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Summary

The coordination of protrusion with retraction is essential
for continuous cell movement. In fish keratocytes the
activation of stretch-activated calcium channels, and the
resulting increase in intracellular calcium, trigger release
of the rear cell margin when forward movement is
impeded. Although it is likely that retraction involves a
calcium-dependent increase in cytoskeletal contractility, it
is not known how the timing, magnitude and localization
of contractile forces are organized during retraction. We
have addressed this question using a new gelatin traction
force assay in combination with calcium imaging to
determine what changes in cytoskeletal force production

sequence of changes in the spatial distribution of large
traction stresses. Regions of increased traction stress
enlarge at the lateral cell margins and expand forward
along the cell margin. In particular, rearward facing
propulsive’ tractions at the leading edge of the cell, which
are normally very low, increase several fold. Following
retraction, a precipitous drop in traction stress is observed.
Such distinct variations in traction stress are not observed
in cells when calcium transients are absent. These results
suggest a mechanism by which global increases in
intracellular calcium can locally regulate contractile force
production, in order to maintain a rapid highly directed

accompany calcium-induced retraction. We find that mode of movement.

individual calcium transients are followed within seconds

by a rapid increase in traction stress that is maintained, or

increases in a stepwise manner, until retraction occurs. Key words: Calcium transients, Traction force, Keratocyte,

Increases in traction stress are accompanied by a distinct Movement

Introduction provided much insight into how cytoskeletal contractile forces

Cell movement is dependent on the spatial and temporare utilized in movement (Wang and Pelham, 1998; Galbraith
organization of cytoskeletal function such that new adhesior@nd Sheetz, 1997a; Burton et al., 1999; Doyle and Lee, 2002;
and protrusion occur at the front of the cell while detachment ofan et al., 2003). These generally consist of a flexible surface
adhesions and retraction occur at the rear (Mitchison ari@at can be deformed in response to the contractile forces that a
Cramer, 1996; Pollard and Borisy, 2003). Although much hagioving cell exerts on them. The deformations are then used to
been learnt about the molecular mechanisms involved in each@@w more or less precise inferences about the magnitude,
these processes, little is known about how they are coordinatéifection and location of the traction forces that moving cells
with each other. However, a growing number of studies indicatexert upon their substrata. In general, the magnitude and spatial
that cytoskeletal force generation is involved in coordinatinglistribution of traction forces is related to cell shape and mode
different cytoskeletal functions (Lauffenburger and Horwitz,of movement (Galbraith and Sheetz, 1997b; Oliver et al., 1999).
1996). For example, increased cytoskeletal tension promot&®r example, normal 3T3 fibroblasts are relatively large cells
retraction but inhibits protrusion (Kolega, 1986). Conversely(area ~200um?) that move at a speed of ~Q&/minute. The
decreased contractility favors protrusion (Lee et al., 1994; Oliveraction pattern during fibroblast movement is characterized by
et al., 1999). In addition, integrin containing adhesions can blarge rearward directed (propulsive) tractions concentrated in a
strengthened by increases in cytoskeletal force productiamarrow band behind the leading edge and forward directed
(Chrzanowska-Wodnicka and Burridge, 1996; Choquet et al(frictional) tractions concentrated at the trailing edge where
1997; Riveline et al., 2001) but are weakened when this idetachment occurs (Dembo and Wang, 1999). The area-average
reduced (Oliver et al., 1999). Thus the magnitude, timing andf the traction magnitude in 3T3 fibroblasts is ~20 kdynes/cm
location of contractile force generation must be tightly regulateddy contrast, fish keratocytes have about 20% of the area of
so that alternate cycles of protrusion and retraction can occtibroblasts and can move very rapidly (=30 microns/minute)
However, it is not known how the temporal and spatiawhile maintaining a characteristic ‘fan’ shape. The area average
organization of contractility is regulated. of the traction magnitude in keratocytes (-2 kdyned/ds

The development of a variety of traction force assays hasignificantly smaller than the value in fibroblasts, but more
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importantly the qualitative pattern of traction forces is quitemay be important for maintaining a rapid, highly directed
different. In particular, the largest traction forces (the so-callechode of movement.

‘pinching’ tractions) are located at the lateral cell edges (or

‘wings’) and oriented perpendicular to the direction of cell

motion. It has been suggested that this organization of tractiopaterials and Methods

forces permits a rapid rate of protrusion at the leading cell edggeparation and calibration of the gelatin substrata

while Slmultangously promotlng'retractl'o'n atthe rear (Lee etal elatin substrata were prepared as described previously (Doyle et al.,
1994). Interestlngly,_ under certain Condltlons the trailing edge 002). Briefly, stock gels were made with 2.5 or 3.0% gelatin
a keratocyte can fail to detach, in which case the cell gets stugifabisco, Parsippany, NJ) dissolved in pre-warmed (~40°€) @l

and forward motion drops dramatically. When this happens, th@g2+ free Fish Ringer's solution. Stock gels were liquefied at 40°C
cell develops a shape and traction pattern that resemblesd 400ul was transferred into a Rapport chamber. The gelatin was
fibroblasts (Oliver et al., 1999). This emphasizes the importanadlowed to solidify at 4°C prior to addition of a solution containing
of orchestrated changes in the magnitude and distribution &fther Flash Red (Bangs Laboratories, Fishers, USA) or blue

traction forces in response to the environmental cues and raigd@rescent microspheres (Quéh, 1:100 in distilled water, Molecular
the question how this is achieved by moving cells. Probes), which was aspirated off immediately. The remaining bead

. ; . . solution was allowed to dry on to the gelatin substratum for one hour
Intracellular calcium has long been implicated in theat 4°C under airflow. Gelatin substrata were briefly (5-15 seconds)

regulation of myosin Il-dependent cytoskeletal contractility, .. med on a hot plate to liquefy the lower layer of gelatin. After
(Citi and Kendrick-Jones, 1987; Rees et al., 1989; Kamm an@moval from the hot plate, ~33@ of the gelatin solution was
Stull, 2000; Chew et al., 2001). In addition the movement ofarefully removed from the bottom of the chamber using a small
highly motile cell types has been shown to be dependent giipette tip, being careful not to disturb the surface. Gels were then
transient increases in intracellular calcium (Marks andapidly cooled for 30 seconds by placing cell chambers on a level
Maxfield, 1990; Nebl and Fisher, 1997) or a sustained increaseetal sheet, pre-cooled to —20°C. This produced a thin layer of gelatin
in [Ca&*]; at the rear (Brundage et al., 1991; Gilbert et al.(~40 um in thickness) whose top surface was embedded with a

1994). Increased intracellular calcium facilitates retraction offonolayer of fluorescent beads. ,
the rear cell margin by inducing the disassembly of cell- Calibrations of the substrata were performed by placing a steel ball

substratum adhesions (Hendey et al., 1992; HuttenlochergﬁamGter 0.3-0.4 mm, density 14.95 gforHoover Precision, East

o . . amby, CT, USA) on the substratum and measuring the resulting
al., 1997; Giannone et al., 2002), increasing cytoskelet urface indentation (Lo et al., 2000). Since gelatin is very hydrophilic

contractility (Walker et al., 1998; Eddy et al., 2000; Zeng ethe combination of polymer and water is almost incompressible and

al., 2000) or possibly a combination of both (Crowley andne poisson’s ratiosj is taken to be 0.5. The Young’s Modulus (E) is

Horwitz, 1995; Palecek et al., 1998). The activation of calciungiven by E=3(1v2)f/(4d¥%1/2), where r is the bead radiysjs the

sensitive actin binding proteins such as gelsolin, has also betce of gravity acting on the steel ball, adds the depth of the

implicated in retraction (Hartwig and Yin, 1988). resulting indentation (Radmacher et al., 1992). For the substrates used
Increases in intracellular calcium normally occur in respons# this study, E was approximately 2 kPa with a range of +10%.

to environmental signals such as chemoattractants (CheeR/Pstrates were also found to be spatially homogeneous, with

1989). However, in keratocytes calcium transients are triggeré%?%st%rﬁggmstﬁ; fnigﬂ'ﬁﬁ{fﬁ;&xgogJmté?nﬁefgﬁvgﬂg a?/(s)tuetr;giof

by tf,le .actlvatlon of §tretch-act|yated calcium chgnnel the gelatin substrata. Thus beads that were displaced by

(SAC’s), in response to Increases in C'ytO'SkeIetaI tension th icroneedle manipulation returned to their original positions within

occur when_cell movement is temporarily !mpeded (Lee et aliess than a second after the needle was removed.

1999). Calcium transients involve global increases irf{ca

that range from ~219-683 nM, from a baseline value of ~138 _ S

nM, as determined from ratiometric measurements (Lee étreparation of cells for calcium imaging

al., 1999). Shortly after a SAC-mediated calcium transientfish epithelial keratocytes were cultured from Molly fRbecillia

retraction occurs allowing cell movement to continue.Thusphenopsscales as described previously (Lee et al, 1993).

rapid mode of movement. 1-dextran (3 kDa, Molecular Probes, Eugene, OR) and the calcium

- . -jnsensitive dye Texas Red-dextran (3 kDa) using the Influx pinocytic
The findings described above have led us to hypothesi %ell-loading reagent (Molecular Probes), which was modified for use

that _calcium may regulate the timing and polss.ibly th%\/ith keratocytes, before being replated onto gelatin substrata (Fig. 1)
location of contractile force generation. To test this idea, Wepoyie et al., 2002).

have measured the spatio-temporal changes in traction stress,

that accompany calcium transients in moving keratocytes. To

do this we have used a new gelatin based traction force ass@gicium imaging

in combination with high resolution calcium imaging (Doyle Except where noted, calcium imaging was performed as described
and Lee, 2002). We have found that single calcium transienpseviously (Ishihara et al., 1997). Prior to imaging, culture medium

can upregulate traction stress, until retraction occurs, whic§{as replaced with L-15 medium supplemented with ~2% serum,

then leads to a precipitous drop in traction stress. Durin}jithout antibiotics or antifungal agents, to reduce background

increases in traction stress, an enlargement of regio orescence. Calcium imaging was performed on an inverted

. . ; . icroscope (Eclipse TE 300; Nikon, Melville, NY) using a Plan APO
producing the highest traction stress occurs that begins at t 80X, 1.4 NA oil emersion objective (Nikon). Fluorescence excitation

lateral ceII.edges and spreads forward along_the cell margips achieved using a Ludl high-speed dual filter wheel (Ludl
to the leading edge. Based on these observations, we prop@§&:tronic products, Hawthorne, NY) equipped with HQ500/20 and
a model to explain how global increases in{Qialead to  D560/40 excitation filters as well as 10% and/or 32% neutral density
local changes in contractile force generation and why thisiiters (Chroma Technology, Brattleboro, VT) for visualization of
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Calcium Green-1-dextran and the marker beads. Emission speci@so called correlation boxes) are 11 pixels on a side, and the motion
were obtained with a DAPI/FITC/Texas Red triple band pass filter sés determined for sub-regions centered at 1024 locations in a square
(Chroma Technology). Cells were exposed for 0.3 and 0.16 secondsid covering the entire optical field. Typically the maximum

to the HQ500/20 and D560/40 excitation spectra, respectively. Imagesagnitude of substrate displacement by a keratocyte is ahjomt 4
were acquired using a back-illuminated, back thinned, frame transfevith average displacement of the substrate being about 10-fold
CCD camera (Quantix 57, Roper Scientific, Tucson, AZ). Isegmaller. The individual measurements of displacement by this method
Analytical Imaging Software (Isee Imaging Systems, Raleigh, NChre generally accurate to about +0.2 of a pixel (zQudj.

running on a Unix computer platform (SGR,CSilicon Graphics,

Mountain View, CA) controlled both the camera and filter wheel.

Images of Calcium Green-1 loaded keratocytes and marker bea@eneration of traction maps

were collected approximately every 1.8 seconds, for several minutegsing the traced cell outline as a guide, a custom algorithm is then
and stored on the computer hard drive (Fig. 1A,B). Triple imaging ofised to generate a mesh of approximately 200 quadrilateral elements
some cells was performed on a Zeiss Axiovert 200M invertedessellating the interior of the cell. The most likely traction vector at
microscope (Carl Zeiss Microlmaging, Thornwood, NY) using a Zeis®ach node of this mesh is then estimated by fitting the displacement
100X, 1.4 N.A. emersion oil objective and which was equipped withjata using the formulas of Boussinesque, that relate substrate
a DG-4 filter-changer (Sutter Instruments, Novato, CA). Galvometegisplacement to delta function forces acting at the substrate surface.
settings on the DG-4 were adjusted to optimize the excitation of eacfjnce a cell cannot apply a net force or torque on the substrate the

fluorophore. Cells were exposed for 0.3, 0.15, and 0.1 seconds to ti@ing routine also includes elements that enforce these necessary
FITC, Texas Red, and Cy-5/DAPI excitation spectra respectivelyyonstraints (Dembo and Wang, 1998).

every ~1.8 seconds. A DAPI/FITC/Texas Red/Cy-5 quad band pass

filter set (Chroma Technology) was used for emission spectra. The

filter changer and an Orca Il CCD camera (Hamamatsu, BridgewatemesmtS

NJ) were controlled by Openlab software (Improvision) running on ) .

an Apple Macintosh G4 computer. To detect changes iA[Cthe ~ General character of the keratocyte traction field on

average fluorescence intensity was measured over the cell body reg@@latin substrata

in sequential images. The background fluorescence was théefhe shape and movement of keratocytes on gelatin substrata is

subtracted from these measurements to correct for any variations dfinjlar to what has been observed previously on cross-linked

intensity of the light source (100W mercury arc lamp). silicone or glass surfaces (Lee et al., 1994: Oliver et al., 1999).
Fig. 2A shows the outline of a moving fish keratocyte, traced

Measurement of substrate displacement from an image of the cell loaded with a CaICium-insenSitive,

For each period of observation a series of images is obtained of beat@%as Red-conjugated dextran. Arrows represent the associated

in their displaced (or disturbed) positions (Fig. 1B) and one referendeattern of bead displacements in the surrounding gelatin. The

image of beads in their undisplaced positions, after the cell has movédad of each arrow corresponds to the position of a material

away. Superimposition of the disturbed bead image onto a referengarticle of the substrate when the cell is present and the base

bead image (Fig. 1C) shows the size and direction of beagprresponds to the location of this same particle after the cell

displacements. Displacement of the substratum is calculated l‘ﬁ/ s moved far away. The observed pattern of substratum

comparing the positions of marker beads between the disturbed a placements is similar to what was seen previously using

reference image, using a correlation-based optical flow algorith . - .
(Marganski etg al. 20%3). This program detzrmines SLIbgtratw{:lross—llnked silicone substrata. The largest bead displacements

deformation by finding the best match in the pattern of fluorescer’® found facing inward with respect to the lateral cell margins
intensity between a small square sub-region of the reference imag¥)d smaller inward facing bead displacements are seen at the
and a similar region in the disturbed image. Generally, the sub-regiofitont lateral cell edges. However, in contrast to previous studies

Calcium Green-1

Fig. 1.Dual calcium and traction force imaging in a keratocyte moving on a gelatin substratum. (A) Fluorescence image of a fysh keratoc
(white outline) loaded with the calcium indicator, Calcium Green-1-dextran moving in the direction indicated (open artovag€BRyf
fluorescent beads (0.19-0.@th diameter) in their displaced positions within a 3.0% gelatin substratum, upon which the keratocyte in A is
moving. (C) Image of fluorescent beads in their undisplaced positions (red) superimposed on panel B (blue beads) antliriearcetioel

A. Comparison of red and blue bead images represents the size and direction of bead displacements caused by thereet! o $itiaor
Beads that do not undergo displacement appear white. The largest bead displacements occur perpendicular to the laer@hc aoen
arrows) while smaller displacements can be seen within the leading lamella in the direction indicated (small open arrows).
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Fig. 2. Generation of traction vector maps using the gelatin traction force assay. (A) A vector map of the experimental bead wlisplaceme
generated by the optical flow algorithm (Marganski and Dembo, 2003) with an outline of the cell edge and cell body supeporpibséte
direction and size of the vectors indicate the direction and magnitude of bead displacements occurring in the plandrafttine, giEverated
by a moving keratocyte. (B) A vector map of traction stress computed from the bead displacements in panel A. Arrowsdrsieagath
direction of traction stresses. (C) A contour map showing areas of similar traction magnitude. Regions of low and highresstioa
represented by cool (blue-light green) and warm (yellow-purple) colors, respectively.

we observe small rearward directed bead displacements at th@99). This is somewhat surprising in light of the very different
leading edge and beneath the remainder of the lamella. Osize and behavior of these two cell types. However, this may
reason we are able to detect these forces is because the spaigalrelated to the fact that keratocytes attach and spread on
resolution of gelatin substrata is about an order of magnitudgelatin surfaces more readily than on cross-linked silicone
greater than for silicone substrata. This is due to the fact théi.L., unpublished). Another difference between these traction
substrate deformations can be automatically determined, withaps and those obtained from silicone substrata, is the
sub-pixel accuracy, at thousands of locations in and around tipeesence of small inward facing ‘propulsive’ tractions beneath
cell periphery, using the optical flow algorithm (Marganski etfront portions of the lamella (Fig. 2B). In addition small
al., 2003). In addition, the ‘stress contrast’ of the gelatirfrictional’ tractions are seen along the back cell edge, while
traction force assay is higher than for silicone substrata. Thibe smallest traction forces are seen beneath the cell body.
means that large traction stresses will not ‘overshadow’ smaller
ones, even if they are close together. Thus the low stress . ) ) )
contrast of silicone substrata makes the detection of tractidaalcium transients lead to an increase in traction force
stresses at the leading edge unlikely because the large latépgpduction
traction forces will obscure detection of smaller onesTo determine whether calcium transients lead to increases in
elsewhere. cytoskeletal contractility, we performed dual calcium and
The calculated traction field based on the cell outline and theaction force imaging of keratocytes moving on gelatin
measured displacements, observed in Fig. 2A are shown in Fgubstrata. As reported previously, the frequency at which
2B,C. In Fig. 2B the tractions are represented by arrows thatlcium transients are observed during any given period of
show direction and magnitude of the traction stress acting abservation can vary from zero to more than six (Lee et al.,
each vertex of a pre-specified mesh that fills the cell boundar§999). Here we examined 11 cells that displayed one or more
Sites where the traction vector is statistically significant arelistinct transients, giving a total of 23 calcium transients (Table
indicated by a small dot. In Fig. 2C we represent the same field.
using a color contour plot to show regions of similar traction To quantify the increases in traction force following a single
magnitude. The main features of these images are the regioracium transient, a series of traction maps were made for each
of intense transverse or ‘pinching’ tractions at the lateral cetime point (Fig. 3) and compared with double plots of calcium
edges. The maximum traction force generated by this cell isdicator fluorescence and 90th percentile (which we define as
about 40 kdynes/ctnand the average traction magnitude is ~6being high) traction stress (Fig. 3E). In 21 out of 23 cases
kdynes/cmd which is about five times higher than the valuescalcium transients were followed by an increase in traction
obtained in previous studies of keratocytes moving on silicondorce. In this example, an increase in the 90th percentile
However, this value is very similar to the traction magnitudesraction stress is seen almost immediately after the rise in
previously detected in 3T3 fibroblasts (Dembo and Wangzalcium and continues to increase, reaching a maximum of ~11
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Table 1. Changes in traction stress associated with single calcium transients

Pre-transient t.s. Max t.s. Post-transient t.s. % increase % change % change
Cell no. Transient no. (dynes/ém (dynes/crd) (dynes/cr) (all transients) (no retraction) (retraction)
1 1 3130 4860 2270 55 27
2 2410 2100 1550 *-23 *-36
3 969 918 367 *-5 *—64
4 542 1590 1150 193 112
2 1 5800 10,400 8720 79 50
2 8720 12,700 12,400 46 42
3 12,400 14,000 13,800 13 11
4 13,800 15,200 10,000 10 -28
3 1 15,200 27,700 14,000 82 -8
2 15,900 26,100 23,200 64 46
1 20,000 27,100 16200 36 -19
1 5051 5310 2710 5 -46
2 2000 5910 5730 196 187
3 5940 7470 7080 26 19
4 6760 8730 8730 29 29
6 1 6540 11000 8280 68 27
7 1 12,000 13,800 11,800 15 -2
8 1 41,400 45,900 36,400 11 -12
9 1 8280 9080 6030 10 =27
10 1 11,500 14,200 12,400 23 8
2 12,400 16,500 14,800 33 19
3 14,800 16,300 14,200 10 —4
11 1 21,400 29,800 24,900 39 16
Average 50 42 —24
s.e. 12 12 9
Minimum 5 -4 -46
Maximum 200 187 50
Count 21 12 9

*Transients that did not lead to increased traction stress and were excluded from calculations. Traction stress (t.s.).

kdyne/cn? (~80% increase above baseline) about 30 secondgaction stress remains elevated even wher*|Ceeturns to
after the peak in calcium indicator fluorescence. Théaseline (Fig. 4C). Furthermore, in the absence of retraction,
corresponding traction maps show an increase in the area @fbsequent transients each lead to a step-wise increase in
high traction stress (yellow to magenta) which begins at thiraction stress, until retraction is triggered (Fig. 4C). Thus
lateral cell edges, and extends along the cell margin towardasultiple transients can have an additive effect on the increase
the front of the cell (Fig. 3A-C). Traction stress in these regionms traction stress.
increases about tenfold, whereas only a 2-3-fold increase isOur finding that virtually all calcium transients lead to an
seen within inner regions of the lamella. A band of increaseihcrease in traction stress, indicates that2{{;aacts to
traction stress also develops just in front of the cell body (Figupregulate traction stress production. On average each transient
3B). Interestingly, this corresponds to the location where a higleads to a 50% increase in traction stress, which ranges from
density of myosin Il aggregates has previously been found i5-200% (Table 1). Conversely, since all retractions lead to rapid
fish keratocytes (Svitkina et al., 1997). Approximately 35decreases in traction stress, they provide negative regulation of
seconds after the initial increase in Jaan abrupt retraction traction stress. Calcium transients that induce a retraction can
of the left lateral cell edge occurs (Fig. 3D,F), which isresult in an average decrease of ~12% below pre-transient,
accompanied by a rapid drop in 90th percentile traction stresahereas there is no significant decrease in traction stress
to ~8 kdyne/cri(~16% decrease from the peak value). Duringfollowing transients that do not induce retraction (Fig. 4F).
periods of increasing traction stress relatively little cell
movement occurs (Fig. 3F, outlines B,C). However, following
retraction cell speed increases together with a shortening of tA&@e kinetic relationship between calcium transients and
cell's long axis (Fig. 3F, compare outline C with D). This is/ncreases in traction stress
consistent with the previous suggestion that retraction at thea many systems the cellular response is encoded in one or
rear releases cytoskeletal tension and allows cell movementitiaore features of the calcium signal, such as frequency,
resume (Lee et al., 1999). amplitude or duration (Berridge et al., 1997; Dolmetsch et al.,
Although most calcium transients (21/23) are followed byl1997). Previously, we have observed that the frequency of
an increase in traction stress production (Table 1), this is notlcium transients was higher in slow moving keratocytes
always sufficient to induce retraction. When this occursompared with rapidly moving ones (Lee et al., 1999). Since
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these calcium transients form part of a mechano-chemical Another measure of the degree of coupling between the rise
signaling mechanism, it is possible that some of theiin [C&*]i and the increase in traction stress is to compare the
characteristics will influence traction force production. lag times between the initiation of a calcium transient and the
To determine how transient elevations in{Qeare coupled onset of a rise in traction stress (Table 2). Although this is
to increased in traction force production, the magnitude andariable, an increase in traction stress is seen on average, 9
duration of both the increases in calcium indicator fluorescenceconds following a calcium transient. However, most
and traction stress were compared (Fig. 4). To aid comparisomcreases (18/21) in traction stress are seen within 20 seconds
examples calcium transients and subsequent changes in tractfolowing the initial rise in [C&";. In some extreme cases
stress (Fig. 4A-C) are plotted on a relative scale. The magnitugg/21), increases in traction stress can precede the initial rise
and duration of both the calcium transients and increases in [C&']i by 5-15 seconds, or occur up to 40 seconds (1/21)
traction stress are variable (Table 2). However, there is a stroafterwards. Since there can be some error in determining
correlation between the duration of the calcium transient anthe start of a calcium transient, or rise in traction stress, the
both the magnitude (r=0.83) and duration (r=0.89) of thdime interval between the peak values of calcium indicator
increase in traction stress. There is also a high degree fifiorescence and traction stress was measured (Table 2). This
correlation between the magnitude of the calcium transient arwlas also variable, with an average peak to peak time interval
the magnitude of the traction stress increase (r=0.76) but thisa$ 23 seconds. However, the majority (17/21) of peak to peak
more weakly correlated with the duration of traction stresintervals were less than 30 seconds. The delay times between
(r=0.65). Therefore, the form of the calcium transient has a calcium transient and increased traction stress are consistent
strong influence on the kinetics of traction stress increase. with the activation of downstream effectors of cytoskeletal



Calcium transients increase cell tractions 2209

>

250% [ e e e

200% [~ l ﬂ l -
150% [

Fig. 4. The kinetic relationship between calcium
transients and increases in traction stress in cells
displaying calcium transients versus those that do
not. Panels A-D are relative plots of Calcium
Green-1 fluorescence and 90th percentile traction
stress, where the first data point is set to 100%
and retractions are indicated by R. Panel Ais a
: relative plot of CG-1 fluorescence and traction
I stress from the transient shown in Fig. 3.
100% %ﬁé Measurements of the increase in CG-1
[ A ——— d(Ca)— fluorescence, m(Ca), and magnitude of traction
..A..... 3 . . . . . 1 stress, m(ts) are indicated by vertical lines. The
50% e duration of the calcium transient d(ts) and
0 10 20 30 40 50 60 70 80 O 20 40 60 80 100 120 duration of increased traction stress, d(Ca) are
Time (sec) indicated by horizontal lines. The initiation of a
calcium transient and onset of increasing traction
2509 e D e e stress are indicated by closed and open
I ] [ ] arrowheads, respectively. The peak in CG-1
fluorescence and maximum traction stress are
B ] also indicated, respectively, by the closed and
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fluorescence and traction stress from the transient
shown in Fig. 5. Panel C shows an example of
three calcium transients, each of which lead to a
[ ] discrete increase in traction stress, such that a
I ] ‘stepping-up’ in traction stress occurs. Panel D
W shows a representative example of six cells in
[ ] which no transients occur and subsequently no
changes in traction stress are seen. Panel E shows
A T T T a histogram of the average temporal fluctuation in
traction stress in cells displaying transients
(n=17) and in control cells that do not display
transientsr{=6). Temporal fluctuation of either
F CG-1 fluorescence or traction stress was obtained
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statistically significant difference®<€0.05).

Standard Deviation
Relative change in
traction stress

contractility, such as the activation of myosin light chain kinasg@ossible that some small changes in traction stress may be
by calcium-calmodulin (Siek et al., 2001). In addition theseoccurring. To investigate, this we performed experiments in
delay times are similar to the ~20 second interval observetklls that did not display calcium transients for extended
in neutrophils between a calcium spike and retractiomperiods (40-60 seconds). Furthermore, we chose not to use
(Mandeville et al., 1995). calcium chelators or stretch activated ion channel blockers to
inhibit transients, as these are likely to inhibit adhesion
disassembly, which in turn may influence traction stress and
Temporal fluctuations in traction stress are dependent cell motility. In all six cells examined negligible changes in
on calcium transients traction stress occurred (Fig. 4D). To compare temporal
Some keratocytes can move rapidly for 1-2 minutes withoufluctuations in traction stress between cells exhibiting calcium
displaying calcium transients. It has been suggested this fisansients and those that do not (referred to here as control
because retraction is unimpeded and so cytoskeletal tensioalls), the standard deviation of these fluctuations was
does not rise sufficiently to activate SACs. Nevertheless, it inormalized with respect to the average 90th percentile traction
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Table 2. The kinetic relationship between calcium regions of highest traction stress are defined as those whose
transients and increases in traction stress magnitude is equal or greater than the average 90th percentile
B(Ca) - B(ts) P(Ca) - P(ts) (Fig. SA-F, yeIIo_W to purple regions)_, for all tractio_n maps in
Cell no. Transient no. (seconds) (seconds) the series. Regions of highest traction stress begin to enlarge
1 1 3.60 720 at the lateral cell edges and then expand along the cell margin,
4 23.40 54.00 toward the front of the cell (Fig. 5A-F, Fig. 3A-C). As a result,
2 1 543 30.05 traction stress at the leading edge increases approximately
2 12.62 19.83 sevenfold. In some cases, regions of highest traction stress
2 21.03 25.24 extend completely along the cell margin to include the front
4 5.41 10.82 cell edge. Surprisingly, the magnitude of these traction stresses
3 1 ~16.20 72.00 can equal that produced at the lateral rear margins, which may
2 16.20 54.00 represent an approximately 30-fold increase in traction stress.
1 0.00 9.00 When retraction occurs, the 90th percentile traction stress
1 9.00 720 drops and regic_ms of hig_hest traction stress reced_e to the lateral
> 1.80 43.20 rear edges (Fig. 5F, Fig. 3D). Thus these regions undergo
3 28.80 18.00 cycles of enlargement and shrinkage, along the cell margin,
4 12.60 21.60 during each calcium transient. This has been observed for all
6 1 415 6.86 (21 out of 24) transients that lead to increases in traction stress.
. 1 205 417 The consequence of these spatial changes in regions of highest
' ' traction stress is apparent when the change in area of these
8 1 8.41 17.58 regions is ‘sampled’ within square regions, at set positions
9 1 0.00 0.03 along the cell margin (Fig. 5F). It can be seen that regions of
10 2 20.25 27.65 high traction stress at the lateral rear edges persist throughout
3 14.58 19.30 the period of observation, and enlarge at about the same rate
1 1 6.29 14.85 as the rise in 90th percentile traction stress (Fig. 5G,H).
2 _956 2237 However, regions of highest traction stress at the front lateral
Average 9.04 23.09 edges c_";md the Iea(_j!ng edge exis_t for ~27 an(_j ~17 seconds,
se. 574 4.07 respectively. In addition, these regions are relatively small and
Minimum ~16.20 0.03 develop shortly before the peak in 90th percentile traction
Maximum 40.25 72.00 stress. We suggest that variations in the duration of highest
Count 21.00 21.00 traction stress, at different locations along the cell margin, have

Beginning of calcium transient, B(Ca); beginning of increase in traction important implications for how they are utilized for cell

stress, B(ts); peak of calcium transient, P(Ca); maximum value of traction movement.
stress, P(ts)

Discussion

stress for the entire period of observation, for each cell. Thesing a new gelatin traction force assay in combination with
average normalized standard deviation was then obtained foalcium imaging, we have shown that single calcium transients
changes in calcium indicator fluorescence and traction stredaduce a rapid increase in traction stress which is maintained
for the group of cells displaying transients and control cell®r increases in a step wise manner, until retraction occurs. Thus
(Fig. 4E). It can be seen that the temporal fluctuations afalcium transients act as positive regulators of traction stress.
calcium fluorescence and traction stress data in cells displayifetraction of the cell margin is associated with an immediate
transients, are both significantly greater than in control cellglrop in traction stress and so negatively regulates traction
These data confirm that calcium transients are involved istress. In addition, we observe a distinct change in the spatial
generating temporal fluctuations in traction stress and thalistribution of regions producing high traction stress. These
these changes are associated with the SAC mediated feedbaegions begin to enlarge following a calcium-induced increase
regulation of keratocyte movement. in traction stress and spread forwards along the cell margin.
Surprisingly, regions of high traction stress can exist along the
S ) entire leading edge. Our findings suggest that calcium-induced
A distinct change in spatial distribution of traction stress  changes in the magnitude and distribution of traction stress are
occurs during a calcium transient important for maintaining the highly polarized organization of
To understand how calcium-induced increases in traction stresgtoskeletal function and is necessary for the rapid, highly
can trigger retraction that is specifically localized to the lateradirected, mode of keratocyte movement.
rear margin, it is necessary to examine the change in spatialThe increase in traction stress that follows elevations in
distribution of regions producing high traction stress. Sinc¢Ca2*]; is not surprising, given the consensus regarding the role
regions of high traction stress are sometimes observed at tbecalcium in contractile force generation in non-muscle cells
leading edge, it is of interest to determine how this occuréKatoh et al., 2001; Kamm and Stull, 2001). In addition the
without inducing retraction and loss of cell polarity. rise in traction stress that we observe prior to retraction,
In this example, the calcium transient leads to a largdirectly supports the role of calcium-dependent increases in
prolonged increase in traction stress, which decreaseytoskeletal contractility in triggering detachment of the rear
approximately 1 minute later (Fig. 5G). For this analysiscell margin (Walker et al., 1998; Eddy et al., 2000; Qi Zeng et
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Fig. 5. Calcium transients induce distinct changes in the spatial organization of the highest traction stresses. Panels A-Fagsvector
showing changes in distribution of the highest traction stresses (yellow-purple regions) during the calcium-inducedtrigercefifite stress
shown in panel G. Panel H shows the relative change in area of highest traction stresses within the square regiors aedhedmer
(purple), the front lateral edge (yellow) and the leading edge (black) of the cell (panel F) moving in the direction {bdicaaew).

al., 2000). However, our finding that traction stress remainthat the activity of calmodulin-dependent kinase Il (CaM
high for 10-15 seconds following the return of fgato  kinase Il) can be sustained by autophosphorylation, which
baseline, was unexpected since in other contractile systertisaps’ calmodulin causing the activity of both enzymes to be
force generation is reduced when {@ais lowered (Sieck et prolonged even when [€4; returns to baseline (De Koninck
al., 2001). Therefore our results suggest that calcium transierdad Schulman, 1998). Since MLCK is also a CaM kinase, it is
act to positively regulate contractile force production, rathepossible that this represents a molecular mechanism by which
than providing both positive and negative regulation ofan increased level of contractility could be maintained.
contractility. One way in which a sustained increase in One advantage of this type of regulation is that it will
contractility could be accomplished is by sustaining the activitpromote detachment because the ‘stepping-up’ of contractile
of MLCK after a calcium transient. It is therefore of interestforce will continue until it is sufficient to cause retraction. Thus
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the degree of cytoskeletal contractility can be tuned to matgbrotrusion simultaneously (Fig. 6, stage 1). When SAC
the strength of cell-substratum adhesions. In other wordggctivation triggers a calcium transient (Fig. 6, stage 2) regions
retraction will occur when contractile force exceeds a certaiof highest traction stress at the cell rear begin to enlarge. The
threshold for adhesion rupture, which we term an ‘adhesiooontinuation of this process results in long periods of increased
threshold’. This could account for the observation that multipléraction stress at the lateral rear cell edges (Fig. 6, stages 2-5).
transients are required to trigger retraction in slow movingThis could promote retraction by ‘priming’ adhesion
fibroblastic-like keratocytes, whereas retraction can occutomplexes for disassembly as has been suggested for
either without calcium transients or following only one fibroblasts (Burridge et al., 1996) by acting cooperatively
transient, in rapidly moving keratocytes (Lee et al., 1999)with calcium-dependent adhesion disassembly mechanisms
Consistent with this, fibroblastic-like keratocytes appear to béCrowley and Horwitz, 1995). In contrast, brief, infrequent
more adhesive (Oliver et al.,, 1999) and so their adhesigperiods of high traction stress at the leading edge (Fig. 6, stage
threshold is likely to be higher than in rapidly moving cells. 5) could be sufficient to provide occasional bursts of propulsive
The importance of adhesions in the generation anttaction while being too short to induce retraction. In relation
maintenance of traction stress is underscored by the precipitotes this, the activity of Rac has recently been found to be
drop in traction stress that we observe when retraction occunggulated by the direction of mechanical stress applied to the
This is in accordance with previous observations of decreaseell edge (Katsumi et al., 2002). Increased tangential stress
‘wrinkling’ of flexible silicone substrata following retraction inhibited Rac activity, while stress applied inward and
(Lee et al., 1999). Therefore, calcium-induced cell detachmepierpendicular to the edge relieved this inhibition. Therefore, it
is the major negative regulator of traction stress and is possible that brief increases in inward-directed traction stress
consistent with the proposal that SAC activation leads to at the leading edge promote the activity of Rac, and thus the
reduction in cytoskeletal tension by inducing retraction (Lee etate of protrusion. Regions of increased traction stress at the
al., 1999). Cell-substratum adhesions may also contribute foont lateral edges are intermediate in duration compared with
calcium-induced elevations in traction stress, by strengthenirgjther the front or rear cell margins (Fig. 6, stage 4).
in response to increased contractile force. Support for thimterestingly, it is in these regions that focal adhesion-like
comes from observations of increased traction force producticstructures (Lee and Jacobson, 1997) and new stress fibers are
when cytoskeletal contractility and focal adhesion formatiorfirst seen to appear (Svitkina et al., 1997). Therefore, we
increase  concomitantly  (Chrzanowska-Wodnicka  anduggest that increased contractility at the lateral front edge of
Burridge, 1996; Burridge and Chrzanowska-Wodnicka, 1996the cell may be primarily involved in inducing the formation
Roy et al., 1999). It is also possible that increased*]Ca of new load bearing cytoskeletal structures to replace those that
affects adhesion strength directly by enhancing integrinare being lost at the rear during retraction. In turn this allows
mediated adhesion (Pelletier et al., 1992; Sjaastad et al., 19%4; region of high cytoskeletal tension to be maintained
Sjaastad and Nelson, 1996). perpendicular to the direction of cell movement, which is
The response of adhesions to cytoskeletal tension could
explain the change in spatial distribution of high traction stres:
that we observe following a calcium transient. A striking
feature of this change, is that regions of high traction stres
propagate toward the front of the cell, within a narrow regior
along the cell margin. Interestingly, this corresponds to th
location of a band of very close cell-substratum adhesions i
keratocytes (Lee and Jacobson, 1997). Since this region is
more intimate contact with the substratum than elsewhere, ti i Adhesion threshold
forward propagation of increased traction stress should occ!
preferentially along the lateral cell edges and could als
involve a coordinated sequence of adhesion strengthenin
Furthermore, the direction in which regions of high stres:
enlarge, seems to reflect the efficacy with which differen
regions of the cytoskeleton can contract. Thus the initia
increase in traction stress at the lateral rear margins cou

Calcium

Transient
FIAN

reflect the more rapid and extensive contraction of stress fibe DS — >
; ; ; ; ; i SAC threshold ‘
in this region (Katoh et al., 2001) while the actin meshwork i E———>
within the lamella contracts more slowly. This agrees with the , : :

Traction st ress (90th perc entile)

v

relatively sparse distribution of myosin Il minifilaments toward
the front of the lamella, compared with the rear (Svitkina et al__ ) ) ) o )
1997). F}g. 6 Dllagram |Ilystrat|ng thg changes in size an'd spatial

We propose that the spatio-temporal changes in tracticdlstrlbutl_on_of regions producing the highest traction stress. Colored
stress that we observe following a SAC calcium transient, a‘zones within the keratocyte represent the temporal sequence (blue,

o - . i yellow, red) in which regions of highest traction stress enlarge,
to maintain the highly polarized distribution of cytoskeletalfy|qying a calcium transient. The graph shows the duration of each

function that is required for rapid movement (Fig. 6). Thusregion, with respect to the increase in 90th percentile traction stress

regions of high traction stress are usually localized to the later(red line), represented by the length of matching colored arrows. The
cell edges, to facilitate retraction, while very small ornumbered boxes represent different stages of the mechano-chemical
undetectable tractions exist at the leading edge, to promofeedback cycle as explained in the text.

Time
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important for the rapid highly directed mode of keratocyte induced changes in [Ca2+]i and cell shape, polarity and locomotion by
locomotion (J.L., unpublished). InsP3, DAG, and protein kinase C in newt eosinoplilCell Biol. 127,

Our results suggest that the mechano-sensory response d89-503.
. . . Glogauer, M., Arora, P., Yao, G., Sokholov, I., Ferrier, J. and McCulloch,
cell-substratum adhesions provides local feedback regulations""5 g’ (1997). Calcium ions and tyrosine phosphorylation interact

of traCtiqn stress in response to Q!Obfil changes in CytOSkeJetal:oordinately with actin to regulate cytoprotective responses to stretdhing.
contractility. In turn, this provides insight into how the spatial Cell Sci.110, 11-21. ' o o
pattern of traction stresses is inextricably linked to cell shapgoekeler, Z. M. and Wysolmerski, R. B(1995). Myosin light chain kinase

and mode of movement. Further studies into how adhesionsregulated endothelial cell contraction:the relationship between isometric
’ tension, actin polymerization and myosin phosphorylatio@ell Biol.130,

respond to force, and the effect this has on lamellar dynamics,g;3.657.
will be important for understanding how mechano-sensing Viaartwig, J. H. and Yin, H. (1988). The organization and regulation of the

cell-substratum adhesions and SACs are coordinated with eachnacrophage cytoskeleto@ell Motil. Cytoskeletori0, 117-125.
other. Hendey, B., Klee, C. B. and Maxfield, F. R(1992). Inhibition of neutrophil
chemokinesis on vitronectin by inhibitors of calcineuBgience258 296-
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