydrogel kit (ESI
BIO, Alameda, CA, USA). According to the technical datasheet,
Hystem®-C hydrogel can display compliance to stresses between a few
hundred to a few thousand Pa. In brief, after mixing 1% Glycosil® (thiol-
modified hyaluronic acid) and 1% Gelin-S® (thiol-modified gelatin) in a
1:1 vol ratio, 2% PEGSSDA® (disulfide-containing polyethylene glycol
diacrylate) was added to the mixture in a 1:4 vol ratio. The solution was
applied to 35-mm glass-base dishes (AGC, Tokyo, Japan) and 96-well
culture plates (Corning, Corning, NY, USA) and maintained at room
temperature until gelation.

2.3. Cell culture

The rat MC line RBL-2H3 (the line used most widely as a model for
MCs) was cultured in an atmosphere of 5% CO2 at 37 °C in minimum
essential medium (MEM) (Nissui, Tokyo, Japan) supplemented with
10% fetal calf serum (FCS) (Roche, Mannheim, Germany) [27–30].

2.4. [Ca2+]i measurement

RBL-2H3 cells were cultured on glass-base dishes coated with or
without the hydrogel overnight. The following day, cells were loaded
with Fluo 4-AM (1 μM) (Dojindo, Kumamoto, Japan) and anti-DNP IgE

Fig. 2. Degranulation of RBL-2H3 cells following antigen stimulation.
Percentage of released β-hexosaminidase to the total content after addition of
antigen (DNP-BSA; 50 ng/mL), thapsigargin (50 nM) + PMA (50 ng/mL), or
ionomycin (1 μM) for 30 min in cells adherent to plates coated with (gray
boxes) and without (black boxes) the hydrogel. Results are the mean ± SEM
from three independent experiments. ***P < 0.001 by Student's t-test.

Fig. 3. Distribution of vinculin in RBL-2H3 cells following antigen stimulation.
Confocal fluorescence images with vinculin staining in cells cultured on glass-base dishes coated with and without the hydrogel at an adhesive plane. Cells were fixed
in 2% formaldehyde before and 10-min after antigen stimulation. Scale bar= 20 μm.
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(1:5000 dilution) for 30min at 37 °C, and then washed twice with
Hepes buffer [10mM HEPES (pH 7.2), 140mM NaCl, 5 mM KCl,
0.6 mM MgCl2, 1 mM CaCl2, 0.1% glucose, 0.1% BSA, and 0.01% sul-
finpyrazone]. Preparations were viewed on a confocal laser scanning
microscope (LSM-800; Zeiss, Oberkochen, Germany). During experi-
ments, the temperature of the observation chambers was maintained at
37 °C. Fluorescence intensity was measured by ZEN software (Zeiss).
The ratio data (F/F0) were calculated by dividing fluorescence intensity
(F) after addition of stimulants by the fluorescence intensity (F0) at
resting level (t=0) [29].

2.5. β-Hexosaminidase assay

Degranulation of RBL-2H3 cells was monitored by measuring the
activity of the granule-stored enzyme β-hexosaminidase secreted into
cell supernatants. Cells were plated in 96-well plates coated with or
without the hydrogel overnight. The following day, cells were sensi-
tized with anti-DNP IgE (1:5000) for 30min at 37 °C, monolayers were
washed with Hepes buffer, and incubated with stimulants for 30min at
37 °C. Following incubation, supernatant aliquots were transferred to
96-well plates (20 μL/well) and incubated with 20 μL substrate solution
[2mM p-nitrophenyl-N-acetyl-β-D-glucosaminide (Sigma–Aldrich) in
100mM citrate buffer (pH 4.5)] for 1 h at 37 °C. After terminating the
reaction using 167mM Na2CO3-NaHCO3 buffer (160 μL), absorbance at
405 nm was measured using a microplate reader (680; Bio-Rad
Laboratories, Hercules, CA, USA). Release activity relative to total
cellular β-hexosaminidase content was determined by disrupting cells
with 0.1% Triton X-100 [28–31]. Each assay was undertaken in tripli-
cate.

2.6. Immunostaining

RBL-2H3 cells were seeded on glass-base dishes coated with or
without the hydrogel overnight. The following day, cells were sensi-
tized with anti-DNP IgE (1:5000) for 30min at 37 °C, and monolayers
washed with Hepes buffer and then stimulated with DNP-BSA (50 ng/
mL) for 10min at 37 °C. Cells were fixed in 2% paraformaldehyde for
15min, permeabilized in 0.3% Triton X-100 for 30min, and blocked in
1% BSA for 30min.

In single staining, cells were probed for 1 h with mouse anti-vinculin
antibody (1:400; Sigma–Aldrich) and incubated for 1 h with Alexa Fluor
488-conjugated goat anti-mouse IgG (1:1000; Thermo Fischer
Scientific, Waltham, MA, USA). In double staining, cells were probed
for 1 h with mouse anti-acetylated-α-tubulin antibody (K40) (1:250;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and incubated for 1 h
with Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1000) and
0.1 μg/mL 4,6-diamidino 2-phenylindole (DAPI) (Sigma–Aldrich). In
triple staining, cells were probed for 1 h with mouse anti-α-tubulin
antibody (1:400; Sigma–Aldrich) and incubated for 1 h with Alexa Fluor
488-conjugated goat anti-mouse IgG (1:1000), 13.2 nM rhodamine X-
conjugated phalloidin (Wako Pure Chemical Industries) and 0.1 μg/mL
DAPI [32].

Fluorescence intensity was measured and analyzed by ZEN soft-
ware. α-tubulin accumulation in MTOCs was analyzed by a procedure
reported recently [24]. In brief, after the fluorescent signal for α-tu-
bulin had been measured in circles with radii of 1 μm and 5 μm in
MTOCs and cytoplasm, respectively, in a single cell, the ratio of fluor-
escence intensity in MTOCs to that in cytoplasm was calculated.
Quantification of acetylated microtubules was done by measuring the
average fluorescence intensity within the cell periphery.

2.7. Western blotting

Cultured RBL-2H3 cells (5× 105 cells/well) were seeded in 35-mm
plates coated with or without the hydrogel. The following day, cells
were sensitized with anti-DNP IgE (1:5000) for 30min at 37 °C, and
monolayers were washed with Hepes buffer and stimulated with DNP-
BSA (50 ng/mL) for 10min at 37 °C. Thereafter, cells were lysed with
cold lysis buffer [20mM HEPES (pH 7.9), 0.1% NP-40, 50mM NaCl,
1 mM EDTA, 1mM dithiothreitol, 10mM Na3VO4, 10 μg/mL phe-
nylmethylsulfonyl fluoride, 10 μg/mL leupeptin, and 10% glycerol].
Lysates were maintained on ice for 30min, followed by centrifugation
at 15,000×g for 10min at 0 °C. The resulting supernatants were solu-
bilized by treatment with Laemmli buffer at 100 °C for 5min.
Subsequently, proteins were separated using 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis. Separated proteins were
transferred to polyvinylidene difluoride (PVDF) membranes with an

Fig. 4. Phosphorylation of paxillin and FAK in RBL-2H3 cells following antigen
stimulation.
(A) Phosphorylation levels of paxillin (P-paxillin) and FAK (P-FAK) before and
10-min after antigen (DNP-BSA; 50 ng/mL) stimulation in cells on glass-base
dishes coated with and without the hydrogel measured by western blotting. (B)
Relative phosphorylation levels to antigen-stimulated cells adherent to glass (as
100%) are presented after controlling for protein loading. GAPDH served as the
control. Data are representative of three independent experiments. Results are
the mean ± SE from>3 independent experiments. **P < 0.01 by
Tukey–Kramer's t-test.
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electroblotter (Bio-Rad Laboratories). After blockade with 5% BSA,
PVDF membranes were probed with rabbit anti-phospho-FAK (Y397)
(1:1000; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-
phospho-paxillin (Y118) (1:1000; Cell Signaling Technology), or rabbit
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(1:5000; Sigma–Aldrich) at 4 °C overnight. Subsequently, treatment
with horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG
(1:2000; Cell Signaling Technology) or HRP-labeled goat anti-mouse
IgG antibody (1:2000; Cell Signaling Technology) was done.
Immunoreactivity was detected using enhanced chemiluminescence
(GE Healthcare, Buckinghamshire, UK) with a LAS-4000 imager
(Fujifilm, Tokyo, Japan) and analyzed using ImageJ (National Institutes
of Health, Bethesda, MD, USA).

2.8. Statistical analyses

The Student's t-test and Tukey–Kramer's test were used to compare
group differences. Results were considered significant at P < 0.05.

3. Results

3.1. [Ca2+]i increase and degranulation of RBL-2H3 cells

First, we compared cell shape on glass-base dishes coated with and
without the hydrogel that shows stresses between a few hundred to a
few thousand Pa. Whereas RBL-2H3 cells were spread on glass-base
dishes without the hydrogel, their shape was round on hydrogel-coated
dishes (Fig. 1A), as reported for other cell types [33,34]. First we
measured the [Ca2+]i increase in individual RBL-2H3 cells adherent on

glass-base dishes coated with and without the hydrogel following ad-
dition of antigen, a sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) inhibitor (thapsigargin) and a Ca2+ ionophore (ionomycin)
using confocal laser scanning microscopy.

Antigen induced a rapid and lasting [Ca2+]i increase after a short
lag-period, whereas thapsigargin led to a gradual and maintained
[Ca2+]i increase in RBL-2H3 cells on glass (Fig. 1B and C), as reported
previously [35]. As expected, ionomycin increased the [Ca2+]i sud-
denly in RBL-2H3 cells (Fig. 1D). Comparing the averaged maximum
ratio of fluorescence intensity, the amount of [Ca2+]i increase was
suppressed slightly in cells stimulated with antigen and thapsigargin,
but not ionomycin, on hydrogel-coated dishes (Fig. 1E).

Next, we measured degranulation of RBL-2H3 cells 30 min after
addition of stimulants. Thapsigargin alone did not induce degranulation
sufficiently, so co-stimulation of thapsigargin with the PKC activator
PMA (thapsigargin + PMA) was used to detect β-hexosaminidase re-
lease. Interestingly, unlike the [Ca2+]i increase, degranulation of RBL-
2H3 cells on the hydrogel was inhibited greatly after addition of an-
tigen, thapsigargin + PMA, or ionomycin (Fig. 2). These results sug-
gested that adhesion to the hydrogel did not affect the [Ca2+]i increase
largely but showed considerable inhibition of degranulation in RBL-
2H3 cells after FcεRI-dependent and -independent stimulation.

3.2. Vinculin accumulation to FAs in RBL-2H3 cells

Degranulation rather than a [Ca2+]i increase was largely inhibited
in activated RBL-2H3 cells on the hydrogel, which originally had a
round shape, so we considered that FA maturation and/or cytoskeletal
reorganization were involved in this diminished degranulation. We

Fig. 5. Inhibition of microtubule reorganization following antigen stimulation in RBL-2H3 cells adherent to the hydrogel.
(A) Confocal fluorescence images with triple staining for actin (red), α-tubulin (green) and nuclei (blue) in cells on glass-base dishes coated with and without the
hydrogel before and 10-min after antigen (DNP-BSA; 50 ng/mL) stimulation. Scale bar = 20 μm. (B) Ratio of fluorescence intensity in MTOCs to that in cytoplasm of
cells on glass-base dishes coated with and without the hydrogel before and 10-min after antigen (DNP-BSA; 50 ng/mL) stimulation. ***P < 0.001 by Tukey–Kramer's
test. n.s.; not significant.
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observed the intracellular distribution of vinculin (which is recruited to
FAs and transduces extracellular mechanical stimuli to cytoskeletal
reorganization) in resting RBL-2H3 cells on glass-base dishes coated
with and without the hydrogel. Vinculin showed a dot-like distribution
on the bottom of cells on non-coated dishes, but was distributed in the
entirely of cytoplasm in cells on hydrogel-coated dishes (Fig. 3). Vin-
culin is involved in the connection between the ECM and cytoskeletal
machinery in FAs, so this result suggested that formation of FA as-
semblies was defective in resting cells attached to the hydrogel.

3.3. Phosphorylation of FA proteins in RBL-2H3 cells

Paxillin and FAK, both of which are intracellular proteins composed
of FAs, are known to be phosphorylated in MCs according to antigen
stimulation [36,37]. We measured phosphorylation of paxillin and FAK
in antigen-stimulated RBL-2H3 cells on glass-base dishes coated with
and without the hydrogel. Phosphorylation of paxillin and FAK in
resting cells on hydrogel-coated dishes was similar to that on non-
coated dishes (Fig. 4). Following cellular activation with antigen, the
phosphorylation of paxillin and FAK was enhanced significantly in cells
on non-coated dishes and hydrogel-coated dishes. Phosphorylation of
paxillin, an integrin-binding protein, was promoted in stimulated cells
on glass-base dishes coated with and without the hydrogel. However,
phosphorylation of FAK, a recruited protein to FAs by phosphorylated
paxillin, was weaker in stimulated cells on hydrogel-coated dishes than
those on non-coated dishes. In accordance with these results, the ad-
ditive accumulation of vinculin to FAs according to antigen stimulation
was observed in cells on non-coated dishes, but not on hydrogel-coated
dishes (Fig. 3). These data suggested that paxillin phosphorylation was
evoked similarly beneath the plasma membrane in contact with glass
and the hydrogel according to antigen stimulation but, thereafter, FAK
phosphorylation and vinculin recruitment were impaired in cells on the
hydrogel.

3.4. Microtubule reorganization in RBL-2H3 cells

Defective re-assembly of FAs induced by antigen in cells attached to
the hydrogel was considered to affect the cytoskeletal protein network
so, next, we studied the intracellular distribution of the cytoskeleton in
MCs. As described previously [38], F-actin was localized on the per-
iphery of RBL-2H3 cells in dishes coated with and without the hydrogel
(Fig. 5A). The stronger ruffling of plasma membranes derived from
degranulation occurred in cells on non-coated dishes than on hydrogel-
coated dishes. A filamentous microtubule network from MTOCs was
observed clearly in the cytoplasm of resting cells. Microtubules are
known to be re-organized after antigen stimulation by accumulation of
α-tubulins to MTOCs [24]. We compared the microtubule reorganiza-
tion in cells on dishes coated with and without the hydrogel. Micro-
tubule reorganization was accelerated significantly according to an-
tigen stimulation in cells on non-coated dishes but not on hydrogel-
coated dishes (Fig. 5B).

α-tubulin acetylation in microtubules has been reported to induce
microtubule stabilization and acceleration of cargo transport [21–23].
Recently, we found that promotion of microtubule acetylation played
an important part in MC degranulation [24]. Hence, we measured mi-
crotubule acetylation in individual cells on dishes coated with and
without the hydrogel (Fig. 6A). Microtubule acetylation was promoted
according to antigen stimulation in cells on non-coated dishes, but not
on hydrogel-coated dishes (Fig. 6B). These results suggested that the
suppressive effect of MC degranulation on hydrogel-coated dishes was
involved in defective microtubule tracts.

4. Discussion

In this study, we compared cellular responses following antigen
stimulation in dishes coated with and without the hydrogel. Cell-de-
posited native tissues were estimated to range in stiffness from ∼0.1 to

Fig. 6. Inhibition of microtubule acetylation following antigen stimulation in RBL-2H3 cells adherent to the hydrogel.
(A) Z-stack images of confocal fluorescence microscopy with double staining of acetylated α-tubulin (Ac-α-tubulin) (green) and nuclei (blue) in cells on glass-base
dishes coated with and without the hydrogel before and 10-min after antigen (DNP-BSA; 50 ng/mL) stimulation. Scale bar = 20 μm. (B) Normalized fluorescence
intensity of acetylated α-tubulin in cells on glass-base dishes coated with and without the hydrogel before and 10-min after antigen (DNP-BSA; 50 ng/mL) stimu-
lation. ***P < 0.001 by Tukey–Kramer's test. n.s.; not significant.
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∼1000 kPa [39], which were intermediate between the hydrogel used
here (a few hundred to a few thousand Pa) and glass or plastic dishes
(∼108 Pa). When RBL-2H3 cells were two-dimensionally cultured on
the surface of glass or hydrogel under the same condition (in an at-
mosphere of 5% CO2 at 37 °C in MEM supplemented with 10% FCS)
overnight, cell shape was quite different between the cultured dishes;
cells were spread on glass, while they were round on the hydrogel. We
considered that the difference in cell shape was derived from the dif-
ferent formation of FA assemblies and cytoskeleton organization. Ac-
tually, vinculin was distributed in a dot-like manner in the bottom of
resting cells attached to glass but not to the hydrogel. We are con-
sidering that the FA assembly formation in cells on glass without hy-
drogel was mainly due to ECM proteins such as fibronectin in FCS in-
cluded in culture medium. While culturing RBL-2H3 cells, ECM proteins
in FCS were adsorbed onto the glass surface and then the cells were
attached to the absorbed ECM proteins by integrins [40].

FA-composing proteins have been observed to be colocalized with
FcεRI aggregates following antigen stimulation in RBL-2H3 cells [41].
Hence, we speculated that defective FA assemblies and/or cytoskeleton
organization might affect the formation of FcεRI crosslinks on the
plasma membrane after antigen stimulation and, subsequently, influ-
ence the response of MCs attached to the hydrogel. Unexpectedly, the
antigen-induced [Ca2+]i increase was suppressed only slightly in cells
attached to the hydrogel. The [Ca2+]i increase in cells on the hydrogel
after addition of thapsigargin (which leads to Ca2+ leakage from the ER
by inhibiting SERCA) was also suppressed slightly. The ionomycin-in-
duced [Ca2+]i increase was not suppressed in cells on the hydrogel,
suggesting that the defective FA assemblies did not affect the [Ca2+]i
increase mediated by FcεRI crosslinking greatly, and that slight in-
hibition of the [Ca2+]i increase was due to the suppressive effect of
defective FA assemblies on store-operated Ca2+ entry channels. On the
other hand, unlike the [Ca2+]i increase, the subsequent degranulation
of cells on the hydrogel was largely inhibited according to their sti-
mulants. To investigate whether gelatin included in the hydrogel af-
fected the cell response, we compared the [Ca2+]i increase and de-
granulation of RBL-2H3 cells on glass coated with and without collagen.
No significant difference in the [Ca2+]i increase and degranulation
between the presence and absence of collagen was found (data not
shown), suggesting that gelatin in the hydrogel little influenced the cell
response.

Paxillin is an integrin-binding protein and recruits FAK and vinculin
for FA assemblies. Defective accumulation of vinculin to the bottom of
resting cells on the hydrogel showed that functional FA assemblies were
not formed in those cells. Adherence to the ECM as well as crosslinking
of FcεRI has been reported to induce tyrosine phosphorylation of pax-
illin and FAK in RBL-2H3 cells [36,37]. Here, in resting cells, phos-
phorylation of paxillin and FAK did not show a significant difference
between cells adherent to dishes coated with and without the hydrogel.
According to antigen stimulation, phosphorylation of paxillin and FAK
was accelerated significantly in cells on dishes with and without the
hydrogel. However, phosphorylation of FAK, but not paxillin, was
lower in cells on hydrogel-coated dishes than those on non-coated
dishes. Additive accumulation of vinculin according to antigen stimu-
lation, which occurred in cells on glass, was not detected in cells at-
tached to the hydrogel. These findings suggested that phosphorylation
of the paxillin that binds to integrins was induced similarly in cells
adherent to glass and the hydrogel after antigen stimulation, but that its
downstream events in FAs (including FAK phosphorylation and vinculin
accumulation) were suppressed in cells attached to the hydrogel.

Though no great difference in intracellular distribution of actin fi-
lament and level of [Ca2+]i increase according to antigen stimulation
was shown in cells on dishes with and without the hydrogel, the plasma
membrane ruffling induced by antigen was weaker in cells on hydrogel-
coated dishes. The plasma membrane ruffling was reported to require
phospholipase D (PLD) activity in RBL-2H3 cells [42]. The weak
membrane ruffling might be due to impaired promotion of PLD activity

after antigen stimulation in cells on hydrogel.
Moreover, FAK phosphorylation has been reported to stimulate

microtubule acetylation through Ras homolog gene family, member A
(RhoA) activation [43]. Microtubule acetylation upregulates in-
tracellular transport of granules by regulating traffic of kinesin motors
[23,44]. A recent study showed that collaboration between paxillin and
FAK was important for modulation of microtubule acetylation, and that
paxillin could not induce microtubule acetylation without FAK activity
[45]. Adhesion to the ECM and stimulation with antigen induce FAK
phosphorylation mediated by different pathways [46]. Therefore, im-
paired phosphorylation of FAK according to antigen stimulation was
considered to cause the defective microtubule tract mediated by in-
sufficient microtubule acetylation. Reports have shown a dynamic re-
lationship between FAs and microtubules [47–49]. FAs have been re-
ported to act as preferred sites of the nucleation, polymerization, and
stabilization of microtubules in Swiss 3T3 fibroblasts [47]. Recently,
microtubules were found to not only induce FA disassembly and turn-
over for cell migration, but also to establish a pathway for delivery of
exocytic granules near FAs [48,49].

We showed that promotion of microtubule acetylation and re-
organization following antigen stimulation in cells on glass was in-
hibited in cells on a hydrogel. Insufficient modification of microtubules
was probably due to insufficient FA formation in cells on the hydrogel.
We hypothesize that: (i) adhesion to the hydrogel disturbed formation
of functional FA assemblies; (ii) dysfunctional FAs impaired antigen-
induced microtubule modification such as acetylation; (iii) a defective
microtubule tract through motor proteins led to inhibition of de-
granulation of RBL-2H3 cells.

5. Conclusions

We conclude that MC degranulation was small significantly by de-
fective microtubule tracts based on insufficient FA formation on a hy-
drogel compared with glass and plastic widely used as a cell culture
substrate. We have here expressed that MC function was reduced and
suppressed on a hydrogel from the view that a glass or plastic is stan-
dard. However, the expression that MC function was increased and
enhanced on a glass or plastic substrate may be more suitable because
native tissue stiffness is estimated to be intermediate between the hy-
drogel and glass used here. To understand which expression is appro-
priate, further experiments are required under the ECM stiffness close
to native tissues.
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