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a b s t r a c t

We demonstrate here that the transient receptor potential melastatin subfamily channel, TRPM4, controls
migration of bone marrow-derived mast cells (BMMCs), triggered by dinitrophenylated human serum
albumin (DNP-HSA) or stem cell factor (SCF). Wild-type BMMCs migrate after stimulation with DNP-
HSA or SCF whereas both stimuli do not induce migration in BMMCs derived from TRPM4 knockout
mice (trpm4−/−). Mast cell migration is a Ca2+-dependent process, and TRPM4 likely controls this pro-
eywords:
RP channel
RPM4
ast cells

ctin cytoskeleton
ntigen

cess by setting the intracellular Ca2+ level upon cell stimulation. Cell migration depends on filamentous
actin (F-actin) rearrangement, since pretreatment with cytochalasin B, an inhibitor of F-actin forma-
tion, prevented both DNP-HSA- and SCF-induced migration in wild-type BMMC. Immunocytochemical
experiments using fluorescence-conjugated phalloidin demonstrate a reduced level of F-actin formation
in DNP-HSA-stimulated BMMCs from trpm4−/− mice. Thus, our results suggest that TRPM4 is critically
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. Introduction

Mast cells have a pivotal role in inflammation reactions,
efense against pathogens such as bacteria and virus, and autoim-
une diseases [1–3]. They express a number of high-affinity

eceptor (Fc�RI) for immunoglobulin E (IgE) on their plasma
embrane to trigger protective functions in response to multiva-

ent antigens. The cross-linking of antigen to the antigen-specific
gE-coupled receptor causes aggregation of the receptor to initi-
te multiple signal cascades, followed by cellular activation and
elease of chemical mediators like histamine and de novo syn-
hesis of pro-inflammatory lipid mediators such as cytokines and
hemokines [1]. Mast cells accumulate at local inflammatory tis-
ues. Some reports demonstrated that the migration of mast cells
s directed not only by chemotactic factors [4–7] but also by
ntigens [8]. The molecular mechanism of antigen-induced migra-
ion is not yet understood. Nevertheless, it has been shown that
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

phingosine-1-phosphate (S1P) is one of the important signals
n the antigen-induced migration [9,10]. In the presence of anti-
en, IgE-mediated degranulation of mast cells relies on Ca2+ influx
hrough Ca2+ release-activated Ca2+ (CRAC) channels [11,12] and
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s by regulation of Ca2+-dependent actin cytoskeleton rearrangements.
© 2008 Elsevier Ltd. All rights reserved.

hanges of membrane potential, which are modulated by ion chan-
els that control the driving force for Ca2+ [13,14]. We have recently
emonstrated that in mast cells the transient receptor potential
elastatin 4 channel (TRPM4) regulates Ca2+ influx by modulating

he membrane potential [14].
In the present study, we examined antigen-triggered migration

f sensitized mast cells, and a possible role of TRPM4 in this process.
e demonstrate that TRPM4 is directly involved in migration of
ast cells in the presence of antigen, likely through controlling the

ntracellular Ca2+ level upon cell stimulation. Mast cell migration
s Ca2+-dependent and possibly relies on TRPM4-dependent induc-
ion of filamentous actin (F-actin) formation. Taken together, our
esults demonstrate that TRPM4 is a regulator of antigen-induced
igration of activated mast cells.

. Materials and methods

.1. Isolation and sensitization of mast cells

Bone marrow-derived mast cells (BMMC) were isolated from
ild-type and trpm4−/− mice as described in previous papers
ulates migration of mast cells in mice, Cell Calcium (2008),

14,15]. Then BMMC were maintained in Iscove’s modified Dul-
ecco’s medium (IMDM; Invitrogen, Carlsbad, CA) supplemented
ith 10% heat-inactivated fetal calf serum (FCS), 50 �M �-
ercaptoethanol, 10 U/ml of each penicillin and streptomycin, and
ng/ml recombinant murine IL-3 (R&D Systems, Minneapolis, MN)

dx.doi.org/10.1016/j.ceca.2008.10.005
http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
mailto:bernd.nilius@med.kuleuven.be
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bottom reservoir (Fig. 1B). Moreover, a similar level of mast cell
migration was observed when the antigen was present in both
reservoirs (Fig. 1B). Thus, DNP-HSA directly induced migration of
sensitized BMMC cells independently of the antigen gradient.
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nder a 37 ◦C and 5% CO2 condition. To sensitize BMMC to dini-
rophenylated human serum albumin (DNP-HSA; Sigma, St. Louis,

O), BMMC were preincubated overnight with 300 ng/ml anti-
NP-HSA immunoglobulin E (IgE) antibody (Sigma) in IMDM.

.2. Migration assays

BMMC migration was measured in 12-well chemotaxis cham-
ers (Neuro probe, Gaithersburg, MD) using polycarbonate filters
ith 8 �m pore size (Neuro probe). Briefly, sensitized BMMC with

he anti-DNP IgE antibody were suspended in RPMI-1640 medium
Invitrogen) without phenol red, supplemented with 1% FCS after
ashing them in phosphate buffered saline (PBS) and then placed

n the upper wells at density of 60,000 cells/well. The bottom
ells were filled with 1% FCS-containing RPMI medium. Depending

n experiments, DNP-HSA was applied into upper and/or bottom
ells to stimulate BMMC migration. After the chambers were incu-
ated for 1–3 h at 37 ◦C in 5% CO2 atmosphere, migrated BMMC

nto bottom wells were counted by using a hematocytometer.
n some experiments, we used K-rich RPMI medium containing
08.7 mM KCl, 5.6 mM Na2HPO4·2H2O, 23.8 mM NaHCO3, 0.4 mM
gSO4·7H2O, 0.4 mM Ca(NO3)2·4H2O, 11.1 mM d-glucose, and an

ppropriate amount of RPMI-1640 amino acids solution (Sigma).
s a control for K-rich experiments, 103.4 mM KCl in K-rich solu-

ions was replaced with an equal amount of NaCl. Stem cell factor
SCF; Millipore, Temecura, CA) was used as a chemoattractant. SCF-
nduced chemotaxis was observed in non-sensitized BMMC. SCF
as added into upper and/or bottom wells. After 1.5 h, migrated
MMC were measured in the same way.

In some experiments, BMMC were pretreated with 50 �M
,2-bis-(o-Aminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid,
etraacetoxymethyl ester (BAPTA-AM) for 20 min or 10 �M
ytochalasin B for 15 min. 100 �M flufenamate was added in upper
ells and 10 mM BAPTA was applied in both wells. To induce cell
epolarization by a high K+ concentration, NaCl in the RPMI-1640
edium was replaced by KCl.

.3. Actin staining

To observe rearrangement of globular or filamentous actin,
e performed immunohistochemistry using monoclonal mouse

nti-�-actin antibody (Sigma) and staining with the Alexa488-
onjugated phalloidin probe (Invitrogen). Briefly, sensitized
MMCs were placed on cover glasses coated with poly-l-lysine
nd stimulated with 1 ng/ml DNP-HSA for 10 min at 37 ◦C in 5%
O2 conditions. The cells were fixed with 3.7% formaldehyde
or 10 min, permeabilized with 0.2% TritonX-100 for 10 min, and
locked with 3% BSA for 3 h. For �-actin detection, cells were incu-
ated overnight with anti-�-actin antibodies and then for 1 h with
lexa594-conjugated secondary anti-mouse IgG antibodies (triple
ashing with PBS supplemented with 0.1% Tween 20 between each

tep). To visualize F-actin, permeabilized cells were probed with
lexa488-conjugated phalloidin. Images were taken using a confo-
al microscope imaging system (Zeiss).

.4. Ca2+ Imaging

Cytosolic Ca2+ levels in BMMC were measured with Fura-2, as
escribed before [14].
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

.5. Statistics

Data are presented as means ± S.E.M with n denoting the
umber of cells tested. Statistics were performed using unpaired
tudent’s t-test. p < 0.05 was considered significant.
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. Results

.1. DNP-HSA has a direct effect on the migration of IgE-specific
ntigen sensitized BMMC

To study BMMC migration we used a modified Boyden-chamber
ssay. In this assay, two chambers are placed on top of each other,
eparated by a porous membrane. A population of mast cells is
laced in the upper chamber, and migration towards the bottom
hamber is monitored. As previously described, sensitized BMMC
ctively migrate through the membrane toward the bottom cham-
er in the presence of DNP-HSA in that compartment ([8] and
ee Fig. 1A). Migration is time- and dose-dependent as shown in
ig. 1A. In all further experiments we used 1 h induction with
ng/ml DNP-HSA. The lower concentration was used to avoid mas-

ive degranulation of mast cells.
To examine whether the migration of mast cells is due to chemo-

axis toward the antigen, we compared the effects when DNP-HSA
as only present in the bottom chamber with those when DNP-HSA
as present in both reservoirs of the Boyden-chamber. Sensitized
MMC directly stimulated with the antigen also migrated into the
ulates migration of mast cells in mice, Cell Calcium (2008),

ig. 1. Antigen induced BMMC migration (A) concentration and time dependence of
MMC migration after stimulation with DNP; (B) DNP-HSA-induced migration was

ndependent of the antigen gradient. DNP-HSA was included at a concentration of
ng/ml into upper well or as indicated in the bottom or in both wells. *p < 0.05, when
ompared to non-treated control. †p < 0.05, when compared to data in the presence
f 1 ng/ml DNP-HSA.

dx.doi.org/10.1016/j.ceca.2008.10.005
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Fig. 2. The TRPM4 channel is an essential modulator of the antigen-stimulated BMMC migration. (A) Flufenamate inhibited DNP-HSA-triggered migration. (B) TRPM4-
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eficient mast cells failed to migrate after DNP-HSA application. (C) and (D) Intrace
ntigen-induced BMMC migration is absent in depolarized cells (media with high K+

T cells, †p < 0.05, between DNP-treated WT and trpm4−/− cells under various cond

.2. The lack of TRPM4 activity inhibits antigen-induced BMMC
igration

An application of 100 �M flufenamic acid, a potential blocker
f TRPM4 [16], in the upper reservoir abolished migration of DNP-
SA-stimulated BMMC (Fig. 2A). To determine whether the loss
f migration by flufenamic acid was indeed due to the block
f TRPM4 channel activity, we performed migration assays with
MMC isolated from trpm4−/− mice. DNP-HSA-stimulated BMMC

acking TRPM4 channels did not display a significant migration
ndependently of DNP-HSA-application in any side of the migration
hamber (Fig. 2B, and data not shown).

.3. Ca2+ influx is required for antigen-induced BMMC migration

TRPM4 functions as a Ca2+-activated non-selective cation chan-
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

el in mast cells, and regulates the intracellular Ca2+ level upon
ast cell stimulation with DNP [14]. The intracellular Ca2+ con-

entration ([Ca2+]i) is an important factor for antigen-stimulated
igration of BMMC. Indeed, when we loaded mast cells with

APTA-AM to chelate [Ca2+]i, application of DNP-HSA did not evoke

t
[
w
r

(C) and extracellular (D) Ca2+ are required for DNP-HSA-stimulated migration. (E)
ntration. *p < 0.05, indicates the comparison between non-treated and DNP-treated
.

igration of the cells (Fig. 2C). Similar results were obtained when
xtracellular Ca2+ was chelated by addition of 10 mM BAPTA into
he extracellular medium (Fig. 2D), indicating that Ca2+ influx is
ssential for antigen-induced migration of mast cells.

Since the membrane potential determines the driving force for
a2+ influx in mast cells [14], we performed migration assays in
edium with a high K+ concentration, which prevents membrane

yperpolarization after antigen stimulation. Under high K+ condi-
ions, sensitized BMMC failed to migrate even in the presence of
NP-HSA (Fig. 2E). This result confirms that a sufficient driving

orce for the Ca2+ influx is required to cause antigen-stimulated
MMC migration.

.4. TRPM4 function is important for actin cytoskeleton
re)organization
ulates migration of mast cells in mice, Cell Calcium (2008),

A dynamic F-actin rearrangement (polymeriza-
ion/depolymerization) plays a crucial role in cell migration
17,18]. Using a fluorescent phalloidin probe, we examined
hether the loss of TRPM4 function affects actin cytoskeleton

earrangements in sensitized BMMC. In the absence of DNP-HSA,

dx.doi.org/10.1016/j.ceca.2008.10.005
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Fig. 3. TRPM4 channels regulate actin cytoskeleton polymerization in BMMC after stimulation with antigen. (A) Cortical distribution of F-actin in sensitized wild-type and
trpm4−/− mast cells. Typical images are shown with (right) or without (left) 10 min application with 1 ng/ml DNP-HSA. (B) F-actin layer size in DNP-HSA-stimulated WT and
TRPM4-deficient BMMC. Note the decreased F-actin contents in the trpm4−/− cells. (C) Distribution of globular actin (red staining) in sensitized wild-type and trpm4−/− mast
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ells. Typical images are shown with (right) or without (left) 10 min application wit
f globular actin signals in sensitized wild-type (D) and trpm4−/− BMMCs (E) are r
NP-HSA-induced migration. *p < 0.05, indicates the comparison between non-treat
r without cytochalasin B.

ild-type and trpm4−/− BMMC displayed a similar level of F-actin
evel per cell (Fig. 3A and B). A 10 min application of DNP-HSA to

ild-type BMMC induced no change of F-actin pattern when com-
ared to non-stimulated cells. In contrast, trpm4−/− BMMC showed
ignificant decrease of F-actin formation (∼20%) upon stimulation
ith DNP-HSA (Fig. 3A and B). This observation was related to

levated levels of globular actin in trpm4−/− BMMC (Fig. 3C–E).
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

To confirm the importance of F-actin rearrangements on BMMC
igration, we used cytochalasin B, an inhibitor of F-actin poly-
erization [19]. A 15 min pretreatment with 10 �M cytochalasin
resulted in significant decrease of migration of wild-type BMMC

fter stimulation with DNP-HSA (Fig. 3F).

c
h
B
w
C

/ml DNP-HSA. The DAPI staining (blue) visualizes nuclei. (D and E) Quantifications
ented as histograms of absolute pixel frequencies. (F) Effects of cytochalasin B on

DNP-treated WT cells, †p < 0.05, between DNP-treated WT and trpm4−/− cells with

.5. TRPM4 contributes to SCF-induced BMMC migration

We have shown that antigen stimulation induced a direct effect
n BMMC migration, which does not depend on a concentration
radient of the stimulating agent as would be required for chemo-
axis. In contrast, stem cell factor (SCF) is a chemotactic factor of

ast cell migration [4,20]. Application of SCF directly to BMMC
ulates migration of mast cells in mice, Cell Calcium (2008),

ells results in a slow increase of [Ca2+]i, which is significantly
igher in trpm4−/− compared to WT mast cells (Fig. 4A). Wild-type
MMC displayed concentration-dependent chemotaxis when SCF
as applied in bottom reservoir of the Boyden-chamber (Fig. 4B and
). Conversely, trpm4−/− BMMC showed an impaired chemotaxis

dx.doi.org/10.1016/j.ceca.2008.10.005
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Fig. 4. SCF induced chemotaxis in BMMC. (A) Mean traces for the time-dependent change in [Ca2+]cyt in Fura-2-loaded BMMCs after the application of SCF (100 ng/ml; at
arrowhead) to WT (n = 103) and trpm4−/− BMMCs (n = 130). p < 0.01. (B) SCF-induced migration is dependent on the gradient. SCF (100 ng/ml) was present in the upper and/or
t hemot
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he bottom wells as indicated. (C) Concentration dependence of the SCF-induced c
olumn: untreated; striped column: 100 ng/ml SCF). (E) Intracellular Ca2+ dependenc
CF). (F) Effects of cytochalasin B on BMMC chemotaxis induced by SCF (black colu
ig. 2.

riggered by SCF in BMMC (Fig. 4D). Similar inhibiting effects on
he chemotaxis towards SCF was caused by application of 100 �M
ufenamic acid (not shown), by pretreatment with 50 �M BAPTA-
M for 20 min or by 15 min preincubation with 10 �M cytochalasin
(Fig. 4F and G, respectively) These results convincingly show the

nvolvement of TRPM4 in chemotactic migration of non-sensitized
MMC with SCF.
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

. Discussion

It is generally established that mast cells play a critical and
ultifaceted role in IgE-dependent hypersensitivity reactions,

nflammation and innate immune defense against pathogens. In

r

m
p
c

axis. (D) TRPM4-deficient mast cells failed to migrate after SCF stimulation (black
e SCF-stimulated chemotaxis (black column: untreated; striped column: 100 ng/ml

untreated; striped column: 100 ng/ml SCF). *p < 0.05, and †p < 0.05 as explained in

ddition to the production and release of various chemoattractants
nd pro-inflammatory mediators, mast cells have been shown to
ncrease in numbers (mastocytosis) during inflammatory condi-
ions such as airway hyper-reactivity [21,22], interstitial cystitis
23], and wound healing [24]. In some of these cases, it has been
hown that this increase is not due to a proliferation of local mast
ells but is, in fact, a product of mast cell recruitment from other
ody sites. The exact mechanisms by which this recruitment occurs
ulates migration of mast cells in mice, Cell Calcium (2008),

emain unclear [25].
We show here that both antigen-induced migration and SCF-

ediated chemotaxis are deficient in trpm4−/− mast cells. Both
rocesses are highly Ca2+-dependent. When intracellular and extra-
ellular Ca2+ are sequestered, mast cells do not migrate. But

dx.doi.org/10.1016/j.ceca.2008.10.005
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pparently there also exists an upper Ca2+ level for this process,
hich is set by TRPM4. We have shown before that in trpm4−/−

ast cells, antigen stimulation leads to significantly increased Ca2+

nflux compared to WT mast cells, due to a lack of control on the
riving force for Ca2+ influx, leading to increased degranulation
f mast cells and increased cutaneous anaphylaxis response in KO
ice. Furthermore, we now show that also SCF stimulation of mast

ells induces a Ca2+ rise, which is significantly higher in KO com-
ared to WT mast cells. Thus, we hypothesize that intracellular
a2+ levels in a mast cell must be constrained within a specific
oncentration window to allow proper migration in an antigen-
r SCF-directed fashion. Importantly, the lack of migration in our
xperiments is likely not due to increased degranulation or even cell
eath because of the very low antigen concentrations used for stim-
lating migration, and since we observe similar effects between
CF- and DNP-stimulated migration.

The cellular events downstream of intracellular Ca2+ leading
o mast cell migration are currently unclear, but involve the actin
ytoskeleton. In this context, the rearrangement of actin cytoskele-
on is obviously important. Cell migration is critically dependent
n actin cytoskeleton dynamics [26]. Our results show indeed that
ntigen stimulation of sensitized trpm4−/− BMMC displayed a sig-
ificant (∼20%) decrease in F-actin content. This observation was
elated to elevated levels of globular actin in trpm4−/− BMMC.
n line with these results pretreatment of sensitized BMMC with
ytochalasin B, an actin polymerization inhibitor, resulted in strong
mpairment of BMMC migration after stimulation with antigen.
revious reports have demonstrated that a rise in cytosolic Ca2+

oncentration is associated with actin depolymerization in mast
ells [27,28]. Further details on the mechanism of this are, however,
acking.

Mast cells derive from pluripotent hemopoietic cells in bone
arrow. Partially differentiated, they enter the circulation and

omplete their differentiation in peripheral tissues. We have shown
efore that mast cell development and the number of mast cells in

n vivo tissue is not different between WT and trpm4−/− mast cells
14]. Thus, the above-described migratory defect does not influence

ast cell maturation and differentiation.
The trpm4−/− mouse is not the first genetic model with a defi-

ient mast cell migration phenotype. Previously, it was shown that
ast cells deficient of fyn or syk kinase, several PKC isoforms or

he fyn kinase regulatory protein PTP� have similar defects in SCF-
ediated chemotaxis [29–31]. However, we have previously shown

hat downstream activity of MAP-kinases (i.e. p38 and Akt) and
LC�1 and �2 upon Fc�RI is not different between WT and trpm4−/−

ice [14]. This indicates that fyn and syk kinase activity is nor-
al in trpm4−/− mast cells, and suggests that the intracellular Ca2+

evel is the major malefactor in trpm4−/− mast cell migration. It
ight be tempting to speculate that faulty regulation of PKC iso-

orms by Ca2+ in trpm4−/− mast cells is causing the migration defect
31].

It will be intriguing to check whether migration of other cell
ypes is similarly affected in trpm4−/− mice. Interesting in this
egard is a recent publication showing an essential role for TRPM4
n migration, but not maturation of dendritic cells, much in the
ame way as for mast cells [32]. Migration is a somewhat under-
ppreciated aspect of mast cell physiology. However, SCF-mediated
ast cell infiltration and activation aggravates inflammation and

mmunosuppression in a tumor microenvironment and promotes
umor growth [33]. Also, mast cell migration is stimulated by angio-
Please cite this article in press as: T. Shimizu, et al., TRPM4 reg
doi:10.1016/j.ceca.2008.10.005

enic factors such as vascular endothelial cell growth factor and
latelet-derived growth factor [34]. Thus, it might be interesting
o study tumor growth in trpm4−/− mice, to assess whether inhibi-
ion of mast cell migration could serve as therapeutic strategy for
ancer.
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