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does not play an active role but rather appears to redensify the
monolayer (20).

Moreover, marginal protrusion activity can be observed along
the borders (9). These protrusions can take the appearance of
‘‘leader’’ cells for other epithelial cell types such as IAR2 rat liver
cells (23). These leaders are very active and lose some of their
epithelial characteristics in particular by developing a Rho-
dependent active lamellipodium. They drag some cells behind them
as they progress on the surface. However, in these observations, like
in many others, it remains unclear whether the observed behaviors
are the result of the injury of some cells during scratching or
whether they are intrinsic to the acquired motility.

On a more technical side, several techniques for removing cells
along a specified geometry in a confluent monolayer have been
proposed as an alternative to overcome the intrinsic limitations of
scratch-wounding. An interesting improvement is to use laser
photoablation (8), which creates well defined, small wounds but still
results in possible contributions from destroyed or injured cells next
to the new border. Moving further away from the classical ap-
proach, the electrical wound assay kills the cells of the epithelium
sitting on top of an electrode by applying a voltage pulse (24).
However, many cells are destroyed by this procedure (even more
than those destroyed by scratching), and many cell fragments
remain on top of the electrodes. Furthermore, the damage done to
the border cells is unknown. In other studies, an agar block (11), a
silicone elastomer sheet (25), or other types of barriers (12) have
been used to mask the surface to the cells during the growth of the
epithelium. Removing the barrier then presents a free surface to the
cells and avoids physical damage. However, conclusions drawn from
these studies are still controversial.

In this article, we have combined the strategy of masking with
microfabrication to (i) precisely define the initial geometrical
conditions on a scale of micrometers and (ii) make many wounds
in parallel so that the performed measurements are supported by
good statistics.

We use this original technique to address several key points
mentioned above. First, we study the response of a MDCK mono-
layer to a surface release and identify the parameters that trigger
the motility. We then characterize this acquired collective motility
by analyzing collective and individual cell behaviors. We end by
testing the influence of HGF on these processes.

Results and Discussion
Wounding. First we describe the technique that we have used to
present some free surface to the epithelia. Before describing the
details of the experiments, we must insist on a point of vocabulary.
We call our experiments ‘‘wound healing’’ even though they include
no ‘‘wound’’ (no injury) per se. Although this expression is some-
what misleading in the present injury-free situation, we use it as a
generic term, setting the framework of our work.

Inspired by earlier works (26–28), we used a microfabricated soft
elastic ‘‘microstencil’’ consisting of an openwork thin film of
crosslinked polydimethylsiloxane (PDMS); the fabrication of the
film is described in Materials and Methods. The size and shape of the
holes, their spacing, and other geometrical parameters are easy to
vary by stencil microfabrication. In this article, we discuss only long
rectangular openings. The stencils are deposited on the surfaces
before plating of the cells, which are then cultured until they reach
confluence in the apertures, at which point we remove the stencil,
thereby releasing new areas for the cells to migrate to (Fig. 1).

We then observed very well defined linear borders over lengths
of the order of a few millimeters (Fig. 2a). The mortality of the cells
caused by the peeling of the mask was evaluated by using Trypan
blue. Less than 5% of the border cells tested positive (none tested
positive within the epithelium). Thus we clearly attained the model
situation in which free space is offered to the monolayer with
minimal damage being made to the cells.

Migration Triggered by a Model Wound and Advantages of the Assay.
Within a couple of hours after the removal of the stencil, the cells
became progressively motile in the direction perpendicular to the
free edge. Free surface offered to an epithelium is thus sufficient
to trigger cell migration (at least with the MDCK cell type).

These observations are compatible with those dealing with
corneal epithelia (11) or endothelial cells (12) in the sense that a
true injury of the border cells is not necessary to trigger the
migration of these cells. This conclusion validates the underlying
assumption of many studies dealing with in vitro wound healing.

In addition to the lack of injury of the border cells of the
monolayer, this microfabrication-based strategy presents several
advantages compared with the usual scratch tests. Practically, we
have found that scratching monolayers is something of an art. The
quality or the aspect of the wound depends on several parameters
such as the size or shape of the tool or its velocity when scratching
the monolayer as it affects the damage made to the cells (29).
Moreover, it is often observed that, after a scratch, the monolayer
retracts on both sides of the wound, meaning that, at least tran-
siently, the interactions of many cells with the surface have been
disrupted, an effect that also depends on the velocity of scratching
(29). We have not observed such an effect with the microstencils
based assay. In contrast, we obtain regular, well defined wounds of
perfectly controlled width with no particular precaution. The initial
conditions are very well defined with a rectilinear edge over
distances up to centimeters, giving an absolute origin for the
measurement of its progression. Furthermore, as the experiments
proceed by removing a mask, there is no debris for the cells to deal
with.

We also add a new parameter to these migration studies: the
possibility of tuning the chemical composition of the surface to be
invaded. In classical wounds, this surface was conditioned by the
extracellular matrix that the cells developed during the growth of
the monolayer. In our experiment, because there were no cells on
the surface before the wound, we could control its chemistry by
adequate surface treatments.

We now describe the mean dynamic behavior of the free border
of the monolayer and then focus on the details of its structure
during healing.

Average Dynamical Behavior of the Border. Like other studies of
classical wounds on epithelial monolayers (22, 24), our study
showed a nonlinear progression of the free edge. The acquired
average velocity accelerated from 0 to 10 ! 5 !m!h"1 in typically
15 h. In ref. 22, the dynamic behavior of the mean progression #s$
of the edge was empirically fitted by a parabolic law. Fitting our data
with a power law #s$ % a ! tn gave results compatible with this
parabolic evolution because the average progression for various
initial widths was well described by a common exponent n % 1.8 !
0.4 (Fig. 3, solid symbols) after a few hours. The exact interpretation
of this acceleration is still unclear. As the data seem to level off long
term, we can’t rule out that we actually observed a slow transition
toward a constant velocity regime (n % 1) after a latency time.
Further experiments with more space available to the cells should
clarify this point.

Fig. 1. Principle of the experiments. The cells are cultured on an openware
PDMS thin elastic film. When they reach confluence, this microstencil is
removed to allow them to collectively migrate.

Poujade et al. PNAS ! October 9, 2007 ! vol. 104 ! no. 41 ! 15989
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Modelo 

behavior of self-propelled particles in general has been proposed
by Vicsek et al [24] based on interacting and stochastically moving
particles. Several authors have since carefully analyzed this model
[25–27] as well as related ones [28–30]. Coordinated motion of
active cells has been modelled along this line [31–34] or with more
extended cell descriptions [35,36] as well as with continuum
descriptions [37–39]. While these previous models provide insights
in coordinated cell motion, continuum models do not account for
the stochastic character of individual cell motion and simplifying
assumptions, such as the use of discrete time and/or velocities of
fixed-modulus, in other models [24,25,31,40], prevent detailed
comparisons to experimental data. Thus, our aim here is to obtain
a minimal model that quantitatively describes coordinated cell
motion. We compare the developed model to motion of cells
recorded in our experiments, as obtained from Particle-Image
Velocimetry (PIV). We find, using numerical simulations that the
model accounts quite precisely for the collective cell movements
studied at early times before the appearance of leader cells. We
further incorporate fast-moving leader cells and determine the
conditions under which they guide collective motion as in the
experiments.

Results

Model of collective cell motion
Our aim is to describe in the simplest quantitative fashion the

collective motion of cells in an actively moving epithelium. We
wish in particular to take into account that cells are actively motile
[16–18], that the motion of a cell is stochastic [16,41,42] and that
it is influenced by interactions with its neighbors. We also wish to
obtain a model of minimal computational complexity that can
provide a description of a large population of moving cells. A
particle-based model appears best suited to this task. We thus
propose and study a model of stochastically moving objects biased
by their interactions with their neighbors. Each cell is reduced to
its center point, the dynamics of which is described by a Langevin-
like equation in continuous-time. The velocity vi of the cell i is a
real two-dimensional vector which evolves as,

dvi

dt
~{aviz

X

j n:n:of i

½ b
Ni

(vj{vi)zf ij "zs(ri)gi: ð1Þ

where the summation on the right-hand-side (r. h. s.) is performed
on the Ni cells j that are the nearest neighbors of cell i. Thus, the

behavior of a cell in our model is only influenced by by its closest
neighbors, that is cells that are supposed to be in direct contact
with it. We describe here the model main characteristics (see
Methods for implementation details). We consider cells that are
actively motile and explore their environment in a random fashion
[16,41,42]. This is modelled in a classical way by a noisy drive
(sgi), here described as an Ornstein-Uhlenbeck process with
correlation time t. The noise amplitude is first taken to be a
constant, s~s0. It is then generalized to a decreasing function of
the local cell density ri to describe the dependence of the mean
cell speed on cell density. The linear damping term ({avi) is
meant to account in an effective way for dissipative processes
coming from rupture of adhesive contacts or friction with the
substrate or other cells. Finally, the motion of cell i is influenced by
its interaction with a neighbor in two ways. First, its velocity tends
to become equal to the velocity of the neighboring cell j [24,25]
with a strength determined by the coupling constant b. Second,
the fact that cells do not overlap and have a maximal extent is
taken into account by the force fij between neighbor cells i and j,
which is repulsive with a hard-core at short distances and
attractive at longer distances [40,43]. These interactions are
sketched in Figure S1.

The model provides an accurate description of
experimental data at early times

Stencil removal in the experiments rapidly increases cell motility
in the whole epithelium. Complex displacement fields are
observed that can precisely be measured by PIV analysis as
described in previous works [17,19] and shown in Figure 1A. The
histogram of the velocity component normal to the epithelium
border vx is identical to the histogram of vy, the velocity
component parallel to the epithelium border as seen in Figure 2
A,B, showing that cell motion is isotropic at early times. After a
couple of hours, leader cells appear and guide cell invasion of the
free surface. Cell motion then becomes dissymmetric along the x
and y axes.

The model with a constant noise amplitude, s0, was simulated
with a number of model cells (N = 4000) comparable to the
number of cells in the experiments. Its parameters were adjusted to
the experimental data at early time (30 min after stencil removal)
by fitting correlation functions computed from model simulations
to experimental velocity fields provided from PIV analysis, as
described in Methods. With the obtained parameters, the simulated
and experimental velocity field appeared very similar as can be
seen in Figure 1. This was quantitatively assessed by comparing
different statistical quantities for the model and experimental data.
The vx and vy histograms closely match and are both well

described by the same gaussian (Figure 2 A, B and Figure S2 A, B
which displays the data plotted in log-linear coordinates, to better
show the histogram tails). Similarly, the distribution of the velocity
moduli is close to the corresponding Maxwellian distribution
(Figure 2 C and and Figure S2 C). The experimental equal-time
spatial velocity correlation (Figure 2 G, H and Figure S2 D, E) as
well as the velocity field auto-correlation (Figure 2 I, J and Figure
S2 F, G) are both well fitted by the model. The similarity of the
correlation of the x and y velocity components in these plots
makes further apparent the isotropy of the cell dynamics at early
times. The velocity correlation length is remarkably long of the
order of 150 mm or about ten cells, as noted previously [17,19,21].
The cell velocity auto-correlation decays with a time scale of about
one hour which quantifies the time during which cells maintain
their velocity. This time scale is comparable to the characteristic
organization time of microtubules [44] and to the 50 min that we

Author Summary

Living organisms, from bacteria to large mammals, move
not only as single entities but also in groups. This is true
for cells in multicellular organisms. The group or collective
motion of cells is an important component of develop-
ment as well as processes like cancer and wound healing.
To better understand this phenomenon, we have recorded
the displacement of cells as they move collectively on a
substrate and invade free space. The results can be
accurately described by modelling the motion of cells as
random but with a tendency to move at the same velocity
as their neighbors. This allows us to analyze conditions
under which the invasion of free space takes place, guided
by a few cells that have become different of the others, as
observed in the experiments. The developed model should
serve as a useful basis for the description of other
processes that involve collective cell motion.

Model of Collective Cell Motion
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previously measured [22] for the reorientation of the microtubule
organizing center relative to the nucleus.

The model provides a good description of the statistical structure
of the cell velocity field, while correctly accounting for the spatial
relations between neighboring cells (Figure 2 D, E, F). It reproduces
the correlation function of cell positions, that is the probability
density of finding a cell center at a distance r of another cell (Figure 2
D) as well as the distribution of distances between neighboring cells
(Figure 2 F). Finally, taking the center of a cell as origin, the rotation
angle between the positions of two of it successive neighbors is
shown in Figure 2 E. The average angle is 60o as it should, and the
whole angle distribution is seen to be very similar for the real and
model cells (Figure 2 E). In summary, we find that the interacting
particle model described by Eq. [1] with a constant noise amplitude
succeeds in capturing quite precisely cell dynamics in the epithelium
bulk. As shown in Figure S3, the model continues to describe well
the distribution and correlation of the cell velocity component vy

parallel to the band border in the epithelium bulk for a few hours.
However as time passes, the border motion influences more and
more the motion of cells in the epithelium bulk as shown by the
progressive departure of vx distributions and correlations from their
initial values (see Figure S3).

In spite of the model simplicity, it is difficult to obtain exact
expressions for the statistical quantities displayed in Figure 2. In
order to better understand the influence of the different
parameters, we considered the analytically solvable approximation
of the model obtained by computing the time evolution of cell
velocities as given by Eq. [1], but with the cell positions fixed at the
vertices of a triangular lattice, as described in Text S1. The
obtained expressions for the distribution of cell velocities and for
the velocity correlation functions approximate that of the full
model and describe their dependence on different parameters. As
shown in Text S1, the noise amplitude s determines the cell speed
scale but does not influence the shape of the cell speed distribution
or the normalized velocity correlation function. Figure S4
illustrates the influence of the parameters a,b and t on the
velocity correlation functions. An increase of a diminishes both the
spatial and temporal extent of the velocity correlations. An

increase of b increases correlation spatially but has almost no effect
on temporal correlations. On the contrary, an increase of t
increases correlations in time but has a very weak influence on
their spatial extent.

In the above-described experiments, cell density does not
strongly vary in the epithelium bulk at early time. The mean cell
speed however depends on the cell density [45] as shown by its
decrease as cells reach confluence before stencil removal (see
Figure 1A in ref. [19]), as well as by the observed correlation
between cell speed and cell density in migrating bands that exhibit
large density heterogeneities. In order to account for this effect, we
generalized the model to include a dependence of the noise
amplitude s on the local cell density (see Methods), as written in Eq.
[1], since s is the main model parameter that controls the mean
cell speed. As shown in Figure S5, the inclusion of this dependence
does not significantly change the agreement between model and
experimental data at early times. It plays however an important
role in the epithelium motion at later times, as described below.

Leader cells and fingers at the epithelium border
Since the proposed model described well the coordinated

motion of cells at early times, we investigated whether it could also
reproduce the behavior of the epithelium during the whole
duration of the experiments. After a couple of hours, leader cells
appear and are observed to guide MDCK cell motion at the
epithelium border in the form of ‘‘fingers’’ that invade free space,
as described in previous works [15,17,22] and shown in Figure 3.
Different suggestions have previously been made as to the origin of
fingers and leader cells. Proposed mechanisms include diffusion
and chemo-attraction [37,39] as well as an intrinsic instability [46]
of the cell border hypothesized to be driven by an increased border
speed in its outward curving parts [47]. Leader cells are about
three times larger than their followers, with a size of the order of
50 mm as compared to 15–25 mm for other cells. They also move
faster than other cells, do not divide and are often binucleated (see
Figure S6). Thus, we here take the more conservative viewpoint
that leader cells have acquired different characteristics from other
cells in the epithelium. We study whether the observed fingers and

Figure 1. Cell velocity fields at early times. The cell velocity field is displayed 30 min after removal of the stencil. (A) Experiment (B) Numerical
simulation of the model. Box size 1 mm2. The parameters of the simulated model are a~1:42 h{1,b~60 h{1,t~1:39 h and s0~150mm=h2 (constant
amplitude noise).
doi:10.1371/journal.pcbi.1002944.g001

Model of Collective Cell Motion
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Figure 2. Statistical characterizations of the cell velocity field and positions at early time. Different statistical quantities are computed for
the velocity fields (30 min after stencil removal) in the experiments and model. Results of numerical simulations of the model are shown as solid black
curves (the simulation parameter values are the same as in Figure 1). The experimental data of 3 different experiments are shown as colored symbols.
(A) and (B) Distribution of the components vx and vy of the cell velocities, (C) Distribution of the cell velocity moduli, (D) Spatial correlation of the cell
centers, (E) Distribution of angle between two successive neighbors of a cell (see Methods), (F) Distribution of distance between the centers of two
neighboring cells, (G) and (H) spatial velocity correlation for the components vx and vy of the velocity respectively, (I) and (J) temporal velocity
correlation for the components vx and vy of the velocity respectively.
doi:10.1371/journal.pcbi.1002944.g002
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Modelo de células líder

border movement can be reproduced by introducing a few
modified cells in our model.

The dynamics of leader cells differ in several ways from those of
other cells. The velocities of leader cells are found to be constant in
modulus and direction to a good approximation (see Figure 7 in
ref. [17]) with velocity moduli peaked around 18+2:2 mm=h.
Contrary to other cells, leader cells display a very active
lamellipodium along their whole membrane in contact with the
free surface. They actively invade free surface while other cells do
not. This difference in explorative behaviors may stem from the
actin cable that follows the epithelium border [48,49] and is only
interrupted in leader cells. Finally, the motion of a leader cell is not
independent of that of other cells. Cutting a leader cell from the
following cells strongly perturbs its dynamics. Its motion becomes
erratic and it regains its characteristics only after re-adhesion to
the epithelium [22].

We introduced model leaders cell in our simulations that took
into account these different properties in a simple way (see Methods
for details). Leader cells were created as faster cells at the epithelium
border with a fixed outward predetermined velocity. The difference
in explorative behaviors between leader and other cells was
accounted for, in an effective manner, by a repellent force felt by
non-leader cells at the epithelium border upon exploration of free
surface. This repulsion disappeared as soon as the surface had been
explored by a leader or another non-leader cell (see Methods for
details). In addition, a leader cell was assumed to coordinate its
motion with the cells directly following it. Namely, a leader cell was
assumed to slow down when it was too fast for its followers.

Fingers produced with these prescriptions resemble those
observed in experiments as shown in Figure 3 A, B and in Figure

S7. In the observed experimental fingers, the cell density is lower
than in the epithelium bulk. It decreases continuously from the
finger bases to their leader cell tip, as quantified previously [22]
(Figure 3 C). A very similar trend is observed in the fingers
produced in the model as shown in Figure 3 D. The agreement
between the experimental and model finger densities is actually
surprisingly close given that the model only accounts for the
increased spreading on the surface of fast moving cells but does not
explicitly include more specific facts such as the more elongated
shapes of cells in the fingers.

The effects of the different assumed properties was assessed by
relaxing or modifying some of them. Feedback on the leader cell
from its followers was found necessary to prevent detachment of
the leader cell from the epithelium bulk. Narrow finger-like
protrusions on the interface were only present when differences in
explorative behaviors between leader cells and other cells were
taken into account. Similarly, the noise amplitude dependence on
local cell density provided a mean for follower cells to
autonomously reach a high speed. In the model with a constant
noise amplitude, the leader cell was observed to slow down. It
adapted to the ‘‘unrestrained’’ border progression speed that
follower cells would adopt in absence of free surface repulsion
which is of the same order as cell speed in the bulk (i.e. about
5{6 mm=h). The increase of cell speed with decreasing cell density
greatly increased the unrestrained border progression speed, as
shown in Figure S8. This allowed leader cells to maintain a high
speed when coordinating their motion with follower cells. A high
border progression speed could in principle come from other
mechanisms. We noted for instance that with a density-indepen-
dent noise term, it could arise from the addition of cell division to

Figure 3. Finger shapes. Experiments (left : A, C) and simulations (right : B, D). In the simulated model, the noise amplitude depends on the density
(s0~150mm=h2,s1~300mm=h2 see Methods). Other parameters are the same as in Figure 1. (A) and (B) Examples of finger shapes. (C) and (D) Cell
density in fingers as a function of the position along the finger (scale bar : 100mm).
doi:10.1371/journal.pcbi.1002944.g003
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Figure 4. Border progression. Experiments (left column: A,C,E,G) and numerical simulations (right column : B,D,F,H). The model parameters are
the same as in Figure 3. Pictures of the epithelium at t~0:h ((A), (B)), t~10 h ((C),(D)) and t~20 h ((E),(F)). In the experimental pictures (A,C,E) the cells
are shown. For the simulation, the positions of the particles are shown as black dots. (G) mean border progression in (n = 6) experiments shown as
colored triangles; the average progression is shown as a solid black line together with a quadratic fit at early times (0:23t2 mmh{2) and a linear fit at
late times (8:51tmmh{1{93:75mm)(dashed light blue lines) (H) mean border progression in (n = 6) simulations shown as colored squares; the
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Perspectivas

• Descripción de movimientos colectivos en 
el pez annual.

• Descripción de movimientos colectivos en 
el pez zebra.  
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