
The calcium-conducting ion channel transient receptor

potential canonical 6 is involved in macrophage

inflammatory protein-2-induced migration of mouse

neutrophils*

N. Damann,1 G. Owsianik,1 S. Li,2 C. Poll2 and B. Nilius1

1 Department of Molecular Cell Biology, Laboratory of Ion Channel Research, KU Leuven, Leuven, Belgium

2 Novartis Institutes for BioMedical Research, Novartis Horsham Research Centre, Horsham, West Sussex, UK

Received 19 May 2008,

accepted 21 June 2008

Correspondence: B. Nilius,

Department of Molecular Cell

Biology, Laboratory of Ion Channel

Research, Campus Gasthuisberg,

KU Leuven, Herestraat 49, bus

802, B-3000 Leuven, Belgium.

E-mail: bernd.nilius@

med.kuleuven.be

*This paper is dedicated to

Professor Ole H. Petersen to

admirable his pioneering and

admiring work on Ca2+ signalling

and the whole cellular physiology

and pathophysiology.

Abstract

Aim: The role of the calcium-conducting ion channel transient receptor

potential canonical 6 (TRPC6) in macrophage inflammatory protein-2 (MIP-

2) induced migration of mouse neutrophils was investigated.

Methods: Neutrophil granulocytes isolated from murine bone marrow of

wild-type (TRPC6+/+) and TRPC6 knockout (TRPC6)/)) mice were tested for

the presence of TRPC6 channel expression using quantitative real-time

polymerase chain reactions and immunocytochemistry. The effect of

different stimuli (e.g. MIP-2, 1-oleoyl-2-acetyl-sn-glycerol, formyl-methio-

nyl-leucyl-phenylalanin) on migration of isolated neutrophils was tested by

two-dimensional (2D) migration assays, phalloidin staining and intracellular

calcium imaging.

Results: We found that neutrophil granulocytes express TRPC6 channels.

MIP-2 induced fast cell migration of isolated neutrophils in a 2D cell-

tracking system. Strikingly, MIP-2 was less potent in neutrophils derived

from TRPC6)/) mice. These cells showed less phalloidin-coupled fluores-

cence and the pattern of cytosolic calcium transients was altered.

Conclusions: We describe in this paper for the first time a role for transient

receptor potential (TRP) channels in migration of native lymphocytes as a

new paradigm for the universal functional role of TRPs. Our data give strong

evidence that TRPC6 operates downstream to CXC-type Gq-protein-coupled

chemokine receptors upon stimulation with MIP-2 and is crucial for the

arrangement of filamentous actin in migrating neutrophils. This is a novel

cell function of TRP channel beyond their well-recognized role as universal

cell sensors.

Keywords cell migration, leucocytes, macrophage inflammatory protein-2,

neutrophil granulocytes, transient receptor potential channels, transient

receptor potential canonical 6.

Neutrophils (polymorphonuclear leucocytes) are one of

the body’s main cellular components in the defence

against foreign microorganisms like bacteria and fungi

(van Faassen et al. 2007). They play a pivotal role in

innate immunity and in a number of (patho-) physi-

ological processes, including wound healing, inflam-

mation, chronic obstructive pulmonary disease, asthma

and pneumonia (Li et al. 2003, Nathan 2006).

Neutrophils passively circulate with the blood stream

but when recruited to infected or inflamed tissue, they
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become migratory, traverse the walls of blood vessels

and kill foreign entities by phagocytosis, superoxide

generation and the release of the contents of their

cytoplasmic granules into the phagosome. Inflamma-

tory reaction of the host, such as sepsis, ischaemia

reperfusion and adult respiratory distress syndrome

may furthermore effect the migration of neutrophils

from the bone marrow, a site for neutrophil matura-

tion and storage, into the circulation (Burdon et al.

2005).

On the cellular level, cell migration is a result of

choreographed changes in both cell morphology and

adhesion and requires interaction between receptor

signalling, cytoskeletal reorganization, formation and

release of cell–matrix contacts, exo- and endocytosis,

as well as function of ion channels and transporters

(for review, see Schwab 2001, Rafelski & Theriot

2004). Migration is induced by chemoattractants

belonging either to the large family of chemokines,

or to the lysophospholipid family (Graler & Goetzl

2002, Olson & Ley 2002, Cyster 2005, Wettschureck

& Offermanns 2005). It is known that the activation

of CXC-type Gq-protein-coupled chemokine receptors

induces the activation of phospholipase C (PLC) and

causes a sustained increase of the intracellular calcium

concentration via poorly understood mechanisms

(Coffer & Koenderman 1997, Baggiolini 2001, Wett-

schureck & Offermanns 2005). Members of the

superfamily of transient receptor potential (TRPs)

channels are good candidates for metabotropic recep-

tor-operated calcium channels. Based on structural

homology, TRP-related proteins can be subdivided

into seven subfamilies: canonical (TRPC), vanilloid

(TRPV), melastatin (TRPM), polycystin (TRPP), mu-

colipin (TRPML), ankyrin (TRPA) and NOMP

(TRPN) (Montell 2005, Pedersen et al. 2005, Voets

et al. 2005, Owsianik et al. 2006, Nilius et al. 2007).

Recently, TRP canonical 6 (TRPC6) mRNA expres-

sion has been demonstrated for human neutrophils

(Heiner et al. 2003, Itagaki et al. 2004, McMeekin

et al. 2006). TRPC6 is a calcium conducting, non-

selective cation channel that is modulated by diacyl-

glycerol (DAG), a product of phosphatidylinositol-4,

5-bisphosphate (PIP2) cleavage by PLC (Hofmann

et al. 1999, Lemonnier et al. 2008) and therefore

may be involved in chemokine induced cell migra-

tion, being active downstream to CXC receptor

activation.

Here, we analysed isolated neutrophils from

wild-type (WT-) (TRPC6+/+) and TRPC6-deficient

(TRPC6)/)) mice for their migratory properties. We

show TRPC6 expression in these cells and highlight the

fact that both the cellular motility and generation of

filamentous actin, induced by the CXC chemokine

macrophage inflammatory protein-2 (MIP-2), is

affected by the lack of TRPC6. Our results clearly

indicate that TRPC6 may constitute a potential phar-

macological target to counteract chronic activation of

neutrophils, inflammation and tissue damage.

Methods

Animals

The study was conducted using TRPC6)/) and TRPC6+/+

mice (Deltagen, San Mateo, CA, USA; Allen 2002),

3–4 months old. The animals were caged, with water

and commercial food ad libidum. All animal experi-

ments were carried out in accordance with the Euro-

pean Union Community Council guidelines.

Isolation of neutrophil granulocytes from murine bone

marrow

In order to isolate neutrophils, mice were killed, the

femur from both hind legs were removed immediately

and freed of soft tissue attachments, and the extreme

distal tip of each extremity was cut off and HBSS

solution (Ca2+- and Mg2+-free) was forced through

the bone with a syringe. After dispersion cell clumps,

the cell suspension was centrifuged (400 g, 10 min,

room temperature) and resuspended for 4 min in a

hypertonic solution (150 mm NH4Cl, 1 mm KHCO3,

0.1 mm EDTA) to eliminate red blood cells. Cells

were washed, centrifuged and resuspended in 3 mL

Hank’s buffered salt solution (HBSS). The suspension

was layered on a three-layer percoll gradient of

78%, 66%, and 52% percoll (diluted in HBSS with

100% percoll = nine parts percoll and one part

10 · HBSS), and centrifuged (1500 g, 30 min, room

temperature) without breaking. The neutrophils from

the 66%/78% interface were harvested after carefully

removing the cells from the upper phases and washed

with HBSS. Morphology of neutrophil preparations

was confirmed by Hemacolor staining and microscop-

ical examination. We obtained �6 · 106 cells per

mouse, and 98% of the cells were morphologi-

cally mature neutrophils (circular doughnut shaped

nucleus).

Quantitative real-time polymerase chain reaction

Instant quantitative polymerase chain reactions

(PCRs) were performed in triplicates using cDNA

generated from neutrophil percoll isolates (n = 3) and

specific mice TRPC6 (Mm00443441_m1), TRPC3

(Mm00444691_m1), TRPC7 (Mm00442606_m1),

TRPM4 (Mm0063173_m1) and TRPV4

(Mm00499032_m1) ready TaqMan assays (Applied

Biosystems, Foster City, CA, USA). Two endogenous
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controls, GAPDH and b-actin (Applied Biosystems),

were used for normalization. Data (mean � SEM) are

expressed as multifold expression of detected mRNA

normalized to TRPC6 mRNA, which was used as a

calibrator for the comparative DDCt analysis.

Protein extraction and immunodetection

Whole cell extracts from mice TRPC6-transfected

HEK293 cells were prepared using cold phosphate-

buffered saline (PBS; 10 mm phosphate buffer pH 7.4,

137 mm NaCl, 2.7 mm KCl) supplemented with 1.5%

Triton X-100, 1 mm phenylmethylsulfonyl fluoride and

protease inhibitors’ cocktail (10 lg mL)1 leupeptin and

antipain, 2 lg mL)1 chymostatin and pepstatin) as

previously described in detail (Cao et al. 2005). Protein

samples (10 lg) were solubilized in threefold concen-

trated sample buffer (240 mm Tris pH 6.8, 30%

glycerol, 6% sodium dodecyl sulfate (SDS), 3%

dithiothreitol, 0.015% bromophenol blue) by heating

to 56 �C for 15 min, subsequently separated by 8%

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

and blotted into a nitrocellulose membrane. For

immunodetection, we used the polyclonal rabbit anti-

TRPC6 antibody generated with a synthetic peptide

corresponding to a highly conserved region in

the human and mouse TRPC6 N-terminus

(S195PSQSELQQDD205 + C) coupled to the keyhole

limpet haemocyanin (Eurogentec, Liege, Belgium).

TRPC6 antibodies were purified from serum by affinity

chromatography (Eurogentec). Immunoreactive com-

plexes were visualized by chemiluminescence. When

required, the bound antibodies were removed using

Re-Blot Plus mild antibodies stripping solution accord-

ing to the manufacturer’s instructions (Chemicon Inter-

national, Temecula, CA, USA) and blots were reprobed

with monoclonal mouse anti-b-actin antibodies (Sigma-

Aldrich, St Louis, MO, USA).

Immunofluorescence

Isolated neutrophils were centrifuged to cover slips

(200 g, 10 min, room temperature) and fixed with 4%

formaldehyde. The specimen were permeabilized for

15 min with 0.2% Triton X-100 and blocked for 3 h

with 3% BSA. The primary polyclonal antibody against

TRPC6 was diluted 1 : 1000 in PBS containing 0.1%

Tween-20 (Sigma-Aldrich) and applied overnight

at 4 �C. The secondary antibody (AlexaFluor488,

1 : 1000 dilution) was applied for 1 h at room temper-

ature. Finally, the coverslips were covered in a mount-

ing medium containing 4’,6-diamidino-2-phenylindole

(DAPI). Fluorescence was recorded by an FView cooled

CCD camera (Olympus, Tokyo, Japan), using a 40·
UApo (oil, 1.4 N.A.) objective.

Phalloidin staining

Neutrophils were stimulated with MIP-2 or 1-oleoyl-2-

acetyl-sn-glycerol (OAG) for 15 min, or were not

treated. After fixation (4% formaldehyde, 10 min),

cells were permeabilized (0.2% Triton X-100,

10 min). Following blocking (3% BSA, 30 min) neu-

trophils were incubated with Phalloidin-Alexa488

(Invitrogen, Carlsbad, CA, USA) for 45 min and

mounted in DAPI containing medium.

Two-dimensional migration assay

Isolated neutrophils were resuspended in RPMI medium

containing 10% fetal calf serum (FCS) and seeded onto

chambered coverslips (Nunc, Rochester, NY, USA).

After 20–28 h, the medium was replaced by PBS

containing Ca2+ and Mg2+ and the chambers were

spilled and placed under an inverted microscope

(Axiovert 200 m; Zeiss, Jena, Germany) equipped with

a 20· objective. The displacement of cells was analysed

over 15 min, taking a picture with a CCD camera every

5 s. Stimuli [OAG, MIP-2, formyl-methionyl-leucyl-

phenylalanin (fMLP)] were applied 10 min before

measurements were started. Afterwards the cell move-

ment was monitored using a computer software-assisted

cell tracking system (MetaMorph; Zeiss).

Calcium imaging

Isolated neutrophils were transferred to collagen-coated

coverslips placed in wells of a 12-well plate. After

1–3 h, cells were loaded for 30 min with 5 lm Fura-2

AM at 37 �C and then coverslips were transferred to the

recording chamber. [Ca2+]i was measured with an

imaging system consisting of a charge-coupled device

camera (Roper Scientific, Ottobrunn, Germany) con-

nected to an Axiovert 200 m inverted microscope

(Zeiss) equipped with a 20· objective. The camera

was controlled by the metafluor (Version 4.65;

Universal Imaging, Downingtown, PA, USA) software

running on a PC with a Pentium III processor. During

measurements, cells were continuously rinsed with PBS

containing Ca2+ and Mg2+. Chemoattractants (MIP-2,

fMLP) or OAG were added to this solution from stock

solutions. For [Ca2+]i measurements, fluorescence was

measured during excitation at 350 and 380 nm. After

correction for the individual background fluorescence

signals, the ratio of the fluorescence at both excitation

wavelengths (F350/F380) was monitored.

Statistics

Data are expressed as mean value � SEM. Significant

difference between individual groups was tested by using
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the Student’s t-test or Mann–Whitney U-test. The level

of significance was set at *P < 0.05 and **P < 0.01.

Results

TRPC6 expression in murine neutrophils

In order to determine the expression of the TRPC6 gene

in mouse neutrophils, we performed a series of quan-

titative PCRs, using TaqMan assays. TRPC6 mRNA

was significantly present in total RNA isolated from

WT TRPC6 neutrophils (Fig. 1a). In contrast, mRNA of

closely related DAG-sensitive channels, TRPC3 (73.9%

homology) and TRPC7 (74.5% homology) were not

expressed (Fig. 1b). We also checked the expression of

two DAG-insensitive TRP channels, TRPM4 and

TRPV4 (Fig. 1b). TRPM4 mRNA showed a similar

expression level to TRPC6 whereas expression of

TRPV4 was around eightfold higher. Moreover, the

loss of TRPC6 expression in TRPC6)/) mice did not

result in changes of either TRPC3 or TRPC7 expression

(data not shown).

For detection of the TRPC6 protein, we generated

anti-TRPC6 antibodies that recognize a highly con-

served epitop in the N-terminal part of either human or

mouse protein. In the whole cell extract from mice

TRPC6-transfected HEK293 cells, the affinity chroma-

tography purified anti-TRPC6 antibodies recognized

two bands of �95 and �100 kDa, which corresponded

to the predicted molecular weight of the TRPC6 protein

(Fig. 1c). The presence of the double band most likely

corresponded to post-translational modifications of

TRPC6. Additionally, the antibodies recognized large

molecular weight complexes (>250 kDa), indicating

high stability of TRPC6 oligomers. The same antibodies

were used for immunocytochemistry in isolated

(a) (b)

(c) (d)

*

Figure 1 Expression of TRPC6 mRNA and protein in neutrophils. (a) Amplification plot of quantitative PCR analysis of TRPC6

and b-actin expression in cDNA generated from a total neutrophil’s RNA preparation. No template controls (ntc) with either

TRPC6 or b-actin TaqMan assays were performed to confirm specificity of detection. (b) Relative quantification of TRPC3,

TRPC6, TRPC7, TRPM4 and TRPV4 mRNA expression in wild-type mice neutrophils. Data are expressed as multifold expression

of detected mRNA normalized to TRPC6, which was used as a calibrator for the comparative DDCt analysis. Data are from

four to six samples for each assay. Values are means � SE. Significance was calculated using the Student’s unpaired t-test

(*P < 0.05). (c) Immunodetection of TRPC6 in whole cell extracts from TRPC6-transfected (HEK + TRPC6) or non-transfected

HEK293 (HEK) cells. Immunodetection was revealed by chemiluminescence and exposure to the film. Detection of monomeric

TRPC6 proteins is indicated by vertical bar. The asterisk shows the position of large molecular weight complexes of oligomerized

TRPC6. An equal protein loading was assayed using anti-b-actin antibodies. (d) The TRPC6 protein (green) could be detected

in immunostainings of isolated murine neutrophils. Counterstaining of cells using DAPI (blue) revealed typical doughnut shaped

nuclei of mature neutrophils. Bar: 10 lm.
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neutrophils (Fig. 1d). Counterstaining with DAPI illus-

trated the typical doughnut-shaped nuclei. TRPC6+/+-

derived neutrophils revealed a granular distribution of

the TRPC6 antigen (Fig. 2d), demonstrating the expres-

sion of TRPC6 in neutrophils of mice. In contrast,

neutrophils from knockout (KO) animals showed no

fluorescence signal indicating target specificity of the

used antibody and absence of TRPC6 in these cells.

Cell migration is reduced by lack of TRPC6

In phase-contrast light microscopy, non-stimulated

neutrophils of both, WT- and TRPC6-deficient mice

revealed a round shape and showed no cellular pro-

cesses. When stimulated with 10 ng mL)1 MIP-2,

50 lm OAG or 1 lm fMLP within seconds, cells

developed ruffles (Fig. 2a). In a next step (after

2–5 min), cells flattened, developed a cellular polarity

with a leading and a trailing edge and started to rapidly

move (see also Supporting information Movie S1). We

monitored the cell displacement for a period of 15 min,

starting 10 min after stimulation (Fig. 2b). Track-trac-

ing analysis revealed that within 15 min, cells covered

highly variable distances, ranging from 0.5 up to 63 lm,

measured from the starting point. Thereby, the direction

of migration was arbitrary, as expected for movement

in a uniform concentration of MIP-2 (Fig. 2b). Strik-

ingly, WT-derived neutrophils reached a final position

17.6 � 2.2 lm (n = 46) from the origin whereas

TRPC6-lacking neutrophils covered only a mean

distance of 12.5 � 1.6 lm (n = 36) (Fig. 2c). Adding

up the 5-s distances that single cells covered in 15 min

revealed a significantly different migration distance for

WT- (44.1 � 2.2 lm) and KO-derived neutrophils

(35.7 � 1.8 lm) (Fig. 2c). The resulting mean velocity

was calculated to 2.94 and 2.38 lm min)1 respectively.

TRPC6 can be directly activated by OAG and

analogues of DAG (Hofmann et al. 1999, Lemonnier

et al. 2008). Applying OAG at 50 lm induced the

migration of neutrophils in the two-dimensional assay.

WT cells reached a distance of 20.6 � 1.5 lm (n = 72)

from the origin whereas neutrophils from KO animals

covered a reduced distance (15.3 � 1.0 lm) (n = 93)

(Fig. 2d). The sum of 5-s distances was significantly

different and was calculated to 45.3 � 2.0 and

36.7 � 1.4 lm with velocities of 3.02 and

(c) 

(b)(a)

(d) 

(e) 

0’ 2’ 10’

TRPC6+/+

MIP-2

OAG

fMLP

TRPC6–/–

20 µm
20 µm

Figure 2 Analysis of neutrophil migra-

tion in a 2D assay. (a) Exemplary neu-

trophils 0, 2 and 10 min following

stimulation with macrophage inflamma-

tory protein-2 (MIP-2). Cells developed

ruffles at 2 min and showed polarity at

10 min. Bar: 10 lm. (b) Migrating cells

were track traced for 15 min using a

computer-assisted system. The direction

of cell migration was arbitrary. Bar:

50 lm. (c, d, e) Migration paths of MIP-

2, 1-oleoyl-2-acetyl-sn-glycerol (OAG)

or formyl-methionyl-leucyl-phenylalanin

(fMLP) stimulated neutrophils within

15 min aligned to one point of origin. The

blue circles and values indicate the mean

distance from origin. The summation of

single distances that were covered within

5 s over a period of 15 min is shown on

the right.
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2.44 lm min)1 for WT- and KO-derived neutrophils

respectively (Fig. 2d). These findings demonstrate that

the lack of TRPC6 negatively affects MIP-2- and OAG-

induced cell migration. Interestingly, when using fMLP,

the migratory properties of WT and TRPC6 KO

neutrophils did not differ (WT: 38.6 + 1.4 lm, n = 65

vs. KO: 35 + 1.5 lm, n = 50) (Fig 2e), suggesting an

alternative molecular signalling, independent of

TRPC6.

Binding of phalloidin is reduced in TRPC6-deficient

neutrophils

Microfilaments of the cytoskeleton are composed of

filamentous F-actin and control membrane plasticity

including cytoskeleton-propelled deformation and pro-

trusion and cell motility. Undoubtedly, a dynamic actin

network is required for the development of polarity and

migration as these processes are suppressed by agents

preventing actin polymerization such as cytochalasin

(Howard et al. 1981) or by agents stabilizing F-actin

such as jasplakinolide (Anderson et al. 2000). Phalloi-

din staining was used to visualize polymerized F-actin in

MIP-2-stimulated neutrophils from WT- and TRPC6-

deficient mice. Under non-stimulated control condi-

tions, WT- and KO-derived cells were weakly stained

and revealed an almost round cellular shape (data not

shown). In contrast, neutrophils stimulated for 15 min

with 10 ng mL)1 MIP-2 showed a flattened cell body

and strong phalloidin conjugated fluorescence (Fig. 3a).

Noticeable, KO mice-derived neutrophils showed much

less phalloidin binding upon stimulation with MIP-2

(Fig. 3c). In order to quantify phalloidin binding,

pictures from 30 WT and 30 KO cells were taken using

a confocal laser scanning microscope (LSM510; Zeiss)

with constant microscope settings (i.e. with the same

excitation intensity, detection sensitivity, filter settings,

pinhole size and image resolution). Based on these data,

the mean fluorescence intensities of each cell group were

calculated. Therefore, the nuclei of cells, counterstained

with DAPI, were considered as the cell centre and were

placed into the midpoint of a 250 · 250 pixel area. The

mean fluorescence intensities were calculated from these

pictures and illustrated in a colour-coded map. As

indicated in Fig. 3b,d, the phalloidin binding is dra-

matically reduced in TRPC6-deficient neutrophils.

Thus, the formation of F-actin following MIP-2 stim-

ulation is reduced in TRPC6-lacking neutrophils. Cells

of WT and KO mice were also stained following

stimulation with 50 lm OAG but revealed no clear

difference in their mean fluorescence intensities (data

not shown). However, when the areas that single cells

covered were taken as a parameter for cell migration,

OAG-stimulated WT cells revealed a significant larger

area (238 � 13 lm2) when compared to neutrophils

from KO animals (199 � 9 lm2) (P < 0.01) (Fig. 4).

Calcium imaging

Ca2+ influx is an early key event in the activation of

neutrophils. In order to analyse the effect of TRPC6

deletion on intracellular calcium transients following

stimulation, calcium imaging experiments were per-

formed. The TRPC6 stimulus OAG (50 lm) had no

(a) (b)

(c) (d)

Figure 3 Phalloidin staining of stimulated neutrophils. (a) WT and (c) KO mice derived neutrophils were tested for phalloidin

binding and analysed using confocal microscopy. (b) 30 WT and (d) 30 KO neutrophils were centred according to the location of

their nucleus (DAPI staining not shown) and the mean fluorescence intensities were calculated. Bars: 50 pixel = 5.6 lm.
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effect on [Ca2+]i (data not shown), which was not

expected but has been reported by others for TRPC6-

expressing HEK293 cells (Estacion et al. 2006). How-

ever, 10 ng mL)1 MIP-2 lead to a robust increase of the

cytosolic calcium concentration (Fig. 5a) that was

characterized by a long delay, which is typical for

G-protein-coupled events. The maximal amplitude of

the calcium peak was the same for WT- and KO-derived

neutrophils (Dratio = 0.52 � 0.03 for WT, n = 85;

Dratio = 0.5 � 0.03 for KO, n = 110). Strikingly,

TRPC6-lacking neutrophils showed a longer delay until

the calcium concentration raised (Fig. 5b). The thresh-

old for activation that was defined at Dratio = 0.1 was

reached significantly later in KO mice-derived neu-

trophils (48 s for WT and 52 s for KO; P < 0.01;

Fig. 5b). Interestingly, for TRPC6-lacking neutrophils,

the time–threshold relation could be described by a

single peak Gaussian distribution (peak at 51 s)

(Fig. 5c), contrasting the two peak distribution includ-

ing an early (43 s) and a late phase (57 s) in WT

neutrophils. These data support the hypothesis that

TRPC6 is involved in the initial raise in [Ca2+]i while

alternative mechanisms that lead to an increase of

[Ca2+]i do exist in parallel.

Discussion

Given that there are only few biochemical alternatives

to kill cells, it is no surprise that neutrophils also

damage the host tissue, giving rise to many human

clinical manifestations like chronic inflammations.

Knowledge of the mechanisms regulating migration of

neutrophils could potentially lead to novel therapeutic

strategies for pharmacological blocking of neutrophil

activity, counteracting chronic activation of neutrophils

and tissue damage. Chemotactic stimulation of neu-

trophils induces a complex sequence of events (actin

reorganization, shape changes, development of polarity

and reversible adhesion) culminating in chemotaxis but

the regulatory molecular players are largely unknown.

This study was conducted to asses the involvement of

TRPC6 in the migration of neutrophils, and for that

purpose, we compared neutrophils from WT- and

TRPC6-deficient mice. As the number of neutrophils

that can be obtained from the murine blood is very

limited, in this study, mouse neutrophils were isolated

from bone marrow preparations. The bone marrow of

mice contains a large reservoir of mature neutrophils

whose functionality is similar to blood-derived

neutrophils (Boxio et al. 2004).

Macrophage inflammatory protein-2 stimulates an

acute mobilization of neutrophils from the bone mar-

row (Burdon et al. 2005) and recruits neutrophils

in vivo (van Faassen et al. 2007). In this study, the

acquirement of cell polarity and a random direction of

movement in a uniform concentration of MIP-2 dem-

onstrated pronounced chemokinetic properties of mur-

ine neutrophils. Neutrophils, very rapidly, within

seconds, developed ruffles all over the cell body. A

few minutes later, the cells developed a polarized shape

with the formation of a contracted tail in the rear and

ruffles at the front accompanied by a rise in polymerized

Figure 4 Size of neutrophils. Phalloidin stained neutrophils

were analysed using a confocal microscope for the area they

covered on the coverslip.

(a) 

(b) 

(c) 

MIP-2 (10 ng mL–1)

TRPC6+/+

TRPC6–/–

Figure 5 Calcium imaging of neutrophils. (a) Original traces

of calcium imaging measurements, subtracted by the basal

signal before stimulation and (b) the resulting mean traces. (c)

Distribution of the calcium signals reaching the threshold of

Dratio = 0.1 over time post-onset of macrophage inflammatory

protein-2 (MIP-2) application.
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actin, effects that have been reported (Cicchetti et al.

2002, Weiner 2002). We show that knockdown of

TRPC6 negatively affected MIP-2-induced neutrophil

motility. The primary mode of activation of TRPC

channels is believed to be through PLC (Hardie 2003,

Dietrich et al. 2005, Lemonnier et al. 2008). In the case

of a subgroup of TRPC channels, specifically TRPC3,

TRPC6 and TRPC7, the signal for their activation is

thought to be the diacylglycerol formed by PLC-induced

degradation of the plasma membrane phospholipid,

PIP2 (Dietrich et al. 2005, Lemonnier et al. 2008). Li

et al. (2000) have demonstrated that the PLC pathway

is not required for fMLP-induced chemotaxis in neu-

trophils. In line with these findings, MIP-2- and OAG-

but not fMLP-stimulated neutrophil migration is

affected by the lack of TRPC6, suggesting that the

intracellular molecular pathways for chemotaxis stim-

ulation is different for fMLP and MIP-2.

The speed of MIP-2-induced cell migration was

impaired in TRPC6-lacking neutrophils, although

migration was not completely blocked suggesting a role

for both, TRPC6-dependent and alternative transduc-

tion pathways. The cellular level of polymerized actin

was determined by assessing the amount of fluorescently

labelled phalloidin bound to fixed cells and quantifica-

tion of fluorescence intensity. The reduced fluorescence

in KO neutrophils indicate an involvement of TRPC6 in

cytoskeleton dynamics.

It is well known that active and directed cell

movement is critically regulated by the [Ca2+]i (Pettit

& Fay 1998, Schwab et al. 2007) and [Ca2+]i in turn

depends on Ca2+ influx across the plasma and endore-

ticular membranes via ion channels whose molecular

nature and regulatory counterparts are largely unknown

for neutrophils. On specific substrates such as fibronec-

tin or vitronectin uropod retraction was shown to

depend on [Ca2+]i and buffering [Ca2+]i results in

impaired migration. Furthermore, release of integrins

from their attachments and recycling to the front

requires increases in calcium (Niggli 2003). Thus,

intracellular calcium might have a direct impact on

the migration velocity of neutrophils.

In our study, MIP-2 induced cell migration and

resulted in a [Ca2+]i increase, and this was characterized

by a delay following the onset of stimulus that is

predictable for a G-protein-coupled receptor. In sharp

contrast, OAG could not induce calcium transients,

which might be because of a low inherent Ca2+

conductance (Ca2+/Na+ = 1 : 25) of TRPC6 where

depolarization further attenuates Ca2+ entry (Estacion

et al. 2006). Therefore, the calcium transients following

MIP-2 stimulation are most likely not directly mediated

by TRPC6. However, an elongated delay for the raise of

[Ca2+]i in TRPC6-deficient neutrophils is a strong

indicator for a role of TRPC6 in MIP-2 signal trans-

duction, probably providing pathways for other cations

than Ca2+ (Estacion et al. 2006).

In summary, our data show the expression of TRPC6

in murine neutrophils and an evident role for this ion

channel in both signal transduction downstream to

MIP-2 stimulation and MIP-2-induced cell migration.

However, its precise integration into the molecular

transduction machinery is still elusive and alternative

mechanisms, independent of TRPC6, exist in parallel.
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