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a  b  s  t  r  a  c  t

Mast  cells  play  a  primary  role  in allergic  diseases.  During  an  allergic  reaction,  mast  cell activation  is  initi-
ated  by  cross-linking  IgE-Fc�RI  complex  by  multivalent  antigen  resulting  in  degranulation.  Additionally,
G  protein-coupled  receptors  also  induce  degranulation  upon  activation.  However,  the  spatio-temporal
relationship  between  Ca2+ mobilization  and  mast  cell  degranulation  is not  well  understood.  We  investi-
gated  the  relationship  between  oscillations  in  Ca2+ level  and  mast  cell degranulation  upon stimulation
in  rat RBL-2H3  cells.  Nile  red  and  Fluo-4  were  used  as probes  for  monitoring  histamine  and  intracellular
Ca2+ levels,  respectively.  Histamine  release  and  Ca2+ oscillations  in real-time  were  monitored  using total
internal  reflection  fluorescence  microscopy  (TIRFM).  Mast cell degranulation  followed  immediately  after
Fc�RI and  GPCR-mediated  Ca2+ increase.  Fc�RI-induced  Ca2+ increase  was  higher  and  more  sustained
than  that  induced  by  GPCRs.  However,  no  significant  difference  in mast  cell  degranulation  rates  was
observed.  Although  intracellular  Ca2+ release  was  both  necessary  and  sufficient  for  mast  cell degranu-
lation,  extracellular  Ca2+ influx  enhanced  the process.  Furthermore,  cytosolic  Ca2+ levels  and  mast  cell
degranulation  were  significantly  decreased  by downregulation  of  store-operated  Ca2+ entry  (SOCE)  via
Orai1  knockdown,  2-aminoethyl  diphenylborinate  (2-APB)  or tubastatin  A (TSA)  treatment.  Collectively,
this  study  has demonstrated  the  role  of Ca2+ signaling  in  regulating  histamine  degranulation.

©  2017  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The release of histamine from mast cells is a key event during
an allergic response. When allergy-prone people come in contact
with an allergen such as pollen or dust mite for the first time, their B
cells differentiate into plasma cells, which produce large quantities
of antigen-specific IgE. Following this, IgE binds to the mast cells
but does not cause an allergic reaction. Upon subsequent attack by
the same allergen, IgE stimulates the mast cells to release chemical
mediators such as cytokines and histamine [1,2]. These chemical
mediators cause the characteristic symptoms of allergy.

The allergic responses are mediated via two signaling pathways
resulting in mast cell degranulation. One is the IgE-dependent,
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and the other is the IgE-independent signaling pathway. The
IgE-dependent signaling pathway mimics physiological antigen
exposure by cross-linking the IgE-Fc�RI complexes with the multi-
valent antigen [3], while the IgE-independent signaling pathway
occurs through the activation of G protein-coupled receptors
(GPCRs) [4]. The high-affinity immunoglobulin E receptor (Fc�RI)
expressed on the surface of mast cells [5] is a tetrameric receptor
complex consisting of one �, one �, and two � chains. While the
�-chain forms the IgE-binding site, the �-chain amplifies and the
�-chain initiates the downstream signaling pathway, respectively.
Cross-linking of the IgE-Fc�RI complex by a multivalent antigen ini-
tiates the phosphorylation of the immunoreceptor tyrosine-based
activation motifs (ITAMs) found in the cytoplasmic � and �2 sub-
units of the Fc�RI receptor by Lyn, a Src protein tyrosine kinase,
which then leads to the recruitment and activation of another tyro-
sine kinase, Syk. Syk phosphorylates and activates phospholipase
C� (PLC�) tethered to LAT, a transmembrane adaptor molecule.
Hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PIP2) by
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PLC� produces two second messengers, diacylglycerol (DAG) and
inositol 1, 4, 5-trisphosphate (IP3). IP3-mediated Ca2+ release from
the ER and the combination of Ca2+ activation of PKC are necessary
and sufficient for degranulation of the mast cells [6–8].

In addition to the above, mast cell activation can also be trig-
gered by a large number of polycationic molecules, collectively
known as basic secretagogues. These include polyamines like sper-
mine and compound 48/80 (48/80) [9,10], venom peptides like
mastoparan, and neurotransmitters such as substance P [11], which
cause neurogenic inflammation [12]. The negatively charged sialic
acid residues (SIA) present on the mast cell membranes, are thought
to assemble the positively charged molecules, such as 48/80, at the
cell surface. Following this, the polycationic molecules interact with
the GPCRs that are coupled with the G�i family of heterotrimeric G
proteins [13,14]. Previous studies have demonstrated that the basic
secretagogue signaling pathway induces degranulation in the mast
cells by the activation of the heterotrimeric G� protein (G�i2 and
G�i3), by associating with the G�� subunits to stimulate phospholi-
pase C� (PLC�), which results in the release of histamine [12,15,16].
Similar to the activation of PLC� by the IgE-Fc�RI complexes, acti-
vation of PLC� by GPCRs also leads to the hydrolysis of PIP2 to yield
DAG and IP3.

During exocytosis and release of histamine [17,18], Ca2+ plays
an important role in the fusion of the secretory vesicles with the
plasma membrane [19,20]. Elevation in the intracellular Ca2+ level
after exposure to the allergens may  be due to the ER-releasable
fraction and extracellular Ca2+ influx. Store-operated Ca2+ entry
(SOCE) is the major form of extracellular Ca2+ influx following
depletion of ER Ca2+ stores in non-excitable cells, like mast cells.
Activation of SOCE is used to refill intracellular Ca2+ stores, regulate
basal Ca2+, and excute a wide range of Ca2+-associated specialized
activities [21]. Activation of both IgE-Fc�RI complexes and GPCRs
by allergens shares a similar signaling mechanism in inducing ER-
releasable Ca2+ and SOCE. Stromal interaction molecule 1 (STIM1)
is a transmembrane protein, which is localized mainly in the ER
and acts as a Ca2+ sensor. When STIM1 senses a decrease in the
Ca2+ concentration in the ER, it translocates to specific ER-plasma
membrane junctional regions, where it activates CRACM1 (cal-
cium release-activated calcium modulator 1 or Orai1) and TRPC1
(transient receptor potential canonical 1) channels, enabling extra-
cellular Ca2+ influx. Microtubules are essential for translocation
of STIM1 to the plasma membrane and its interaction with Orai1
for activation of SOCE [22,23]. Microtubule-associated histone
deacetylase 6 (HDAC6) induces the activation of STIM1-mediated
SOCE by enhancing the translocation of STIM1 to the plasma mem-
brane. Therefore, SOCE activated in the plasma membrane induces
extracellular Ca2+ influx and promotes the events related to degran-
ulation [24–26].

Nile red is a fluorescent probe used for the detection of his-
tamine [27,28]. The measurement of histamine is based on a ligand
exchange reaction between the former and the iminodiacetic acid
ligands in the probe coordinated with Ni2+. Nile red is lipophilic
in nature and localizes in the intracellular lipid droplets. It com-
prises iminodiacetic acid moieties, whose fluorescent properties
are known to change upon binding to metal ions like Ni2+. Ni2+

bound to the iminodiacetic acid residues acts as a quencher, and
strongly quenches the fluorescence of Nile red. When the probe
is present in the histamine-containing secretory granules of the
mast cells, it preferably coordinates with histamine. Ni2+ is prefer-
ably exchanged with histamine to form a histamine-Ni2+ complex,
and Nile red exhibits a stronger fluorescence. Therefore, Nile red
is suitable for the real-time monitoring of histamine in living cells
[27].

The mast cell degranulation pathway has been popularly studied
using the rat basophilic leukemia RBL-2H3 cell line, because of its
reliability in the release of histamine upon initiation by IgE-Fc�RI

complexes and their functional similarity to the primary human
basophils and rodent mast cells. IgE-Fc�RI complex-mediated and
GPCR-activated signaling pathways commonly require the partici-
pation of Ca2+. However, the differences between these pathways
in Ca2+ mobilization and mast cell degranulation have not yet been
fully understood. Regular assays for mast cell degranulation, such
as �-hexosaminidase release assay, are either single point assays
or endpoint assays measuring the cumulative release of media-
tors. Their limitations regarding single-cell level, real-time and
sensitive analysis make them unsuitable for dynamic and high spa-
tiotemporal detection. Kim et al. have demonstrated the temporal
relationship between changes in intracellular Ca2+ and serotonin
secretion at the single-cell level using simultaneous indo-1 pho-
tometry and constant potential amperometry, which has a much
faster temporal resolution and reveals dynamic changes in living
RBL-2H3 cells [29]. In this study, we examined the relationship
between Ca2+ mobilization and mast cell degranulation after stim-
ulation of two different signaling pathways using total internal
reflection fluorescence microscopy (TIRFM) in real-time. We  found
that Ca2+ mobilization from the ER is both necessary and sufficient
for the release of histamine. However, extracellular Ca2+ promotes,
but is not essential for, mast cell degranulation. We  also observed
that downregulation of SOCE reduces the intracellular Ca2+ levels
and delays mast cell degranulation and histamine release.

2. Results

The aim of this study was to understand the effect of oscil-
lations in Ca2+ level on mast cell degranulation and histamine
release through activation of Fc�RI and GPCR-mediated signaling
pathways in real-time. The RBL-2H3 cell line is routinely used for
measuring histamine release in inflammation, allergic responses,
and other immunology-related studies. Here, we used TNP-BSA and
monoclonal anti-TNP IgE antibody to activate the high-affinity IgE
receptor, Fc�RI; and 48/80 to activate the GPCRs in rat RBL-2H3 cell
line. Degranulation of mast cells occurs during allergic reactions.
In order to decrease the noise arising from the non-plasma mem-
brane regions, TIRFM was used to record the fluorescence signals
within 50–100 nm range of the glass surface, which includes the
basal plasma membrane of the cells. This ensures that the incident
light excites the fluorophores near the plasma membrane only.

2.1. Entrapment of nile red-labeled histamine within secretory
granules

Nile red is a fluorescent probe for detection of histamine, which
displays red fluorescence. Previous studies have reported that
when Nile red is present in the secretory granules containing his-
tamine in the mast cells, the ability of Ni2+ ions to quench the Nile
red fluorescence was suppressed by histamine coordination, result-
ing in the dissociation of Ni2+ from the probe, followed by a drastic
increase in the fluorescence of Nile red [27,28]. As shown in Fig. 1A,
Nile red-labeled histamine was enclosed within the secretory gran-
ules, expressing CD63 as a marker. Additionally, the anti-histamine
antibody was also used to ascertain whether Nile red could be used
as an effective probe in measuring histamine in the secretory gran-
ules of mast cells by immunofluorescence. Our data showed that
histamine was localized within the secretory granules (Fig. 1B). The
spatial patterns of the Nile red-labeled histamine residues were the
same as those observed for the anti-histamine antibody. Therefore,
we concluded that Nile red could be used as a valuable tool for
observation of the events related to mast cell degranulation.
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Fig. 1. Visualization of Nile red-labeled histamine enclosed in secretory granules of
rat  RBL-2H3 cell line. (A) Figure showing the DIC and fluorescence images of Nile
red and GFP-tagged CD63 (CD63-GFP) cells (upper panel) using confocal microscopy
(scale bar, 5 �m).  Nile red and GFP were excited with 543 and 488 nm laser, respec-
tively. The pictures in the lower panel represent magnification of the cyan rectangles
in  the upper panel (scale bar, 2 �m).  (B) Figure showing the DIC and fluores-
cence images of Alexa 543 and CD63-GFP using confocal microscopy (upper panel).
Anti-histamine primary antibody (Histamine Ab) and Alexa fluor 543-conjugated
secondary antibody were used to detect endogenous histamine. Alexa fluor 543 and
GFP  were excited with 543 and 488 nm laser, respectively (scale bars, 5 �m).  The
pictures in the lower panel represent magnification of the cyan rectangles in the
upper panel (scale bar, 1 �m).  (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

2.2. Elevation in cytosolic Ca2+ levels triggers immediate
degranulation of mast cells

There exists a strong correlation between mast cell degranu-
lation and Ca2+ mobilization. However, the temporal and spatial
relationships between the two processes requires further investi-
gation. The Ca2+ indicator (Fluo-4) and histamine probe (Nile red)

showed no photobleaching effect. Oscillations in Ca2+ level and
mast cell degranulation were not observed without stimulation in
2 mM Ca2+ medium when monitored in real-time (Fig. 2A and C).
However, the Ca2+ ionophore, Iono, could spontaneously trigger a
rapid and dramatic extracellular Ca2+ influx, subsequently followed
by mast cell degranulation (Fig. 2B and C; Supplementary videos,
V1 and V2). In order to detect the increase in Ca2+ level in the entire
cell, TIRFM was used in the wide-field mode. In contrast, the mast
cell degranulation patterns were monitored using the TIRF mode,
through a 65-nm optical section beneath the plasma membrane
using evanescent wave imaging.

2.3. Ca2+ oscillation and mast cell degranulation patterns
mediated by GPCR and Fc�RI signaling pathways

In this study, 48/80 and TNP-BSA were used to activate
GPCR- and Fc�RI-mediated signaling pathways, respectively. 48/80
resulted in a five-fold increase in Ca2+ level, following which the
Ca2+ level returned to basal after 5 min. Increase in the Ca2+ level
subsequently resulted in the degranulation of mast cells (Fig. 3A
and C). In contrast, TNP-BSA induced a six-fold and more sustained
increase in the Ca2+ levels upon stimulation. The pattern of initial
Ca2+ mobilization and of mast cell degranulation following acti-
vation with TNP-BSA was  similar to that with 48/80 (Fig. 3B and
C). The peak level and duration of Ca2+ elevation by stimulation
with TNP-BSA was greater than that by 48/80 (Fig. 3C). Moreover,
Ca2+ mobilization by activation with TNP-BSA was similar to that
with Iono treatment, which immediately triggered and sustainably
maintained elevated Ca2+ levels followed by mast cell degranula-
tion (Figs. 2 C and 3 C). Quantitative data for different activators
showed the fastest rate of mast cell degranulation (D1/2: the time
required for degranulation of fifty percent histamine after stimu-
lation) with Iono compared to 48/80 and TNP-BSA treatments in
2 mM Ca2+ medium (Fig. 3D). However, there was no significant
difference in the rate of mast cell degranulation between stimu-
lation by 20 and 40 �g/mL 48/80, and 10 and 20 �g/mL TNP-BSA
(Fig. 3D).

2.4. Release of Ca2+ from ER is both necessary and sufficient for
mast cell degranulation

In order to understand whether Ca2+ released from the intra-
cellular Ca2+ store was  critical for mast cell degranulation, the
cells were pretreated BAPTA-AM to load them with the intra-

Fig. 2. Mast cell degranulation mediated by Iono-induced Ca2+ influx. Figure showing real-time monitoring of intracellular Ca2+ elevation and degranulation in RBL-2H3 mast
cell  using TIRFM in (A) 0.1% DMSO (Ctrl) and (B) Iono (5 �M)  containing medium after pretreatment of cells with Fluo-4 AM and Nile red. Representative images depicting
Ca2+ and histamine levels in green and pseudo-color, respectively. Cells were treated with DMSO or Iono at 30 s (scale bar, 5 �m). (C) Quantitative analyses of the relative
levels  of Ca2+ (blue) and histamine (red) in the Ctrl (solid line) and 5 �M Iono (dash line) group. The green arrow indicates Iono treatment at 30 s. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of Ca2+ elevation and mast cell degranulation mediated by activation of GPCR and Fc�RI. Figure showing real-time monitoring of intracellular Ca2+

elevation and degranulation using TIRFM in RBL-2H3 mast cells activated with (A) 48/80 (20 �g/mL), and (B) TNP (10 �g/mL), after pretreatment with Fluo-4 AM and Nile
red  in 2 mM Ca2+-containing medium. 48/80 and TNP were used to activate GPCR and Fc�RI, respectively. Representative images depicting Ca2+ and histamine levels in green
and  pseudo-color, respectively (scale bar, 5 �m).  (C) Quantitative analyses of the relative levels of Ca2+ (blue) and histamine (red) in the 48/80-(solid line) and TNP (dash
line)-activated group. The green arrow indicates treatment with 48/80 or TNP at 30 s, while the purple dash line indicates D1/2. (D) Quantitative analyses of D1/2 after 48/80
or  TNP-mediated activation compared to Iono treatment in 2 mM Ca2+-containing medium. All values are represented as mean ± SEM (where, n> = 10). The data were found
to  be statistically significant at p < 0.05 (indicated by *) and p < 0.01 (indicated by **). (For interpretation of the references to colour in this figure legend, the reader is referred
to  the web version of this article.)

cellular Ca2+ chelator (BAPTA) and later activated using different
stimulators in Ca2+-free medium. Data indicated no changes in
Ca2+ level and mast cell degranulation after stimulation by 48/80
(20 �g/mL) or TNP-BSA (10 �g/mL) in BAPTA-AM-pretreated cells
(Fig. 4). This indicated that Ca2+ signaling was necessary for mast
cell degranulation. Furthermore, the cells were activated with dif-
ferent stimulators in the Ca2+-free medium in order to differentiate
between the intracellular and extracellular Ca2+ sources for mast
cell degranulation.

The Ca2+ ionophore, Iono, could not trigger Ca2+ influx in the
Ca2+-free medium, and hence mast cell degranulation was not
observed (Fig. S1, A and B). In contrast, 48/80 and TNP-BSA could
initiate intracellular Ca2+ release, as a result of which mast cell
degranulation subsequently occurred without the influx of extra-
cellular Ca2+ (Fig. S1, C and D; Fig. 5A and B). The rate of mast cell
degranulation in the Ca2+-free media was slower than that in the
media containing Ca2+ (2 mM)  using different stimulators. How-
ever, 48/80 and TNP-BSA-induced increase in intracellular Ca2+

levels resulted in complete degranulation of mast cells even in

Fig. 4. Inhibition of mast cell degranulation by chelation of intracellular Ca2+. Figure showing real-time monitoring of intracellular Ca2+ elevation and degranulation of
RBL-2H3 mast cells treated with 0.1% DMSO (Ctrl) or BAPTA-AM (30 �M)  and activated by (A) 48/80 (20 �g/mL), and (C) TNP (10 �g/mL) by TIRFM in Ca2+-free medium
(0  mM).  Representative images showing Ca2+ and histamine levels in green and pseudo-color, respectively (scale bar, 5 �m).  Quantitative analyses of the relative Ca2+ (left
panel)  and histamine (right panel) levels after stimulation by (B) 48/80 and (D) TNP. The green arrows indicate treatment with 48/80 or TNP at 30 s. (For interpretation of
the  references to colour in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 5. Extracellular Ca2+ promotes but is not necessary for mast cell degranulation. Figure showing real-time monitoring of the intracellular Ca2+ elevation and degranulation
of  RBL-2H3 cells activated by (A) 48/80 (20 �g/mL) and (B) TNP (10 �g/mL) by TIRFM in Ca2+-free (0 mM Ca2+) or Ca2+-containing (2 mM Ca2+) media. Cells were pretreated
with  Fluo-4 AM or Nile red, and 48/80 and TNP were used to activate GPCR and Fc�RI, respectively. Quantitative analyses of the relative Ca2+ (left panel) and histamine
(right  panel) levels after cells were treated with (A) or (B). The green arrows indicate 48/80 or TNP treatment at 30 s. (C) Mast cell degranulation curves of Iono, 48/80 or
TNP-activated RBL-2H3 cells in 0 or 2 mM Ca2+ media. (D) Quantitative analyses of D1/2 in Iono, 48/80 or TNP-activated cells in 0 or 2 mM Ca2+ media. All values are represented
as  mean ± SEM (where, n> = 10). The purple dash lines represent D1/2. The data were found to be statistically significant at p ≤ 0.01 (indicated by **). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web  version of this article.)

Ca2+-free media (Fig. 5A and B). Quantitative data showing the pat-
tern and the time required for D1/2 revealed that the rate of mast
cell degranulation with different activators in Ca2+-free medium
was significantly slower than that by Iono in media containing
Ca2+ (2 mM). However, Iono could not trigger mast cell degran-
ulation in the Ca2+-free medium (Fig. 5C). Furthermore, the rate
of mast cell degranulation in the Ca2+-free medium was  signif-
icantly slower than that in the Ca2+-containing (2 mM)  medium
using different stimulators (Fig. 5D). Thus, release of intracellular
(not extracellular) Ca2+ alone is both essential and sufficient for

mast cell degranulation. However, the rate of mast cell degranula-
tion increases upon extracellular Ca2+ influx.

2.5. Delay in mast cell degranulation via downregulation of SOCE

ER is the main intracellular Ca2+ storage site, whereas SOCE
is the major form of extracellular Ca2+ influx in non-excitable
cells after Ca2+ depletion in ER [30,31]. TG, an inhibitor of the
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), was used to
extrude Ca2+ from the lumen of the ER as ER-releasable Ca2+, and
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Fig. 6. Downregulation of SOCE delays mast cell degranulation. Real-time monitoring of intracellular Ca2+ elevation and mast cell degranulation by TIRFM for 5 min in 2 mM
Ca2+. Quantitative analyses of the elevation in Total Ca2+ (A & C & E) and D1/2 (B & D & F) in the cells after 48/80 or TNP stimulation. Pretreatment with different concentrations
of  2-APB (A & B), TSA (E & F) and knockdown of Orai1 (C & D) were used to block SOCE, before treating the RBL-2H3 mast cells with Fluo-4 AM or Nile red. 48/80 (20 �g/mL)
and  TNP (10 �g/mL) were used to activate GPCR and Fc�RI, respectively. 0.1% DMSO was used as a control (Ctrl) of TSA. All values are represented as mean ± SEM (where,
n>  = 10). The data were found to be statistically significant at p ≤ 0.05 (indicated by *,#), p ≤ 0.01(indicated by **,##) and p ≤ 0.001 (indicated by ***,###).

the subsequent elevation in the Ca2+ level due to the influx from
extracellular space was termed SOCE. Further, the treatment with
SOCE inhibitor 2-APB, knockdown of the SOCE channel Orai1 by
siRNA, or inhibition of STIM1 translocation to the plasma mem-
brane by TSA were used to examine the role of SOCE on mast cell
degranulation.

2-APB is considered as the most potent and widely used
inhibitor for blocking SOCE. The cells were preincubated with or
without 2-APB, and then stimulated with TG to induce the release
of Ca2+ from the ER in order to activate SOCE with an aim to con-
firm the effect of SOCE on the oscillations in Ca2+ level and mast
cell degranulation. Representative data showed an increase in the
Ca2+ released from the ER in both the control and 2-APB pretreat-
ment groups; however, increase in Ca2+ levels due to SOCE were
not observed upon 2-APB pretreatment (Fig. S2, A and B). 2-APB
inhibited SOCE but did not affect Ca2+ release from the ER (Fig. S2,
B and C). In order to understand the effect of SOCE inhibition on Ca2+

mobilization and mast cell degranulation, the cells were preincu-
bated with various concentrations of 2-APB, and then stimulated
with 48/80 or TNP-BSA in medium containing Ca2+ (2 mM).  Results
showed decrease in cytoplasmic Ca2+ levels and delay in mast cell
degranulation after stimulation by 48/80 in 2-APB pretreated cells

(Fig. S3B; Fig. 6A and B). However, the total intracellular cytosolic
Ca2+ levels remained sustainably elevated and the rate of mast cell
degranulation did not change significantly with TNP-BSA activation
(Fig. S3D; Fig. 6A and B). The efficiency of 2-APB in inhibiting the
increase in intracellular Ca2+ level by stimulation with 48/80 was
higher than that by TNP-BSA.

Additionally, transfection of cells with siOrai1 resulted in
decrease in the extracellular Ca2+ influx by SOCE. After that, the
cells were activated with 48/80 and TNP-BSA in Ca2+-containing
(2 mM)  medium. Real-time monitoring showed that although the
rises in Ca2+ levels were decreased by the knockdown of Orai1, they
remained elevated resulting in mast cell degranulation by 48/80 or
TNP-BSA stimulation (Fig. S4). Our data revealed the suppression of
rises in cytosolic Ca2+ levels with Orai1 knockdown correlated with
a significant slowing in the rates of mast cell degranulation (Fig.
S4; Fig. 6C and D). Microtubule-dependent STIM1 translocation to
the plasma membrane and its interaction with Orai1 is necessary
for SOCE activation. HDAC6 regulates activation of STIM1-mediated
SOCE. The cells were preincubated with an inhibitor (TSA) specific
for HDAC6, and activated by 48/80 or TNP-BSA, in order to inves-
tigate whether the inhibition of STIM1 trafficking to the plasma
membrane can influence mast cell degranulation. Similar to the
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results obtained using siOrai1, it was observed that although the
increase in Ca2+ levels was lesser upon TSA pretreatment, it was
sufficiently high to induce mast cell degranulation by 48/80 and
TNP-BSA. However, the elevation in total Ca2+ levels was signif-
icantly suppressed, and the rate of mast cell degranulation was
significantly slower with TSA pretreatment followed by stimula-
tion with 48/80 or TNP-BSA (Fig. S5; Fig. 6E and F). In summary,
downregulation of SOCE attenuated the overall increase in the Ca2+

level. It also delayed, but could not completely abolish, mast cell
degranulation upon stimulation by 48/80 or TNP-BSA (Fig. 6).

3. Discussion

Our study demonstrated that Ca2+-mediated degranulation of
mast cells was induced by both the IgE-Fc�RI and GPCR signal-
ing pathways, and was associated with Ca2+ mobilization. Previous
studies have reported Ni2+ to act as a quencher of Nile red fluores-
cence [27,28]. In our study also the fluorescence of Nile red was
strongly quenched by Ni2+ coordinated to the iminodiacetic acid
moiety. When these ions were present in the secretory granules
containing histamine, they preferably coordinated with histamine.
Thereafter, the ability of Ni2+ to quench the fluorescence decreased,
and the emission from Nile red increased drastically. Hence, we
demonstrated that Nile red could be used as an effective probe for
the real-time monitoring of histamine in the living cells (Fig. 1).

Ca2+ plays an important role in fusion of the secretory granules
with the plasma membrane during exocytosis of the mast cells. We
demonstrated that mast cell degranulation immediately follows
Iono-mediated Ca2+ elevation (Fig. 2). Elevation in the intracellular
Ca2+ level after stimulation by allergens may  be attributed to the
ER-releasable Ca2+ and the extracellular Ca2+ influx through IgE-
Fc�RI or GPCR-mediated signaling. TNP-BSA and 48/80 were used
to differentiate between the effect of IgE-Fc�RI and GPCR-mediated
signaling on Ca2+ mobilization and mast cell degranulation, respec-
tively. The increase in Ca2+ level by stimulation with TNP-BSA was
higher and more sustained than that by 48/80. However, there was
no significant difference in the mast cell degranulation rate upon
stimulation by both these compounds. Both, IgE-Fc�RI and GPCR-
mediated mast cell degranulation occurred after 5–6 fold elevation
in cytosolic Ca2+ levels in the medium, respectively (Fig. 3). A pre-
vious study has reported the threshold of Ca2+ elevation for mast
cell degranulation as 200 nM [32], which is twice the resting Ca2+

concentration (∼100 nM). This indicates that even a small increase
in the Ca2+ levels is sufficient for mast cell degranulation and his-
tamine release.

We  also studied the importance of intracellular Ca2+ release and
extracellular Ca2+ influx on mast cell degranulation. TNP-BSA and
48/80 induced intracellular Ca2+ elevation and mast cell degranu-
lation in cells cultured in Ca2+-free medium, however the Ca2+ level
and mast cell degranulation rate were lesser compared to the cells
cultured in normal medium (2 mM Ca2+). There was no significant
difference in the capacity of mast cell degranulation (Fig. 5A and
B). When the Ca2+ levels increased to the threshold value, it was
sufficient to cause mast cell degranulation. However, no increase
in the Ca2+ level or mast cell degranulation were observed after
stimulation by TNP-BSA or 48/80 in Ca2+-free medium, when cells
were pretreated with the intracellular Ca2+ chelator BAPTA (Fig. 4).
These results indicated that the elevation in Ca2+ level mediated
by its release from the ER was sufficient for inducing mast cell
degranulation, even though the extracellular Ca2+ influx was  not
operational. However, the rate of mast cell degranulation was sig-
nificantly higher under conditions of extracellular Ca2+ influx in
normal medium. Therefore, we proved that intracellular Ca2+ was
both necessary and sufficient for mast cell degranulation; however,
extracellular Ca2+ influx enhanced the process as evident by shorter

D1/2 values (Fig. 5D). In addition, Ca2+ increase in the center of the
cell was found to be higher than that in the periphery, as observed
by activation with TNP-BSA or 48/80 in Ca2+-free medium (Fig. S5).
We found that 48/80 induced intracellular Ca2+ elevation in the
central region followed by the extracellular influx in the periph-
eral region (Fig. S5, A and C). In contrast, TNP-BSA induced rapid
intracellular Ca2+ elevation in both central and peripheral regions
in 2 mM Ca2+ medium. In addition, Ca2+ increase in the center of the
cell was found to be higher than that in the periphery, as observed
by activation with TNP-BSA or 48/80 in Ca2+-free medium (Fig. S5A).
This may  be due to the depletion of Ca2+ from the ER and absence of
extracellular Ca2+ influx in the Ca2+-free medium. In comparison to
48/80 stimulation in Ca2+-free medium, Ca2+ elevation induced by
TNP-BSA was decreased more rapidly and dramatically (Fig. S6A).
It indicates that extracellular Ca2+ influx is a major contributing
factor to the elevation of intracellular Ca2+ after TNP-BSA stimula-
tion compared to 48/80 stimulation. This observation can also be
confirmed in Fig. 5A and B that TNP-BSA-induced intracellular Ca2+

elevation was  significantly decreased in the Ca2+-free medium.
Several reports have revealed diverse physiological functions for

cells involved in massive Ca2+ influx, including osteogenesis [33],
activation of effector T-cells [34], macrophage-mediated inflam-
masome activation [35], dendritic cell maturation [36], antigen
presentation [37], inflammation [38], stem cell differentiation [39],
and cancer metastasis [40]. Here, we investigated the role of SOCE in
the regulation of mast cell degranulation. The cytosolic Ca2+ levels
were significantly reduced, and the rate of mast cell degranulation
was significantly lesser as a result of 2-APB pretreatment and 48/80
stimulation (Fig. 6; Fig. S3). However, both the parameters were not
significantly affected upon TNP-BSA stimulation (Fig. 6; Fig. S3).
This may  be due to the fact that TNP-BSA initially triggers a large
increase in the Ca2+ levels, which is sufficient for mast cell degranu-
lation. In this study, Orai1 knockdown and TSA pretreatment were
also used to inhibit SOCE. While Orai1 is the main channel for medi-
ating SOCE, TSA inhibits STIM1 trafficking to the plasma membrane
through the microtubules [41]. The cytosolic Ca2+ levels decreased
and the rate of mast cell degranulation became significantly slower
as a result of Orai1 knockdown and TSA pretreatment, similar to the
stimulation with TNP-BSA and 48/80 (Fig. 6; Figs. S4 and S5). These
results support that the extracellular Ca2+ influx promotes mast cell
degranulation.

The acute and chronic inflammatory reactions triggered by
mast-cell activation have important pathophysiological conse-
quences in allergy, which may  depend on the dose of antigen
and its route of entry. The IgE-Fc�RI complex and mast cells have
been convincingly linked to many acute hypersensitive and aller-
gic reactions, such as acute asthma, anaphylactic shock, atopic
dermatitis, coronary inflammation, and inflammatory arthritis
[42–44]. Whereas, cationic amphipathic peptides, including mast
cell degranulating peptide, neuropeptides, and the synthetic his-
tamine releaser compound 48/80 act on GPCR may associate with
chronic allergic inflammation and other allergic disorders, such
as chronic asthma, urticaria, itch and neurogenic inflammation
[45–47]. It was also reported that mast cells can release granule
matrix materials slowly or more rapidly. GPCR typically activate
transient Ca2+ responses in mast cells. In this study, we  found
that Fc�RI-induced Ca2+ increase was  higher and more sustained
than that induced by GPCR. The biological significance of the dif-
ferences between Fc�RI- and GPCR pathways can be explained by
the fact that Fc�RI produced a rapid and strong activation for his-
tamine degranulation, resulting in most acute allergic reactions.
On the other hand, GPCR produced a moderate and prolong activa-
tion for histamine degranulation, resulting in major chronic allergic
inflammation. Similar to the activation of PLC� by the IgE-Fc�RI
complexes, activation of PLC� by GPCRs also leads to the hydrolysis
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of PIP2 to yield DAG and IP3. The common secondary messengers,
DAG and IP3, are produced to relay signal and exert an influence
in response to the activation of Fc�RI and GPCR. We  proposed that
the different responses of Ca2+ elevation and histamnie degranula-
tion to TNP-BSA and compound 48/80 stimulation are determined
mainly by the strength and frequency of the PLCs-DAG/IP3 axis.
TNP-BSA stimulation produces a rapid and strong PLC�- DAG/IP3
activation, resulting in a large Ca2+ influx following ER Ca2+ release.
In compared to TNP-BSA stimulation, compound 48/80 may  exert
a moderate and prolonged PLC�-DAG/IP3 activation, resulting in a
moderate Ca2+ influx following persistent ER Ca2+ release (Fig. 5A
and B; Fig. S6).

In this study, we examined Ca2+ mobilization and mast cell
degranulation with different stimulators to understand the dif-
ferences between the Fc�RI- and GPCR-mediated signaling. We
concluded that even though intracellular Ca2+ release by ER was
both necessary and sufficient for mast cell degranulation in both the
pathways, influx of extracellular Ca2+ augmented the process. This
was supported by the decrease in mast cell degranulation observed
upon downregulation of SOCE. Based on our results, we further pro-
pose that this can be developed as a model system to screen drugs
for allergic diseases in the future.

4. Materials and methods

4.1. Cell culture maintenance and transfection

The rat basophilic leukemia (RBL-2H3) cell line was main-
tained in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO, Big Cabin, OK, USA) supplemented with 10%
fetal bovine serum (FBS; GIBCO, Big Cabin, OK, USA), peni-
cillin (100 IU/mL), and streptomycin (100 �g/mL) in 5% CO2 at
37 ◦C. For transient transfection, the CD63-GFP plasmid con-
struct, scrambled siRNA (siCtrl) and Orai1 siRNA (siOrai1) were
transfected into RBL-2H3 cells using Lipofectamine 3000 (Invit-
rogen, San Diego, CA, USA) for 48 h. The rat siOrai1 target
sequence, 5′-CAACAGCAAUCCGGAGCUU-3′ (sense strand) and 5′-
AAGCUCCGGAUUGCUGUUG-3′ (antisense strand) [48]; and the
siCtrl sequence, 5′-UAAGGCUAUGAAGAGAUAC-3′ (sense strand)
and 5′-GUAUCUCUUCAUAGCCUUA-3′ (antisense strand), were pur-
chased from Invitrogen (San Diego, CA, USA).

4.2. Chemical reagents

Ionomycin (Iono), 2-APB, BAPTA-AM, Nile red, NiCl2, thapsigar-
gin (TG) and tubastatin A (TSA) were purchased from Sigma-Aldrich
(Saint Louis, MO,  USA). Fluo-4 AM,  trinitrophenyl-bovine serum
albumin (TNP-BSA) and anti-TNP monoclonal antibody were
purchased from Invitrogen (San Diego, CA, USA), Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and BD Pharmingen (San
Diego, CA, USA), respectively.

4.3. Measurement of ER-releasable Ca2+ and SOCE

The intracellular Ca2+ concentration was measured using TIRFM
(cellTIRF; Olympus, Tokyo, Japan) in the wide-field mode, to under-
stand the global changes occurring in the cytosolic Ca2+ levels in
the mast cells. Intracellular Ca2+ was measured at 37 ◦C using the
fluorescent Ca2+ indicator Fluo-4. Cells were seeded at a density
of 5 × 104 cells in a 3 cm glass-bottomed culture dish, and incu-
bated with Fluo-4 AM (2 �M)  for 30 min. Ca2+ release from the
ER (ER-releasable Ca2+) was induced by the addition of TG (2 �M)
for 10 min  in Ca2+-free buffer. Thereafter, Ca2+ influx by SOCE was
triggered by exchange with extracellular Ca2+ buffers (0–2 mM)  for

5 min  at time point “10 min”. Images were collected at 3-s intervals
for 5 min.

4.4. Measurement of Ca2+ mobilization and mast cell
degranulation

To mimic  physiological stimulation, cells were seeded at a den-
sity of 5 × 104 cells in a 3 cm glass-bottomed dish overnight, and
incubated with 0.2 �g/mL monoclonal anti-TNP IgE antibody (anti-
TNP IgE) for 4 h at 37 ◦C. The IgE-sensitized cells were washed three
times with PBS to remove any unbound anti-TNP IgE. The cells were
treated with Ca2+ indicator Fluo-4 (2 �M)  and Nile red (1 �M)  after
preincubating with Ni2+ (100 �M)  in the culture medium for 30 min
at 37 ◦C. For Ca2+ and histamine measurements, the cells were acti-
vated with 10 and 20 �g/mL TNP-BSA in phenol red-free medium
(GIBCO, Big Cabin, OK, USA) for 5 min  and observed using TIRFM
(cellTIRF; Olympus, Tokyo, Japan). For understanding the basic
secretagogue-mediated signaling pathway, the cells were activated
with 20 and 40 �g/mL of 48/80 in phenol red-free medium. Fluo-4
was excited using a mercury lamp under the wild-field mode to
record the global oscillations in the cytosolic Ca2+ levels, whereas
Nile red was excited using laser (561 nm)  under the TIRF mode
to observe mast cell degranulation near the plasma membrane.
The pattern of Ca2+ oscillations and mast cell degranulation were
acquired from the images obtained using a cooled charge-coupled
device (CCD) camera controlled by the Xcellence software (Olym-
pus, Tokyo, Japan) at intervals of 3 s per frame. Quantification of
mast cell degranulation was  performed by determining the time
required for degranulation of fifty percent histamine (D1/2) after
stimulation, whereas Ca2+ levels were calculated based on the area
under the curve.

4.5. Immunofluorescence and confocal microscopy

The cells overexpressing CD63-GFP were fixed in paraformalde-
hyde (4%), permeabilized with Triton X-100 (0.5%) for 15 min, and
washed three times with PBS. The fixed cells prepared earlier were
blocked with CAS-Block (Invitrogen, Carlsbad, CA, USA) at 25 ◦C
for 1 h. They were incubated with primary anti-histamine anti-
body (Abcam, San Francisco, CA, USA) overnight at 4 ◦C. Unbound
antibody was removed by washing with PBS five times, following
which the cells were incubated with Alexa fluor 543-conjugated
secondary antibody (Invitrogen, Carlsbad, CA, USA) for 1 h. The
unbound antibody was  removed by washing with PBS five times,
and images were obtained using excitation wavelengths of 488 nm
or 543 nm under a confocal microscope.

4.6. Statistical analysis

Data were represented as mean ± SEM (standard error of
mean). Student’s t-test was used to calculate significant differences
between different data groups, where p < 0.05 was considered to be
statistically significant.
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Supplementary Figure S1. Effect of extracellular Ca2+ influx on mast cell degranulation. Figure showing real-time monitoring of
intracellular Ca2+ elevation and mast cell degranulation by TIRFM for 5 min in 0 mM Ca2+ medium. RBL-2H3 mast cells were
pretreated with Fluo-4 AM and Nile red. Representative images depicting Ca2+ and histamine levels in green and pseudo-color,
respectively. Cells were treated with (A) 0.1% DMSO (Ctrl), (B) Iono (5 M), (C) 48/80 (20 g/mL) and (D) TNP (10 g/mL ) at 30 s
(scale bar, 5 μm).



Figure S2. SOCE inhibition by 2-APB. (A) Figure showing real-time monitoring of intracellular Ca2+ elevation in RBL-2H3 mast
cells treated with 0.1% DMSO (Ctrl) or 2-APB (20 M), using TIRFM for 15 min (scale bar, 50 μm). Cells were pretreated with Fluo-4
AM, and TG (2 M) was used to extrude ER-releasable Ca2+ (ER Ca2+) in the Ca2+-containing (2 mM Ca2+) media. (B) Representative
graph for the measurement of ER Ca2+ (0 to 10 min) and SOCE (10 to 15 min) in Ctrl and 2-APB groups. The green arrow indicates TG
(2 μM) treatment at 1 min. (C) Quantitative analyses of ER Ca2+ and SOCE in cells without or with 2-APB treatment. All value are
represented as mean±SEM (where, n>=15). The data were found to be statistically significant at p<0.001 (indicated by ***).



Supplementary Figure S3. Inhibition of SOCE delays mast cell degranulation. Figure showing real-time monitoring of intracellular
Ca2+ elevation and degranulation of RBL-2H3 mast cells pretreated with Fluo-4 AM and Nile red by TIRFM for 5 min in 2 mM Ca2+
medium. In addition, cells were pretreated with 0.1% DMSO (Ctrl) or 2-APB (20 M). Representative images depicting Ca2+ and
histamine levels in green and pseudo-color, respectively in cells treated with (A) 48/80 (20 g/mL) and (C) TNP (10 g/mL) at 30 s
(scale bars, 5 μm). Quantitative analyses of the relative Ca2+ (left panel) and histamine (right panel) levels in cells treated with (C) 48/80
and (D) TNP. The green arrows indicate 48/80 or TNP treatment at 30 s. 48/80 and TNP were used to activate GPCRs and FcRI,
respectively. The purple dash lines represent D1/2.





Supplementary Figure S4. Knockdown of Orai1 delays mast cell degranulation. Figure showing real-time monitoring of
intracellular Ca2+ elevation and degranulation in RBL-2H3 mast cells by TIRFM for 5 min in 2 mM Ca2+ medium. siOrai1 was used to
block SOCE before pretreatment of cells with Fluo-4 AM or Nile red and siCtrl was used as a negative control. Cells were treated with
(A) 48/80 (20 g/mL) or (C) TNP (10 g/mL) at 30 s. Representative images depicting Ca2+ and histamine levels in green and pseudo-
color, respectively (scale bars, 5 μm). Quantitative analyses of the relative Ca2+ (left panel) and histamine (right panel) levels in cells
treated with (B) 48/80 and (D) TNP. 48/80 and TNP were used to activate GPCRs and FcRI, respectively. The green arrows indicate
48/80 or TNP treatment at 30 s. The purple dash lines represent D1/2.



Supplementary Figure S5. TSA delays mast cell degranulation. Figure showing real-time monitoring of intracellular Ca2+ elevation
and degranulation in RBL-2H3 mast cells by TIRFM for 5 min in 2 mM Ca2+ medium. Cells were treated with TSA (5 M) for 10 h to
block SOCE before pretreating with Fluo-4 AM or Nile red. In addition, cells were divided into pretreated with 0.1% DMSO (Ctrl) or
TSA (5 M). Cells were treated with (A) 48/80 (20 g/mL) or (C) TNP (10 g/mL) at 30 s. 48/80 and TNP were used to activate
GPCRs and FcRI, respectively. Representative images depicting Ca2+ and histamine levels in green and pseudo-color, respectively
(scale bar, 5 μm). Quantitative analyses of the relative Ca2+ (left panel) and histamine (right panel) levels in the cells treated with (B)
48/80 and (D) TNP. The green arrows indicate 48/80 or TNP treatment at 30 s. The purple dash lines represent D1/2.



Supplementary Figure S6. Comparison the different sources of Ca2+ elevation and distribution mediated by activation of GPCR
and FcεRI. (A) Figure showing real-time monitoring of intracellular Ca2+ elevation and distribution in RBL-2H3 mast cells by TIRFM
for 5 min in 2 mM Ca2+ or Ca2+-free (0 mM) medium after pretreatment of cells with Fluo-4 AM. 48/80 and TNP were used to activate
GPCRs and FcRI, respectively. Cells were treated with (a) 0.1% DMSO (Ctrl), (b) 5 M Iono, (c & e) 20 g/mL 48/80 or (d & f) 10
g/mL TNP at 30 s. Representative images depicting Ca2+ levels in green (scale bars, 5 μm). (B) Schematic diagram of intracellular
Ca2+ distribution. (C) Quantitative analyses of the relative levels of central (blue) and peripheral (red) Ca2+ in the 48/80 group (c). The
green arrow indicates 48/80 treatment at 30 s.
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