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Summary
Background Degranulation of mast cells is stimulated by store-operated Ca2+-entry
(SOCE). In other cell types, Ca2+-entry is modified by ceramide. Exogenously added cera-
mide has been shown to trigger mast cell apoptosis. Effects of endogenously produced
ceramide in mast cells remained, however, elusive. Ceramide may be produced from
sphingomyelin by acid sphingomyelinase (Asm).
Objective This study explored the impact of Asm on mast cell functions.
Methods Mast cells were isolated from bone marrow (BMMCs) or peritoneal lavage of
gene-targeted mice lacking Asm (asm�/�) and their wild-type littermates (asm+/+). BMMC
maturation and apoptosis-associated annexin V binding were determined by flow cytome-
try. Asm activity was assessed enzymatically, cytosolic Ca2+ activity ([Ca2+]i) utilizing
Fura-2 fluorescence, current across the cell membrane by whole-cell patch clamp, degran-
ulation from hexosaminidase-release and migration utilizing a transwell chamber. In vivo
anaphylaxis was derived from decrease in body temperature.
Results Peritoneal mast cell number, BMMC phenotype, spontaneous BMMC apoptosis as
well as BMMC CD117, CD34 and FceRI expression were similar in both genotypes. In
asm+/+ BMMCs, stimulation with antigen resulted in a fast ~2.5-fold increase in Asm
activity. Release of Ca2+ from internal stores and hence several Ca2+-dependent functions
were strongly impaired in asm�/� BMMCs. Thus, antigen-induced increase in [Ca2+]i in
IgE-sensitized cells, antigen- but not ionomycin-induced currents through Ca2+-activated
K+-channels (KCa3.1), IgE/antigen-triggered b-hexosaminidase release, and antigen-
induced migration were all lower in asm�/� BMMCs than in asm+/+ BMMCs. Pharmaco-
logical inhibition of Asm by amitriptyline (500 nM, 3 h) in asm+/+ BMMCs similarly
decreased antigen-induced increase in [Ca2+]i, KCa3.1 currents, ß-hexosaminidase release
and migration. The decrease in body temperature upon the induction of systemic anaphy-
laxis was significantly less pronounced in asm�/� mice than in asm+/+ mice, an observa-
tion pointing to in vivo significance of Asm.
Conclusions and Clinical Relevance Asm is a novel, powerful regulator of mast cell func-
tion and thus a potential target in the treatment of allergic reactions.
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Introduction

Mast cells are key players in several IgE-dependent
allergic reactions [1, 2], such as allergic rhinitis [3],
asthma [4, 5], anaphylactic shock and delayed
hypersensitivity reactions [6–9]. Upon activation, mast

cells release several cytokines regulating the function of
other inflammatory cells, such as neutrophils and T
cells [8, 10–15].

Mast cell degranulation is stimulated by the increase
in cytosolic Ca2+ concentrations due to Ca2+ release
from intracellular stores followed by the activation of
store-operated Ca2+ entry (SOCE) [16–24]. Further-
more, Ca2+ can enter the cell via non-selective cation
channels such as TRPC6 [25]. Ca2+ entry and thus
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degranulation is further influenced by K+ channels [17,
26–28] and Cl� channels [20, 21], which set the nega-
tive membrane potential. Those ion channels are novel
promising targets for mast cell inhibition in allergic dis-
orders [29].

In other cell types, Ca2+ entry [30] and exocytosis
[31] are modified by acid sphingomyelinase (Asm), the
product of Smpd1 gene, an enzyme implicated in a
wide variety of clinical disorders including lung inflam-
mation, fibrosis and infection [32], cystic fibrosis [33],
cardiovascular disease [34, 35], Wilson’s disease [36],
multiple sclerosis [37], major depression [38], Parkin-
son’s disease [39], Alzheimer’s disease [38, 40, 41] and
diabetes [42–44].

Sphingomyelin metabolites, ceramide and sphingo-
sine, have been proposed as intracellular mediators of
apoptotic signals [45–54]. In mast cells, exogenously
added Asm has been shown to trigger apoptosis [55,
56]. Exogenously added C2 ceramide and sphingosine
have been shown to inhibit mediator release from mur-
ine bone marrow-derived cultured mast cells (BMMCs)
[55]. Expression and enzymatic activity of endogenous
Asm as well as ceramide formation are increased in
BMMCs deficient in IL-15, a potent anti-apoptotic cyto-
kine [56]. The role of Asm in responses other than
apoptosis has not been well studied in mast cells, and
the functional role of endogenous Asm or ceramide in
mast cells remained largely elusive.

This study explored the impact of acid sphingomye-
linase on Ca2+ concentration, degranulation and migra-
tion of mast cells. To this end, mast cells have been
isolated from bone marrow of acid sphingomyelinase-
deficient mice (asm�/�) and from their wild-type litter-
mates (asm+/+).

Materials and methods

Mice

All animal experiments were conducted according to
the German law for the welfare of animals and were
approved by the local authorities. Experiments were
performed in gene-targeted mice lacking functional
acid sphingomyelinase (asm�/�) and their wild-type
littermates (asm+/+). The mice have been generously
provided by R. Kolesnick [57].

Culture of bone marrow-derived mast cells

Mast cells were isolated from femoral and tibial bone
marrow of 6- to 8-week-old-naive asm+/+ and asm�/�

mice and cultured for 4 weeks in RPMI 1640 (Gibco,
Darmstadt, Germany) containing 10% FCS (PAA), 1%
penicillin/streptomycin (PAA), 20 ng/mL IL-3 (Immuno-
tools, Friesoythe, Germany) and 100 ng/mL of the c-kit

ligand stem cell factor (Immunotools). BMMC maturation
was confirmed by flow cytometry (FACSCalibur; BD
Biosciences, Heidelberg, Germany) using the following
specific fluorescent-labelled antibodies: PE-labelled anti-
FceRI (eBioscience, Frankfurt, Germany), allophycocya-
nin-labelled anti-CD117 (BD Pharmingen, Heidelberg,
Germany) and FITC-labelled anti-CD34 (BD Pharmingen).
Cells were kept in culture 4–6 weeks before the experi-
ments. For experiments, BMMCs were sensitized for 1 h
with monoclonal mouse anti-DNP mouse IgE (anti-DNP
IgE, 5–10 lg/mL per 1 9 106 cells, clone SPE-7; Sigma-
Aldrich, Seelze, Germany) in culture medium and
challenged with DNP-human serum albumin (DNP-HSA;
2,4-Dinitrophenyl hapten conjugated to human serum
albumin, 50 ng/mL; Sigma-Aldrich).

Transmission electron microscopy

Mast cells were fixed with pre-warmed Karnovsky’s fix-
ative for 10 min at 37°C and stored at 4°C. Cell pellets
were embedded in 3.5% agarose at 37°C and coagulated
at room temperature. Embedded cell pellets were fixed
in Karnovsky’s solution. Post-fixation was based on
1.0% osmium tetroxide containing 1.5% K-ferrocyanide
in aqua bidest for 2 h. Following standard methods,
blocks were embedded in glycide ether and cut using
an ultra microtome (Ultracut, Reichert, Vienna, Austria).
Ultra-thin sections (30 nm) were mounted on copper
grids and analysed using a Zeiss LIBRA 120 transmis-
sion electron microscope (Carl Zeiss, Oberkochen,
Germany) operating at 120 kV.

Peritoneal lavage

Anaesthetized mice were euthanized by cervical dislo-
cation, and the abdominal skin was cleansed with 70%
ethanol. Sterile 0.9% NaCl (4 mL) was then instilled
into the peritoneum. The abdomen was massaged gently
for 1 min and then opened with sterile scissors. Recov-
ered peritoneal lavage fluid was centrifuged at 2000 g
for 5 min, and the cell pellets were resuspended in red
blood cell lysis buffer for 1 min and recentrifuged, and
then, the cell pellet was resuspended in phosphate-buf-
fered saline (PBS). Slides were prepared as ‘thick blood
films’ and fixed with 4% paraformaldehyde. After stain-
ing with toluidine blue, at least 10 view fields/slides
were counted.

Phosphatidylserine translocation

Apoptotic cell membrane scrambling was evidenced
from annexin V binding to phosphatidylserine (PS)
at the cell surface. To this end, the percentage of
PS-translocating cells was evaluated by staining with
fluorescein isothiocyanate (FITC)-conjugated annexin V.
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In brief, 1 9 106 cells were harvested and washed twice
with PBS and then resuspended in annexin V binding
buffer (BD Bioscience). The cells were incubated with
FITC-annexin V for 15 min at room temperature in the
dark and then analysed by flow cytometry.

Asm activity assay

The activity of the Asm was measured as previously
described [58]. Briefly, 5 9 105 cells were incubated
with IgE (10 lg/mL, 1 h) or with IgE (10 lg/mL, 1 h)
followed by antigen (DNP-HSA, 50 ng/mL, 5 min) or
left untreated (control), frozen in liquid nitrogen and
kept at �80°C. The cells were then lysed in 200 lL of
ice-cold buffer containing 50 mM sodium acetate (pH
5.0), 0.1% NP40. After 10 min lysis on ice, the lysates
were sonicated 3 times for 10 s each using a tip sonica-
tor at low energy. The lysates were incubated with
0.02 lCi of [14C]sphingomyelin for 30 min at 37°C. The
substrate was dried before use and resuspended in
50 mM sodium acetate (pH 5.0), 0.1% NP40, followed
by 10-min bath sonication to promote the formation of
micelles. The reaction was stopped by the addition of
1 mL of CHCl3:CH3OH (v/v). Phases were separated by
5-min centrifugation at 20 000 g, and an aliquot of the
aqueous phase was applied for liquid scintillation
counting. Hydrolysis of [14C]sphingomyelin by sphingo-
myelinase results in the release of [14C]choline chloride
into the aqueous phase, whereas ceramide and unreact-
ed [14C]sphingomyelin remain in the organic phase.
Therefore, the release of [14C]choline chloride (nmol/g/
h) serves to determine the activity of the Asm.

Patch clamp

Patch clamp experiments have been performed at room
temperature in voltage-clamp, fast-whole-cell mode [59].
BMMCs were continuously superfused by a flow system
inserted into the dish. The bath was grounded via a bridge
filled with NaCl Ringer solution, containing (in mM) 145
NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 10 glucose, 10 HEPES/
NaOH (pH 7.4, 300 mOsm). Borosilicate glass pipettes
(2–4 MO tip resistance; GC 150 TF-10, Harvard Appara-
tus, March-Hugstetten, Germany), manufactured by a
microprocessor-driven DMZ puller (Zeitz, Augsburg, Ger-
many), were used in combination with a MS314 electrical
micromanipulator (MW, M€arzh€auser, Wetzlar, Germany).
The currents were recorded by an EPC-9 amplifier (HEKA,
Lambrecht, Germany) using Pulse software (HEKA) and
an ITC-16 Interface (Instrutech, Port Washington, NY,
USA). Whole-cell currents were determined as 10 succes-
sive 200-ms square pulses from a �35 mV holding
potential to potentials between �115 mV and +65 mV.
The currents were recorded with an acquisition frequency
of 10 kHz and 3 kHz low-pass filtered [60, 61].

The pipette solution contained (in mM) 140 K-gluco-
nate, 5 KCl, 1.2 MgCl2, 2 EGTA, 1.26 CaCl2 (pCa 7), 2
Na2ATP and 10 HEPES/KOH (pH 7.2, 280 mOsm), and
was used in combination with NaCl Ringer bath solu-
tion. Where indicated, the antigen dinitrophenyl-HSA
(DNP-HSA, 50 ng/mL, Sigma-Aldrich) was added to the
bath solution.

The offset potentials between both electrodes were
zeroed before sealing. The potentials were corrected for
liquid junction potentials as estimated according to
Barry and Lynch [62]. The original whole-cell current
traces are depicted without further filtering, and cur-
rents of the individual voltage square pulses are super-
imposed. The applied voltages refer to the cytoplasmic
face of the cell membrane with respect to the extracel-
lular space. The inward currents, defined as flow of
positive charge from the extracellular to the cytoplas-
mic membrane face, are negative currents and depicted
as downward deflections of the original current traces.

Intracellular calcium measurements

Intracellular Ca2+ measurements were performed as
described [60, 63]. Briefly, BMMCs were sensitized with
IgE (10 lg/mL) for 1 h at 37°C and subsequently loaded
with Fura-2/AM (2 lM; Molecular Probes, Goettingen,
Germany) for 20 min at 37°C. Fluorescence measure-
ments were carried out with an inverted phase-contrast
microscope (Axiovert 100; Zeiss, Oberkochen, Germany).
Cells were excited alternatively at 340 and 380 nm,
and the light was deflected by a dichroic mirror into
either the objective (Fluar 40 9 /1.30 oil; Zeiss) or a
camera. Emitted fluorescence intensity was recorded at
505 nm, and data acquisition was performed using
specialized computer software (Metafluor; Universal
Imaging, Downingtown, PA, USA). The corresponding
ratios (F340/F380) were used to obtain intracellular Ca2+

concentrations. The following equation was used:
[Ca2+]free = Kd 9 ((R�Rmin)/(Rmax�R)) 9 Sf (Kd = disso-
ciation constant of Fura-2; R = ratio of emission
intensity, exciting at 340 nm, to emission intensity,
exciting at 380 nm; Rmin = ratio at zero free Ca2+;
Rmax = ratio at saturating Ca2+; Sf = instrumental con-
stant). As a measure for the increase in cytosolic Ca2+

activity, the slope and peak of the changes in the
intracellular Ca2+ concentration were calculated for
each experiment. Intracellular Ca2+ was measured prior
to and following addition of DNP-HSA (50 ng/mL) to
IgE-sensitized BMMCs in the absence or presence of
extracellular Ca2+. Alternatively, changes in cytosolic
Ca2+ were monitored upon depletion of the intracellu-
lar Ca2+ stores. Experiments were carried out prior to
and during exposure of the cells to Ca2+-free solution.
In the absence of Ca2+, the intracellular Ca2+ stores
were depleted by the inhibition of the vesicular Ca2+
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pump by thapsigargin (1 lM; Molecular Probes).
Re-addition of Ca2+ allowed assessing the store-oper-
ated Ca2+ entry.

For intracellular calibration purposes, ionomycin
(10 lM) was applied at the end of each experiment.
Experiments were performed with Ringer solution con-
taining (in mM) 125 NaCl, 5 KCl, 1.2 MgSO4, 2 CaCl2, 2
Na2HPO4, 32 HEPES, 5 glucose, pH 7.4. To reach nomi-
nally Ca2+-free conditions, experiments were performed
using Ca2+-free Ringer solution containing (in mM) 125
NaCl, 5 KCl, 1.2 MgSO4, 2 Na2HPO4, 32 HEPES, 0.5
EGTA, 5 glucose, pH 7.4.

Measurement of degranulation

Mature bone marrow mast cells were seeded on 96-well
plates in fresh medium with anti-DNP IgE antibody
(5 lg/mL) for 1 h. Afterwards, cells were washed in
PBS (Gibco) containing 1 mM CaCl2 and challenged
with DNP-HSA (50 ng/mL). 20 lL of supernatant and
20 lL of 2 mM 4-nitrophenyl N-acetyl-ß-D-glucosami-
nide (Sigma-Aldrich), diluted in 0.2 M citrate buffer, pH
4.5, were added to each well of the 96-well plate, and
colour was developed for 2 h at 37°C. The reaction was
terminated with 1M TRIS buffer, pH 9.0, and the absor-
bance was measured at 405 nm in an ELISA microplate
reader [64]. The data are expressed as the percentage of
the total release (Triton X-100 0.1%) and are corrected
for spontaneous release.

Migration

For migration assays, transwell inserts (Corning #3421)
were used with a pore diameter size of 8 lm. The tran-
swells were placed in a 24-well cell culture plate con-
taining cell culture medium (750 lL). The upper
chambers were filled with 400 lL cell culture medium
containing 5 9 104 cells/well. The chamber was placed
in a 5% CO2 37°C incubator for 4 h. In the following,
the non-migrated cells were gently removed by cotton-
tipped swab and PBS wash. The transwells were moved
to 4% PFA and incubated overnight in 4°C. Membranes
were removed by scalpel, placed on slides and stained
with DAPI. The migrated cells bound to the membrane
were then counted.

Passive systemic anaphylaxis/antigen-induced
anaphylaxis

Mice were sensitized with 30 lg/250 lL anti-DNP IgE
by intraperitoneal application. Five hours later, mice
were challenged with either DNP-HSA (100 lg/200 lL)
or PBS. Body temperature was monitored before and
every min after antigen challenge with 8-Channel
USB Thermometer (T€ubingen, Germany) during the

mid-portion of the light phase of the light cycle. Mice
were placed with the tail raised, and the vaseline-covered
probe was inserted at a standardized distance of 2 cm
until a stable temperature reading was obtained.
Baseline temperature was measured after habituating
mice to rectal probe insertion. Ambient room temperature
was 23°C, and the animals were exposed to a 12 h light
and 12 h dark cycle (7 am to 7 pm). Data are expressed
as a change in body temperature following the treat-
ment (D°C).

Statistics

Data are provided as means � SEM, n represents the
number of animals/independent experiments. All data
were tested for significance using Student’s unpaired
two-tailed t-test or ANOVA (Dunnett’s test), where appli-
cable. P < 0.05 was considered to indicate statistical
significance.

Results

Phenotype and number of mast cells derived from asm
+/+ and asm�/� mice as well as stimulation of Asm
activity by antigen

To explore the impact of acid sphingomyelinase (Asm)
on mast cell function, mast cells were isolated from
bone marrow (BMMCs) of gene-targeted mice lacking
Asm (asm�/�) and their wild-type littermates (asm+/+).
As illustrated in Figs 1 a and b, asm+/+ and asm�/�

BMMCs expressed CD117, CD34 and FceRI, that is,
receptors typically expressed by mast cells, to a similar
extent. The number of mast cells in the peritoneum was
not different between genotypes (Fig. 1c, P = 0.43).
Electron microscopy analysis revealed that granules of
asm�/� BMMCs were not different from asm+/+ BMMCs
(Fig. 1d). Moreover, the rate of spontaneous apoptosis,
as assessed by annexin V-positive BMMCs, was not dif-
ferent between asm+/+ and asm�/� genotypes (Fig. 1e,
P = 0.97). In asm+/+ BMMCs, stimulation with IgE
(1 lM, 1 h) and then with cognate antigen (DNP-HSA,
2,4-Dinitrophenyl hapten conjugated to human serum
albumin, 50 ng/mL, 5 min) resulted in a ~2.5-fold stim-
ulation of Asm activity (Fig. 1f).

Antigen-induced release of Ca2+ from internal stores
with or without genetic or pharmacological inhibition of
Asm

Fura-2 fluorescence was employed to elucidate whether
Asm influences cytosolic Ca2+ concentration ([Ca2+]i).
In unstimulated BMMCs, [Ca2+]i was not significantly
different (P = 0.42) between asm+/+ BMMCs (84.38 �
2.54 nM, n = 134) and asm�/� BMMCs (87.51 �
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2.97 nM, n = 128). Stimulation with IgE (1 lM, 1 h) and
then with antigen (DNP-HSA, 50 ng/mL) resulted in a
sharp increase in [Ca2+]i in both genotypes, an effect,
however, significantly more pronounced in asm+/+

BMMCs than in asm�/� BMMCs (Figs 2a and b). Also,
when lower concentrations of IgE (300 ng/mL, 3 h) and
antigen (1 ng/mL) were used, asm�/� BMMCs
responded with significantly lower and less steep [Ca2+]i
increase (Figs 2c and d). The pharmacological inhibitor
of Asm, amitriptyline (500 nM, 3 h), similarly led to
reduced antigen-dependent increase in [Ca2+]i in asm+/+

cells (Figs 2e and f). To explore, whether Asm

influences intracellular Ca2+ release or the entry of
extracellular Ca2+, BMMCs were sensitized with IgE and
challenged with antigen in the absence of extracellular
Ca2+ (Figs 3a and b). As a result, in the nominal
absence of extracellular Ca2+, the exposure to IgE and
antigen was followed by a transient increase in intra-
cellular Ca2+, which was significantly higher in asm+/+

compared with asm�/� BMMCs (Fig. 3b). Pharmacologi-
cal inhibition of Asm by amitriptyline (500 nM, 3 h)
similarly impaired antigen-induced release of Ca2+

(Figs 3c and d). To confirm that Asm up-regulates
intracellular Ca2+ release, depletion of Ca2+ stores was

(a) (b)

(c)

(d) (e)

(f)

Fig. 1. Phenotype and number of mast cells derived from asm+/+ and asm�/� mice. Stimulation of Asm activity by antigen. (a) Original dot plots

of CD117-, CD34- and FcєRI-positive bone marrow-derived mast cells (BMMCs) from asm+/+ and asm�/� mice. Numbers depict the percentage of

cells in the respective quadrant. (b) Percentage of mast cells in primary culture. Mean percentage (� SEM; n = 6 individual BMMC cultures) of

asm+/+ (open bars) and asm�/� (closed bars) BMMCs. (c) Percentage of toluidine blue-positive mast cells (� SEM) among leukocytes in the perito-

neum from 4 asm+/+ (open bars) and 4 asm�/� (closed bars) mice. (d) Transmission electron microscopy of BMMCs from asm+/+ and asm�/� mice.

Bars: 1 lm; N = Nucleus. (e) Arithmetic means (n = 5 individual BMMC cultures) of the percentage of asm+/+ (open bars) and asm�/� (closed bars)

BMMCs with annexin V binding. (f) Enzymatic activity of Asm (� SEM, n = 6–7) in asm+/+ BMMCs treated with either IgE (10 lg 1 h, light grey

bar) or IgE (10 lg 1 h) followed by antigen (Ag, 50 ng/mL, 5 min, dark grey bar) or left untreated. * (P < 0.05), ANOVA.
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induced by inhibition of the Ca2+-ATPase SERCA by
thapsigargin and Ca2+ was readded (Fig. 3e). While the
Ca2+-release was strongly impaired in asm�/� BMMCs,
the entry of extracellular Ca2+ through store-operated
Ca2+ (SOC) channels was not affected by Asm defi-
ciency (Fig. 3f). Thus, Asm is a positive regulator of the
release of intracellular Ca2+.

Currents through Ca2+-activated K+ channels KCa3.1
with or without genetic or pharmacological inhibition of
Asm

Further experiments explored whether lack of Asm
influenced Ca2+-activated K+ channels KCa3.1 in mast
cells. The K+ currents of BMMCs upon stimulation with
IgE/antigen or ionomycin were measured by whole-cell
patch clamp (Fig. 4). In both genotypes, addition of

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Antigen-induced Ca2+ increase in BMMCs from asm+/+ and asm�/� mice and amytriptyline-treated asm+/+ BMMCs. (a) Representative ori-

ginal tracings showing intracellular Ca2+ concentrations in Fura-2/AM loaded IgE (10 lg/mL, 1 h)-sensitized BMMCs from asm+/+ and asm�/�

mice prior to and following addition of antigen (Ag, 50 ng/mL, white arrow) in the presence of extracellular Ca2+. At the end of each experiment,

ionomycin (10 lM, black arrow) was added. For quantification of the Ca2+ entry into the BMMCs, the peak (nM) and the slope (nM/s) were

calculated following the addition of Ag. (b) Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracellular Ca2+

concentrations for asm+/+ (n = 9, open bars) and asm�/� (n = 13, closed bars) BMMCs following stimulation with antigen (50 ng/mL) as in (a).

** (P < 0.01), *** (P < 0.001), two-tailed unpaired t-test. (c) Representative original tracings showing intracellular Ca2+ concentrations in IgE

(300 ng/mL, 3 h)-sensitized asm+/+ and asm�/� BMMCs before and after the addition of low concentration of antigen (Ag, 1 ng/mL, white arrow)

in the presence of extracellular Ca2+. (d) Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracellular Ca2+ concen-

trations for asm+/+ (n = 16, open bars) and asm�/� (n = 5, closed bars) BMMCs upon stimulation with antigen (1 ng/mL) as in (c). *(P < 0.05),

two-tailed unpaired t-test. (e) Representative original tracings showing intracellular Ca2+ concentrations in IgE (10 lg/mL, 1 h)-sensitized asm+/+

BMMCs untreated and treated with amitriptyline (500 nM, 3 h) before and after the addition of antigen (Ag, 50 ng/mL, white arrow) in the

presence of extracellular Ca2+. (f) Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracellular Ca2+ concentrations

for untreated asm+/+ (n = 31, open bars) and asm+/+ BMMCs treated with amitriptyline (n = 19, grey bars) upon stimulation with antigen (50 ng/

mL) as in (e). ***(P < 0.001), two-tailed unpaired t-test.
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antigen to the bath solution resulted in a rapid increase
of a K+-selective conductance (Figs 4a–c). The current
amplitude was increased following antigen application
and reached its maximum in about 3 min. The maximal
amplitude was significantly smaller in asm�/� than in
asm+/+ cells (Figs 4a–c). Moreover, in asm+/+ cells, incu-

bation with amitriptyline (500 nM, 3 h) led to a lower
activation of K+ conductance upon antigen (Figs 4d
and e). In contrast, following stimulation with the Ca2+

ionophore ionomycin, the K+ currents were not
significantly different between the genotypes (Figs 4f
and g).

(a) (b)

(c) (d)

(e) (f)

Fig. 3. Antigen-induced Ca2+ release in BMMCs from asm+/+ and asm�/� mice. (a) Representative original tracings showing intracellular Ca2+ con-

centrations in IgE (10 lg/mL, 1 h)-sensitized BMMCs from asm+/+ and asm�/� mice prior to and following addition of antigen (Ag, 50 ng/mL,

white arrow) in the absence of extracellular Ca2+. To reach a Ca2+-free environment, EGTA (0.5 mM) was added to the Ca2+-free bath solution. (b)

Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracellular Ca2+ concentrations for asm+/+ (n = 18, open bars)

and asm�/� (n = 32, closed bars) BMMCs following stimulation with antigen (50 ng/mL) as in (a). ** (P < 0.01), two-tailed unpaired t-test. (c)

Representative original tracings showing intracellular Ca2+ concentrations in IgE (10 lg/mL, 1 h)-sensitized asm+/+ BMMCs untreated and treated

with amitriptyline (500 nM, 3 h) before and after the addition of antigen (Ag, 50 ng/mL, white arrow) in the absence of extracellular Ca2+. (d)

Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracellular Ca2+ concentrations for untreated asm+/+ (n = 41, open

bars) and asm+/+ BMMCs treated with amitriptyline (n = 40, grey bars) upon stimulation with antigen (50 ng/mL) as in (c). *** (P < 0.001), two-

tailed unpaired t-test. (e) Representative original tracings showing intracellular Ca2+ concentrations in asm+/+ and asm�/� BMMCs upon store

depletion by thapsigargin (1 lM) added first in Ca2+-free solution. Readdition of extracellular Ca2+ in the presence of thapsigargin reflects the

entry of Ca2+ through the store-operated Ca2+ channels. (f) Arithmetic means (� SEM) of the peak (left) and slope (right) of the change in intracel-

lular Ca2+ concentrations for asm+/+ (n = 12, open bars) and asm�/� (n = 10, closed bars) BMMCs upon addition of thapsigargin in Ca2+-free solu-

tion (Ca2+ release) and upon readdition of Ca2+ in the continuous presence of thapsigargin (Ca2+ entry). ** (P < 0.01), two-tailed unpaired t-test.
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Degranulation with or without genetic or
pharmacological inhibition of Asm

At least in theory, the blunted Ca2+ entry in asm�/�

BMMCs could result in decreased antigen-induced
mediator release. To determine whether lack of Asm
modifies mast cell degranulation, the release of b-hex-
osaminidase was measured in asm+/+ and asm�/� cells.
As illustrated in Fig. 5, b-hexosaminidase release was
significantly reduced in asm�/� BMMCs and following
incubation of asm+/+ cells with amitriptyline (500 nM).

Migration with or without genetic or pharmacological
inhibition of Asm

As Ca2+-sensitive cellular functions include cell
migration, additional experiments were performed to

elucidate whether Asm deficiency impacts on mast cell
migration. As illustrated in Fig. 6, migration towards
low antigen concentrations (1 ng/mL) was significantly
less pronounced in asm�/� BMMCs. To further test the
role of acid sphingomyelinase, migration was assessed

(a)

(b) (c)

(d) (e)

(f) (g)

Fig. 5. Degranulation of antigen-stimulated asm�/� and asm+/+

BMMCs, effect of amitriptyline. Arithmetic means (� SEM, n = 5–7
individual experiments) of b-hexosaminidase release from IgE (10 lg/
mL, 1 h)-sensitized and antigen (50 ng/mL, 15 min)-stimulated

BMMCs from asm�/� (closed bar) and asm+/+ mice. asm+/+ BMMCs

were either untreated (open bar) or treated with amitriptyline (500 nM)

for 3 h (light grey bar) or 24 h (dark grey bar). Release in the super-

natant was calculated as % of total cellular (0.1% Triton X-100)

b-hexosaminidase. The stimulated b-hexosaminidase release in each

experiment was corrected for the spontaneous release. *(P < 0.05),

** (P < 0.01), ANOVA.

Fig. 4. K+ currents in asm+/+, asm�/� and amytriptyline-treated asm+/

+ BMMCs. (a) Representative whole-cell currents from asm+/+ (left)

and asm�/� (right) IgE (10 lg/mL, 1 h)-sensitized BMMCs elicited by

200 ms pulses ranging from �115 to +45 mV in 20 mV increments

from a holding potential of �35 mV. Currents were recorded in stan-

dard NaCl bath solution before (control) and after stimulation with

antigen (50 ng/mL). The dotted line indicates the zero current value.

(b) Mean I–V relationships (� SEM) in asm+/+ (open symbols, n = 29)

and asm�/� (closed symbols, n = 24) BMMCs after stimulation with

antigen. *(P < 0.05), two-tailed unpaired t-test. (c) Arithmetic means

(� SEM, n = 24–29) of whole-cell conductance of asm+/+ (open bars)

and asm�/� (closed bars) BMMCs as recorded in (b) after stimulation

with antigen. Data were calculated by linear regression between �75

and +5 mV. *(P < 0.05), two-tailed unpaired t-test. (d) Mean I–V rela-

tionships (� SEM) in IgE (10 lg/mL, 1 h)-sensitized asm+/+ BMMCs

untreated (open symbols, n = 14) or treated with amitriptyline

(500 nM, 3 h, grey symbols, n = 15) after stimulation with antigen.

*(P < 0.05), **(P < 0.01), two-tailed unpaired t-test. (e) Arithmetic

means (� SEM, n = 14–15) of whole-cell conductance of asm+/+

BMMCs untreated (open bars) or treated with amitriptyline (grey bars)

as recorded in (d) after stimulation with antigen. Data were calculated

by linear regression between �75 and +5 mV. (f) Mean I–V relation-

ships (� SEM) in asm+/+ (open symbols, n = 36) and asm�/� (closed

symbols, n = 36) BMMCs after stimulation with ionomycin (1 lM). (g)
Arithmetic means (� SEM, n = 36) of whole-cell conductance of

asm+/+ (open bars) and asm�/� (closed bars) BMMCs as recorded in (f)

after stimulation with ionomycin. Data were calculated by linear

regression between �75 and +5 mV.
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in the presence of amitriptyline (500 nM, 3 h). As
shown in Fig. 6, amitriptyline indeed inhibited the
migration of asm+/+ BMMCs.

Systemic anaphylactic reaction in asm+/+ and asm�/�

mice

To define whether Asm-sensitive Ca2+ entry and
degranulation affect mast cell function in vivo, passive
systemic anaphylaxis was tested in asm+/+ and asm�/�

mice (Fig. 7). The mice were sensitized with anti-DNP
IgE intraperitoneally, and after overnight rest, they
received DNP-HSA antigen or saline as a control by
intraperitoneal injection. In the following, body temper-
ature was monitored. As a result, the decline in body
temperature following antigen treatment was signifi-
cantly blunted in asm�/� mice (Fig. 7).

Discussion

The present study reveals a novel function of acid
sphingomyelinase (Asm), that is, regulation of mast cell
Ca2+ concentration, Ca2+-activated K+ (KCa3.1) channel
activity, degranulation, migration and finally, in vivo
sensitivity to anaphylaxis. Ca2+ release, activity of
KCa3.1 channels, mast cell degranulation, migration and
anaphylactic reaction are all decreased in BMMCs from
Asm knockout mice (asm�/�) as compared to BMMCs
from their wild-type littermates (asm+/+). Soluble cera-
mide analogues or bacterial sphingomyelinase has been
previously shown to induce apoptotic death of murine
BMMCs even in the presence of the growth and survival
factors IL-3 and/or stem cell factor [55]. The present

study reports that in contrast to exogenously added
Asm, endogenously expressed Asm up-regulates mast
cell responsiveness to IgE-dependent stimulation.

According to the earlier studies [17–24, 29, 65], mast
cell degranulation is governed by the release of Ca2+

from internal stores followed by the Ca2+ entry through
Ca2+ release-activated Ca2+ channels (ICRAC). Short-
chain ceramide analogues added exogenously to RBL-
2H3 mast cells have been shown to inhibit ICRAC [66].
However, long-chain ceramides that are structurally
closer to natural ceramides or sphingomyelinase treat-
ment failed to significantly alter ICRAC in RBL-2H3 cells
[66]. Moreover, the effect of C2 ceramide on ICRAC clo-
sely resembles the effect of sphingosine, a metabolite
into which C2 ceramide can be converted. In the pres-
ent study, the entry of Ca2+ upon store depletion
induced by thapsigargin was not affected by Asm defi-
ciency. However, the release of internal Ca2+ from the
stores was strongly impaired in asm�/� mast cells, and

Fig. 6. Migration of asm+/+ and asm�/� BMMCs, effect of amitripty-

line. Arithmetic means � SEM (n = 8) of migrating asm+/+ BMMCs,

untreated (open bars) or treated with amitriptyline (500 nM, 3 h, grey

bars) and untreated asm�/� (closed bars) BMMCs. BMMCs were either

stimulated with IgE alone (300 ng/mL, 3 h) or with IgE (300 ng/mL,

3 h) and then with antigen (1 ng/mL, 3 h). *(P < 0.05), **(P < 0.01),

ANOVA.

(a)

(b)

Fig. 7. Systemic anaphylactic reaction in asm+/+ and asm�/� mice. (a)

Changes in body temperature (D°C) of asm�/� mice (n = 5, closed

squares) and their wild-type littermates asm+/+ (n = 7, open squares)

following induction of anaphylaxis (� SEM). Mice were sensitized

with anti-DNP IgE (2 lg/g body weight) by i.p. application and chal-

lenged with DNP-HSA (4.8 lg/g body weight, i.p.) after overnight rest.

(b) Arithmetic means (� SEM) of maximal changes in body tempera-

ture (D°C) of asm�/� mice (n = 5, closed bars) and their wild-type

littermates asm+/+ (n = 7, open bars) following induction of anaphy-

laxis. * (P < 0.05), two-tailed unpaired t-test.
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consequently, the antigen-induced increase in [Ca2+]i
was blunted in those cells. It has recently been shown
that depletion of intracellular Ca2+ inhibits Asm trans-
location to the outer leaflet of the cell membrane and
formation of ceramide-enriched platform [49]. On the
other hand, impaired Ca2+ release in asm�/� mast cells
and rapid and strong activation of Asm upon FceRI
cross-linking demonstrate that Asm can also act
upstream of the Ca2+ release, suggesting an existence of
a positive feedback mechanism between Ca2+ signalling
and Asm activity.

Conversion of ceramide to sphingosine (by the action
of ceramidase) may be followed by phosphorylation of
sphingosine (by sphingosine kinase) to yield S1P
(sphingosine-1-phosphate), another bioactive metabolite
essential for mast cell chemotaxis and degranulation
[67]. S1P has been shown to induce Ca2+ release from
internal stores [67], and thus, a positive effect of Asm
on Ca2+ release in the present study may result from
S1P formation downstream from Asm-generated
ceramide. On the other hand, ceramide could be
phosphorylated by ceramide kinase (CERK) to yield
ceramide-1-phosphate, which plays an important role
in mast cell activation [68]. Another mechanism could
be partitioning of the FceRI to lipid domains [69], the
formation of which might depend on Asm-generated
ceramide. Translocation and clustering of FceRI in the
lipid rafts are required for the activation of early
signalling events initiated by FceRI cross-linkage [69].

Entry of Ca2+ depends on the potential difference
across the cell membrane [70]. Thus, Ca2+ entry is
enhanced following the activation of Ca2+-activated K+

channels KCa3.1, which provide a positive feedback regu-
lation of ICRAC [17, 26–28, 60]. Blunted increase in [Ca2+]i
upon antigen stimulation in asm�/� mast cells presum-
ably accounts for the impaired antigen-induced activa-
tion of KCa3.1 channels, as activation of KCa3.1 channels
upon ionomycin was similar in asm+/+ and asm�/� cells.

Antigen-induced mast cell migration has been shown
to critically depend on [Ca2+]i [71]. When intracellular
or extracellular Ca2+ is sequestered or the membrane
potential is depolarized (and thus the driving force for
Ca2+ influx is reduced), mast cells do not migrate [71].
As Asm activity is required for both [Ca2+]i increase

and KCa3.1 channel activation, the complete abrogation
of antigen-induced migration upon genetic or pharma-
cological inhibition of Asm corresponds well to those
previous studies. The mechanism downstream of [Ca2+]i
leading to mast cell migration is currently incompletely
understood, but involves the actin cytoskeleton dynam-
ics, as a rise in [Ca2+]i leads to actin depolymerization
[72–74].

As Asm activity influences Ca2+ release, activity of
Ca2+-activated K+ channels, mast cell degranulation,
migration and anaphylactic reaction, activation of Asm
is expected to enhance the sensitivity of mast cells to
activators. Acid sphingomyelinase is up-regulated or
activated by a number of inflammatory mediators such
as platelet-activating factor [34], amyloid [48, 75] and
plasminogen activator inhibitor 1 [76]. Accordingly,
Asm plays a decisive role in inflammation [32, 34, 35]
and diabetes [42–44].

In conclusion, Asm up-regulates in mast cells anti-
gen-stimulated Ca2+ release, subsequent activation of
Ca2+-activated K+ channels, degranulation and migra-
tion. The increase in Ca2+ release eventually leads to
enhanced sensitivity to anaphylaxis.

Acknowledgements

We thank Birgit Fehrenbacher, Hannelore Bischof,
Renate Nordin and Theresia Schneider (Department of
Dermatology, University of T€ubingen) for performing
TEM analysis and Barbara Wilker (Dept. of Molecular
Biology, University of Duisburg-Essen) for performing
the Asm activity measurements. The authors gratefully
acknowledge the meticulous preparation of the
manuscript by Tanja Loch and Lejla Subasic. This work
was supported by the Deutsche Forschungsgemeinschaft
(DFG, SFB 766). This work was also supported by
the COST Action BM1007 (Mast cell and basophils—
targets for innovative therapies) of the European
Community.

Conflict of interest

The authors of this manuscript reported no financial
interests or potential conflict of interests.

References

1 Kawakami T, Galli SJ. Regulation of

mast-cell and basophil function and

survival by IgE. Nat Rev Immunol

2002; 2:773–86.
2 Kawakami T, Kitaura J. Mast cell sur-

vival and activation by IgE in the

absence of antigen: a consideration of

the biologic mechanisms and rele-

vance. J Immunol 2005; 175:4167–73.
3 Pawankar R. Mast cells in allergic air-

way disease and chronic rhinosinusitis.

Chem Immunol Allergy 2005; 87:111–
29.

4 Bradding P. The role of the mast cell

in asthma: a reassessment. Curr Opin

Allergy Clin Immunol 2003; 3:45–50.

5 Brightling CE, Bradding P, Pavord ID,

Wardlaw AJ. New insights into the role

of the mast cell in asthma. Clin Exp

Allergy 2003; 33:550–6.
6 Askenase PW, Van Loveren H, Krae-

uter-Kops S et al. Defective elicitation

of delayed-type hypersensitivity in W/

Wv and SI/SId mast cell-deficient

mice. J Immunol 1983; 131:2687–94.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 79–90

88 W. Yang et al.



7 Conti P, Reale M, Barbacane RC, Pan-

ara MR, Bongrazio M, Theoharides TC.

Role of lipoxins A4 and B4 in the gen-

eration of arachidonic acid metabolites

by rat mast cells and their effect on

[3H]serotonin release. Immunol Lett

1992; 32:117–23.
8 Galli SJ, Kalesnikoff J, Grimbaldeston

MA, Piliponsky AM, Williams CM, Tsai

M. Mast cells as “tunable” effector and

immunoregulatory cells: recent

advances. Annu Rev Immunol 2005;

23:749–86.
9 Van Loveren H, Meade R, Askenase

PW. An early component of delayed-

type hypersensitivity mediated by T

cells and mast cells. J Exp Med 1983;

157:1604–17.
10 Asada H, Linton J, Katz SI. Cytokine

gene expression during the elicitation

phase of contact sensitivity: regulation

by endogenous IL-4. J Invest Dermatol

1997; 108:406–11.
11 Biedermann T, Kneilling M, Mailham-

mer R et al. Mast cells control

neutrophil recruitment during T cell-

mediated delayed-type hypersensitivity

reactions through tumor necrosis fac-

tor and macrophage inflammatory

protein 2. J Exp Med 2000; 192:

1441–52.
12 Galli SJ, Nakae S. Mast cells to the

defense. Nat Immunol 2003; 4:1160–2.
13 Hill PB, MacDonald AJ, Thornton EM,

Newlands GF, Galli SJ, Miller HR. Stem

cell factor enhances immunoglobulin

E-dependent mediator release from

cultured rat bone marrow-derived mast

cells: activation of previously unre-

sponsive cells demonstrated by a novel

ELISPOT assay. Immunology 1996;

87:326–33.
14 Nakae S, Suto H, Kakurai M, Sedgwick

JD, Tsai M, Galli SJ. Mast cells

enhance T cell activation: importance

of mast cell-derived TNF. Proc Natl

Acad Sci USA 2005; 102:6467–72.
15 Nakae S, Suto H, Iikura M et al. Mast

cells enhance T cell activation: impor-

tance of mast cell costimulatory mole-

cules and secreted TNF. J Immunol

2006; 176:2238–48.
16 Bradding P, Conley EC. Human mast

cell ion channels. Clin Exp Allergy

2002; 32:979–83.
17 Bradding P, Okayama Y, Kambe N, Sa-

ito H. Ion channel gene expression in

human lung, skin, and cord blood-

derived mast cells. J Leukoc Biol 2003;

73:614–20.

18 Buess M, Engler O, Hirsch HH, Moroni

C. Search for oncogenic regulators in

an autocrine tumor model using differ-

ential display PCR: identification of

novel candidate genes including the

calcium channel mtrp6. Oncogene

1999; 18:1487–94.
19 Dernick G. Alvarez dT, Lindau M, Exo-

cytosis of single chromaffin granules

in cell-free inside-out membrane

patches. Nat Cell Biol 2003; 5:358–62.
20 Duffy SM, Lawley WJ, Conley EC,

Bradding P. Resting and activation-

dependent ion channels in human mast

cells. J Immunol 2001; 167:4261–70.
21 Duffy SM, Leyland ML, Conley EC,

Bradding P. Voltage-dependent and

calcium-activated ion channels in the

human mast cell line HMC-1. J Leukoc

Biol 2001; 70:233–40.
22 Kahr H, Schindl R, Fritsch R et al.

CaT1 knock-down strategies fail to

affect CRAC channels in mucosal-type

mast cells. J Physiol 2004; 557:121–
32.

23 Mazurek N, Berger G, Pecht I. A bind-

ing site on mast cells and basophils for

the anti-allergic drug cromolyn. Nature

1980; 286:722–3.
24 Stokes AJ, Shimoda LM, Koblan-Hub-

erson M, Adra CN, Turner H. A

TRPV2-PKA signaling module for

transduction of physical stimuli in

mast cells. J Exp Med 2004; 200:137–
47.

25 Sel S, Rost BR, Yildirim AO et al. Loss

of classical transient receptor potential

6 channel reduces allergic airway

response. Clin Exp Allergy 2008;

38:1548–58.
26 Bradding P. Mast cell ion channels.

Chem Immunol Allergy 2005; 87:163–
78.

27 Duffy SM, Cruse G, Lawley WJ, Brad-

ding P. Beta2-adrenoceptor regulation

of the K+ channel iKCa1 in human

mast cells. FASEB J 2005; 19:1006–8.
28 Mark DS, Berger P, Cruse G, Yang W,

Bolton SJ, Bradding P. The K+ channel

iKCA1 potentiates Ca2+ influx and

degranulation in human lung mast

cells. J Allergy Clin Immunol 2004;

114:66–72.
29 Bradding P. Novel approaches to the

inhibition of mast cells in allergic dis-

ease. Clin Exp Allergy 2008; 38:704–8.
30 Samapati R, Yang Y, Yin J et al. Lung

endothelial Ca2+ and permeability

response to platelet-activating factor is

mediated by acid sphingomyelinase

and transient receptor potential classi-

cal 6. Am J Respir Crit Care Med

2012; 185:160–70.
31 Herz J, Pardo J, Kashkar H et al. Acid

sphingomyelinase is a key regulator of

cytotoxic granule secretion by primary

T lymphocytes. Nat Immunol 2009;

10:761–8.
32 Dhami R, He X, Schuchman EH. Acid

sphingomyelinase deficiency attenuates

bleomycin-induced lung inflammation

and fibrosis in mice. Cell Physiol Bio-

chem 2010; 26:749–60.
33 Becker KA, Grassme H, Zhang Y, Gul-

bins E. Ceramide in Pseudomonas aeru-

ginosa infections and cystic fibrosis.

Cell Physiol Biochem 2010; 26:57–66.
34 Kuebler WM, Yang Y, Samapati R, Uh-

lig S. Vascular barrier regulation by

PAF, ceramide, caveolae, and NO - an

intricate signaling network with dis-

crepant effects in the pulmonary and

systemic vasculature. Cell Physiol Bio-

chem 2010; 26:29–40.
35 Li X, Becker KA, Zhang Y. Ceramide in

redox signaling and cardiovascular

diseases. Cell Physiol Biochem 2010;

26:41–8.
36 Lang PA, Schenck M, Nicolay JP et al.

Liver cell death and anemia in Wilson

disease involve acid sphingomyelinase

and ceramide. Nat Med 2007; 13:164–
70.

37 Walter S, Fassbender K. Spingolipids in

multiple sclerosis. Cell Physiol Biochem

2010; 26:49–56.
38 Kornhuber J, Tripal P, Reichel M et al.

Functional Inhibitors of Acid Sphingo-

myelinase (FIASMAs): a novel pharma-

cological group of drugs with broad

clinical applications. Cell Physiol Bio-

chem 2010; 26:9–20.
39 Arboleda G, Huang TJ, Waters C, Ver-

khratsky A, Fernyhough P, Gibson RM.

Insulin-like growth factor-1-dependent

maintenance of neuronal metabolism

through the phosphatidylinositol 3-

kinase-Akt pathway is inhibited by C2-

ceramide in CAD cells. Eur J Neurosci

2007; 25:3030–8.
40 de la Monte SM. Insulin resistance and

Alzheimer’s disease. BMB Rep 2009;

42:475–81.
41 Tong M, Neusner A, Longato L, Lawton

M, Wands JR, de la Monte SM. Nitro-

samine exposure causes insulin resis-

tance diseases: relevance to type 2

diabetes mellitus, non-alcoholic steato-

hepatitis, and Alzheimer’s disease.

J Alzheimers Dis 2009; 17:827–44.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 79–90

Blunted IgE-mediated activation of asm�/� MCs 89



42 Holland WL, Summers SA. Sphingoli-

pids, insulin resistance, and metabolic

disease: new insights from in vivo

manipulation of sphingolipid metabo-

lism. Endocr Rev 2008; 29:381–402.
43 Zhao H, Przybylska M, Wu IH et al.

Inhibiting glycosphingolipid synthesis

improves glycemic control and insulin

sensitivity in animal models of type 2

diabetes. Diabetes 2007; 56:1210–8.
44 Zigmond E, Zangen SW, Pappo O et al.

Beta-glycosphingolipids improve glu-

cose intolerance and hepatic steatosis

of the Cohen diabetic rat. Am J Physiol

Endocrinol Metab 2009; 296:E72–8.
45 Alessenko AV. The role of sphingomy-

elin cycle metabolites in transduction

of signals of cell proliferation, differ-

entiation and death. Membr Cell Biol

2000; 13:303–20.
46 Dimanche-Boitrel MT, Rebillard A,

Gulbins E. Ceramide in chemotherapy

of tumors. Recent Pat Anticancer Drug

Discov 2011; 6:284–93.
47 Eliyahu E, Shtraizent N, Shalgi R,

Schuchman EH. Construction of condi-

tional acid ceramidase knockout mice

and in vivo effects on oocyte develop-

ment and fertility. Cell Physiol Bio-

chem 2012; 30:735–48.
48 Lang F, Ullrich S, Gulbins E. Ceramide

formation as a target in beta-cell sur-

vival and function. Expert Opin Ther

Targets 2011; 15:1061–71.
49 Li X, Gulbins E, Zhang Y. Oxidative

stress triggers Ca-dependent lysosome

trafficking and activation of acid

sphingomyelinase. Cell Physiol Bio-

chem 2012; 30:815–26.
50 Lupescu A, Shaik N, Jilani K et al.

Enhanced erythrocyte membrane expo-

sure of phosphatidylserine following

sorafenib treatment: an in vivo and

in vitro study. Cell Physiol Biochem

2012; 30:876–88.
51 Morad SA, Cabot MC. Ceramide-

orchestrated signalling in cancer cells.

Nat Rev Cancer 2013; 13:51–65.
52 Qadri SM, Bauer J, Zelenak C et al.

Sphingosine but not sphingosine-1-

phosphate stimulates suicidal erythro-

cyte death. Cell Physiol Biochem 2011;

28:339–46.
53 Syed I, Szulc ZM, Ogretmen B, Kowl-

uru A. L- threo -C(6)-pyridinium-cera-

mide Bromide, a Novel Cationic

Ceramide, Induces NADPH Oxidase

Activation, Mitochondrial Dysfunction

and Loss in Cell Viability in INS 832/

13 beta-cells. Cell Physiol Biochem

2012; 30:1051–8.
54 Young MM, Kester M, Wang HG.

Sphingolipids: regulators of crosstalk

between apoptosis and autophagy.

J Lipid Res 2013; 54:5–19.
55 Itakura A, Tanaka A, Aioi A, Tonogaito

H, Matsuda H. Ceramide and sphingo-

sine rapidly induce apoptosis of mur-

ine mast cells supported by

interleukin-3 and stem cell factor. Exp

Hematol 2002; 30:272–8.
56 Mirghomizadeh F, Winoto-Morbach S,

Orinska Z, Lee KH, Schutze S, Bulfone-

Paus S. Intracellular IL-15 controls

mast cell survival. Exp Cell Res 2009;

315:3064–75.
57 Santana P, Pena LA, Haimovitz-Fried-

man A et al. Acid sphingomyelinase-

deficient human lymphoblasts and

mice are defective in radiation-induced

apoptosis. Cell 1996; 86:189–99.
58 Grassme H, Jendrossek V, Riehle A et al.

Host defense against Pseudomonas aeru-

ginosa requires ceramide-rich mem-

brane rafts. Nat Med 2003; 9:322–30.
59 Hamill OP, Marty A, Neher E, Sakmann

B, Sigworth FJ. Improved patch-clamp

techniques for high-resolution current

recording from cells and cell-free

membrane patches. Pflugers Arch

1981; 391:85–100.
60 Shumilina E, Lam RS, W€olbing F et al.

Blunted IgE-mediated activation of

mast cells in mice lacking the Ca2+

activated K+ channel KCa3.1. J Immu-

nol 2008; 180:8040–7.
61 Szteyn K, Schmid E, Nurbaeva MK

et al. Expression and functional

significance of the Ca-activated Cl(-)

channel ANO6 in dendritic cells.

Cell Physiol Biochem 2012; 30:1319–
32.

62 Barry PH, Lynch JW. Liquid junction

potentials and small cell effects in

patch-clamp analysis. J Membr Biol

1991; 121:101–17.
63 Schmid E, Bhandaru M, Nurbaeva MK

et al. SGK3 regulates Ca entry and

migration of dendritic cells. Cell Phys-

iol Biochem 2012; 30:1423–35.
64 Shumilina E, Zemtsova IM, Heise N

et al. Phosphoinositide-dependent

kinase PDK1 in the regulation of Ca2+

entry into mast cells. Cell Physiol Bio-

chem 2010; 26:699–706.
65 Baba Y, Nishida K, Fujii Y, Hirano T,

Hikida M, Kurosaki T. Essential func-

tion for the calcium sensor STIM1 in

mast cell activation and anaphylactic

responses. Nat Immunol 2008; 9:81–8.
66 Mathes C, Fleig A, Penner R. Calcium

release-activated calcium current (IC-

RAC) is a direct target for sphingosine.

J Biol Chem 1998; 273:25020–30.
67 Olivera A, Rivera J. Sphingolipids and

the balancing of immune cell function:

lessons from the mast cell. J Immunol

2005; 174:1153–8.
68 Hewson CA, Watson JR, Liu WL, Fidock

MD. A differential role for ceramide

kinase in antigen/FcepsilonRI-mediated

mast cell activation and function. Clin

Exp Allergy 2011; 41:389–98.
69 Field KA, Holowka D, Baird B. Fc epsi-

lon RI-mediated recruitment of p53/

56lyn to detergent-resistant membrane

domains accompanies cellular signal-

ing. Proc Natl Acad Sci USA 1995;

92:9201–5.
70 Parekh AB, Penner R. Store depletion

and calcium influx. Physiol Rev 1997;

77:901–30.
71 Shimizu T, Owsianik G, Freichel M,

Flockerzi V, Nilius B, Vennekens R.

TRPM4 regulates migration of mast

cells in mice. Cell Calcium 2009;

45:226–32.
72 Schmid E, Gu S, Yang W et al. Serum-

and glucocorticoid-inducible kinase

SGK1 regulates reorganization of actin

cytoskeleton in mast cells upon

degranulation. Am J Physiol Cell Phys-

iol 2013; 304:C49–55.
73 Nishida K, Yamasaki S, Ito Y et al. Fc

{epsilon}RI-mediated mast cell degran-

ulation requires calcium-independent

microtubule-dependent translocation

of granules to the plasma membrane.

J Cell Biol 2005; 170:115–26.
74 Sullivan R, Burnham M, Torok K, Kof-

fer A. Calmodulin regulates the disas-

sembly of cortical F-actin in mast cells

but is not required for secretion. Cell

Calcium 2000; 28:33–46.
75 Xuan NT, Shumilina E, Kempe DS,

Gulbins E, Lang F. Sphingomyelinase

dependent apoptosis of dendritic cells

following treatment with amyloid

peptides. J Neuroimmunol 2010;

219:81–9.
76 Shah C, Yang G, Lee I, Bielawski J,

Hannun YA, Samad F. Protection from

high fat diet-induced increase in cera-

mide in mice lacking plasminogen

activator inhibitor 1. J Biol Chem

2008; 283:13538–48.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 79–90

90 W. Yang et al.


