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Abstract Cell migration depends on the generation of

structural asymmetry and on different steps: protrusion and

adhesion at the front and traction and detachment at the rear

part of the cell. The activity of Ca2+ channels coordinate

these steps by arranging intracellular Ca2+ signals along the

axis of movement. Here, we investigated the role of the

putative mechanosensitive canonical transient receptor

potential channel 1 (TRPC1) in cell migration. We analyzed

its function in transformed renal epithelial (Madin–Darby

canine kidney-focus) cells with variation of TRPC1

expression. As shown by time lapse video microscopy,

TRPC1 knockdown cells have partially lost their polarity

and the ability to persistently migrate into a given direction.

This failure is linked to the suppression of a local Ca2+

gradient at the front of migrating TRPC1 knockdown cells,

whereas TRPC1 overexpression leads to steeper Ca2+

gradients. We propose that the Ca2+ signaling events

regulated by TRPC1 within the lamellipodium determine

polarity and directed cell migration.

Keywords TRPC1 . Cell migration . Polarity .

Calcium signaling

Introduction

Cell migration is an essential physiological process within

the human body. Even after embryonic development, there

are a number of cells that continuously migrate through the

body. Among these are immune cells which migrate to sites

of inflammation or stem cells and fibroblasts which warrant

the maintenance of diverse tissues. In addition, migration of

cancer cells is necessary for tumor invasion and metastasis

and therefore represents a critical step in the course of the

disease.

A basic principle of cell migration is the functional and

morphological polarity of migrating cells. Motile cells

protrude a lamellipodium at the front, where new focal

adhesions are formed and traction force is exerted. This

action gives rise to progressive stretching of the cell body;

the detachment of the rear adhesions completes the

migration process [34, 38]. For sustained movement,

forward cell protrusion has to be coordinated with rear cell

retraction. At this point, Ca2+ channels may come into play

because they are able to integrate signals from the front and

the rear part of migrating cells into an increase of the

intracellular second messenger Ca2+. Many factors involved

in cell migration are regulated by Ca2+ including myosin

light chain kinase, calpain, gelsolin, calcineurin, and
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integrins [1, 11, 12, 23]. In fact, repetitive Ca2+ transients or

cytoplasmic Ca2+ gradients were shown in migrating

neurons, neutrophils, fibroblasts, eosinophils, tumor cells,

and other cell types [5, 16, 18, 22, 26]. The precise

temporal and spatial regulation of [Ca2+]i is required for

cellular motility. As a consequence, Ca2+-permeable chan-

nels, the plasma membrane Ca2+-adenosine triphosphatase,

and especially the Na+–Ca2+ exchanger are decisive for cell

migration [10]. Moreover, [Ca2+]i gradients have been

shown to be important in determining cellular polarity and

thereby directionality [16, 20, 36].

Ca2+ transients can be evoked by the action of Ca2+-

permeable stretch-activated channels which appear to be

gated by membrane stretch that, in migrating cells, could be

provoked by the protruding lamellipodium or directly by

tension generated by actomyosin forces at sites of adhesion

to the matrix [9, 17]. Local increases in traction force

during the movement of fish keratocytes [8, 9, 24] and

fibroblasts [28] have been connected to such Ca2+

transients. The nonspecific blocker of stretch-activated

cation channels gadolinium was used to block Ca2+

transients and impaired migration in these studies. Al-

though all these publications stressed the importance of the

function of Ca 2+ in cell migration, the molecular identity of

Ca2+ channels involved in this process is still unknown.

Interesting candidates are members of the transient receptor

potential (TRP) family of cation channels. We have recently

shown that activation of the TRP vanilloid 1 channel

(TRPVA) accelerates migration of human hepatoblastoma

cells [44]. Here, we study the effect of TRP cation channel

subfamily C member 1 (TRPC1) on migration of trans-

formed renal epithelial (Madin–Darby canine kidney-focus

(MDCK-F)) cells. TRPC1 is a Ca2+-permeable TRP

channel [45, 46] that could be involved in the regulation

of cell migration. This channel has been proposed to form a

stretch-activated cation channel or to be at least a subunit of

such a channel, although the functional expression of

TRPC1 as mechanosensing channel has been challenged

[14, 27, 30]. A detailed review critically reevaluates the role

of TRP channels as mechanosensitive channels [39].

Nonetheless, a function of TRPC1 has been shown in the

migration of intestinal epithelial cells during closure of a

wounded epithelial layer [32]. In the present study, we

investigated the role of the putative mechanosensitive Ca2+

channel TRPC1 in single-cell migration of MDCK-F cells.

Materials and methods

Cells and cell culture

Experiments were carried out on transformed MDCK-F

cells [29] grown in bicarbonate-buffered minimal essential

medium (MEM; pH 7.4) with Earle’s salts (PAA Labora-

tories, Austria) supplemented with 10% (v/v) fetal calf

serum (Biochrom, Germany) at 37°C in a humidified

atmosphere of 5% CO2.

Transfections were carried out with FuGENE 6 (Roche,

Germany), according to the manufacturers’ protocols. The

pcDNA3 plasmid containing the human TRPC1 had an N-

terminal insertion of the hemagglutinin (HA) tag. We

generated a polyclonal cell line, stably overexpressing this

construct, termed hTRPC1-HA. Additionally, we trans-

fected MDCK-F cells with the pcDNA3 plasmid alone,

which served as control. The selection of stably transfected

cells was performed with medium containing 0.6g/L

geneticin (G-418-sulfate; PAA Laboratories, Austria). The

siRNA-treated cells were selected in medium containing

2.5mg/L puromycin (PAA Laboratories, Austria).

Silencing of TRPC1 expression by small interfering RNA

Oligonucleotides harboring the respective 19-nt target

sequences were ligated into the pSUPER.retro.puro vector

(OligoEngine, USA) following the published method [4].

Vectors were verified by sequencing. For full oligonucleotide

and targeting sequences, see supplementary information.

Cells were transfected overnight with the respective vectors

and then replated into selection medium containing puromy-

cin and several cell clones were obtained by single-cell

dilution. We used two clones with reduced TRPC1 expres-

sion, referred to as siTRPC1 cells. The efficiency of gene

product suppression was revealed by reverse-transcription

polymerase chain reaction (RT-PCR) as described below.

Mock transfections were performed with pSUPER.retro.puro

harboring a mock sequence followed by puromycin selec-

tion. Via single-cell dilution, we isolated the mock control

clone.

Analysis of cell migration

Migration of MDCK-F cells was monitored by means of

time lapse microscopy as described [37]. Cells were seeded

on tissue culture flasks coated with 1µg/cm2 fibronectin

(Roche, Germany) 1day prior to experiments. The culture

flasks with the cells were put into heated chambers on

stages of inverted microscopes (Axiovert25, Carl Zeiss,

Inc., Germany). Cell migration was recorded in 1-min

intervals for 3h at 37°C using video cameras (Models XC-

ST70CE and XC-77CE, Hamamatsu–Sony, Japan) and PC-

vision frame grabber boards (Hamamatsu, Herrsching,

Germany). Acquisition of images was controlled by HiPic

and WASABI softwares (Hamamatsu). The outlines of the

cells were marked at each time step throughout the entire

image stack applying the AMIRA software (Mercury

Computer Systems, USA). The cell contours then served
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as the basis for further analysis. Parameters such as

structural index, migratory velocity (micrometer per min-

ute) and translocation (micrometer) were analyzed using

self-made JAVA programs and the National Institutes of

Health ImageJ software (http://rsb.info.nih.gov/ij/). Migra-

tion was determined as the movement of the cell center as a

function of time. We calculated the speed (micrometer per

minute) by applying a three-point difference quotient and

the displacement (micrometer), which is the distance

covered by a cell during a given time period. The combined

trajectories of a cell population allow the calculation of the

mean squared displacement (msd). The msd (micrometer2)

describes the mean of the squared distances between a

common starting point at time t0 and the actual positions of

a cell population at time t,

msd tð Þ ¼ x t þ t0ð Þ � x t0ð Þ½ �2þ y t þ t0ð Þ � y t0ð Þ½ �2
D E

:

To analyze directionality of migration (persistence), we

quantified the angle at which protrusions occurred with

respect to the trajectory of the cell. Cells with one

lamellipodium and a high degree of directionality move

with angles centering around ±0°. Angles greater than

±100° indicate a low degree of directionality due to the

coexistence of several lamellipodia or due to a complete

change in the direction of movement.

Moreover, we used the time lapse movies to investigate

the morphology of migrating cells. The cell area was

measured as the sum of all pixels inside the cells’ contours.

The structural index is a shape factor which relates cell area

(A) to its perimeter (P),

Structural index ¼ 4 pA
�

P2
:

Values close to “1” correspond to a spherical and values

close to “0” represent elongated cells with several protrusions.

In paired experiments, we tested whether elevating

[Ca2+]i in siTRPC1 cells has any effect on cell migration:

after a control period (30min), we applied low doses of the

Ca2+ ionophore ionomycin (50nmol/L; MP Biomedicals,

France) and monitored migration for additional 30min. To

inhibit mechanosensitive cation channels, we employed a

peptide (GsMTx-4, Peptides International, USA) isolated

from venom of the tarantula, Grammostola spatulata [3, 40,

41]. The effect of GsMTx-4 was studied in paired experi-

ments. A 30-min control period was followed by an

experimental period (at least 180min) in the presence of

10μmol/L GsMTx-4.

Intracellular Ca2+ measurements

One day prior to the experiment, cells were seeded on

fibronectin-coated (1μg/cm2) glass coverslips. The cells were

preincubated with 4-(2-hydroxyethyl)-1-piperazineethanesul-

fonic acid (HEPES)-buffered MEM for 10min and subse-

quently fura-2-AM (3μmol/L; Calbiochem) [15] was added

and for dye loading at room temperature for 20min. The

experiments were carried out at 37°C, and cells were

continuously superfused with Ringer solution (NaCl

122.5mmol/L, KCl 5.4mmol/L, CaCl2 1.2mmol/L, MgCl2
0.8mmol/L, D-glucose 5.5mmol/L, HEPES 10.0mmol/L, pH

7.4). Excitation wavelength alternated between 340 and

380nm. The emitted fluorescence was monitored at 500nm.

CoolSnap camera, monochromator, and data acquisition

were controlled by the Metafluor Software (Visitron Sys-

tems). Fluorescence intensities were corrected by back-

ground subtraction and measured in 10-s intervals in three

distinct regions from front to back of migrating cells: leading

edge (0–5μm), lamella (5–10μm), and rear (final 5μm of the

cell). [Ca2+]i was calculated as described before [10]. Briefly,

Ca2+ measurements were calibrated at the end of each

experiment. Maximal and minimal ratios were determined

separately for each region by the application of ionomycin-

containing (1μmol/L) Ringer solutions containing either

5mmol/L Ca2+ or 5mmol/L ethylene glycol tetraacetic acid.

For each cell clone, at least 29 cells were analyzed and mean

values and SEM of the ratios are presented.

Adhesion assay

To analyze the adhesiveness of MDCK-F cells, we

allowed 30,000 cells per well to adhere to fibronectin-

coated (1μg/cm2) 24-well plates in serum-containing

culture medium. After 30-min incubation at 37°C in a

CO2 atmosphere, weakly adherent cells were removed by

washing with phosphate-buffered saline. Adherent cells

were fixed and counted.

RT-PCR

Total RNA from MDCK-F cells grown to confluence was

isolated with RNAeasy spin columns (Qiagen, Germany)

1 day after plating. Same amounts of each RNA sample

were used for cDNA synthesis with SuperScript III reverse

transcriptase (Invitrogen, Germany) using oligo (dT)16
primers according to the manufacturers’ protocols. TRPC1

transcripts were either amplified with primers specific for

canine and human TRPC1 isoforms to show the knock-

down of endogenous TRPC1 or the overexpression of the

human HA-tagged TRPC1 isoform in MDCK-F cells. The

amounts of TRPC1 mRNA were normalized with β-actin

mRNA. The annealing temperature was 53°C and 30 cycles

were performed in an Eppendorff Mastercycler (Eppendorff,

Germany). Amplified cDNA fragments were size-fractionated

in a 1% agarose gel and stained with SYBR Gold (Molecular

Probes, USA).

[7]
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Cell volume measurements with atomic force microscopy

Cell imaging was performed in standard contact mode as

described [35]. Briefly, atomic force microscopy (AFM)

measurements of glutaraldehyde-fixed MDCK-F cells on

fibronectin-coated cell culture dishes were performed in

HEPES-buffered solution (pH 7.4) using a Bioscope II

controlled byNanoscope 7.20 software (VEECO, Mannheim,

Germany). Tips with a radius of 8nm on rectangular gold-

coated silicon nitride cantilevers were used (0.09N/m,

Olympus Biolever mini BL-AC40TS-C2, purchased through

LOT-Oriel. Darmstadt, Germany). The volume of a cell was

enumerated by the “bearing” option in software Nanoscope

5.48b12 after linear “plane fit” of the datasets.

Statistics

All experiments were repeated three to six times. Data are

presented as the mean values ± SEM. The data were tested

for significance employing Student’s unpaired t test or

paired t test where applicable. The level of significance was

set at p < 0.05.

Results

TRPC1 expression level correlates with efficient movement

of MDCK-F cells

To investigate the function of the TRPC1 channel in cell

migration, we altered the expression levels of endogenously

expressed TRPC1 in MDCK-F cells. We reduced TRPC1

expression by means of siRNA technology. We expressed

siRNA with the pSUPER vector system and generated two

siTRPC1 clones. The stable knockdown to 30% and 70%

(clone 5A and 6D, respectively) of the expression in the

respective control cells was determined by RT-PCR

(Fig. 1a). The amplification of TRPC1 transcripts was

normalized using β-actin probes. Moreover, we generated a

polyclonal MDCK-F cell line stably overexpressing the

human TRPC1-HA. The overexpression of TRPC1 was

quantified in the same way. The increase of TRPC1

expression is approximately twofold (Fig. 1b). The follow-

ing data refer mostly to the siTRPC1 clone 5A with

knockdown to 30% of normal TRPC1 expression.

Silencing of TRPC1 clearly changes the morphology of

MDCK-F cells as shown in video 1 (see supplementary

material) and in the image series taken from this movie

displayed in Fig. 2. siTRPC1 cells form multiple active

lamellipodia often coexisting at opposing sides of the cell.

In contrast, the respective control (not shown) as well as

hTRPC1-HA-overexpressing cells are clearly polarized and

migrate with one leading lamellipodium. In line with this,

the structural index (area–perimeter relation) of knockdown

cells is much lower than that of hTRPC1-HA-overexpressing

cells (0.21 ± 0.02 with n = 33 and 0.41 ± 0.03 with n = 26,

respectively). Besides the changed morphology, the mode of

migration of siTRPC1 cells has also visibly changed. The

speed of migration of siTRPC1 cells is significantly lower

than that of hTRPC1-HA-overexpressing cells: 0.88 ±

0.03μm/min (n = 33) versus 1.06 ± 0.04μm/min (n = 26).

This is paralleled by a pronounced decrease of the dis-

placement (distance between start and end position at t =

180min). siTRPC1 cells reach a mean distance of 68.7 ±

5.5μm (n = 33), whereas MDCK-F cells overexpressing

hTRPC1-HA cover 89.2 ± 7.7μm within 180min (n = 26).

Figure 3a shows the mean displacements (radii of circles)

and the trajectories. Both siTRPC1 clones, independently of

their knockdown efficiency, have a strongly decreased

msd, opposing to hTRPC1-HA-overexpressing cells which

show an increase of msd compared to vector and mock

control lines (Fig. 3c). The slopes of the msd curves allow

the classification of the movement. The suppression of

TRPC1 converts the normally super diffusive mode of

migration of MDCK-F cells into a diffusive or random

movement [7].

Closer inspection of the trajectories reveals a “noisy”

movement of siTRPC1 cells pointing to frequent changes

in the direction of movement (Fig. 3b). We therefore

analyzed the angles at which cell protrusions occur with

respect to the cells’ trajectories. Cells with one prominent

lamellipodium and a high level of directionality (persis-

a
TRPC1 β-actin

b

control 5A 6D control 5A 6D

siTRPC1 siTRPC1

control hTRPC1 control hTRPC1

TRPC1 β-actin 

Fig. 1 TRPC1 expression is varied by knockdown and overexpres-

sion of TRPC1. a RT-PCR of siTRPC1 and mock control cells.

Compared to mock transfected controls TRPC1 expression was

reduced to 30% and 70% in siTRPC1 cell clones 5A and 6D,

respectively. b RT-PCR of MDCK-F cells transfected with an “empty”

vector and the human-TRPC1-HA construct, “control,” and

“hTRPC1,” respectively. The mRNA level of human TRPC1-HA

has at least doubled when compared with endogenous TRPC1 mRNA

levels in MDCK-F cells. Amplification of TRPC1-transcripts in RT-

PCR was normalized to β-actin mRNA
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tence) generate angles centering around ±0°. Angles around

±180° indicate that the cells reverse the direction of

movement with protrusions occurring at the rear part. The

normalized histograms of angles from siTRPC1, from mock

control, and from hTRPC1-HA-transfected cells are shown

in Fig. 4. Mock controls as well as hTRPC1-HA-over-

expressing cells display a high degree of persistence as

indicated by the peak of the distribution at an angle of ∼0°

(n = 24 and n = 26). Silencing of TRPC1 expression results

in a flattening of the distribution that implies a much higher

incidence of protrusions occurring at angles of greater than

50 µm

n = 33

MDCK-F: hTRPC1-HA

n = 26

MDCK-F: siTRPC1
a

b

50 µm
siTRPC1 (5A)

hTRPC1-HA

c

time [min]

0

2000

4000

6000

8000

10000

0 20 40 60 80 100 120 140 160 180

m
s
d

[µ
m

2
]

control

hTRPC1-HA siTRPC1 (5A)
siTRPC1 (6D)

mock control

Fig. 3 The translocation of siTRPC1 cells is significantly reduced.

a Trajectories were normalized to a common starting point. The circles

indicate the mean distance covered within 180 min. Silencing of

TRPC1 expression leads to shorter migration paths with lower

directionality in comparison to hTRPC1-HA overexpression. Scale

bar 50 µm. b Magnification of a representative trajectory of a

siTRPC1 cell (gray) shows the “noisy” movement, whereas a

hTRPC1-HA-overexpressing cell shows nearly no turning. Starting

points are indicated by dots. c The mean squared displacement (msd)

of TRPC1 knockdown cells (clone 5A: bold gray, clone 6D: gray) is

strongly decreased, whereas msd of cells with overexpression of

hTRPC1-HA (black) is significantly increased when compared to the

respective control cells—mock control cells (dotted gray) or pcDNA3

vector control (dashed black)

siTRPC1 hTRPC1-HA

Fig. 2 TRPC1-depleted cells have a polarization defect and cell

migration is impaired. Images of time lapse movies with 60-min

intervals show that siTRPC1 cells (left panel) are not able to polarize

anymore and instead form multiple protrusions into several directions

simultaneously. Moreover, TRPC1-depleted cells do not translocate

efficiently as shown by the superimposed trajectory of the cell. In

contrast, hTRPC1-HA-overexpressing MDCK-F cells (right panel) are

clearly polarized and move over greater distances in a well-

coordinated way. Scale bar 25 µm
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±100° (n = 33). Cells with a less efficient knockdown of

TRPC1 expression (clone 6D: not shown) have also an

increased tendency of 180° turning of their migration

direction. These findings provide strong evidence that

TRPC1 is involved in the maintenance of cellular polarity

in migrating cells and mediates directionality.

Blockade of mechanosensitive cation channels impairs

cell migration

The peptide GsMTx-4 isolated from the venom of the

tarantula G. spatulata, an inhibitor of mechanosensitive

cation channels [3, 40, 41], was employed to verify the

function of such channels in cell migration (Fig. 5). As

already shown, the displacement at t = 30min of siTRPC1

cells (13.4 ± 1.7μm, n = 29) is much lower than that of

cells overexpressing hTRPC1-HA (23.7 ± 2.0μm, n = 33).

However, GsMTx-4 reduces the displacement of both cell

lines to the same low basal level. The respective values for

siTRPC1 and hTRPC1-HA cells are 8.4 ± 1.3 and 9.8 ±

1.0μm, respectively. Started differently, GsMTx-4 is three

times more effective in cells overexpressing TRPC1-HA

than in cells with reduced expression. These findings

provide indirect evidence that GsMTx-4 may not only

block TRPC6 [40] but also TRPC1. Another hint into this

direction comes from measurements of resting Ca2+ before

and immediately after (3min) application of 10μmol/L

GsMTx-4. hTRPC1-HA cells show a significant decrease

of resting Ca2+ after treatment with the venom, whereas

siTRPC1 cells display no difference (data not shown).

Alternatively, the differential response of both cell types to

GsMTx-4 could reflect the fact that TRPC1 is an essential

component of a heteromultimeric channel that is sensitive

to this toxin.

TRPC1 generates a lamellipodial Ca2+ gradient

To obtain deeper insights into the mechanism underlying

the defects in migration of TRPC1 knockdown cells, we

measured [Ca2+]i ratiometrically in three distinct areas of

migrating cells: the leading edge, the consecutive lamella,

and the rear part. The first two areas correspond to distinct

arrays of F-actin that determine the protrusive activity of

migrating cells [31]. The results of these experiments are

shown in Fig. 6a. We found that [Ca2+]i is higher at the

leading edge of hTRPC1-HA cells and mock control cells

(141 ± 29nmol/L, n = 29 and 108 ± 12nmol/L, n = 40,

respectively) than in the lamella (118 ± 24 and 104 ±

12nmol/L, respectively). Overexpression of TRPC1 ampli-

fies this gradient. In contrast, the Ca2+ gradient between

leading edge and lamella is absent in siTRPC1 cells.

Moreover, the mean [Ca2+]i of TRPC1 knockdown cells is

strongly reduced—leading edge 63 ± 5nmol/L and lamella

62 ± 5nmol/L (n = 64). Figure 6b summarizes our findings:

86% of hTRPC1-HA-overexpressing cells and 64% of

mock control cells have a gradient with higher local [Ca2+]i
in the leading edge than in the lamella but only 45% of

siTRPC1 cells. We can conclude that the lamellipodial

gradient of [Ca2+]i is directly correlated with TRPC1

expression.

Because mean [Ca2+]i independent of a Ca2+ gradient

may also affect cell migration of siTRPC1 cells, we

increased [Ca2+]i artificially by adding a low dose of the

Ca2+ ionophore ionomycin (50nmol/L) to the medium.
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480 Pflugers Arch - Eur J Physiol (2008) 457:475–484



Ionomycin has no impact on Ca2+ gradient formation, but it

elevates the average [Ca2+]i in siTRPC1 cells by 41 ±

13nmol/L (n = 30). Thus, ionomycin-treated siTRPC1 cells

have a similar [Ca2+]i as mock control cells. As shown in

Fig. 6c, the global increase of [Ca2+]i does not influence the

velocity of siTRPC1 cells, which is 0.86 ± 0.06μm/min

before and 0.83 ± 0.05μm/min after the application

ionomycin (n = 37). For comparison, mock control cells,

having the same [Ca 2+]i as ionomycin-treated siTRPC1

cells, have a higher mean velocity (0.93 ± 0.05μm/min, n =

24). Thus, the TRPC1-dependent locally elevated [Ca2+]i at

the front of migrating cells appears to play an important

role in coordinating migration of MDCK-F cells.

Silencing of TRPC1 expression leads to a remarkable

phenotype in MDCK-F cells

Employing AFM, we could show the drastic effects of

TRPC1 ablation on the morphology of the cells as displayed

in Fig. 7a,b. siTRPC1 cells protrude multiple very flat

lamellipodia; thus, they have a polarization defect. Moreover,

the AFM technique was used to quantify the change in the

cell volume. As shown in Fig. 7c, cells with hTRPC1-HA

overexpression have a mean cell volume of 1,971 ± 353μm3

(n = 20), whereas the mean cell volume of siTRPC1 cells has

nearly doubled (+82%) to 3,577 ± 601μm3 (n = 22).

The morphology together with the inefficient migration

of TRPC1 knockdown cells prompted us to investigate

whether strengthening of contacts to the substratum might

be the reason for our findings. We estimated the projected

surface area which corresponds to the area contacting the

extracellular matrix. The mean cell area of migrating

siTRPC1 cells has increased more than twofold (3,191 ±

422μm2, n = 33) compared to that of TRPC1-HA-

overexpressing cells and mock control cells (1,491 ±

153μm2, n = 26 and 1,070 ± 136μm2, n = 24, respectively;

Fig. 8). Some of siTRPC1 cells even shows a fivefold rise
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a [Ca2+]i was detected ratiometrically with fura-2. [Ca2+]i is higher at

the leading edge of hTRPC1-HA (black) and mock control cells

(dashed gray) than in the following lamella. Overexpression of

TRPC1 leads to the formation of a steeper gradient inside the

lamellipodium. In contrast, gradients of siTRPC1 cells (lower graph,

gray) are only poorly developed and siTRPC1 cells have a

significantly reduced resting [Ca2+]i. b The relative frequency of a

higher local [Ca2+]i in the leading edge than in the lamella (light gray)

is much lower in siTRPC1 cells than in hTRPC1-HA-overexpressing

cells and mock control cells. c Applying 50 nmol/L ionomycin

increases [Ca2+]i in siTRPC1 cells, so that the mean Ca2+ level of

ionomycin-treated siTRPC1 cells is comparable to that of mock

controls. However, ionomycin has no impact on the velocity of

siTRPC1 cells. This indicates that the missing Ca2+ gradient within

the lamellipodium of siTRPC1 cells but not lower global [Ca2+]i leads

to the defects in cell migration. Asterisk, p<0.05
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in the projected cell area. The increase of cell area depends

on the degree of TRPC1 knockdown. When TRPC1

expression is suppressed only by 30%, the average cell

area is only moderately elevated (1,560 ± 129μm2, n = 26).

We then challenged the adhesion strength of the cells in an

adhesion assay. For this purpose, we allowed MDCK-F

cells to attach to fibronectin-coated surfaces for 30min.

Although having an increased cell area, siTRPC1 cells are

surprisingly less adherent to the substratum after 30min

than mock controls (n = 130 ± 16 and 190 ± 35,

respectively) as shown in Fig. 9. In contrast, hTRPC1-HA

overexpression does not affect adhesion (n=176±48). We

can conclude that the increased cell area is not caused by

stronger adhesion to the extracellular matrix.

Discussion

It has been shown that mechanosensitive Ca2+ channels are

involved in the coordination of the protrusion of the

lamellipodium with the retraction of the rear part of

migrating cells [8, 9]. But so far, the molecular identity of

such channels is not known. The present study aims to

connect the function of the putative stretch-activated Ca2+

channel TRPC1 to cell migration. We are well aware of the

fact that the mechanosensitivity of TRPC1 is discussed

controversially at present and that especially the activity of

heterologously overexpressed TRPC1 in mammalian cells

is problematic [14]. The spider venom GsMTx-4 is a

blocker of mechanosensitive cation channels like TRPC6

[3, 40] and was used in this study to determine the impact

of such channels on the displacement of TRPC1 knock-

down and hTRPC1-HA-overexpressing cells. GsMTx-4 is

three times more effective in cells overexpressing TRPC1-

HA than in cells with reduced expression. Moreover, it

reduces [Ca2+]i of hTRPC1-HA-overexpressing cells while

it does not in siTRPC1 cells. One explanation for this

differential effect could be that GsMTx-4 also blocks

TRPC1 as reported in a review by Bowman et al. [3].

Assuming that TRPC1 is indeed a mechanosensitive

channel, our experiments with GsMTx-4 would be in line

with observations made in nerve growth cones. The control

of their extension was strongly dependent on mechanosen-

sitive but not on voltage-gated Ca2+ channels [19]. Related

studies showed that TRPC1 is important for path finding of

outgrowing neurites [25, 42]. Moreover, TRPC1 has been

implicated in electric field detection which affects directed

migration of neutrophils [21]. Thus, the fact that TRPC1 is

important for directed cell migration becomes apparent in

various cell types.

Our study clearly shows that TRPC1 channels determine

polarity and persistence of MDCK-F cells. The underlying

mechanism seems to be decreasing Ca2+ concentrations

from leading edge to the following lamella due to TRPC1

activity at the front. This gradient is steeper in hTRPC1-

HA-overexpressing cells. Although we could not visualize

a concentration of the TRPC1 channel at the leading edge

of MDCK-F cells as observed in neutrophils [21], we could

functionally show that TRPC1 is active at the leading edge

and generates a Ca2+ gradient. This finding corresponds to

the fact that only the local blockade of stretch-activated Ca2+

channels at the leading edge causes a global inhibition of

traction forces and cell migration [28]. The resting [Ca2+]i
of siTRPC1 cells is significantly reduced, but an artificial

increase in global [Ca2+]i could not restore normal motility.

Therefore, we propose that the missing Ca2+ gradients in

siTRPC1 cells contribute to the impaired migration. The

defect in cell migration is accompanied by a nonpolarized

cell morphology with several very flat protrusions often

coexisting at opposing poles of the cell. This suggests that

TRPC1-mediated local Ca2+ signals might convey polarity

and might regulate the formation of protrusions. F-actin at

the front of migrating cells can be divided into two distinct
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networks with characteristic dynamic and molecular proper-

ties: the lamellipodium and the following lamella [31]. The

difference between the two is determined by the activity of

actin-binding proteins like the F-actin severing and depoly-

merizing protein cofilin [6]. Active cofilin increases the

number of free barbed ends of F-actin so that actin

polymerization is locally enhanced [2]. The possible link to

Ca2+ gradients is the fact that cofilin can be activated

indirectly by elevations of [Ca2+]i [43].

The productive protrusion of the lamellipodium requires

the advancement of the lamella, where contractile forces are

coupled to substrate adhesion [31]. In this context, it is

notable that siTRPC1 cells do not only have defects in cell

migration but also exhibit reduced substrate adhesion.

Thus, balanced adhesion turnover seems to be perturbed

in siTRPC1 cells due to the missing determination of

leading edge and lamella. In general, the coordination of

traction forces along the axis of movement is regulated by

Ca2+ influx through Ca2+ channels. Traction forces are

maintained via adhesion contacts until retraction occurs [9].

This is in line with observations made in fibroblasts.

Gadolinium, an unspecific inhibitor of stretch-activated

cation channels, inhibited Ca2+ entry and decreases the

phosphorylation at focal adhesions in migrating fibroblasts

[28]. Thus, membrane stretch induces the generation of

traction forces by Ca2+ influx together with tyrosine

phosphorylation of paxillin at focal adhesions and subse-

quent accumulation of cortical actin [13]. Silencing of

TRPC1 might disturb the coordinated responses of leading

edge and lamella to mechanical input. This might be the

reason for the observed “noisy,” inefficient movement with

a strong decrease of the mean squared displacement.

The prominent effect of TRPC1 ablation on the cell

morphology, a large increase of the projected cell area, and

a doubling of the cell volume could be a reflection of

impaired mechanosensation at the level of the plasma

membrane. An artificial decrease of membrane tension

over the entire cell membrane is directly correlated with the

formation of multiple lamellipodial extensions pointing to

an inverse relation between membrane tension and exten-

sion [33]. Thus, it will be one of the challenges for future

studies to directly link cell migration to the putative

mechanosensory function of TRPC1 or to that of other

mechanosensitive Ca2+ channels in cell migration.
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