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RNase protection assay. For the specific analysis of the PPAR-g3 relative to
PPAR-g1 mRNA, we constructed a template for probe synthesis using an RT-
PCR product derived from mouse adipose tissue RNA with oligonucleotides
that bind sense at exon A1 and antisense at exon 2. The amplified fragment was
inserted blunt into pCR2.1 (TA cloning, Invitrogen). The resulting plasmid
pCR2.1–PPAR-g3–RPA, which contains part of exon A1, the full-length exon
A2, exon 1 and part of exon 2, was used as a template for probe synthesis. To
analyse PPAR-g2 and PPAR-g1, the coding region from +1 to +284 was
obtained as an RT-PCR product from mouse adipose tissue RNA and cloned
into pCR2.1, then subcloned into pBluescript KS+ (Stratagene). We used the
resulting plasmid as a template for synthesis of the antisense RNA probe,
allowing detection of PPAR-g2 and PPAR-g1 mRNA. The common PPAR-g
probe corresponding to nucleotides 800–1093 of the murine cDNA was
subcloned into pBluescript SK+ (Stratagene). RNase protection experiments
were done as described12. Resident peritoneal macrophages were treated in the
presence or absence of IL-4 for 18 h. We used a b-actin antisense probe to verify
equivalent amounts of total mRNA.
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Intracellular calcium regulates many of the molecular processes
that are essential for cell movement1. It is required for the
production of actomyosin-based contractile forces2–4, the regula-
tion of the structure and dynamics of the actin cytoskeleton5,6, and
the formation and disassembly of cell–substratum adhesions7,8.
Calcium also serves as a second messenger in many biochemical
signal-transduction pathways7. However, despite the pivotal role
of calcium in motile processes, it is not clear how calcium
regulates overall cell movement. Here we show that transient
increases in intracellular calcium, [Ca2+]i, during the locomotion
of fish epithelial keratocytes, occur more frequently in cells that
become temporarily ‘stuck’ to the substratum or when subjected
to mechanical stretching. We find that calcium transients arise
from the activation of stretch-activated calcium channels, which
triggers an influx of extracellular calcium. In addition, the sub-
sequent increase in [Ca2+]i is involved in detachment of the rear
cell margin. Thus, we have defined a mechanism by which cells can
detect and transduce mechanical forces into biochemical signals
that can modulate locomotion.

The simple shape and rapid locomotion of fish keratocytes makes
them an excellent system in which to study cell movement. These
features have been exploited in several studies that have provided
insight into how cytoskeletal dynamics, adhesion formation and
force generation are integrated to produce movement9–15. Most of
this work has focused on fan-shaped keratocytes that exhibit a rapid
‘gliding’ mode of movement. However, these cells can also exhibit a
much slower mode of movement closely resembling that of fibro-
blasts, in which extension of the front edge of the cell occurs as a
distinct phase from retraction of the rear edge. Individual kerato-
cytes can also switch between these two modes of movement, which
is a particularly useful characteristic for studying how cell move-
ment is regulated.

To investigate the role of calcium in the regulation of keratocyte
locomotion, we used fluorescence video microscopy to con-
tinuously monitor [Ca2+]i in moving keratocytes (Fig. 1a, b). The
resting level of [Ca2+]i was found to be ,138 nM. However,
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keratocytes exhibited transient increases in [Ca2+]i (Fig. 1c–h)
ranging from 219 to 683 nM, corresponding to an increase of
between 160 and 500% in fluorescence intensity of the calcium
indicator above the baseline value (Fig. 1i). Dual fluorescence
imaging of a calcium-insensitive rhodamine dextran and Calcium

Green I dextran that were previously co-loaded into keratocytes
confirmed that fluctuations in cell thickness were not contributing
to changes in brightness of the calcium indicator (Fig. 1j). The
frequency, duration and relative magnitude of calcium transients
was compared between fan-shaped cells that exhibited a rapid,

Figure 1 Calcium transients occur in moving keratocytes. a, b, Pseudocoloured

(non-ratiometric) fluorescence images of a fan-shaped keratocyte (a) and a

fibroblastic-shaped keratocyte (b), moving as indicated (arrows). The colour key

represents fluorescence intensity (I) in grey level units. c–h, A series of square

regions taken every 4 s from the cell in a showing a transient increase in [Ca2+]i as

a brief increase in red colour. i, Plot of average fluorescence intensity over time

within the same region with points corresponding to regions (c–h) marked (on the

second transient, arrow). The same relative increase in fluorescence occurs

throughout the cell, but the nuclear region appears brighter because it is thicker.

However, differences in cell thickness do not affect the observation of transients.

j, Plot of the fluorescence intensity from a calcium-insensitive rhodamine dextran

(circles) shows no change compared with the transient increase in fluorescence

from the calcium indicator (squares). Scale bars,10 mm.

Figure 2 Increases in [Ca2+]i in response to stretching. a, A stretched keratocyte

with a ‘tether’ (arrow). b, The same cell following detachment (dashed line

represents front cell edge). c, Transient frequency (per minute) or zero transients

(triangles) in tethered cells (dark bars) and after detachment (pale bars). d, A

microneedle (green line) is used to deform an elastic substratum in the direction

indicated (arrow). The cell is stretched for ,2 s in the same direction (white

vertical bar). e, The microneedle and the cell return to their pre-stretch positions.

Note the position of the cell body with respect to its stretched position (white bar).

f, The calcium transient induced in response to stretching is shown as an

increase in red over the cell body. g, Plot of fluorescence intensity versus time,

showing that a calcium transient is induced about 1 s after stretch initiation. Scale

bar,10 mm.
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gliding mode of locomotion and fibroblastic-shaped cells that
exhibited a slow, discontinuous mode of movement. Calcium
transients were found to occur about three times more frequently
in fibroblastic-shaped keratocytes (mean 1.69 per min, s.e.m. 0.33,
n ¼ 25) than in fan-shaped cells (mean 0.62 per min, s.e.m. 0.22,

n ¼ 12). Most fan-shaped keratocytes did not exhibit any transients
within an observation period of 2–3 min, whereas most fibroblas-
tic-shaped cells displayed three transients a minute, and sometimes
as many as six. No significant difference was found in the duration
or magnitude of the transients displayed by these subgroups of
keratocytes.

Calcium transients were abolished in medium containing low
calcium concentrations, or by the addition of EGTA to the culture
medium, indicating that extracellular calcium is required. Treat-
ment with 50 mM verapamil, a voltage-gated calcium-channel
inhibitor, led to a 38% (n ¼ 8) irreversible reduction in transient
frequency. A larger reduction (57%, n ¼ 12) in transient frequency
was observed following treatment with 10 mM gadolinium (Gd3+),
which is known to block stretch-activated calcium channels, indi-
cating that an influx of extracellular calcium through these channels
is involved. Gadolinium treatment also inhibited detachment of the
rear cell margin, causing cells to become elongated and eventually to
cease movement (data not shown). When cells were placed in a
high-potassium buffer, the frequency of calcium transients was not
increased, as might be expected if voltage-dependent channels were
having a significant effect. Treatment of keratocytes with thapsigargin
(1 mM), to deplete calcium from intracellular stores, completely
inhibited calcium transients, indicating that these arise from a
calcium-induced calcium release within the cell. Furthermore, the
frequency of calcium transients was markedly reduced (83%, n ¼ 8)
by treatment with cytochalasin D (250 ng), consistent with a
requirement for an intact actin cytoskeleton.

To investigate the role of calcium transients in locomotion,
alterations in cell shape were monitored in relation to changes in
[Ca2+]i. In fibroblastic-shaped cells (Fig. 2a), a clear increase in
transient frequency was observed as cells become elongated, before
the rear cell edge was retracted (Fig. 2b). This is particularly striking
for ‘tethered’ cells, whose movement becomes impeded when a
small portion of the cell margin is temporarily unable to detach
from the substratum (Fig. 2a). The frequency of transients in
tethered cells is greatly reduced following retraction (Fig. 2c).
These results, together with the finding that transients could be
inhibited by Gd3+, point to the involvement of stretch-activated
calcium channels.

To test this idea, experiments were performed to determine
whether an externally applied mechanical force could induce
calcium transients, by stretching keratocytes without direct physical
contact. Cells preloaded with calcium indicator were plated onto
elastic substrata and stretched using paired microneedles on either
side of the cell to deform the underlying substratum (Fig. 2d–f). In
most cases (22 out of 27), a transient increase in [Ca2+]i could be
induced immediately after stretching (Fig. 2g). Nine of these
stretched cells responded to a second stretch stimulus, and only
three of these responded to a third stretch, indicating that kerato-
cytes can adapt to repeated stretch stimuli. The increase in fluor-
escence intensity associated with stretch-induced transients was not
significantly different from ones that occur normally.

Direct evidence for the existence of stretch-activated channels in
keratocytes was obtained from single-channel recordings within
membrane-attached patches (n ¼ 7; Fig. 3a) and from whole-cell
patch-clamp experiments (Fig. 3b). During the single-channel
recording, three consecutive stretching stimuli were given to a
small region of the cell membrane by applying negative pressure
to the patch electrode. This was followed immediately by a dramatic
increase in channel activity (Fig. 3a, top three rows). The sponta-
neous channel activity is greater at a pipette voltage of 0 mV
(horizontal bar) than at +50 mV (remainder of recording). This is
consistent with previous observations that stretch-activated chan-
nel opening is more frequent with membrane depolarization16. In
addition, the open probability (Po) increases dramatically during
application of negative pressure (bars 1, 2, 3) and decreases rapidly
after re-establishing normal pressure, indicating that the recordings

Figure 3 Direct evidence for stretch-activated calcium channels. a, Activity of a

single stretch-activated channel plotted (traces) for three recording periods of 4 s

each centredon the application of negative pressure (arrows 1, 2, 3). Activity of the

channels increases markedly each time. The graph (bottom) is a continuous

display of the open probability (Po) for this channel binned into 1 s epochs. Bars 1,

2, 3 and 4 represent the duration of suction. b, Stretch-activated channels in

keratocytes conduct Ca2+ and are blocked by Gd3+. Recordings from stretch-

activated channels in the whole-cell patch-clamp configuration, in control saline

(squares), Ca2+ saline (circles) and following addition of Gd3+ (triangles).

Deflections in these graphs (open arrows) correspond to the activation of

stretch-activated calciumchannels after a brief ‘puff’of pressure and represent an

influx of cations (squares) or calcium (circles). Channel activity in control saline is

completely blocked by 100 mM Gd3+ (triangles). Representative leak-subtracted

channel current–voltage relations (inset) for each condition measured using

voltage ramps during the application of pressure. c, d, Rear retraction induced by

the photorelease of caged ionophore. c, Cell outlines (triangles 1–3) during

retraction (along dashed line). d, A plot of calcium indicator fluorescence (plain

line) and retraction rate (line with symbols; triangles correspond to outlines in c)

shows that retraction is initiated (triangle 1) immediately after photoactivation

(bold arrow) and the resultant increase in [Ca2+]i. Retractionproceeds slowlywhile

[Ca2+]i returns to its resting level and then proceeds rapidly to completion

(triangles 2 and 3).
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are channel responses and not nonspecific behaviour, such as seal
breakdown (Fig. 3a, bottom graph). Stretch activation could be
induced consecutively three times with repeated applications of
suction. Furthermore, this channel undergoes an adaptive response
to the applied force. This was initially manifest by a decline in Po

despite continued suction (response 3), and finally by a markedly
weakened response to a subsequent stimulus (response 4). Such
adaptation of stretch-activated channel responses has previously
been reported17,18, and is consistent with reduced cellular responses
to repeated stretches, as mentioned above. Finally, despite uncer-
tainty of the absolute value of patch membrane potential (cell
interior resting potential was not measured), we estimated the
single-channel conductance from the difference in current ampli-
tudes at pipette voltages of 0 and +50 mV. Calculations for four
membrane patches yielded values of 51, 52, 55 and 56 pS, within the
range of values previously measured for cation-selective stretch-
activated channels19.

Whole-cell patch experiments showed that stretch-activated
channels (Fig. 3b) could be activated in response to the application
of brief ‘puffs’ of pressure through the patch pipette. Measurement
of stretch-activated channel currents in control extracellular saline
were characterized by a current–voltage relation with slight inward
rectification, a reversal potential (Erev) of 5 6 1 mV (n ¼ 7) and a
complete block by 100 mM Gd3+. The activation of stretch-activated
channels was shown to mediate an influx of extracellular calcium.

Thus, when Na+ and K+ in the extracellular saline were replaced with
Ca2+, the stretch-activated channel carried currents of the same
density as the control (control, 67 6 25 pA pF 2 1, n ¼ 7; Ca2+,
61 6 11 pA pF 2 1, n ¼ 5), demonstrating that these channels are
capable of generating a significant intracellular Ca2+ signal. The
reversal potential of these Ca2+ currents was shifted by +25 mV
compared to control currents (Erev, 30 6 6 mV; n ¼ 5), indicating
that the channel is slightly more permeable to Ca2+ than to Na+,
when both are compared to Cs+, which was the main internal cation
in these experiments.

To investigate the role of increased [Ca2+]i in the regulation of
keratocyte movement, photoactivation of caged compounds was
used to induce calcium transients, and the resulting alterations in
cell shape were observed (Fig. 3c, d). Induction of a calcium
transient could be achieved after the photorelease of either the
caged ionophore A23187, which triggers an influx of extracellular
calcium, or inositol 1,4,5-triphosphate, which induces Ca2+ release
from intracellular stores. In both cases, induction of a calcium
transient was usually followed by retraction of the rear cell margin
(Fig. 3c). Retraction of the cell margin occurred preferentially at the
rear of the cell, even though the relative magnitude of the [Ca2+]i

increase is the same throughout the cell. Retractions were not
observed in control experiments in which cells were exposed to
ultraviolet in the absence of caged compound.

Our experimental data, together with observations of tethered
keratocytes on wrinkling silicone substrata (Fig. 4a–c), suggest the
following scheme for the mechanochemical regulation of cell move-
ment. When the rate of retraction becomes much slower than the
rate of lamellar extension, the cell will become elongated and
tension will increase between each end of the cell (Fig. 3a, b, d),
inhibiting lamellar extension20 and reducing overall cell speed.
When cytoskeletal tension exceeds a critical threshold, stretch-
activated calcium channels are activated, triggering an influx of
extracellular calcium and a subsequent release of calcium from
intracellular stores, which is typical of other mechanochemical
signal-transduction systems21–23. The transient increase in [Ca2+]i

can then activate various detachment mechanisms that lead to
retraction of the cell rear. Possible calcium-dependent detachment
mechanisms include: an increased actomyosin-based contractile
force3,24 to pull up the rear cell edge; the disassembly of cell–
substratum adhesions by calcium-dependent phosphatases25; and
proteases26,27 acting independently or in combination with increased
cytoskeletal tension9,28. Cytoskeletal tension is decreased after
retraction (Fig. 4c, d), removing inhibition of lamellar extension
so cell movement can resume.

The activation of stretch-activated calcium channels might
account for the spatial28 and temporal29 changes in [Ca2+]i observed
in other moving cell types. Thus the function of stretch-activated
calcium channels could represent a general mechanism by which cell
movement is regulated. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Cell culture. Keratocytes from molly fish (Poecillia sphenops) or goldfish
(Carassius auratus) were cultured on coverslips as described14. In stretching
experiments, cells were dissociated and replated on elastic substrata as
described13.
Bead loading. Dextran-conjugated (relative molecular mass, 10,000) calcium
indicator Calcium Green I or a calcium-insensitive rhodamine dextran was
incorporated into keratocytes as described30.
Calibration of the calcium indicator. The calcium indicator was calibrated
using the Calcium Calibration kit (#1) from Molecular Probes. The variability
of calcium indicator concentration was assessed by loading Calcium Green I
dextran with a calcium-insensitive rhodamine-labelled dextran of comparable
molecular size (Mr = 10,000). The ratio of Calcium Green I to rhodamine
fluorescence was similar in the 20 cells measured, independent of the amount of
indicator loaded into the cell, indicating that the resting level of [Ca2+]i is
similar in different cells. To estimate the range of [Ca2+]i increases, calcium

Figure 4 A scheme for the mechano-chemical regulation of movement. a–c,

Phase-contrast images taken at 5-s intervals of a keratocyte on an elastic

substratum. a, The front edge (dark dotted line) is extending (black arrow) but the

rear (asterisk) is stuck. b, Increasing tension compresses the substratum

between the regions indicated between opposing arrowheads, causing a new

wrinkle to form (white arrow) and the pre-existing wrinkles (white dashed lines in

a) to become more prominent. c, When retraction occurs (from the asterisk),

tension is released so that two wrinkles disappear (white arrows) and the

remaining wrinkle (white, dashed line) becomes less prominent. The cell now

becomes fan shaped (dark dotted line). Scale bar,10 mm. d, A tethered cell outline

(grey) showing the cytoskeleton (green spiral) mechanically coupled to stretch-

activated calcium channels (blue). During extension (dotted line), the cell is

stretched and tension increases (graph). When a critical threshold is reached

(dotted line), the calcium channels are activated, causing an influxof extracellular

calcium (red) and a transient increase in [Ca2+]i, which induces rear retraction.
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calibration experiments were performed in about 10 individual cells that had
been coloaded with both rhodamine and Calcium Green I, following the
observation of 1–2 transients.
Calcium imaging. Cell preparation and calcium imaging were performed as
described30. Cells attached to coverslips were placed in the well of a metal slide
chamber filled with ,0.5 ml of either PBS (with calcium and magnesium) or
Fish Ringer solution (containing (in mM): 112 NaCl, 2 KCl, 2.4 NaHCO3,
1 CaCl2, 0.5 MgCl2, 1 TrisCl, pH 7.3. Images were acquired and processed using
an intensified CCD camera (MTI 72CCD) in manual mode, and Image 1
software, respectively. Relative changes in fluorescence intensity of the calcium
indicator were measured over the nuclear region because the signal-to-noise
ratio is higher in this area than in lamellar regions. Camera settings, contrast
and brightness settings of Image 1 were the same as for the calibration
experiments. Fluorescence images were pseudocoloured for easier observation
of calcium transients.
Photoactivation. Photolysis of caged compounds was performed as
described30. Caged calcium ionophore was used at a final concentration of
,10 mM. Caged inositol 1,4,5-trisphosphate was from Calbiochem-Novabio-
chem (La Jolla), and the caged calcium ionophore A23187 was synthesized by
Molecular Probes.
Cell stretching. Elastic substrata were made as described13 using the silicone
elastomer Sylgard 184 (Dow Corning). Cells previously loaded with calcium
indicator were replated onto the elastic substratum. Using a pair of Narashige
micromanipulators, glass microneedles were lowered down either side of a cell
until they just touched the substratum. With one microneedle held stationary,
the other was used to pull the substratum in the opposite direction for 1–2 s.
Deformation of cell shape in the direction of the microneedle movement
confirmed that the cell had been stretched.
Patch clamping. Cells attached to 12-mm2 glass coverslips were placed in a
glass-bottomed superfusion chamber containing a solution containing (in
mM) 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (pH 7.4)
situated on the stage of an inverted microscope (Nikon Diaphot). Cells were
viewed at a magnification of ×400 using Hoffman modulation contrast optics.
Patch pipettes were filled with a standard solution containing (in mM) 150 KCl,
2 MgCl2, 10 HEPES. Cell-attached membrane patches were isolated by forming
gigaohm seals (.20 GQ) using fire-polished glass (Drummond N51A) pipettes
with tip openings of ,1 mm diameter and electrical resistance of 2–4 MQ.
Currents were measured with an Axopatch 1C amplifier and continuously
logged onto a computer hard disk using Axotape software and a Digidata 1200
interface. Single stretch-activated channels were identified by their activation
upon application of negative pressure to the patch pipette and subsequent
deactivation upon return to atmospheric pressure. Patch recordings usually
lasted less than 2 min because of the rapid movement of keratocytes. In the
whole-cell patch-clamp configuration, stretch-activated channels were acti-
vated by brief puffs of pressure (1–2 s) applied by mouth through the patch
pipette, and channel current was monitored by applying a 200-ms voltage ramp
from −110 to +10 mV every 500 ms. Currents were recorded with an EPS-9
amplifier (HEKA), digitized and filtered at 5 kHz (4-pole Bessel) and analysed
using Pulsefit and Microsoft Excel. Stretch-activated channel current–voltage
relations were obtained by subtracting current measured at each potential in
the absence of pipette pressure from that recorded with pressure. Patch pipettes
with tip diameters of 3–4 mm (2 MQ) were pulled from Fisher 50-ml capillary
glass, fire polished and filled with an internal saline containing (in mM) 140
aspartate, 10 EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES (pH 7.3 with CsOH). Control

external saline contained 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES (pH 7.4
with NaOH). Calcium saline contained 127 CaCl2, 1 MgCl2 10 HEPES (pH 7.4
with TrisOH). Gd3+ (100 mM) was applied to the bath from a 6X stock in
control saline.
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