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A B S T R A C T

Background: Besides their anti-inflammatory properties, corticosteroid drugs exert anti-allergic effects.
Exocytosis of mast cells is electrophysiologically detected as the increase in the whole-cell membrane
capacitance (Cm). Therefore, the lack of such increase after exposure to the drugs suggests their mast cell-
stabilizing effects.
Methods: We examined the effects of 1, 10, 100 and 200 mM hydrocortisone or dexamethasone on the
degranulation from rat peritoneal mast cells. Employing the whole-cell patch-clamp recording
technique, we also tested their effects on the Cm during exocytosis.
Results: At relatively lower concentrations (1, 10 mM), both hydrocortisone and dexamethasone did not
significantly affect the degranulation from mast cells and the increase in the Cm induced by GTP-g-S.
Nevertheless, at higher doses (100, 200 mM), these drugs inhibited the degranulation from mast cells and
markedly suppressed the GTP-g-S-induced increase in the Cm.
Conclusions: Our results provided electrophysiological evidence for the first time that corticosteroid
drugs, such as hydrocortisone and dexamethasone, inhibited the exocytotic process of mast cells in a
dose-dependent manner. The mast cell-stabilizing effects of these drugs may be attributable to their
“non-genomic” action, by which they exert rapid anti-allergic effects.
ã 2016 Published by Elsevier Sp. z o.o. on behalf of Institute of Pharmacology, Polish Academy of Sciences.
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Introduction

Corticosteroid drugs are most commonly used to treat acute or
chronic inflammatory diseases, including arthritis, dermatitis and
many types of autoimmune disorders including systemic lupus
erythematosus and inflammatory bowel disease [1]. These drugs
usually exert their anti-inflammatory properties by binding to the
cytosolic glucocorticoid receptors and suppressing the gene
expression necessary for the activation and proliferation of
T-lymphocytes [2]. In allergic disorders, including bronchial
asthma and anaphylaxis, corticosteroids are commonly used to
improve the protracted symptoms or to prevent the recurrence of
episodes [3,4]. Concerning the mechanisms, these drugs suppress
the late-phase reaction of the diseases, in which the over-
activation of T-lymphocytes or eosinophils is primarily responsible
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for the pathogenesis [3,4]. However, previous in vivo studies also
revealed that corticosteroids can ameliorate the acute-phase
reaction of the allergic diseases [5,6], for which the release by
mast cells of chemical mediators is mainly involved in the
pathogenesis [7]. These findings strongly suggest that corticoste-
roids have anti-allergic properties, although we know little about
the mechanisms. Measuring the amount of chemical mediators
secreted from mast cells, including histamine, leukotrienes and
prostaglandins, several studies tried to determine the effects of
glucocorticoids, such as dexamethasone, on the stabilization of
mast cells [8,9]. However, no one has directly examined the effects
of these drugs on the process of exocytosis itself in mast cells. In
our recent studies, detecting the changes in whole-cell membrane
capacitance (Cm) in mast cells, we demonstrated that anti-allergic
or anti-microbial drugs, including olopatadine, ketotifen and
clarithromycin, directly inhibited the exocytotic process, and thus
exerted mast cell-stabilizing effects [10–12]. In the present study,
applying this whole-cell patch-clamp recording technique to mast
cells obtained from rat peritoneum, we tested the effects of
corticosteroid drugs, such as hydrocortisone and dexamethasone,
gy, Polish Academy of Sciences.
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on the changes in the Cm to examine their ability to stabilize mast
cells. Here, this study provides electrophysiological evidence for
the first time that hydrocortisone and dexamethasone inhibit the
exocytotic process of mast cells in a dose-dependent manner. The
study also shows that the mast cell-stabilizing effects of these
drugs are ascribable to their “non-genomic” action, by which they
exert rapid anti-allergic effects.

Materials and methods

Degranulation of mast cells

We isolated mast cells from Male Wistar rat peritoneum (Japan
SLC Inc., Shizuoka, Japan) as described previously [10–12]. Briefly,
we washed the peritoneal cavity with standard external (bathing)
Fig.1. Effects of corticosteroid drugs on mast cell degranulation. A: Differential-interferen
externally induced by compound 48/80 in mast cells incubated in the external solutions 

hydrocortisone (e), 200 mM hydrocortison (f), 1 mM dexamethasone (g), 10 mM dexame
different concentrations (1, 10, 100 and 200 mM) of hydrocortisone (B) and dexamethaso
drug or either drug, exocytosis was induced by compound 48/80. The numbers of degra
selected bright fields. # p < 0.05 vs. incubation in the external solution alone. Values are m
ANOVA followed by Dunnett’s or Student’s t test.
solution and obtained mast cell suspension. Hydrocortisone,
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan),
and dexamethasone, from Wako Pure Chem Ind. (Osaka, Japan),
were dissolved in the bathing solution (final concentrations; 1, 10,
100 and 200 mM, respectively). After incubating mast cells for
10 min in each solution, we externally induced exocytosis using
compound 48/80 (Sigma Aldrich Co., St. Louis, MO, USA) [10–13].
As previously described [10–14], we counted the degranulating
mast cells and calculated their ratio to all mast cells.

Membrane capacitance measurements

We scattered mast cells in the bathing solutions containing no
drug and each concentration of either hydrocortisone or dexa-
methasone (1, 10, 100 and 200 mM). We conducted standard patch-
ce contrast (DIC) microscopic images were taken before (a) and after exocytosis was
containing no drug (b), 1 mM hydrocortisone (c), 10 mM hydrocortisone (d), 100 mM
thasone (h), 100 mM dexamethasone (i) and 200 mM dexamethasone (j). Effects of
ne (C). After the mast cells were incubated in the external solutions containing no
nulating mast cells are expressed as percentages of the total mast cell numbers in
eans � SEM (n = 6: 10 views from 6 of each condition). Differences were analyzed by
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clamp whole-cell recordings, using an EPC-9 patch-clamp ampli-
fier system (HEKA Electronics, Lambrecht, Germany). As previously
described [10–13], exocytosis was internally induced by adding
100 mM guanosine 50-o-(3-thiotriphosphate) (GTP-g-S) (EMD
Bioscience Inc., La Jolla, CA, USA) into the internal (patch-pipette)
solution. For the measurement of the membrane capacitance, we
used the Lock-in amplifier of an EPC-9 Pulse program as previously
described [10–13]. In the whole-cell recording configuration, we
continuously measured the membrane capacitance (Cm), together
with the membrane conductance (Gm) and series conductance
(Gs).

Statistic analyses

We analyzed data by PulseFit software (HEKA Electronics,
Lambrecht, Germany) and reported as means � SEM. A value of
p < 0.05 was considered to be significant.
Fig. 2. Reversibility and pre-incubation time dependency of corticosteroid effects. (A) Dif
after exocytosis was externally induced by compound 48/80 (b, c, e, f). Mast cells incubate
the external solution (c, f) before exocytosis was induced. Effects of high concentrations (1
pre-incubation time. After mast cells were incubated in the external solutions containin
numbers of degranulating mast cells are expressed as percentages of the total mast cell
alone. Values are means � SEM (n = 6: 10 views from 6 of each condition). Differences 
Results and discussion

Concentrations of hydrocortisone and dexamethasone used in the
degranulation study

In humans, the serum concentration of hydrocortisone reaches
around 1 and 2 mM when physiological doses are orally adminis-
tered [15]. However, according to in vitro studies using rat
basophilic leukemia cells, concentrations as high as 10–100 mM
corticosterone was necessary to effectively elicit its inhibitory
properties on the release of histamine [16]. Therefore, in our study,
we tried hydrocortisone at doses starting from 1 mM up to 200 mM
(Fig. 1).

Dexamethasone is one of the synthetic members of cortico-
steroid drugs and is chemically based on the structure of
hydrocortisone [17]. However, compared to other corticosteroids,
such as hydrocortisone or corticosterone, dexamethasone has
ferential-interference contrast (DIC) microscopic images were taken before (a, d) and
d in 200 mM hydrocortisone (b) or dexamethasone (e) were washed thoroughly with
00 and 200 mM) of hydrocortisone (B) and dexamethasone (C) with shorter period of
g no drug or either drug for 3 min, exocytosis was induced by compound 48/80. The

 numbers in selected bright fields. # p < 0.05 vs. incubation in the external solution
were analyzed by ANOVA followed by Dunnett’s or Student’s t test.
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Fig. 3. Effects of mifepristone on mast cell degranulation. Effects of high
concentrations (100 and 200 mM) of hydrocortisone (A) and dexamethasone (B)
in the presence of a glucocorticoid receptor antagonist. After mast cells were
incubated in the external solutions containing no drug or either drug in the
presence of 50 mM mifepristone, exocytosis was induced by compound 48/80. The
numbers of degranulating mast cells are expressed as percentages of the total mast
cell numbers in selected bright fields. Values are means � SEM (n = 6: 10 views from
6 of each condition). Differences were analyzed by ANOVA followed by Dunnett’s or
Student’s t test.
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much higher potency as a glucocorticoid [18]. Therefore, we
additionally tested the effects of dexamethasone on the mast cell
degranulation (Fig. 1). In previous in vivo studies, the plasma
concentration of dexamethasone was less than 500 nM in humans
when orally administered at physiological doses [19]. However,
according to in vitro studies of cultured mast cells, concentrations
as high as 1 mM dexamethasone were required to decrease their
numbers by suppressing their survival [20]. Additionally, in mast
cells isolated from human lung or skin, much higher doses of
dexamethasone were necessary to more effectively elicit its
suppressive property for the histamine release [8,9]. Therefore,
in the present study, we tried dexamethasone at doses starting
from 1 mM up to 200 mM (Fig. 1).

Effects of hydrocortisone and dexamethasone on degranulation of rat
peritoneal mast cells

Mast cells incubated in the external solution with compound
48/80 (10 mg/ml) showed more wrinkles on their cell surface than
those incubated without the compound (Fig. 1Ab vs. a). Addition-
ally, they released secretory granules (degranulation) due to
exocytosis (Fig. 1Ab vs. a). Mast cells that were pre-incubated in
relatively lower doses of hydrocortisone (1, 10 mM; Fig. 1Ac, d) or
dexamethasone (1, 10 mM; Fig. 1Ag, h) resembled those pre-
incubated in the external bathing solution alone (Fig. 1Ab).
However, most of the cells pre-incubated in relatively higher
doses of hydrocortisone (100, 200 mM; Fig. 1Ae, f) or dexametha-
sone (100, 200 mM; Fig. 1Ai, j) failed to show such findings of
exocytosis.

To quantitatively determine the effects of hydrocortisone and
dexamethasone, we then counted the numbers of degranulating
mast cells and calculated their ratio to all mast cells (Fig. 1B and C).
In the absence of corticosteroid drugs, compound 48/80 caused
degranulation in 75.4 � 3.6% of the entire mast cells (n = 6; Fig. 1B).
Relatively lower concentrations of hydrocortisone (1, 10 mM), did
not significantly alter the percentages of degranulating mast cells
(Fig. 1B). However, higher concentrations (100, 200 mM), remark-
ably reduced the numbers of degranulating mast cells (100 mM,
41.8 � 3.3%; 200 mM, 31.3 � 3.7%; n = 6, p < 0.05; Fig. 1B). Relatively
lower concentrations of dexamethasone (1, 10 mM) did not
significantly alter the percentages of degranulating mast cells
(Fig. 1C). However, similarly to hydrocortisone (Fig. 1B), higher
concentrations of dexamethasone (100, 200 mM), remarkably
reduced the numbers of degranulating mast cells (100 mM,
46.1 � 2.7%; 200 mM, 33.9 � 4.6%; n = 6, p < 0.05; Fig.1C). Therefore,
consistent with our previous findings demonstrated with anti-
allergic drugs or macrolide antibiotics [10–12], corticosteroid
drugs, such as hydrocortisone and dexamethasone, inhibited the
degranulation of rat peritoneal mast cells dose-dependently.

Corticosteroid drugs usually exert anti-inflammatory proper-
ties by suppressing the proliferation of T-lymphocytes and
reducing their synthesis of pro-inflammatory cytokines [1]. Such
mechanisms are ascribable to the “genomic” action of corticoste-
roids, which is initiated by their binding to the cytosolic
glucocorticoid receptors [2,21]. Subsequently, the newly formed
complexes translocate themselves into the cell nucleus, where the
drugs bind to glucocorticoid response elements in the promoter
region of the target genes. This results in the transcriptional
repression of the genes responsible for lymphocyte proliferation or
their protein synthesis. In previous in vivo studies, the continuous
administration of glucocorticoids ameliorated acute allergic
symptoms, such as skin weal and flare [22]. Since long-term
exposure to these drugs actually decreased the numbers of mast
cells in inflamed tissues [23,24], it was likely to be attributable to
their genomic action. In our study, using rat peritoneal mast cells,
we additionally demonstrated that the short-term exposure to
corticosteroids also inhibits the process of exocytosis directly.
These results strongly suggested the involvement of “non-
genomic” mechanisms in the effects of corticosteroids, indepen-
dent of targeting the gene expression.

Reversibility and pre-incubation time dependency of corticosteroid
effects

To examine whether the effects of corticosteroids on the
degranulation of mast cells are reversible, mast cells pre-incubated
in the highest concentrations of hydrocortisone or dexamethasone
(200 mM) were washed thoroughly with the external solutions.
Then exocytosis was externally induced by compound 48/80. Mast
cells pre-incubated in either drug failed to show any findings of
exocytosis (Fig. 2Ab vs. a, e vs. d). However, after the washout, they
released secretory granules in response to the compound stimuli
(Fig. 2Ac and f), indicating that the effects of corticosteroids on the
degranulation of mast cells was reversible.

To examine whether such effects of the corticosteroids are
dependent on the pre-incubation time with these drugs, we
incubated mast cells for a shorter period of time (3 min) in
hydrocortisone or dexamethasone containing external solutions



Fig. 4. Hydrocortisone-induced changes in mast cell membrane capacitance, series and membrane conductance during exocytosis. After the mast cells were incubated in the
external solutions containing 1 mM (A), 10 mM (B), 100 mM (C) or 200 mM hydrocortisone (D), the whole-cell recording configuration was established in single mast cells and
dialysis with 100 mM GTP-g-S was started. Membrane capacitance, series and membrane conductance were monitored for at least 90 s. N = 5 for each trace. Cm, membrane
capacitance; Gs, series conductance; Gm, membrane conductance.
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(100 and 200 mM). Then exocytosis was externally induced by
compound 48/80. Similar to the effects obtained after a longer
incubation period (10 min: Fig. 1B and C), higher concentrations of
these corticosteroids (100, 200 mM), remarkably reduced the
numbers of degranulating mast cells (Fig. 2B and C). These results
indicated that mast cells responded quickly to the “non-genomic”
mechanisms of corticosteroids, by which they inhibited the
process of exocytosis.

Effects of a glucocorticoid receptor antagonist, mifepristone, on
degranulation of mast cells

To reveal whether the effects of corticosteroids on the
degranulation of mast cells are mediated through the glucocorticoid
receptors, we examined the effects of hydrocortisone and dexa-
methasone in the presence of mifepristone (RU-486) (Cayman
Chemical, Ann Arbor, MI, USA), a competitive antagonist of
glucocorticoid receptors [25,26]. Mast cells were incubated in
hydrocortisone or dexamethasone containing external solutions
(100 and 200 mM) in the presence of mifepristone. Since mifepris-
tone was not dissolved in the external solution at concentrations
higher than 100 mM, we tried 50 mM in the present study.
Then exocytosis was induced externally by compound 48/80.
In the absence of mifepristone, both hydrocortisone and dexameth-
asone (100 and 200 mM) remarkably reduced the numbers of
degranulating mast cells (Fig. 1B and C). However, in the presence
of mifepristone, these drugs did not significantly alter the
percentages of degranulating mast cells (Fig. 3A and B). These
results indicatedthatthesuppressiveeffectsofcorticosteroidsonthe
degranulation of mast cells were dependent on the glucocorticoid
receptors.

Effects of hydrocortisone and dexamethasone on membrane
capacitance of rat peritoneal mast cells

In our previous studies, microscopic changes in megakaryocyte
or lymphocyte membranes were accurately monitored by measur-
ing the whole-cell membrane capacitance (Cm) [27–34]. In mast
cells, the process of degranulation during exocytosis is successively
monitored by the increase in the Cm [10–13,35,36]. Hence, in our
study, to examine the effects of hydrocortisone and dexametha-
sone on the process of exocytosis, we pre-incubated mast cells in
hydrocortisone- or dexamethasone- containing external solutions
and measured the changes in Cm (Figs. 4 and 5). We showed the
effects of 1, 10, 100 and 200 mM hydrocortisone or dexamethasone
on the Cm, Gs and Gm in each figure. Table 1 summarized the



Fig. 5. Dexamethasone-induced changes in mast cell membrane capacitance, series and membrane conductance during exocytosis. After the mast cells were incubated in the
external solutions containing 1 mM (A), 10 mM (B), 100 mM (C) or 200 mM dexamethasone (D), the whole-cell recording configuration was established in single mast cells and
dialysis with 100 mM GTP-g-S was started. Membrane capacitance, series and membrane conductance were monitored for at least 90 s. N = 5 for each trace. Cm, membrane
capacitance; Gs, series conductance; Gm, membrane conductance.

Table 1
Summary of changes in membrane capacitance (Cm) in different concentrations of corticosteroid-containing solutions.

Agents N Cm before GTP-g-S Internalization (pF) Cm after GTP-g-S Internalization (pF) DCm (pF)

External solution (control) 5 9.78 � 0.61 26.5 � 2.06 16.7 � 1.99
1 mM Hydrocortisone 5 9.23 � 0.57 25.4 � 1.50 15.3 � 0.80
10 mM Hydrocortisone 5 9.74 � 0.55 25.9 � 2.50 16.2 � 2.73
100 mM Hydrocortisone 5 8.26 � 0.42 16.1 � 2.91 7.81 � 2.72*

200 mM Hydrocortisone 5 9.62 � 0.51 18.8 � 0.56 6.71 � 1.70*

1 mM Dexamethasone 5 9.34 � 0.26 26.8 � 2.05 17.5 � 1.93
10 mM Dexamethasone 5 9.06 � 0.50 25.4 � 1.16 16.4 � 0.77
100 mM Dexamethasone 5 7.25 � 0.55 16.7 � 1.58 9.46 � 1.20*

200 mM Dexamethasone 5 8.80 � 0.48 15.1 � 2.18 6.34 � 2.43*

Values are means � SEM. Cm = membrane capacitance.
*p < 0.05 vs. DCm in external solution (control).
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changes in the Cm. As previously demonstrated [10–13,37,38],
the internal addition of GTP-g-S to mast cells almost tripled the
value of Cm (from 9.78 � 0.61 to 26.5 � 2.06 pF, n = 5, p < 0.05;
Table 1).

When mast cells were pre-incubated in lower doses of
hydrocortisone (1, 10 mM), the increase in the Cm was almost
identical to that of the mast cells pre-incubated in the bathing
solution without drugs (Fig. 4A and B, Table 1). However, higher
doses of hydrocortisone (100, 200 mM) significantly inhibited the
GTP-g-S-induced increase in the Cm (Fig. 4C and D, Table 1).
Similarly to hydrocortisone, the lower doses of dexamethasone
(1, 10 mM) did not alter the increase in the Cm (Fig. 5A and B,
Table 1), which was almost identical to that of the external solution
alone as demonstrated in our previous studies [10–13]. However,
pre-incubation in higher doses of dexamethasone (100, 200 mM)
markedly halted the increase in the Cm (Fig. 5C and D, Table 1). The
results provided electrophysiological evidence for the first time
that both hydrocortisone and dexamethasone inhibited the
exocytotic process of mast cells dose-dependently. This strongly
supported our findings that were demonstrated in Fig. 1.
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According to previous patch-clamp studies, the process
degranulation in mast cells during exocytosis is successively
monitored by the gradual increase in the whole-cell Cm [13,37,39].
Employing this electrophysiological approach, our recent studies
demonstrated the inhibitory effects of anti-allergic drugs or
macrolide antibiotics on the exocytotic process of mast cells
[10–12]. In these studies, the mast cell-stabilizing effects of the
drugs were quantitatively assessed by the degree of suppression in
the increase in the Cm. In the present study, using such an
approach, we provide direct evidence for the first time that
corticosteroids, such as hydrocortisone and dexamethasone, dose-
dependently inhibited the exocytotic process, and thus exerted
mast cell-stabilizing effects. Since corticosteroid drugs are highly
lipophilic [40], they were thought to easily penetrate into the
cytoplasm of mast cells through the plasma membranes [41]. This
may allow the drugs to bind to the cytosolic glucocorticoid
receptors, finally repressing the gene expression responsible for
the mast cell growth or survival [42,43]. Besides their penetration
into the cytoplasm and the subsequent accumulation there,
corticosteroids are also known to be incorporated into the lipid
bilayers within the plasma membranes [21]. Additionally, a recent
morphological study revealed the localization of glucocorticoid
receptors within the plasma membrane of mast cells [44]. In
contrast to the cytosolic glucocorticoid receptors that exert
biological responses by regulating the gene expression, the
membrane-localized glucocorticoid receptors directly influence
the intracellular Ca2+ signaling pathway by coupling to G proteins
or functionally modulating the Ca2+ channels [45,46]. In mast cells,
as we recently demonstrated in a patch-clamp study, an increase in
the intracellular Ca2+ concentration ([Ca2+]i) primarily triggers
exocytosis [11]. Therefore, in the present study, in addition to the
involvement of membrane proteins that have been advocated [43],
the membrane receptor-mediated changes in the [Ca2+]i may have
contributed to the non-genomic mechanisms of the corticoste-
roids, by which they exerted mast cell-stabilizing properties. In
mast cells, compound 48/80, a G protein stimulator, directly
activates membrane GTPase to stimulate the phospholipase C
(PLC)-mediated signaling pathway [47]. Since the PLC activity was
dose-dependently suppressed by adrenal glucocorticoids [48],
such pharmacological interaction between the compound and the
corticosteroids may have also contributed to their mast cell-
stabilizing properties in the present study.

In summary, this study provided electrophysiological evidence
for the first time that corticosteroid drugs, such as hydrocortisone
and dexamethasone, dose-dependently inhibited the exocytotic
process of mast cells, indicating their usefulness as mast cell-
stabilizers. Such mast cell-stabilizing effects of these drugs were
ascribable to their “non-genomic” action, by which they exert rapid
anti-allergic effects.
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