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Mechanism of shape determination in
motile cells
Kinneret Keren1,3*, Zachary Pincus1,4*, Greg M. Allen1, Erin L. Barnhart1, Gerard Marriott5, Alex Mogilner6

& Julie A. Theriot1,2

The shape ofmotile cells is determined bymany dynamic processes spanning several orders of magnitude in space and time,
from local polymerization of actin monomers at subsecond timescales to global, cell-scale geometry that may persist for
hours. Understanding the mechanism of shape determination in cells has proved to be extremely challenging due to the
numerous components involved and the complexity of their interactions. Here we harness the natural phenotypic variability
in a large population of motile epithelial keratocytes from fish (Hypsophrys nicaraguensis) to reveal mechanisms of shape
determination.We find that the cells inhabit a low-dimensional, highly correlated spectrum of possible functional states.We
further show that amodel of actin network treadmilling in an inextensible membrane bag can quantitatively recapitulate this
spectrum and predict both cell shape and speed. Our model provides a simple biochemical and biophysical basis for the
observed morphology and behaviour of motile cells.

Cell shape emerges from the interaction of many constituent ele-
ments—notably, the cytoskeleton, the cell membrane and cell–
substrate adhesions—that have been studied in great detail at the
molecular level1–3; however, the mechanism by which global mor-
phology is generated and maintained at the cellular scale is not
understood. Many studies have characterized the morphological
effects of perturbing various cytoskeletal and other cellular compo-
nents (for example, ref. 4); yet, there have been no comprehensive
efforts to try to understand cell shape from first principles. Here we
address this issue in the context of motile epithelial keratocytes
derived from fish skin. Fish keratocytes are among the fastest moving
animal cells, and their motility machinery is characterized by extre-
mely rapid molecular dynamics and turnover5–8. At the same time,
keratocytes are able to maintain nearly constant speed and direction
during movement over many cell lengths. Their shapes, consisting of
a bulbous cell body at the rear attached to a broad, thin lamellipo-
dium at the front and sides, are simple, stereotyped and notoriously
temporally persistent9,10. The molecular dynamism of these cells,
combined with the persistence of their global shape and behaviour,
make them an ideal model system for investigating the mechanisms
of cell shape determination.

The relative simplicity of keratocytes has inspired extensive experi-
mental and theoretical investigations into this cell type5–17, consid-
erably advancing the understanding of cell motility. A notable
example is the graded radial extension (GRE) model12, which was
an early attempt to link the mechanism of motility at the molecular
level with overall cell geometry. The GRE model proposed that local
cell extension (either protrusion or retraction) occurs perpendicular
to the cell edge, and that the magnitude of this extension is graded
from a maximum near the cell midline to a minimum towards the
sides. Although this phenomenological model has been shown
experimentally to describe keratocyte motion, it does not consider
what generates the graded extension rates, neither does it explain
what determines the cellular geometry in the first place. Thus, even

for these simple cells, it has remained unclear how the biochemical
and biophysical molecular dynamics underlying motility give rise to
large-scale cell geometry. In this work we address this question by
exploiting the natural phenotypic variability in keratocytes to mea-
sure the relations among cell geometry, actin distribution and moti-
lity. On the basis of quantitative observations of a large number of
cells, we have developed a model that relates overall cell geometry to
the dynamics of actin network treadmilling and the forces imposed
on this network by the cell membrane. This model is able to quanti-
tatively explain the main features of keratocyte shapes and to predict
the relationship between cell geometry and speed.

Low-dimensional keratocyte shape space

Individual keratocytes assume a variety of cell shapes (Fig. 1a). A
quantitative characterization18,19 of a large population of live kerato-
cytes revealed that keratocyte shapes are well described with just four
orthogonal modes of shape variability (Fig. 1b), which together
account for ,97% of the total variation in shape. Roughly, these
modes can be characterized as measures of: the projected cell area
(mode 1); whether the cell has a rounded ‘D’ shape or an elongated
‘canoe’ shape (mode 2)11; the angle of the rear of the lamellipodium
with respect to the cell body (mode 3); and the left–right asymmetry
of the side lobes (mode 4). These shape modes provide a meaningful
and concise quantitative description of keratocyte morphology using
very few parameters. Specifically, over 93% of the cell-to-cell shape
variation can be captured by recording only two parameters per cell:
the cell’s position along shape modes 1 and 2, or, essentially equiva-
lently, its projected area and aspect ratio. Two additional parameters
are required to describe the detailed shape of the rear of the cell
(shapemodes 3 and 4). The existence of only a fewmeaningful modes
implies that the phase space in which keratocytes reside is a relatively
small subregion of the space of all possible shapes.

To investigate further the role of various molecular processes
in determining cell shape, we targeted specific components of the
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cytoskeleton in live cells with pharmacological agents that affect actin
dynamics or myosin activity. The different treatments elicited stati-
stically significant morphological changes (Supplementary Fig. 1),
but their extent was rather small. In particular, the natural shape
variation in the population (Fig. 1) was substantially larger than
the shifts induced by any of the perturbations (Supplementary
Fig. 1). Furthermore, whereas the shape of an individual cell can be
significantly affected by such perturbations11, the phase space of cell

shapes under the perturbations tested was nearly identical to that
spanned by the population of unperturbed cells (Supplementary
Fig. 1). This led us to focus on the phenotypic variability in unper-
turbed populations, which, as described, provided significant insight
into the underlying mechanisms of shape determination.

Cell shape is dynamically determined

The natural phenotypic variability described presents a spectrum of
possible functional states of the system. To better characterize these
states, we measured cell speed, area, aspect ratio and other morpho-
logical features in a large number of live cells (Fig. 2a) and correlated
these traits across the population (Fig. 2b; see also the Supplementary
Information). To relate these measures to cellular actin dynamics, we
concurrently examined the distribution of actin filaments along the
leading edge. To visualize actin filaments in live cells, we used low
levels of tetramethylrhodamine (TMR)-derivatized kabiramide C,
which at low concentrations binds as a complex with G-actin to free
barbed ends of actin filaments20,21, so that along the leading edge the
measured fluorescence intensity is proportional to the local density of
filaments.
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Figure 1 | Keratocyte shapes are described by four primary shape modes.
a, Phase-contrast images of different live keratocytes illustrate the natural
shape variation in the population. b, The first four principal modes of
keratocyte shape variation, as determined by principal components analysis
of 710 aligned outlines of live keratocytes, are shown. These modes—cell
area (shape mode 1), ‘D’ versus ‘canoe’ shape (shape mode 2), cell-body
position (shape mode 3), and left–right asymmetry (shape mode 4)—are
highly reproducible; subsequentmodes seem to be noise. For eachmode, the
mean cell shape is shown alongside reconstructions of shapes one and two
standard deviations away from the mean in each direction along the given
mode. The variation accounted for by each mode is indicated. (Modes one
and two are scaled as in a; modes three and four are 50% smaller.)
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Figure 2 | Quantitative and correlative analysis of keratocyte morphology
and speed. a, The distributions of measures across a population of live
keratocytes (left panels) are contrasted with values through time for 11
individual cells (right). Within each histogram, the population mean6 one
standard deviation is shown by the left vertical bar, whereas the population
mean6 the average standard deviation exhibited by individual cells over
5min is shown by the right bar. b, Significant pair-wise correlations
(P, 0.05; bootstrap confidence intervals) within a population of
keratocytes are diagrammed (left panel). Two additional measures are
included: front roughness, which measures the local irregularity of the
leading edge, and actin ratio, which represents the peakedness of the actin
distribution along the leading edge. The correlations indicate that, apart
from size differences, cells lie along a single phenotypic continuum (right
panel), from ‘decoherent’ to ‘coherent’. Decoherent cells move slowly and
assume rounded shapes with low aspect ratios and high lamellipodial
curvatures. The actin network is less ordered, with ragged leading edges and
low actin ratios. Coherent cells move faster and have lower lamellipodial
curvature. The actin network is highly ordered with smooth leading edges
and high actin ratios. c, Phase-contrast images depict a cell transiently
treated with DMSO (Supplementary Movie 1), which caused a reversible
inhibition of motility and loss of the lamellipodium. Images shown
correspond to before (20 s), during (610 s) and two time points after (830 s
and 1,230 s) the perturbation. d, Time traces of area, aspect ratio and speed
for the cell in c show that shape and speed are regained post perturbation.
Dashed lines show time points from c; arrowheads indicate the time of
perturbation. e, Area, aspect ratio and speed of nine cells are shown as
averages obtained from one-minute windows before, during and after
DMSO treatment (shown sequentially from left to right for each cell). The
cell shown in c and d is highlighted.
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The phenotypic variability in our test population is depicted in the
histograms shown in Fig. 2a.We further characterized this variability
by following several individual cells over time. Particularly notable

was the observation that the projected cell area, although quite vari-
able across the population, was essentially constant for a given cell
(Fig. 2a). This suggests that the area, probably determined by the total
amount of available plasma membrane or by tight regulation of the
membrane surface area, is intrinsic to each cell and constant through
time. Individual cells showed larger variability in other measures
such as speed and aspect ratio; nevertheless, in every case, individual
variability remained smaller than that of the population as a whole
(Fig. 2a). The measured properties correlate well across the data set
(Fig. 2b and Supplementary Fig. 2), producing a phenotypic con-
tinuum that we have described previously11: from rough, slow and
rounded ‘decoherent’ cells, to smooth, fast and wide ‘coherent’ cells
that exhibit a more pronounced peak in actin filament density at the
centre.

To examine the role that the particular history of a given cell has in
determining cell morphology, we confronted keratocytes with an
acute perturbation—transient treatment with high concentrations
of dimethylsulphoxide (DMSO)—which resulted in temporary
lamellipodial loss and cell rounding22. We found that cells were able
to resume movement (albeit in an arbitrary direction with respect to
their orientation before DMSO treatment) and return to their ori-
ginal morphology and speed within minutes (Fig. 2c–e), comparable
to the characteristic timescales of the underlying molecular processes
such as actin assembly and disassembly and adhesion formation5–8,23.
This rapid recovery of pre-perturbation properties suggests that the
observed, persistent behaviour of keratocytes is a manifestation of a
dynamic system at steady state. Taken together, our results imply that
cell shape and speed are determined by a history-independent self-
organizing mechanism, characterized by a small number of cellular
parameters that stay essentially constant over time (such as available
quantities of membrane or cytoskeletal components), independent
of the precise initial localization of the components of the motility
machinery.

Actin/membrane model explains cell shape

We set out to develop a quantitative physical model of cell shape and
movement that could explain this observed spectrum of keratocyte
behaviour. Specifically, we sought to describe mechanistically the
shape variability captured in the first two principal modes of kera-
tocyte shape (Fig. 1b; comprising over 93% of the total shape vari-
ation), setting aside the detailed shape of the cell rear. Two
observations—first, that cell area is constant (Fig. 2a), and second,
that the density of filamentous actin along the leading edge is graded
(Fig. 3a,b)—are central to our proposed mechanism of cell shape
regulation. In addition, this mechanism is predicated on the basis
of previous observations that the lamellipodial actin network under-
goes treadmilling, with net assembly at the leading edge and net
disassembly towards the rear8,24,25.

We hypothesize that actin polymerization pushes the cell mem-
brane from within, generating membrane tension26. The cell mem-
brane, which has been observed to remain nearly stationary in the cell
frame of reference in keratocytes12,14, is fluid and bends easily but is
nevertheless inextensible (that is, it can be deformed but not
stretched)27. Forces on the membrane at any point equilibrate within
milliseconds26 (see Supplementary Information) so that, on the time-
scales relevant for motility, membrane tension is spatially homo-
genous at all points along the cell boundary. At the leading edge,
membrane tension imposes an opposing force on growing actin fila-
ments that is constant per unit edge length, so that the force per
filament is inversely proportional to the local filament density. At
the centre of the leading edge, where filament density is high
(Fig. 3a–c), the membrane resistance per filament is small, allowing
filaments to grow rapidly and generate protrusion. As filament den-
sity gradually decreases towards the cell sides, the forces per filament
caused by membrane tension increase until polymerization is stalled
at the far sides of the cell, which therefore neither protrude nor
retract. At the rear of the cell, where the actin network disassembles,
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Figure 3 | A quantitative model explains the main features of keratocyte
shapes. a, Phase-contrast (top) and fluorescence (bottom) images are shown
for two live keratocytes stained with TMR-derivatized kabiramide C. The
fluorescence intensity reflects the current and past distribution of filament
ends, in addition to diffuse background signal from unincorporated probe20.
Along the leading edge, the fluorescence intensity is proportional to the local
density of actin filaments (see Supplementary Information; 1-mm-wide strips
along the leading edge are shownsuperimposedon thephase-contrast images,
with centre and side regions highlighted). b, The average (background-
corrected) fluorescence intensity along the strips shown in a is plotted. The
cell on the left has a peaked distribution of actin filaments, whereas the actin
distribution in the cell on the right is flatter. The ratio of the actin density at
the centre (Dc) and sides (Ds; averagedover both sides) of the strip, denoted as
Dcs, serves as a robust measure of the peakedness of the distribution. c, The
density distribution of pushing actin filaments along the leading edge is
approximated as a parabola, with amaximumat the centre. Cells with peaked
filamentous actin distributions and, therefore, high Dcs values, have larger
regions in which the actin filament density is above the ‘stall’ threshold, and
thushave longer protruding front edges (of length x) comparedwith the length
of the stalled/retracting cell sides (y), yielding higher aspect ratios (S5 x/y).
d, The ratio between actin density at the centre and at the sides,Dcs, is plotted
as a function of cell aspect ratio, S. Each data point represents an individual
cell. Our model provides a parameter-free prediction of this relationship (red
line), which captures the mean trend in the data, plotted as a gaussian-
weightedmoving average (s5 0.25; blue line)6one standard deviation (blue
region). Inset: the model of cell shape is illustrated schematically.

NATURE |Vol 453 |22 May 2008 ARTICLES

477
Nature   Publishing Group©2008



membrane tension, assisted by myosin contraction, crushes the wea-
kened network and moves actin debris forward, thereby retracting
the cell rear (Fig. 3d, inset). Membrane tension, which is spatially
constant, thus induces a direct coupling betweenmolecular processes
occurring at distant regions of the cell and contributes to the global
coordination of those processes. The Supplementary Information
discusses alternative hypotheses regarding cell shape determination
that are inconsistent with our measurements (Supplementary Fig. 3).

This qualitative model can be mathematically specified and quan-
titatively compared to our data set as follows (see Supplementary
Table 1 for a list of model assumptions, and Supplementary
Information for further details). As discussed previously (Fig. 1),
keratocyte shapes can largely be described by two parameters: shape
modes 1 and 2, which essentially correspond to cell area (A) and
aspect ratio (S), respectively. Thus, for simplicity, we begin by
approximating cells as rectangles with width x and length y
(A5 xy, S5 x/y, and the total leading edge length (front and sides)
is L~xz2y~

ffiffiffiffiffiffi
AS

p
z2

ffiffiffiffiffiffiffiffi
A=S

p
). The observed steady-state centre-

peaked distribution of actin filaments along the leading edge (D)

can be described as a parabola: D(l)~ b
Lc

1{ l
L=2

� �2
� �

, where l is

the arc distance along the leading edge (l5 0 at the cell midline), b
is the total number of nascent actin filaments that branch off from
existing growing filaments per cell per second, and c is the rate of
capping of existing filaments (Fig. 3c; see Supplementary
Information for derivation). We make the further assumption
(described previously) that actin filament protrusion is mechanically
stalled by the membrane tension T at the sides of the front of the
lamellipodium (l~+x=2). The force acting on each filament at the
sides must therefore be approximately equal to the force required to
stall a single actin filament28, fstall, which has been measured29,30, so

that: Ds~D(x=2)~ b
Lc

1{ x
L

� �2� �
~ T

fstall
. We find that the peak actin

densityDc5D(0) fluctuates more thanDs across the population and
in individual cells through time (Supplementary Fig. 4;
Supplementary Information), suggesting that most of the shape vari-
ation observed correlates with differences in actin dynamics rather
than changes in membrane tension.

This simple model provides a direct link between the distribution
of filamentous actin and overall cell morphology. From the previous
equations, this link can be expressed as a relation between the ratio of
actin filament density at the centre (l~0) versus the sides (l~+x=2)
of the leading edge, denoted Dcs, and the aspect ratio of the cell, S:

Dcs~
Dc

Ds
~ 1{ x

L

� �2h i{1

~
Sz2ð Þ2
4 Sz1ð Þ. Thus, cells with relatively more

actin filament density at the centre than the sides (high Dcs) have
higher aspect ratios, whereas cells with low Dcs ratios have aspect
ratios closer to one. As shown in Fig. 3d, the correlation between
Dcs and S in our measurements closely follows this model prediction,
which, importantly, involves no free parameters. The model is fur-
ther supported by perturbation experiments, in which, for example,
increasing the capping rate c (by treatment with cytochalasin D) led
to the predicted decrease in cell aspect ratio (Supplementary Fig. 1;
Supplementary Information). Remarkably, all the model parameters

apart from area can be combined into a single parameter: z~ Tc
fstallb

,

which signifies the ratio of themembrane tension to the force needed
to stall actin network growth at the centre of the leading edge.
This key parameter can be expressed in multiple ways:

z: Tc
fstallb

~ 1
L

1{ x
L

� �2� �
~ 1

L:Dcs
; that is, in terms of the membrane

tension, filament stall force, and branching and capping rates; in
terms of the measurable geometry of the cell alone; or in terms of
the actin density ratio and cell geometry (see also Supplementary
Fig. 5). Thus, this model describes the basic relation between actin
network dynamics at the molecular level and overall actin network
structure and shape at the cellular scale using only two biologically
relevant parameters: z and A.

Shape, speed and lamellipodial radius

To describe cell shape with more accuracy and to relate cell speed to
morphology, we must consider the relationship between the growth
rate of actin filaments and the magnitude of force resisting their
growth. This so-called force–velocity relationship can be used to
determine the protrusion rate at the leading edge, and thus cell speed,
from the forces exerted by the membrane against the growing lamel-
lipodial actin network. Because membrane tension is the same every-
where along the leading edge, although the filamentous actin density
is peaked at the centre of the leading edge, the resistive force per
filament increases with distance from the centre. As a result, local
protrusion rates decrease smoothly from the centre towards the sides
of the leading edge (where, as above, protrusion is stalled). Assuming
that protrusion is locally perpendicular to the cell boundary, this
implies that the sides of the leading edge lag behind the centre, caus-
ing the leading edge to become curved as observed (Fig. 1a; such a
relation between geometry and spatially variable protrusion rates was
first described in the GRE model12). Thus, keratocytes can be more
accurately described as slightly bent rectangles, characterized by the
radius of curvature of their leading edge, R, and their overall rate of
movement (Fig. 4), in addition to their width and length.

Given a particular force–velocity relation, both cell speed and
lamellipodial radius can be expressed, in the context of this model,
solely in terms of the parameters A and z. Thus, speed and radius are
predicted to vary with cell area and aspect ratio, providing further
tests of the model. The exact form of the force–velocity relation for
the lamellipodial actin network is unknown. Measurements in
branched actin networks, both in motile keratocytes16 and assembled
in cytoplasmic extracts31, yielded force–velocity relations that were
concave down: that is, the protrusion rate was insensitive to force at
weak loads (relative to the stall force), whereas at greater loads the
speed decreased markedly. Regardless of its precise functional
dependence, as long as the force–velocity relation entails such a
monotonic concave-down decrease in protrusion velocity with
increasing membrane tension, the predicted trends in cell speed
and lamellipodium radius correlate well with our experimental
observations (Supplementary Fig. 6). We find good quantitative
agreement between the model and our observations using a force–

velocity relation given by V~V0 1{
f

fstall

� �w� �
, where w5 8 (Fig. 4).

By combining this force–velocity relationwith the geometric formulae

of the GRE model, we obtain R< L
8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zLð Þ{8
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Figure 4 | An extended model predicts lamellipodial curvature and the
relationship between speed and morphology. a, The radius of curvature of
the leading edge calculated within the model as a function of A and S,
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8
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q
, with zL~ 4(Sz1)

(Sz2)2
and L~

ffiffiffiffiffiffi
AS

p
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ffiffiffiffiffiffiffiffi
A=S

p
, is plotted

against the measured radius of curvature (Rm, radius of best-fit circle of the
front 40% of the cell). The red dashed line depicts Rc5Rm. b, Cell speed,
Vcell, is shown as a function of cell aspect ratio, S. The model prediction

Vcell~V0 1{
4 Sz1ð Þ
(Sz2)2

� �8
� �

(red line;V0 determined empirically) is compared

to the trend plotted as a gaussian-weighted moving average (s5 0.25; blue
line)6 one standard deviation (blue region), from 695 individual cells (blue
points). Purple crosses indicate the mean6 one standard deviation in speed
and aspect ratio over 5min for 11 individual cells (shown in Fig. 2a).
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Information), which predicts the radius of curvature of a cell’s leading

edge from its area and aspect ratio alone. Figure 4a demonstrates the

close agreement between the measured and the calculated radii of

curvature. At the centre of the leading edge, f5T/Dc; there-

fore, Vcell~V0 1{ T
fstallDc

� �8
� �

~V0 1{ zLð Þ8
� �

~V0 1{
4 Sz1ð Þ
Sz2ð Þ2

� �8
� �

.

Thus, a cell’s speed can be predicted from its aspect ratio, with more
canoe-like cells expected to move faster. We find that the trend of the
experimental data agrees with our predictions (Fig. 4b), and, in par-
ticular, shows the predicted saturation of speed with increasing aspect
ratio.We expect cell-to-cell variation in some of themodel parameters
that determine cell speed such as the concentration of actinmonomers
and the fraction of pushing actin filaments, as well as in the rate of
retrograde actin flowwith respect to the substrate13,17.Withoutdetailed
per-cell measurements of these, we use constant values that reflect the
population mean, allowing correct prediction of population trends,
whereas some aspects of cell-to-cell variation remain unexplained.

Discussion

We have used correlative approaches to map quantitatively the func-
tional states of keratocyte motility from a large number of observa-
tions of morphology, speed and actin network structure in a
population of cells. This data set provided the basis for and con-
straints on a quantitative model of cell shape that requires only two
cell-dependent parameters; these parameters are measurable from
cell geometry alone and are closely related to the two dimensions
of a phase space that accounts for over 93% of all keratocyte shape
variation. Although conceptually quite straightforward, our model
describes connections between dynamic events spanning several
orders of magnitude in space and time and is, to our knowledge,
the first quantitative approach relating molecular mechanisms to cell
geometry and movement. The model is able to explain specific pro-
perties of keratocyte shape and locomotion on the basis of a coupling
of tension in the cell membrane to the dynamics of the treadmilling
network of actin filaments. Overall, the picture is very simple: actin
network treadmilling (characterized by the z parameter) drives from
within the forward protrusion of an inextensible membrane bag
(characterized in two dimensions by its total area). Such a scenario
was suggested over a decade ago32, but prior to this work had never
been tested. Furthermore, this basic mechanism seems to be suf-
ficient to explain the persistent and coordinated movement of
keratocytes without incorporating regulatory elements such as
microtubules, morphogens or signallingmolecules33, suggesting that,
at least in keratocytes, these elements are dispensable or redundant.

The model highlights the important regulatory role of membrane
tension in cell shape determination: actin assembly at the leading
edge and disassembly at the cell rear are both modulated by forces
imposed on the actin network by the membrane. Moreover, because
membrane tension is constant along the cell boundary, it effectively
couples processes (such as protrusion and retraction) that take place
in spatially distinct regions of the cell. On the basis of our results, we
estimate the membrane tension in motile keratocytes to be on the
order of 100 pN mm21 (see Supplementary Information), similar to
the results of experiments that estimatedmembrane tension from the
force on a tether pulled from the surface of motile fibroblasts34.

Our model does not specifically address adhesion or the detailed
shape of the cell rear (captured in shape modes 3 and 4; Fig. 1b).
Nevertheless, adhesive contacts to the substrate are obviously essen-
tial for the cell to be able to generate traction and to move forward.
We assume implicitly that the lamellipodial actin network is attached
to the substrate, which allows polymerization to translate into cel-
lular protrusion. This assumption is consistent with experimental
evidence indicating that the actin network in the keratocyte lamelli-
podium is nearly stationary with respect to the substrate8,13,17. The
rear boundary of the cell is also implicit in ourmodel, and is set by the
position of the ‘rear corners’ of the lamellipodium: the locations at

which the density of actin filaments actively pushing against the cell
membrane falls to zero. Thus, we do not address the possible contri-
bution ofmyosin contraction in retracting the cell rear and disassem-
bling the actin network7,26 (see Supplementary Information).

Our results emphasize that careful quantitative analysis of natural
cell-to-cell variation can provide powerful insight into the molecular
mechanisms underlying complex cell behaviour. A rapidly moving
keratocyte completely rebuilds its cytoskeleton and adhesive struc-
tures every few minutes, generating a cell shape that is both dynam-
ically determined and highly robust. This dynamic stability suggests
that shape emerges from the numerous molecular interactions as a
steady-state solution, without any simple central organizing or book-
keeping mechanism. In this work, we relied on several decades of
detailed mechanistic studies on the molecular mechanisms involved
to derive a physically realistic model for large-scale shape deter-
mination. This model is directly and quantitatively coupled to the
molecular-scale dynamics and has surprising predictive power. As
individual functional modules within cells are unveiled at the
molecular level, understanding their large-scale integration is
becoming an important challenge in cell biology. To this end, we
propose that the biologically rich cell-to-cell variability present
within all normal populations represents a fruitful but currently
underused resource of mechanistic information regarding complex
processes such as cell motility.

METHODS SUMMARY
Cell culture. Keratocytes were isolated from the scales of the Central American

cichlid H. nicaraguensis and were cultured as described previously11. TMR-

derivatized kabiramide C was added to cells in culture medium for 5min and

subsequently washed20. DMSO treatment consisted of either application of

2–5ml DMSO directly onto cells or addition of 10% DMSO to the culture

medium.

Microscopy. Cells were imaged in a live-cell chamber at room temperature

(,23 uC) on a Nikon Diaphot300 microscope using a 360 lens (numerical

aperture, 1.4). To obtain velocity information, for each coverslip, 15–30 ran-

domly chosen cells were imaged twice, 30 s apart. Time-lapse movies of indi-

vidual cells were acquired at 10-s intervals.

Shape analysis. Cell morphology was measured from manually defined cell

shapes, as described previously11,19. ‘Shapemodes’ were produced by performing

principal components analysis on the population of cell shapes after mutual

alignment.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell culture. Keratocyte sheets from one-day-old cultures were disaggregated

by incubating in 85% PBS and 2.5mM EGTA, pH7.4, for 5min, followed

by incubation in normal media for an additional ,1–2 h. TMR-derivatized

kabiramide C was added to cells in culture medium for 5min and subsequently

washed20. Pharmacological agents including, cytochalasin D (Sigma), latruncu-

lin, jasplakinolide (both from Molecular Probes), blebbistatin (active enantio-

mer, TorontoResearchChemicals) or calyculinA (Upstate), were applied to cells

in culture medium, and the cells were imaged 10–30min afterwards.

Microscopy. Images were collected on a cooled back-thinned CCD camera
(Princeton Instruments), with a 32 optovar attached (1 pixel5 0.11mm). The

population data was acquired by imaging 15–30 randomly chosen cells per

coverslip.

Shape analysis. Cell morphology was measured from cell shapes represented as

polygonal outlines andmutually aligned, as described previously11,19. In brief, cell

shapesweremanuallymaskedusing themagnetic-lasso tool in AdobePhotoshop

on the phase-contrast image and stored as binary images. Polygonal outlines

were extracted from thesemasks and represented as two-dimensional parametric

periodic uniform cubic B-splines, which were sampled at 200 evenly spaced

points to generate the final polygons. These were then aligned across the popu-

lation to ensure that all polygons were oriented similarly; to facilitate this, the

centroid of the cell body—a landmark by which the front and rear of the cell can

be automatically determined—was extracted from the fluorescent kabiramide C

image or by manual marking. Simultaneously, the point ordering of each poly-

gon was adjusted so that corresponding points were in similar spatial locations

on the cell across the population. (See algorithms 1 and 2 in Supplementary

Information for details.) Cell alignment was then manually verified. The ‘shape

modes’ were produced by applying the principal components analysis to the
population of cell shapes, represented as 400-dimensional vectors of packed

(x, y) points, and scaled in terms of the standard deviation of the population

of shapes along that principle component.

Measured cellular characteristics included: cell area; aspect ratio; lamellipodial

radius; speed; front roughness; and actin ratio. Area was measured directly from

the polygonswith the standard formula. Aspect ratiowasmeasured as the ratio of

the width to the length of the cell’s bounding box after cells were mutually

aligned as above. The roughness of the leading edge of each cell was measured

by calculating the average absolute value of the local curvature at each point

along the leading edge, corrected for effects due to cell size11. The overall curv-

ature of the leading edge was calculated as the radius of the least-squares ‘geo-

metric fit’ of a circle to the points corresponding to the leading edge (the forward

40% of the cell)35. The distribution of kabiramide C staining along the leading

edge was calculated by averaging the intensity of background-corrected fluor-

escence images between the cell edge (as determined by the polygon) and 1mm
inward from there. The centre intensity was defined as the average of this profile

in a 5-mm-wide window centred on the cell midline; side intensity was defined as

the average in similar windows at the left and right sides of the cell. Cell speed for
the live population data was extracted from the displacement of the cell centroid

as determined from themanually drawnmasks of the two images taken 30 s apart

for each cell. Angular cell speed was extracted from the relative rotation angle

required for alignment of the two cell shapes. For time-lapsemovies of individual

cells and DMSO-treated cells taken with a 10-s time interval, the centroid based

measurements were noisy so we relied on a correlation-based technique36. The

translation and rotation of a cell between a pair of consecutive time-lapse images

were extracted as in ref. 36, with themodification that themasks used were based

on the manually drawn cell masks and the centre of rotation was taken as the

centroid of the mask in the first image. All measurements of individual cells

(unstained, stained with kabiramide C, and perturbed, as well as a fixed-cell

population) and on cells followed with time-lapse microscopy (stained with

kabiramide C and perturbed with DMSO) are provided as Supplementary

Tables.

To assess the significance of the reported correlations between measurements

in a manner reasonably robust to outliers, we used the bootstrap method to

approximate the sampling distribution of each correlation coefficient r. The data

set was resampled with replacement 104 times, and for each resampling the
pairwise correlations were recomputed. Positive (or negative) correlations were

deemed significant if r5 0 fell below the 5th (or above the 95th) percentile of the

estimated distribution of r. Differences in the mean values of each measure

between the perturbed and unperturbed populations were assessed for signifi-

cance with the same procedure.

35. Gander, W., Golub, G. H. & Strebel, R. Least-squares fitting of circles and ellipses.
BIT 34, 558–578 (1994).

36. Wilson, C. A. & Theriot, J. A. A correlation-based approach to calculate rotation
and translation of moving cells. IEEE Trans. Image Process. 15, 1939–1951 (2006).
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