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Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page
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Individual and collective dynamics
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• Cells exhibit individual motility (Courses 2021)

• Yet, in vivo, cells are part of tissues:

Depending of cell connectedness (eg. adhesion, cortical 
contractility) tissues exhibit liquid/fluid or solid (elastic) states.

(see course#1—17 Oct 2017). 


Bénazéraf B. et al, Pourquie O. Nature. 466:248 (2010)

« Gaz-like », fluid state: 3D mesenchyme

Viscoelastic fluid: 2D epithelium

Quail 
embryo 
gastrulation
(Epiblast)

Firmino J. et al, and Gros J. Dev. Cell.  36:249 (2016)

Chick 
embryo axis 
elongation
(Pre Somitic 
Mesoderm)

Saadaoui M, et al., Corson F, Gros J. Science 367(6476):453-458 (2020)
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• Question: 

— is motility affected by high density/connectedness 
between cells? Seemingly not.


Confluent MDCK cell monolayer

— can cells exhibit collective dynamics?

D. Cohen et al PNAS  113: 14698–14703 (2016) 
www.pnas.org/cgi/doi/10.1073/pnas.1612208113 

Hi Chi Minh city - Vietnam

www.youtube.com/watch?v=1ZupwFOhjl4



Collective motility across scales
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Microtubule filaments and Kinesin motors gliding assay:  l = <1µm ; L = 100s µm

15.2. THE TONER-TU THEORY OF FLOCKING AND HERDING 383

+

+

Figure 15.3: Velocity selection term in a gliding motility assay. A surface is
decorated with molecular motors. When fluorescently labeled filaments are
deposited on the surface, they are translocated by the motors at the speed at
which the motors walk. In a theory of actin filament ”flocking,” this can be
captured as a preferred speed. The motors labeled in green in the figure are
those in contact with a filament.

U(v, ⇢) can be either positive or negative and thus favors some optimal speed
as shown in the top left panel of Figure 15.2. In the case of the work of Toner
and Tu, this term has the form

U(|v|, ⇢) = ↵(⇢� ⇢c)� �(⇢)|v|2 (15.5)

resulting in a preferred speed v0 =
p

↵(⇢� ⇢c)/�. Note that the density de-
pendence in the ↵ term captures the notion of a critical density ⇢c above which
the animals adopt an ordered state. In the original work of Toner and Tu, the
functional form was motivated by so-called Ginzburg-Landau theories which ac-
count for the spontaneous emergence of magnetic order, for example. This term
is important because it is one of the key ways that the activity of the active
matter is present. Note that as seen in Figure 15.2, for small velocities, this
term leads to an increase in velocity, while for large velocities, this term reduces
the velocity. Though our discussion has been focused on the macroscopic col-
lections of animals on length scales from 100s to 1000s of meters, these same
kinds of ideas provide insights at a billion-fold smaller scale in the context of
the cytoskeleton and its allied motors. One of the impressive ways to visualize
this velocity selection term in that context is the gliding motility assay shown
in Figure 15.3. In these gliding motility assays, filaments are pushed around
by carpets of molecular motors. The rule is that a filament is pushed in what-
ever direction it is currently pointing, at a preferred speed set by the motor
mechanics.

Next, we hypothesize that birds within a flock or the wildebeest within a
giant herd on the Serengeti maintain a preferred spacing between neighbors, or
a preferred density. Aerial photographs of wildebeest herds such as that shown
in Figure 15.5 really give intuition for this term. In this case, satellite images
make it possible to estimate the density of wildebeest both when moving in
herds and individually. This critical feature should also be clear to anyone that
has watched assemblies of seagulls standing on the sand at attention like soldiers
in a military line up or humans waiting on a subway quay, namely, that there

In vitro experiment

Simulation

www.youtube.com/watch?v=lms2jQeHnVs
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Actin filaments and Myosin motors:  l = 0.1-1µm; L = 10-100µm

Rho1 GDP Rho1 GTP
GEF

GAP

MLCP

ROCK
MRLC MRLC PDia

F-actin MyoII
minifilament

kon koff

(A) (B) reversible binding advection(C)

14.2. DEVELOPING A THIN-FILM ACTIVE FLUID THEORY FORDEVELOPING EMBRYOS365

PA PA

5 µm

myosin-GFP

average cortical flow v(x)

average myosin density M(x)

(A) C. elegans embryo

(B) abstracting the cortex as 1D

molecular description effective continuum theory (C)

(D)
y

x

x

1D average
imaged slice

plasma membrane

Figure 14.1: Actomyosin flows in the C. elegans embryo. Gradients in myosin
contractility drive long-range flows of the actomyosin cortex at the one-cell stage.
(A) A schematic of the C. elegans embryo with a zoom in on the surface layer
known as the actomyosin cortex, a collection of actin filaments crosslinked by
myosin motors. (B) Abstracting the actomyosin cortex as a one dimensional
problem. (C) Fluorescence microscopy image of a one-cell C. elegans embryo,
with myosin motors (purple) advected by the flow of the actomyosin cortex
(green velocity arrows). Flow is in the x-direction from the posterior to the
anterior of the embryo. (D) Average myosin density in the x-direction is col-
lapsed to a one-dimensional representation. Average cortical flow velocity in the
x-direction is collapsed to a one-dimensional representation. Adapted from M.
Mayer, M. Depken, JS Bois, F Jülicher and SW Grill, Nature 467, 617 (2010).

Actomyosin flow
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Fig. 7 | The persistent network promotes the propagation of MyoII-induced contractile forces. a, Live imaging of F-actin (eGFP::UtrCH) localization in 
amnioserosa cells (DC) comparing a pulsatile event in a WT and a frl59/59 cell (Supplementary Video 21). The red and green outlines show, respectively,  
the contracting and expanding parts of the cell. b, Images showing radial F-actin filaments emanating from the pulse in a frl59/59 cell. The solid and the 
dashed lines show the contracting AJ. The white arrows indicates actin filaments emanating from the pulse that connect to the AJ. c, Schematics of a 
contracting WT and frl59/59 cell. d, Images of measuring contractile force propagation using KLT tracking (Methods). Left images shows distances from the 
pulse. Right image shows colour-coded KLT tracks speed towards the pulse (Supplementary Video 22). e, Upper: line plots of the means of the binned and 
averaged speeds towards the pulse versus distance to the pulse. Background shades of grey indicate a typical amnioserosa cell radius (~8!µm). Lower: box 
plots of the binned and averaged speeds toward the pulse versus the distance to the pulse. f, Representative numerical model simulations for different 
λ values (Supplementary Video 23) with initial condition (left) and maximum deformation (right). Green segments indicate that a boundary element is 
connected to the pulse. g, Schematic and plot of measuring cell shape irregularity by comparing the convex hull and the segmented apical surface. Box plot 
(simulation) of inward!+!outward regions over a convex hull surface ratio (200 iterations per λ value). h, Line plots (simulation) of averaged speed towards 
the pulse versus distance to the pulse (200 iterations per λ value). Results in a and b were systematically observed in 20 independent experiments.  
Results in d and e represent eight (four control, four frl59/59) and eight (four control, four FrlOE) independent experiments. Quantifications and statistical 
analyses in e and g were performed using n!=!the total number of pulses collected from multiple embryos, as indicated below the graphs. Parameters 
for the box plots in e and g are as described in Fig. 1. Statistics in e: two-sided Mann–Whitney test, NS, P!>!0.05, *P!<!0.05, **P!<!0.005, ***P!<!0.0005, 
****P!<!0.00005. Two-way ANOVA in e analysed the influence of experimental conditions over the propagation of contractile forces (see interaction  
P value). One-way ANOVA in g analysed the influence of λ over the simulated cell shape deformations. Source data are provided.
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Fig. 7 | The persistent network promotes the propagation of MyoII-induced contractile forces. a, Live imaging of F-actin (eGFP::UtrCH) localization in 
amnioserosa cells (DC) comparing a pulsatile event in a WT and a frl59/59 cell (Supplementary Video 21). The red and green outlines show, respectively,  
the contracting and expanding parts of the cell. b, Images showing radial F-actin filaments emanating from the pulse in a frl59/59 cell. The solid and the 
dashed lines show the contracting AJ. The white arrows indicates actin filaments emanating from the pulse that connect to the AJ. c, Schematics of a 
contracting WT and frl59/59 cell. d, Images of measuring contractile force propagation using KLT tracking (Methods). Left images shows distances from the 
pulse. Right image shows colour-coded KLT tracks speed towards the pulse (Supplementary Video 22). e, Upper: line plots of the means of the binned and 
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B. Dehapiot et al, and T. Lecuit. Nat Cell Biol. 22(7):791-802 (2020)Thomas LECUIT   2022-2023

Michaux, Robin et al, E. Munro. J Cell Biol. 217(12):4230-4252 (2018)
M. Mayer et al and SW Grill, Nature 467, 617 (2010) 

C. elegans Drosophila
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www.youtube.com/watch?v=tstc6doiNCU

Treuner-Lange, MPI Marburg

A. Pelling et al. PNAS, 102: 6484–6489 (2005) 

https://www.youtube.com/watch?v=iHg15E414lk

speed: 2-4 µm/min

M
or

ph
ol

og
y

of
G

lid
in

g
Ce

lls
.A

sid
e

fr
om

th
e

ul
tr

as
tr

uc
tu

re
im

ag
in

g,
so

m
e

un
iq

ue
ce

ll
m

or
ph

ol
og

y
w

as
al

so
ob

se
rv

ed
.A

ss
ho

w
n

in
Fi

g.
2A

,M
.x

an
th

us
ce

lls
w

er
e

oc
ca

sio
na

lly
se

en
cu

rli
ng

th
ei

rc
el

lb
od

ie
s

an
d

tw
ist

in
g

ab
ou

te
ac

h
ot

he
r,

le
ad

in
g

to
a

br
ai

d-
lik

e
m

or
ph

ol
og

y.
B

en
di

ng
an

d
fl

ex
in

g
of

th
e

ce
ll

bo
dy

w
as

of
te

n
se

en
in

M
.x

an
th

us
ce

lls
an

d
w

as
be

lie
ve

d
to

be
a

m
ea

ns
fo

rd
ire

ct
io

na
lc

ha
ng

e
du

rin
g

gl
id

in
g

(3
4)

.T
he

fo
rm

at
io

n
ob

se
rv

ed
he

re
su

gg
es

te
d

th
at

ad
ja

ce
nt

ce
lls

ca
n

so
m

eh
ow

co
or

di
na

te
th

ei
r

fl
ex

in
g

to
tw

ist
ar

ou
nd

ea
ch

ot
he

r.
In

te
re

st
in

gl
y,

w
he

n
ex

am
in

ed
at

a
hi

gh
er

re
so

lu
tio

n,
ex

te
nd

-
in

g
pi

li
co

ul
d

be
se

en
at

th
e

sa
m

e
ce

ll
po

le
of

bo
th

tw
ist

ed
ce

lls
(F

ig
.

2B
),

de
m

on
st

ra
tin

g
ag

ai
n

th
at

pi
li

on
ad

ja
ce

nt
ce

lls
te

nd
to

sh
oo

t
fr

om
th

e
sa

m
e

ce
ll

en
ds

.
A

no
th

er
no

te
w

or
th

y
ob

se
rv

at
io

n
in

vo
lv

es
in

di
vi

du
al

ce
ll

m
or

-
ph

ol
og

y.
E

ar
lie

r
st

ud
ie

s
us

in
g

sh
oc

k-
fr

ee
zi

ng
an

d
SE

M
re

ve
al

ed
m

ot
ili

ty
-a

ss
oc

ia
te

d
su

rf
ac

e
pa

tte
rn

si
n

gl
id

in
g

M
.x

an
th

us
(3

5)
.T

he
ce

lls
ap

pe
ar

ed
to

be
‘‘r

ot
at

ed
’’

al
on

g
th

e
lo

ng
ax

is
of

th
e

ce
ll,

an
d

th
e

ro
ta

tio
n

pa
tte

rn
s

w
er

e
lo

st
in

so
di

um
-a

zi
de

-tr
ea

te
d

ce
lls

,s
ug

-
ge

st
in

g
th

at
th

e
ro

ta
tio

n
w

as
as

so
ci

at
ed

w
ith

ac
tiv

e
gl

id
in

g
(3

5)
.

U
nd

er
A

FM
,s

im
ila

r
pa

tte
rn

s
w

er
e

ob
se

rv
ed

(F
ig

.2
C

).
In

di
vi

du
al

ce
lls

w
er

e
se

en
to

be
tw

ist
ed

al
on

g
th

ei
r

lo
ng

ax
is,

w
ith

a
he

lic
al

su
rf

ac
e

fo
ld

ru
nn

in
g

th
ro

ug
h

th
e

ce
ll

bo
dy

.A
he

ig
ht

pr
of

ile
of

th
e

tw
ist

ed
ce

ll
bo

dy
re

ve
al

ed
!

25
-

to
10

0-
nm

‘‘p
ea

ks
’’

se
pa

ra
te

d
by

!
50

0-
nm

‘‘v
al

le
ys

’’
on

th
e

he
lic

al
pa

tte
rn

s
al

on
g

th
e

ce
ll

ax
is

(F
ig

.
2C

),
co

m
pa

ra
bl

e
to

th
e

pa
tte

rn
s

ob
ta

in
ed

by
Lu

ns
do

rf
et

al
.(

35
)

(6
00

-
to

1,
00

0-
nm

se
pa

ra
tio

ns
).

W
he

n
th

e
ce

lls
w

er
e

tr
ea

te
d

w
ith

0.
02

%
so

di
um

az
id

e
fo

r
10

m
in

,n
o

tw
ist

in
g

w
as

se
en

in
th

e
en

tir
e

sa
m

pl
e

(d
at

a
no

ts
ho

w
n)

,d
em

on
st

ra
tin

g
th

at
th

es
e

m
or

ph
ol

og
ic

al
ch

an
ge

sw
er

e
co

rr
el

at
ed

w
ith

ac
tiv

e
gl

id
in

g,
ra

th
er

th
an

re
pr

es
en

t-
in

g
a

dr
yi

ng
ar

tif
ac

t.

Lo
ca

l
El

as
ti

ci
ty

of
Li

ve
M

.
xa

nt
hu

s
Ce

lls
in

Fl
ui

d.
T

he
ab

ili
ty

of
M

.
xa

nt
hu

s
to

fl
ex

an
d

tw
ist

its
ce

ll
bo

dy
su

gg
es

ts
th

e
hi

gh
le

ve
l

of
fl

ex
ib

ili
ty

in
liv

e
M

.x
an

th
us

ce
lls

.B
ec

au
se

of
its

fo
rc

e-
sp

ec
tr

os
co

py
ca

pa
ci

ty
,A

FM
al

lo
w

s
th

e
in

ve
st

ig
at

io
n

of
ce

ll
lo

ca
l

fl
ex

ib
ili

ty
or

el
as

tic
ity

th
at

is
un

at
ta

in
ab

le
w

ith
an

y
ot

he
r

im
ag

in
g

to
ol

s.
W

ild
-

ty
pe

M
.

xa
nt

hu
s

ce
lls

w
er

e
im

m
ob

ili
ze

d
on

a
gl

as
s

co
ve

rs
lip

,
su

bm
er

ge
d

in
fl

ui
d

(s
ee

M
at

er
ia

ls
an

d
M

et
ho

ds
),

an
d

pr
ob

ed
w

ith
A

FM
.I

n
co

nt
ra

st
to

im
ag

in
g

in
ai

r,
th

e
sc

an
ni

ng
of

th
e

A
FM

tip
in

fl
ui

d
ca

us
ed

sli
gh

tm
ov

em
en

ts
of

th
e

ce
ll

bo
di

es
th

at
co

m
pr

om
ise

d
im

ag
e

qu
al

ity
(s

ee
Fi

g.
5,

w
hi

ch
is

pu
bl

ish
ed

as
su

pp
or

tin
g

in
fo

r-
m

at
io

n
on

th
e

PN
A

S
w

eb
sit

e)
.H

ow
ev

er
,t

he
se

ce
lls

w
er

e
st

ab
le

en
ou

gh
to

be
iso

la
te

d
an

d
us

ed
fo

r
th

e
de

te
rm

in
at

io
n

of
th

e
lo

ca
l

ce
ll-

w
al

le
la

st
ic

ity
or

‘‘s
tif

fn
es

s’’
(Y

ou
ng

’s
m

od
ul

us
,E

)b
ym

ea
su

rin
g

fo
rc

e
cu

rv
es

(F
ig

.
3A

an
d

Su
pp

or
tin

g
Te

xt
)

on
th

e
ce

ll
(3

6)
.

A
s

de
ta

ile
d

in
Su

pp
or

tin
g

Te
xt

,
E

ca
n

be
de

te
rm

in
ed

by
co

nv
er

tin
g

fo
rc

e–
di

sp
la

ce
m

en
tc

ur
ve

s(
Fi

g.
3A

)i
nt

o
fo

rc
e–

in
de

nt
at

io
n

cu
rv

es
ob

ta
in

ed
on

st
ab

le
ar

ea
so

fc
el

ls
ur

fa
ce

s(
Fi

g.
6,

w
hi

ch
is

pu
bl

ish
ed

as
su

pp
or

tin
g

in
fo

rm
at

io
n

on
th

e
PN

A
S

w
eb

sit
e)

.B
as

ed
on

th
es

e
cu

rv
es

,w
ild

-t
yp

e
ce

lls
w

er
e

fo
un

d
to

ha
ve

a
lo

ca
lY

ou
ng

’s
m

od
ul

us
of

0.
25

"
0.

18
m

ill
io

n
pa

sc
al

s
(M

Pa
)

(s
ee

Su
pp

or
tin

g
Te

xt
fo

r
ca

lc
ul

at
io

n
de

ta
ils

).
A

ft
er

gl
ut

ar
al

de
hy

de
fix

at
io

n
(s

ee
M

at
er

ia
ls

an
d

M
et

ho
ds

),
w

ild
-t

yp
e

ce
lls

di
sp

la
ye

d
an

E
of

1.
34

"
0.

66
M

Pa
,

de
m

on
st

ra
tin

g
a

sig
ni

fic
an

t
ch

an
ge

in
ce

ll-
su

rf
ac

e
el

as
tic

ity
up

on
gl

ut
ar

al
de

hy
de

tr
ea

tm
en

t.
A

lth
ou

gh
m

ea
su

re
m

en
ts

of
ba

ct
er

ia
lt

ur
go

r
pr

es
su

re
an

d
lo

ca
l

sp
rin

g
co

ns
ta

nt
s

ha
ve

be
en

re
po

rt
ed

in
re

fs
.3

7–
39

,v
er

y
lit

tle
is

kn
ow

n
ab

ou
tt

he
Y

ou
ng

’s
m

od
ul

us
of

ba
ct

er
ia

lc
el

lw
al

ls,
an

d
th

e
A

FM
m

ea
su

re
m

en
to

fE
on

a
liv

in
g

ba
ct

er
iu

m
in

aq
ue

ou
s

co
nd

i-
tio

ns
ha

s
no

t
be

en
pr

ev
io

us
ly

re
po

rt
ed

.
St

ud
ie

s
us

in
g

‘‘b
ac

te
ria

th
re

ad
s’’

ha
ve

es
tim

at
ed

E
on

‘‘w
et

’’
B

ac
ill

us
su

bt
ili

s
at

!
30

M
Pa

(4
0)

,1
00

tim
es

hi
gh

er
th

at
th

e
va

lu
es

w
e

ob
ta

in
ed

w
ith

A
FM

on
un

fix
ed

M
.x

an
th

us
in

aq
ue

ou
s

co
nd

iti
on

s.
A

FM
ha

s
be

en
us

ed
to

m
ea

su
re

th
e

Y
ou

ng
’s

m
od

ul
us

on
ye

as
tc

el
ls

(a
ve

ra
gi

ng
!

1
M

Pa
)

(3
6,

41
)

an
d

m
am

m
al

ia
n

ce
lls

,
w

hi
ch

ha
ve

hi
gh

ly
va

ria
bl

e
an

d
sp

at
ia

lly
de

pe
nd

en
tE

,a
nd

us
ua

lly
fa

lls
in

th
e

1-
to

20
0-

kP
a

ra
ng

e
(4

2–
45

).
T

he
E

va
lu

e
w

e
ob

ta
in

ed
on

w
ild

-t
yp

e
M

.x
an

th
us

ce
lls

th
er

ef
or

e
re

fl
ec

ts
th

e
re

la
tiv

e
st

iff
ne

ss
of

th
e

M
.x

an
th

us
ce

ll
w

al
la

s
co

m
pa

re
d

w
ith

ot
he

r
or

ga
ni

sm
s.

In
Vi

vo
Fo

rc
e

Sp
ec

tr
os

co
py

of
Ex

tr
ac

el
lu

la
r

Fi
br

ils
on

th
e

M
.x

an
th

us
Ce

ll
Su

rf
ac

e.
C

on
ta

ct
-m

ed
ia

te
d

ce
ll–

ce
ll

in
te

ra
ct

io
ns

ar
e

an
im

po
r-

ta
nt

as
pe

ct
of

th
e

so
ci

al
be

ha
vi

or
of

M
.x

an
th

us
an

d
ar

e
fa

ci
lit

at
ed

by
ex

tr
ac

el
lu

la
rf

ib
ril

m
at

er
ia

lt
ha

te
xi

st
so

n
th

e
su

rf
ac

e
of

th
e

ce
lls

(1
7,

23
,2

4)
.T

he
fo

rc
e-

sp
ec

tr
os

co
py

ca
pa

ci
ty

of
A

FM
al

lo
w

s
us

to
in

ve
st

ig
at

e
th

e
na

no
m

ec
ha

ni
ca

lp
ro

pe
rt

ie
so

ft
he

M
.x

an
th

us
su

rf
ac

e
ad

he
siv

e
m

ol
ec

ul
es

.
W

ild
-t

yp
e

ce
lls

w
er

e
im

m
ob

ili
ze

d
in

liq
ui

d
as

de
sc

rib
ed

ab
ov

e,
an

d
fo

rc
e–

di
sp

la
ce

m
en

t
cu

rv
es

w
er

e
m

ea
su

re
d

on
th

e
ce

ll
by

lo
w

er
in

g
th

e
tip

an
d

pr
es

sin
g

it
ag

ai
ns

tt
he

ce
ll

su
rf

ac
e

w
ith

a
fo

rc
e

of
!

10
nN

.
U

po
n

tip
re

tr
ac

tio
n,

a
se

qu
en

ce
of

ru
pt

ur
e

ev
en

ts
oc

cu
rr

ed
at

di
st

an
ce

s
of

1–
3

!
m

,
pr

es
um

ab
ly

ar
isi

ng
fr

om
th

e
br

ea
ka

ge
of

m
ul

tip
le

ad
he

sio
ns

be
tw

ee
n

th
e

A
FM

tip
an

d
th

e
ce

ll-
su

rf
ac

e
su

bs
ta

nc
es

(F
ig

.
3A

).
T

he
ca

nt
ile

ve
r

di
sp

la
ce

m
en

t
al

w
ay

sr
et

ur
ne

d
to

its
in

iti
al

ze
ro

po
sit

io
n

af
te

rt
he

se
rie

so
fr

up
tu

re
ev

en
ts

.
Si

m
ila

r
re

tr
ac

tio
n

cu
rv

es
ha

ve
be

en
re

po
rt

ed
fo

r
ot

he
r

ad
he

siv
e

po
ly

m
er

s
(D

N
A

,p
ro

te
in

s,
an

d
po

ly
sa

cc
ha

rid
es

)
(4

6–
49

),
su

gg
es

tin
g

th
at

th
e

ad
he

siv
e

su
bs

ta
nc

es
on

th
e

M
.

xa
nt

hu
s

ce
ll

su
rf

ac
e

w
er

e
ex

tr
ac

el
lu

la
r

po
ly

m
er

ic
m

ol
ec

ul
es

.
W

ild
-t

yp
e

ce
lls

fix
ed

w
ith

gl
ut

ar
al

de
hy

de
,w

hi
ch

cr
os

s-
lin

ks
th

e
ex

tr
ac

el
lu

la
r

po
ly

-

Fi
g.

2.
Th

e
tw

is
ti

ng
m

or
ph

ol
og

y
of

M
.x

an
th

us
ce

lls
.(

A
)

Tw
o

ce
lls

tw
is

te
d

ar
ou

nd
ea

ch
ot

he
r.

(S
ca

le
ba

r,
2.

5
!

m
.)

(B
)A

hi
gh

er
-r

es
ol

ut
io

n
im

ag
e

of
th

e
ce

lls
in

A
,s

ho
w

in
g

pi
li

at
th

e
sa

m
e

ce
ll

po
le

s
of

bo
th

ce
lls

.(
Sc

al
e

ba
r,

1
!

m
in

bo
th

B
an

d
C.

)(
C)

H
el

ic
al

tw
is

ts
in

a
si

ng
le

ce
ll

an
d

a
he

ig
ht

pr
ofi

le
of

th
e

lo
ng

ax
is

of
th

e
ce

ll
bo

dy
,

re
ve

al
in

g
di

st
in

ct
25

-
to

20
0-

nm
bu

m
ps

se
pa

ra
te

d
by

!
50

0-
nm

‘‘v
al

le
ys

.’’

Pe
lli

ng
et

al
.

PN
A

S
!

M
ay

3,
20

05
!

vo
l.

10
2

!
no

.1
8

!
64

87

MICROBIOLOGY

Downloaded from https://www.pnas.org by 83.240.189.74 on October 17, 2022 from IP address 83.240.189.74.

Nevertheless, several structural features could be noticed on the
AFM images. (i) The cell surfaces appeared rather ‘‘rough,’’ as
shown in Fig. 1D, and (ii) slime-like structures were often seen
covering or extending from the cell body, as shown in Fig. 1E. The
dif mutant, however, appeared much ‘‘smoother’’ (Fig. 1G). To
quantify the visual differences, a roughness analysis of the cellular
surfaces was carried out. As detailed in Supporting Text, which is
published as supporting information on the PNAS web site, we
define roughness (R) as the standard deviation of the height values
(h) away from the mean height (h0) of a given scan line over the cell
surface (see Fig. 4, which is published as supporting information on
the PNAS web site). The Rrms for the wild-type and pilA cells were
determined to be 4.30 ! 1.09 nm and 3.43 ! 0.91 nm, respec-
tively. However, the dif mutant displayed much less roughness
(2.54 ! 0.77 nm).

The M. xanthus stk mutants are known to have constitutively high
polysaccharide production and a higher-than-normal level of fibril
material (28, 32). When this mutant (DK3088) was examined under
AFM, an excessive amount of slime-like substances were seen on
the cell surface, and long filamentous structures were often found
extending from the cell body (Fig. 1H). The stk mutants were known
to exhibit a variety of properties including the clumping of cells
during growth in liquid culture, rapid agglutination, and the for-

mation of colonies in which cells adhere tightly to each other and
the agar surface (28). The striking amount of extracellular sub-
stances observed under physiological conditions provided the struc-
tural basis for these phenotypes. The surface roughness of the stk
mutant was also measured and averaged 7.16 ! 2.74 nm, signifi-
cantly higher than that of wild-type cells (4.30 ! 1.09 nm).

Another important type of extracellular polysaccharide in M.
xanthus is LPS. M. xanthus LPS is typical of Gram-negative bacteria
and consists of lipid A, which forms the outer leaflet of the outer
membrane bilayer; core, which is a chain of carbohydrates attached
to lipid A; and O antigen, which contains a variable number of
repeating oligosaccharide units and extends outward from the core
(33). Genetic studies showed that the wzm wzt wbgA genes in the
sasA locus of M. xanthus encode LPS O antigen biogenesis proteins,
and the LPS O antigen mutant (HK1324, "wzm wzt wbgA) was
defective in S motility (18). When this mutant was imaged with
AFM, it exhibited a relatively ‘‘clean’’ cell surface (Fig. 1I) as
compared with wild type. The cell-surface roughness of the mutant
was quantified and averaged 4.05 ! 1.42 nm, comparable to that of
wild-type cell surface. This finding is expected because LPS O
antigen mutants exhibit a wild-type level of extracellular fibril
material (18), which presumably masks the cell wall and contributes
to a wild-type-like cell-surface roughness.

Fig. 1. AFM deflection-mode images of large social groups and individual M. xanthus cells in air. (A) A 100-!m2 scan of large mounds of wild-type cells. (B)
A higher-resolution scan of the marked area in A reveals cellular ordering along the edge of the social group in domains of #10 cells. (C) A further,
higher-resolution scan of the area marked in B reveals the presence of pili at the cell poles. (D–I) Individual cells of M. xanthus mutants. (Scale bar, 2 !m.) (D)
Wild-type DK1622, showing polar pili. (E) Wild-type DK1622 cells displaying slime-like substances (*) and extruding blebs (arrow). (F) pilA mutant DK10407,
showing the absence of pili at the cell pole. (G) dif mutant SW504, showing the presence of long pili that bend toward the cell body. (H) stk mutant DK3088,
displaying an excess of extracellular substances in the form of filaments with variable diameters from 15 to 65 nm. (I) The LPS O antigen mutant HK1324.

6486 ! www.pnas.org"cgi"doi"10.1073"pnas.0501207102 Pelling et al.
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genes. First, S-motility is itself driven by sensory appendages
known as Type-IV pili (Tfps) that, assembled at the bacterial
cell pole, polymerize protein filaments that extend and pull
cells forward as they retract [8] (figure 2). Tfps are thought
to provide bacterial cells with a sense of touch, triggering cel-
lular responses as they adhere to extracellular surfaces [9,10].
For example, in Myxococcus, Tfps activity is genetically linked
to cellular secretion of an extracellular poly-saccharide (EPS)
matrix, which creates EPS tracks across surfaces. These tracks
are thought to form channels, funnelling cells into large
streams and tightening cell–cell interactions, potentially pro-
viding spatial cues over long distances—a process known as
stigmergy [4,11,12]. Interestingly, Tfps activate EPS secretion
via a signalling pathway called Dif, which has typical fea-
tures of bacterial chemotaxis pathways [13–16]. Chemotaxis
allows cells to move in a directed manner towards a chemical
source. In bacteria, these pathways allow single cells to

precisely detect a wide range of nutrient gradients, owing
to sophisticated properties of the receptors (so-called
methyl-accepting proteins) allowing signal amplification
and adaptation [17–20], which in animal cognition are typi-
cally referred to as sensitization and habituation. However,
while the Dif system contains a predicted methyl-accepting
protein, it is not currently understood how Tfps connect to
Dif and how Dif further activates EPS secretion. Thus,
while there is clearly a sensory potential in this pathway,
we will not discuss it further in this review.

In general, whether chemotaxis plays a role in Myxococcus
life cycle remains unclear despite the large number of
chemotaxis-like pathways encoded by the genome [3,13,16].
In particular, one pathway named Frz (see below), which
will be at the core of this discussion, is required for cells to
steer their motility via a process called directional reversals.
These reversals involve cells switching direction by 180° by

myxospore

3

4

2

1

fruiting body

swarming and predation

prey

rippling

prey
colony

M. xanthus
colony

ge
rm

in
at

io
n

social behaviour

starvationaggregation

coordinated
behaviour

Figure 1. Myxococcus xanthus social life cycle (adapted from [5]). Middle left: picture of a M. xanthus colony (left) preying on Escherichia coli (right) on agar.
1. Predation front: M. xanthus swarms towards the prey colony. Upper right: cartoon representation of an M. xanthus swarm (light brown cells) moving in a
coordinated manner towards the prey colony (cyan cells). Lysed prey cells are in light blue. 2. Rippling patterns. Middle right: a zoomed-in picture of the macro-
scopic travelling waves (ripples) observed during predation and starvation. Bottom right: a cartoon representation of two M. xanthus rippling waves colliding.
Myxococcus xanthus cells are in light brown, intact prey cells are in cyan and lysed prey cells in light blue. 3. In a nutrient-poor environment (i.e. absence of
prey), starving M. xanthus cells aggregate and form macroscopic structures called fruiting bodies. Upper left: a fruiting body is a multicellular structure containing
differentiated cells such as peripheral rods (in light brown), cells undergoing programmed cell death (in light green) and myxospores (in dark pink). 4. When
conditions are favourable, myxospores (dark pink circle) can germinate. After germination, vegetative cells (in light brown) can form a new community.
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Travelling waves virtue of an inversion of polarity—the leading cell pole
becomes the lagging pole and vice-versa—which is enabled
by the intracellular relocation of the motility complexes to
the opposite cell pole [7,8,21]. While it is tempting to imagine
that reversal control can allow Myxococcus cells to detect
chemical sources, this remains to be shown. Nevertheless,
the control of cell reversals is at the heart of most of the
Myxococcus S-motility transitions during the predation
cycle, and frz mutants are deficient at multiple stages, includ-
ing rippling, aggregation and fruiting bodies formation
[22–24]. The evidence, therefore, indicates that cell motility
reversals are at the core of social movements and their
changes. Below, we discuss which sensory capacities might
be conferred by Frz signalling and how such capacities
might underlie the regulation of social movements.

3. Genetic circuits driving cell decisions
In order to clarify the potential sensory properties of
Myxococcus cells, the genetic cell-autonomous circuit men-
tioned above must be described in detail. In recent years,
intensive research from several laboratories has established
that cellular reversals are controlled by a sophisticated protein
complex, linking a chemosensory-like apparatus (Frz) to a
polarity control system (Mgl) [7,8,21]. We first discuss the
structure of each system and their interactions to identify key
sensory properties in the global network.

(a) The Frz chemotaxis-like system
As early as 1985, Blackhart & Zusman [25] discovered that cel-
lular reversals are under the genetic control of the so-called frz
locus, which was later discovered to carry chemotaxis-like
genes [26]. Genetically, loss of function mutations in frz
genes were found to abolish cell reversals, while gain-of-
function mutations led to cells reversing at high frequency,
demonstrating that these genes regulate the frequency of cellu-
lar reversal, that is, the number of reversals per time unit for a
given cell [25]. The structure of the Frz complex is shown in
figure 3a. While not a classical chemotaxis system relying on
Che proteins, the Frz complex has many features of such sys-
tems. The signalling apparatus consists of a receptor complex
that includes a modifiable methyl-accepting protein (FrzCD)
and a full adaptation complex: a methyl-transferase (FrzF)

and a methyl-esterase (FrzG). Downstream, this complex
interacts with two proteins (FrzA and FrzB) similar to CheW,
the protein in canonical chemotaxis systems that links environ-
mental information received by methyl-accepting proteins to
proteins that regulate a response. In this case, FrzA and FrzB
link FrzCD to FrzE, a hybrid CheA-like kinase fused in
tandem with a response regulator CheY-like domain, and
two soluble response regulator proteins (FrzZ and FrzX)
[7,8,13,22,28–31].

Unlike paradigmatic Che receptors, FrzCD does not
assemble as a receptor protein array in the bacterial mem-
brane, but rather uniquely forms signalling complexes by
directly associating with the bacterial chromosome [27,32].
This unusual signalling complex-chromosomal association
is mediated by a N-terminal DNA-binding domain in
FrzCD and direct interaction with the coupling protein
FrzB, which organizes potential signalling arrays directly at
the surface of the chromosome (figure 3a). How the receptor
system is activated intracellularly is still an enigma. However,
as in other chemotaxis systems, its activation leads to the
auto-phosphorylation of the FrzE kinase from ATP and phos-
photransfer of up to three downstream receiver domains: its
own receiver domain, FrzZ and FrzX (figure 3a). How these
transfers affect reversals is discussed in detail below.

(b) The Mgl polarity complex
During a reversal, the activity of the motility complexes
switches from one cell pole to the other [7,8,21]. While the
Frz complex catalyses the switch, it is not itself required for
implementing the underlying change in cell polarity. The
master polarity controller is a protein named mutual gliding
protein A (MglA). At the biochemical level, MglA acts like a
molecular switch with features similar to the Ras protein
family of small GTPases: it is active when bound to the
nucleotide guanosine triphosphate (GTP) and is inactive
when bound to guanosine diphosphate (GDP). The function
of MglA is, therefore, to recruit critical activators of the moti-
lity machinery at the (leading) pole when it is bound to GTP
[8,21,28,29,33–38] (figure 3b).

The mechanism of MglA polar localization is now estab-
lished in molecular detail. At the leading cell pole, MglA is
recruited by the so-called required for motility protein R and
X (RomRX) complex, which promotes the loading of GTP by
MglA at the leading pole [28,29]. RomRX is not itself respon-
sible for the unipolar distribution of MglA, which is
contributed by yet another factor, the MglB protein, localized
at the opposite (lagging) cell pole. The MglB protein interacts
directly with MglA and catalyses the transition from MglA-
GTP hydrolysis, which inactivates MglA spatially and thereby
prevents its accumulation at the lagging cell pole [35,36]. Thus,
a four-protein system—MglA, MglB and RomRX—defines a
cell polarity axis that directs the movement of the cell. Inver-
sion of this polarity axis by the signalling activity of Frz
provokes a reversal [8,21,28,29].

(c) The mechanism of reversals
Figure 3b depicts the temporal cascade of events that lead to
cell reversal. Following a reversal, the RomRX complex is
fully associated with MglA at the leading pole, while MglB
localizes at the lagging pole. The RomRX complex then
relocalizes to the lagging pole, whileMglA remains at the lead-
ing pole, probably via interaction with its motility effectors

lagging
pole

leading
pole Type-IV pili

swarm

S-motility

D
if

sy
st

em

EPS trail moving direction

Figure 2. The S-motility system promotes coordinated group motility and
involves the extension and retraction of a Type-IV pili at the leading pole
that pulls cells forward. EPS secretion is activated by the Dif pathway, forming
tracks across surfaces that are proposed to channel cells into larger streams.
During reversal, cells switch direction by 180° owing to the inversion of their
polarity and the re-assembly of Type-IV pili as the opposite cell pole.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20190755
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Lateral line

Skin

Muscle Sdf1 chemokine

Sdf1
chemokineE-cadherin

E-cadherin

Cxcr4 

c  Basolateral view

a

b  Apical view
Cxcr4 and Cxcr7

Cxcr4 and Cxcr7

Cxcr4

Head

Yolk sack

R R R
Tail

Adherens junction
Tight junction

Fgfr1 Fgfr1 Fgfr1 Fgfr1Fgf10 Fgf10

Apical
constriction

Migration
direction

L

L

L

RRR

Vascular sprouting. In both morphogenesis and regenera-
tion, collective strands of endothelial cells penetrate a pro-
visional fibronectin- and fibrin-rich wound matrix to form 
a network of new vessels56,97. Endothelial cells in sprouts 
are guided by a single tip cell that protrudes multiple 
actin-rich filopodia and is followed by a multicellular stalk 
of endothelial cells, which are connected by VE-cadherin 
at cell–cell junctions and successively form an inner 
lumen23,24,98 (FIG. 2c). By these means, the same extra cellular 
ligand, VEGF, controls both the directed migration of tip 
cells and the proliferation of following stalk cells. Elegant 
experiments carried out on the mouse retina have 
revealed that a differential response to VEGF is generated 
by extracellular gradients of VEGF isoforms with distinct 
heparan sulphate-binding and, thus, different retention 
properties to ECM and cell surfaces99. Similar to tracheal 
morphogenesis, the Notch–Delta axis also determines 
tip and stalk cell fate in angiogenic sprouts in zebrafish 

and mice23,24. For preferential VEGFR3 expression in 
tip cells, Delta-like 4 (DLL4)–Notch signalling needs to 
remain silenced, whereas in stalk cells Notch signalling is  
active and limits VEGFR3 expression, thereby preventing 
migratory protrusion and outbranching23,24.

Epidermal wound closure. During repair of the skin 
or the corneal epithelium after injury, collective cell 
migration of keratinocytes occurs across the provisional 
wound bed leading to epidermal wound closure100,101. 
Keratinocytes move initially as a monolayer sheet that, 
after hours to days, undergoes multilayered stratifica-
tion and forms de novo epidermis. The initial cell rows 
use α2β1, α5β1 and αvβ3 integrins to generate force on a 
collagen and fibrin substrate102 and cells in the rearward 
position use α6 integrin to move along the new basement 
membrane as it is synthesized103. The cell–cell contacts 
during migration are mediated by E-cadherin, desmo-
glein 1, desmoglein 3 and desmosomes and are stabilized 
by the cortical actin cytoskeleton, which is dependent 
on the small GTPase Rho104,105. Keratinocytes further 
receive signals from stromal fibroblasts, including FGF, 
keratinocyte growth factor and TGFβ, which generate 
intracellular mitogen-activated protein kinase  (MAPK) 
signalling, which propagates in a wave-like manner 
from cell to cell in a rearward direction106. By moving 
as a continuous multicellular sheet that retains mechani-
cally robust cell–cell connections and early basement 
membrane deposition107, the closing wound provides  
immediate coverage and preliminary protection of the 
underlying regenerating tissue.

Collective cell migration in cancer
Collective invasion is prevalent in many cancer types. 
However, because cancer is a slow, long-term process that 
is not readily amenable to direct microscopic observation, 
the mechanisms of collective cell dynamics in cancer are 
less well studied to date compared with morphogenesis 
and regeneration.

Morphological pattern. In histopathological sections, 
most epithelial cancers display the hallmarks of collec-
tive invasion into surrounding tissues, including intact 
cell–cell junctions, expression of E-cadherin and other 
cadherins and expression of other homophilic cell–cell 
adhesion receptors in tumour regions deep inside the 
normal stroma4,25,26. Many cancers, including not com-
pletely de-differentiated forms of rhabdomyosarcoma, 
oral squamous cell carcinoma, colorectal carcinoma, 
melanoma and breast cancer, exhibit predominantly 
collective cell invasion when explanted in vitro16,62,108. 
Likewise, cell lines from colorectal carcinoma, breast can-
cer, fibrosarcoma and endometrial carcinoma move as 
2D sheets or as 3D strands in scratch wound or spheroid- 
invasion cultures (O. Iliyna, K. Wolf, M. Ott and P.F., 
unpublished observations).

Molecular mechanisms. Whereas multicellular invasion 
in cancer is highly reminiscent of morphogenic move-
ments (BOX 3), the mechanisms and kinetics of in vivo 
lesions are poorly understood. In cancer invasion,  

Figure 3 | The lateral line primordium couples collective migration to differentiation.  
a | Confocal micrograph of the zebrafish lateral line primordium labelled with a glycosyl 
phosphatidylinositol–green fluorescent protein as a membrane marker, allowing the 
leading edge (L) and rosettes (R) to be distinguished. b | Apical depiction of the primordium 
migrating along a pre-patterned stripe of the chemokine stromal cell-derived factor 1 
(Sdf1; also known as Cxcl12, shown in pink), which it detects using the Cxcr4 receptor 
(shown in red). Trailing regions express an additional Sdf1 receptor, Cxcr7 (overlap of Cxcr4 
and Cxcr7 shown in purple). Cell–cell contacts are mediated by epithelial (E)-cadherin.  
c | From a basolateral view, cells in the primordium can be seen to assemble into rosettes by 
an internal fibroblast growth factor (FGF) signalling circuit. Fgf10 is released in a spot-like 
manner from a few cells in the cluster (shown in blue) and acts in a paracrine manner on 
FGF receptor 1 (Fgfr1)-positive surrounding cells (shown in grey), which form rosettes by 
concerted apical constriction of adherens and tight junctions.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 10 | JULY 2009 | 453

© 2009 Macmillan Publishers Limited. All rights reserved

Eukaryotic cells: Lateral line in zebrafish
l = 10-15µm; L = 1-10 mm

Collective motility across scales
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Collective motility across scales

KJ. Cheung et al. And A. Ewald. Cell 155(7):1639-51 (2013)

Invasive tumors 

Invasive mammary tumor organoid

Invasive mammary tumor organoid
Keratin14+ cells in green50µm

20µm
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Demir et al. A. Kocabas. eLife 2020;9:e52781.

Swarming in nematode Caenorhabditis elegans

concentrated bacteria is the primary factor triggering the formation and the maintenance of the

aggregation.
We then focused on the effects of oxygen on the entire process. Previous studies have already

shown that the bacterial lawn can decrease oxygen concentration [O2] (Rogers et al., 2006;

Gray et al., 2004). To directly observe this effect, we used fiber optic sensors to measure [O2] in

both bacterial suspensions and in the swarming body. We observed that the oxygen level drops

below 0.1% in the bacterial suspension (Figure 2—figure supplement 1). Moreover, we found simi-

lar depletion in [O2] in the swarming body (Figure 2a, Video 3). These results imply that concen-

trated bacteria deplete [O2] in the swarming body. It should be noted that the fiber optic sensor can

only be used to record the oxygen levels in the swarm liquid. Although [O2] is very low, the animals’

bodies can extend on the surface of the swarm and they can get sufficient O2 from the environment.

Besides the ambient environment, wet agar surface can also provide oxygen by lateral surface

5 mm

Mo!le swarm

a) b) c)

d) e) f)

Figure 1. Collective response and pattern formations in C. elegans. (a, b) Thousands of animals collectively swarm on a bacterial lawn. (a) While

searching for food, worms aggregate around the edge of the bacterial lawn. Small aggregates merge and form a massive swarm. (b) Swarming body

eventually gains motility and moves across the lawn while consuming the bacteria. (c) A cryo-SEM image of the swarming body. The heads and the tails

of the animals are buried, and the bodies extend on the surface of the swarm. (d, e) Sample images of Turing-like patterns formed by animals on an

agar surface under various conditions, such as starvation-induced and on a biofilm. The magnified version of the image is given in the supplementary

information. Scale bar, 1 cm (f) Fluorescent image of worms aggregating near the GFP-labeled bacteria. Due to the capillary effect and diffusion of

bacteria, worms concentrate the bacteria within the aggregates. Scale bar, 1 mm.

The online version of this article includes the following video and figure supplement(s) for figure 1:

Figure supplement 1. Average swarm area formed by different mutant strains.

Figure supplement 2. Sample patterns formed under different bacterial conditions.

Figure supplement 3. Worm density and bacterial concentration.

Figure 1—video 1. Emergence of swarming response of npr-1 mutant around a GFP labeled bacterial lawn.

https://elifesciences.org/articles/52781#fig1video1

Figure 1—video 2. Response of the swarm to the placement of cover glass.

https://elifesciences.org/articles/52781#fig1video2

Figure 1—video 3. Measurement of O2 diffusion on an agar surface.

https://elifesciences.org/articles/52781#fig1video3

Figure 1—video 4. Accumulation of worms around Na2SO3 containing agar chunk.

https://elifesciences.org/articles/52781#fig1video4

Figure 1—video 5. Response of npr-1 animals on very thick bacterial lawn.

https://elifesciences.org/articles/52781#fig1video5

Demir et al. eLife 2020;9:e52781. DOI: https://doi.org/10.7554/eLife.52781 3 of 21

Research article Physics of Living Systems

20 CHAPTER 1. HOW CAN WE UNDERSTAND LIVING MATTER?

starfish oocyte

C. elegans embryocontracting
actin network

scattered
chromosomes

directional
actomyosin flow

asymmetric
localization of
polarity proteins

Figure 1.6: Active matter in context. Two classic examples of active actin
networks. Left: A contractile actin network in a starfish oocyte collects chro-
mosomes scattered around this large cell, positioning them for e�cient spindle
assembly. Right: Directional flows of actin and myosin at the cortex of a one-
cell C. elegans embryo asymmetrically distribute PAR proteins, which break the
embryo’s anterior-posterior symmetry.

gence of two-dimensional ordered structures (flocks) by active agents (birds) and
is considered by some the modern birth of active matter theory. At a million-
fold smaller length scale, the work of Leibler, Nédélec, Surrey and others in
the late 1990s on self-organizing systems of molecular motors and filaments like
those shown in Figure 1.5 illustrated the wondrous complexity of structure that
emerges even from minimal, well-characterized active agents, where a mixture of
microtubules, motors and ATP su�ce to drive the rich and beautiful structures
seen in the figure. These kinds of clever in vitro experiments have been carried
to an ever increasing level of sophistication to the present day.

Such simplified active systems with defined, microscopic energy-consuming
agents such as molecular motors or swimming bacteria have proven a fertile
testing ground for the development of active matter theories. These theories can
explain the emergence of a very diverse set of phenomena including topological
defects, turbulent states and intricate flows. While it can be tempting to confuse
the study of these fertile active-matter systems with the subject of active matter
itself, we note that insights gained in these microscopic models have implications
across much broader swathes of biology. Analogously, the subject of genetics is
broader than the study of Drosophila, despite that system’s utility in deciphering
general genetic principles. The same active-matter spirit and tools used in the
microscopic context have been applied to understand the behavior of wildebeest
herds crossing the Serengeti, the collective movement of cells in tissues, the
contraction of cytoskeletal nets in starfish oocytes, and how flows across worm
embryos contribute to developmental patterning, as shown in Figure 1.6.

At this point, the subject of active matter has a vast and exciting literature,
showcasing beautiful phenomena, incredibly clever experimental approaches,

 l = 500µm; L = 10cm

Collective motility across scales
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www.youtube.com/watch?v=vcPlPAAsfP0

Fish schooling l = 1cm-1m; L= 10s m

Collective motility across scales

Alex Kydd
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www.youtube.com/watch?app=desktop&v=ObDlvBLPxas

Bird flocking (murmuration of dunlin)

Port Susan Bay, Washington

l ~ 0.2m; L = 100s m

Collective motility across scales

(Calidris)
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Lior Patel, photographer
www.youtube.com/watch?v=cI8wV9B2VN0

Sheep herding l ~ 1m; L = 100s m

Collective motility across scales
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• Active motion: self-propelled


Collective motion across scales

Adapted from Shellard A, Mayor R. Phil.Trans. R. Soc. B 375: 20190387. (2020)

L ~ 1mL ~ 0.1µm

tissue movements that presumably require cells to direct one
another because communication and influence are necessary
to organize large groups.

2. Rules for collective migration
Altogether, the combinedempirical evidence and computational
simulations of collectivemotionofdifferent entities suggests that
three ‘rules’ are sufficient to describe and explain collective
movement: repulsion, attraction and alignment (box 1).

Firstly, repulsion,whereby individuals separate to avoiding
crossing neighbours, is exhibited between all individuals of
the group. Individuals cannot exist in the same space as one
another; rather, they are loosely connected. Secondly, the
group’s cohesion is driven by individuals being attracted to
one another, which means that individuals steer towards the
average position of neighbours, which ensures that the group
migrates collectively rather than individually. Repulsion is
finely balanced with attraction to maintain the integrity of
the group as a loose collective [11]. Thirdly, the movement of
neighbouring individuals is aligned, meaning they coordinate
motion andmove in the same direction (the average heading of
neighbours). For example, starlings decide their orientation
from only the six or seven closest birds [12]. When neighbour
velocities are not aligned, the group becomes disorganized
and collective motility is impaired. The ubiquity of these
‘rules’ has led to intense investigation. For example, these prin-
ciples form the basis of a multiplicity of mathematical models

that are used to study collective motion. One of the first simu-
lations of collective motion was an artificial program called
Boids, which simulates the flocking behaviour of birds [13].
Since then, the principles of swarm intelligence, the collective
behaviour of self-organized systems, has even been employed
in artificial intelligence, such as robotics [14]. In this review, we
will focus on how these rules work during collective cell
migration, and how they fit with phenomena that emerge at
a higher level: that of the whole migratory group.

3. Collective cell migration: epithelial versus
mesenchymal cells

Collective cell movements underly many developmental
and pathological processes including embryonic morpho-
genesis, wound healing and diseases like cancer invasion
[15,16]. During collective cell migration, many cells move
together, cooperatively and coordinately, in a manner simi-
lar to that of animals. To a large degree, the behaviours
exhibited depend on the type of cells that are moving: collec-
tive migration events can involve epithelial sheets with cells
retaining apicobasal polarity markers, including strong,
stable intercellular junctions; alternatively, they can involve
the cooperative interaction between looser mesenchymal
cohorts mediated by transient adherens junctions (figure 2)
[16].

Epithelia are normally quiescent, with cells ‘jammed’ in
their respective positions, lacking the energy to overcome
high junctional tension. Fluidization of the tissue via an
unjamming transition in which tension is reduced [17] per-
mits collective motility of large epithelial groups, such as
those cells involved in wound healing [18] or cells from asth-
matic airway epithelium [19]. During such large-scale
movements, cell adhesion is high, and the group remain
tightly bound, and all cells contribute equally to the
group’s movement [20–24]. For example, leader and follower
cells produce protrusions oriented in the direction of
migration, and both produce traction forces that pull on the
substrate [23,25–27]. The arrest of cellular monolayers can
also be driven by strong cell–cell binding [28].

shoal of fish

bacterial swarming

collective cancer
invasion

confusion of
wildebeest

artificial self-propelled
particles

Figure 1. Collective migration at all scales. Collective migration is found at practically all levels, from self-propelled particles to bacteria, cancer and animals.

Box 1. Definitions of the three rules of collective migration.

Attraction: a behaviour that causes individuals to steer
towards the centre of mass, which is the average pos-
ition of individuals within a certain radius.
Repulsion: the behaviour that causes individuals to steer
away from all its neighbours.
Alignment: a behaviour that causes an individual to line
up with individuals close by, such that it moves with the
averaged heading of the nearby individuals.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190387
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— General properties of swarming living systems

• Interactions: attraction 
and repulsion (density) 
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• Boundary conditions
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Collective motion across scales

CA. Burger et al. Front. Cell Dev. Biol. 10:854721

19.1. TWO-DIMENSIONAL NEMATIC COLLECTIVES 459
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Figure 19.2: Polar vs. nematic fields. A flock of birds is characterized by a
velocity vector v associated with each and every bird. In a bacterial colony,
the orientation vector known as the director n is headless since at this level
of description, there is neither a head nor a tail. Bird photo adapted from
iStock photos ID: 506571901. Bacterial colony adapted from D. DellArciprete,
M. L. Blow, A. T. Brown, F. D. C. Farrell, J. S. Lintuvuori, A. F. McVey, D.
Marenduzzo & W. C. K. Poon Nature Communications volume 9, 4190 (2018).

nematic theory must enforce the equivalence of a bacterium “head” and “tail”
and cannot rely on conventional vector manipulation. Finally, we note that
at the microscopic length scale, cytoskeletal filaments such as actin and micro-
tubules can be described either as polar or nematic agents. The choice depends
on what phenomenology the theory seeks to capture. A theory of the alignment
of microtubules by plus end-directed kinesin motors might describe microtubule
orientation with a polar vector, while a theory of the alignment of microtubules
in a fluid flow gradient would describe microtubule orientation with a headless
nematic.

Let’s get a sense operationally of how one can define nematic order. Fig-
ure 19.3 shows how we can define a director field describing a system with
nematic order as a coarse-grained average over individual cell (or filament) ori-
entations. For the two-dimensional case shown here, we have some material
area element (our coarse-graining region) and every cell within that region has
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nematic theory must enforce the equivalence of a bacterium “head” and “tail”
and cannot rely on conventional vector manipulation. Finally, we note that
at the microscopic length scale, cytoskeletal filaments such as actin and micro-
tubules can be described either as polar or nematic agents. The choice depends
on what phenomenology the theory seeks to capture. A theory of the alignment
of microtubules by plus end-directed kinesin motors might describe microtubule
orientation with a polar vector, while a theory of the alignment of microtubules
in a fluid flow gradient would describe microtubule orientation with a headless
nematic.

Let’s get a sense operationally of how one can define nematic order. Fig-
ure 19.3 shows how we can define a director field describing a system with
nematic order as a coarse-grained average over individual cell (or filament) ori-
entations. For the two-dimensional case shown here, we have some material
area element (our coarse-graining region) and every cell within that region has

• Active motion (energy flux): density dependent collective motion


• Interactions: attraction and repulsion allow density regulation

• Alignement: axis (nematic order, tensorial) or direction (polarity, 

vectorial)
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Collective motility: emergence of ordered state

• Cell-cell coupling
• LOCAL symmetry breaking

• Emergence of ordered state (eg. alignement) from local interactions

• Emergence of local polarity

• Emergence of global polarity with leader: intrinsic or extrinsic

• No leader

• Extrinsic GLOBAL 
symmetry breaking

• Cell-cell coupling

• Intrinsic, GLOBAL 
symmetry breaking

• Cell-cell coupling

• Leaders
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Collective motility: emergence of ordered state

• Cell-cell coupling
• Local symmetry breaking

Jain, S. et al. and B. Ladoux Nat. Phys. 16, 802–809 (2020). 

• Without leader
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Collective motility: emergence of ordered state

• Intrinsic, GLOBAL 
symmetry breaking

• Cell-cell coupling

G. Beaune et al, …, and F. Brochard-Wyart.  PNAS, 115: 12927 -12931 (2018)

• With leader cells
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Collective motility: emergence of ordered state

• Extrinsic GLOBAL 
symmetry breaking

• Cell-cell coupling

• Chemical Gradient

• Stiffness Gradient

E. Dona et al. and D. Gilmour. Nature, 503(7475):285-9 (2013) 

Sunyer, R., et al and Roca-Cusachs, P., and X. Trepat. Science 353, 1157–1161 (2016)

• With leader cells
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• Quantifying ordering of axis: Nematic order

Collective motility: emergence of ordered state

458CHAPTER 19. ORDER AND SINGULARITIES IN FIELDS: CELL ALIGNMENT ANDNEMATIC DYNAMICS

(B)(A)

100 µm5 µm

Figure 19.1: Cell layers of di↵erent types. (A) A colony of growing bacteria.
Our eyes immediately pick up on the fact that the long axis of the di↵erent cells
are correlated. The local orientations are indicated in the second image. (B) A
monolayer of NIH 3T3 cells. As discussed in more detail later in the chapter,
though less obvious than the bacterial case of part (A), the cells are anisotropic
and thereby, their local orientations can be inferred as seen in the right hand
image which has the orientation field drawn in. Part (A) adapted from D.
DellArciprete, M. L. Blow, A. T. Brown, F. D. C. Farrell, J. S. Lintuvuori, A.
F. McVey, D. Marenduzzo & W. C. K. Poon Nat. Comm. 9, 4190 (2018). Part
(B) adapted from Duclos, G, Erlenkämper, C, Joanny, J-F and Silberzan, P
(2017) Nat. Phys. 13, 58- 63.

ments of two-dimensional cell layers as we already saw in chap. 17 (p. 423).
Figure 19.1(B) shows an example of a sheet (monolayer) of eukaryotic cells
which, as in the bacterial case, have an elongated shape and directionality. The
directionality appears to be shared between neighboring cells, once again invit-
ing us to formalize those observations in some sort of quantitative fashion. How
do we describe the geometry of this order mathematically from a field theory
perspective? With those kinematic preliminaries settled, how do we write down
a field theory that tells us how those degrees of freedom evolve in space and
time?

In this chapter we consider nematic order, the ordering of elongated agents
whose orientation is best described by “headless” or directionless vectors, as
shown in Figure 19.2. In previous chapters, we used vector fields like v and P
to describe polar quantities such as bird velocity or actin filament orientation. In
those contexts, polarity was important to the theories discussed. We wanted to
acknowledge that birds fly with their heads leading, not their tails, and that the
molecular motors considered walk towards actin filament plus ends, not minus
ends. In this chapter, we will introduce and use new field variables that allow
us to write down theories of the dynamics and alignment of nematic, non-polar
quantities such as the orientation of rod-shaped cells. In both Figures 19.1(A)
and (B), we see such a nematic orientation field superimposed on the image.
This chapter explores the question of how we can write a theoretical description
of that ordering. While at first glance, a nematic orientation might seem like
a more simple quantity than a polar vector, the mathematics required to keep
track of nematics and their coupling to other fields is, in fact, more tricky. A
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To test our theory, we obtained stress gradients within mounds 
from volume changes of cell nuclei37,38 (Methods) and found them 
to match our theoretical results (Fig. 4g). In the centre of the 
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Q11 = 2

Z 2⇡

0
d' cos2 '

Z �6

0
sin3 ✓
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⇡�t2
d✓�1

3

Z 2⇡

0
d�

Z �0

0
sin ✓d✓

1

2⇡�✓2
= �1

3
.

(19.24)
This means that we can write the entire order parameter tensor in the compact
form

Q =

0

@
�1/3 0 0
0 �1/3 0
0 0 2/3

1

A . (19.25)

We see once again that this version of the order parameter is traceless as ex-
pected.

Now that we have the full three-dimensional version of the order parameter
tensor in hand, let’s specialize to the case of planar ordering that will occupy our
attention in the remainder of the chapter. When considering planar geometries
where the orientation u is a two-dimensional vector, we will instead use

Qij = huiuji �
1

2
�ij . (19.26)

Figure 19.1 (p. 458) gave several examples in which layers of cells can be viewed
as collections of headless vectors, with each such vector providing a measure of
the local orientation of the cell of interest as labeled by the angle ✓. In this
case, the orientation distribution function depends only upon the parameter ✓
and can be written as  (✓). As a result, the vector u can be written as

u = (cos ✓, sin ✓), (19.27)

implying that we can write the correlation function as

hu⌦ ui = h
✓

cos2 ✓ cos ✓ sin ✓

cos ✓ sin ✓ sin2 ✓

◆
i. (19.28)

To compute the order parameter tensor itself, we invoke eqn. 19.26 (p. 465)
which allows us to write

Q = h
✓

cos2 ✓ � 1
2 cos ✓ sin ✓

cos ✓ sin ✓ sin2 ✓ � 1
2

◆
i. (19.29)

Thus far, we have explored the geometric information captured in the tensor
order parameter that tells us the angle at which the director field is aligned.
But because of the averaging operation implied by the symbols hstuffi, the
tensor order parameter also contains statistical information about the fluctua-
tions around the average orientation of the director. To see that we now unpack
the significance of the averaging operation by looking at Q12 = hu1u2i, as a
concrete example and leave the remaining components as an exercise for the
reader.

As shown in Figure 19.3 and already considered in Figure 18.6 (p. 445) of the
previous chapter, averaging entails visiting a number of distinct cells in some
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Figure 19.5: The geometry of the tensor fields for a simple active nematic sit-
uation. The first column shows the coarse-graining area over which individual
molecules with orientation ui are averaged to yield the director n shown in the
second column. The third and fourth columns show how these vectors give rise
to both a scalar and tensor order parameter.

for this component of the tensor order parameter, where we have defined the
“scalar order parameter”

S = 1� h�✓2i. (19.37)

We will see that S can assume any values between 0 and 1 corresponding to the
disordered and fully ordered states, respectively.

To get a better sense of how to perform the coarse-graining operations as-
sociated with both the scalar and tensor order parameters, Figure 19.5 o↵ers a
number of examples. To build intuition, we introduce a three-state disordered
director model in which some of the molecules (or cells) are pointing in the di-
rection of the director itself and then a second subset of molecules are pointing
in the directions ±�✓ relative to the director. The fourth panel shows a coarse
graining region with nine molecules, three with each of three orientations. In
this case, we write the probabilities of the di↵erent orientations as well as the
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• Nematic tensor order (in 2D)

• Scalar order
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“small” area element and summing over the quantity of interest. For example,
as shown in Figure 19.3, the director is found by averaging over the orientations
of the individual cells within some material area element. The strategy for
finding higher order moments is the same. For example, to compute the tensor
order parameter we need to sum up the values of uiuj for all the orientation
vectors u of the individual cells. To perform the average, we can write

Q12 = hu1u2i =
1

N

NX

i=1

cos ✓i sin ✓i, (19.30)

where ✓i is the orientation of the i
th cell within our area element of interest

which contains a total of N such cells. Now to make progress, we imagine that
the average angle of all of these cells is given by ✓̄ and as a result can now
rewrite ✓i = ✓̄ + �✓i resulting in

Q12 = hu1u2i =
1

N

NX

i=1

cos(✓̄ + �✓i) sin(✓̄ + �✓i). (19.31)

For the present argument, in accord with the drawing in Figure 19.3, we imagine
that all of the cells have orientations that are close to that of ✓̄, inviting us to
Taylor expand the sines and cosines around their average values. To that end,
we use

cos(✓̄ + �✓i) ⇡ cos ✓̄ � �✓i ⇥ sin ✓̄ (19.32)

and

sin(✓̄ + �✓i) ⇡ sin ✓̄ + �✓i ⇥ cos ✓̄. (19.33)

Plugging these results back into eqn. 19.31, we now have

Q12 = hu1u2i =
1

N

NX

i=1

�
cos ✓̄ sin ✓̄ � �✓i sin2 ✓̄ + �✓i cos

2
✓̄ � �✓

2 cos ✓̄ sin ✓̄
�
.

(19.34)
At this point, we have to invoke our physical intuition to evaluate the di↵erent
terms. In particular, the two terms in which we average over �✓i vanish. The
reason for this simplification is that for every cell with a ✓i a little smaller than
✓̄ there will be a corresponding cell with a ✓j that is a little bigger than ✓̄. That
is, �✓i is symmetric about ✓̄. Hence, as is usual with these kinds of arguments,
the statistical measure of the fluctuations is given by the variance which we
define here as

h�✓2i = 1

N

NX

i=1

�✓
2
i , (19.35)

resulting in the final expression

Q12 = hu1u2i = cos ✓̄ sin ✓̄ ⇥
�
1� h�✓2i

�
= u1u2S (19.36)
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given by ✓̄ and characterized by the director n. Cell image adapted from D.
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a headless vector u = (cos ✓, sin ✓) describing its orientation. For example, the
i
th cell has a headless orientation vector ui = (cos ✓i, sin ✓i) and an orientation
angle ✓i. We can obtain the director n as the average

n =
1

N

NX

i=1

ui (19.1)

where N is the total number of cells in the coarse-graining region of interest. A
more intuitive way to understand the averaging operation is to average over the
orientation angles

✓̄ =
1

N

NX

i=1

✓i, (19.2)

as shown in Figure 19.3. Thus, we can also understand the director as n =
(cos ✓̄, sin ✓̄). Again, the director n is headless; in other words, n and �n are
not di↵erent states and convey identical structural information.

The way we will describe the statistical state of the orientation field is
through the distribution function  (✓,�) which is the probability density for
finding the individual filaments or cells pointing to the position

u = (cos� sin ✓, sin� sin ✓, cos ✓), (19.3)

on the unit sphere as shown in Figure 19.4. That is, the set of all possible orien-
tations of the nematic agent are captured by all the points on the unit sphere.
The distribution function  (✓,�) tells us how likely we are to find the individual
cell (or filament) pointing in a given direction. From here on, we will refer to
“the cell” when referring to our nematic agents, but the reader is reminded that
the director concept is general and can be used to describe microtubules, bacte-
ria or eukaryotic cells. We can use the shorthand notation  (u) to characterize
the probability of finding the cell pointing in direction u, with |u| = 1. However,
because of the fact that we are dealing with headless vectors, this orientational
distribution function must respect the symmetry  (u) =  (�u). The study of
liquid crystals provided crucial hints as to how to characterize the structural
order of such vector objects.

In principle, everything we want to say about the statistics of the orientation
field is contained in the distribution  (u). However, often, we are interested
in more compact summary statistics that help us understand the nature of a
probability distribution. All of us are used to this from everyday life in the form
of average grades on exams or per capita meat consumption. Intuitively, the
average value gives us some sense of how we would replace an entire distribution
with only a single number! A second summary statistic is provided by the
variance of the distribution which provides a measure of its width.

These kinds of summary statistics are known as the moments of the proba-
bility distribution of interest. To get a better sense for the formal meaning of
the moments, we consider both discrete and continuous distributions. In the
case of a discrete distribution p(m) where the quantity of interest can only take

• Probability distribution

(=0 for disordered state)

2nd statistical moment
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• Theory of flocking and herding (Toner-Tu)
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15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function

Rate of change of velocity is a function of animal density, velocities and spatial gradients of velocities
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Figure 15.2: Field equations by intuition. The time evolution of the velocity is
shown on the top and each panel corresponds to one of the terms on the right
side of the governing equation in this minimal Toner-Tu model. The preferred
speed term selects a particular velocity magnitude. The pressure term punishes
gradients in the density. The neighbor coupling term captures the velocity
adjustment made by a wildebeest to better match its neighbors, smoothing out
di↵erences in velocity. The advection term ensures that the velocity field is
swept along according to its own velocities, just as fluid velocity is self-advected
in the Navier-Stokes equations.
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Figure 15.2: Field equations by intuition. The time evolution of the velocity is
shown on the top and each panel corresponds to one of the terms on the right
side of the governing equation in this minimal Toner-Tu model. The preferred
speed term selects a particular velocity magnitude. The pressure term punishes
gradients in the density. The neighbor coupling term captures the velocity
adjustment made by a wildebeest to better match its neighbors, smoothing out
di↵erences in velocity. The advection term ensures that the velocity field is
swept along according to its own velocities, just as fluid velocity is self-advected
in the Navier-Stokes equations.
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15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function
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Figure 15.3: Velocity selection term in a gliding motility assay. A surface is
decorated with molecular motors. When fluorescently labeled filaments are
deposited on the surface, they are translocated by the motors at the speed at
which the motors walk. In a theory of actin filament ”flocking,” this can be
captured as a preferred speed. The motors labeled in green in the figure are
those in contact with a filament.

U(v, ⇢) can be either positive or negative and thus favors some optimal speed
as shown in the top left panel of Figure 15.2. In the case of the work of Toner
and Tu, this term has the form

U(|v|, ⇢) = ↵(⇢� ⇢c)� �(⇢)|v|2 (15.5)

resulting in a preferred speed v0 =
p

↵(⇢� ⇢c)/�. Note that the density de-
pendence in the ↵ term captures the notion of a critical density ⇢c above which
the animals adopt an ordered state. In the original work of Toner and Tu, the
functional form was motivated by so-called Ginzburg-Landau theories which ac-
count for the spontaneous emergence of magnetic order, for example. This term
is important because it is one of the key ways that the activity of the active
matter is present. Note that as seen in Figure 15.2, for small velocities, this
term leads to an increase in velocity, while for large velocities, this term reduces
the velocity. Though our discussion has been focused on the macroscopic col-
lections of animals on length scales from 100s to 1000s of meters, these same
kinds of ideas provide insights at a billion-fold smaller scale in the context of
the cytoskeleton and its allied motors. One of the impressive ways to visualize
this velocity selection term in that context is the gliding motility assay shown
in Figure 15.3. In these gliding motility assays, filaments are pushed around
by carpets of molecular motors. The rule is that a filament is pushed in what-
ever direction it is currently pointing, at a preferred speed set by the motor
mechanics.

Next, we hypothesize that birds within a flock or the wildebeest within a
giant herd on the Serengeti maintain a preferred spacing between neighbors, or
a preferred density. Aerial photographs of wildebeest herds such as that shown
in Figure 15.5 really give intuition for this term. In this case, satellite images
make it possible to estimate the density of wildebeest both when moving in
herds and individually. This critical feature should also be clear to anyone that
has watched assemblies of seagulls standing on the sand at attention like soldiers
in a military line up or humans waiting on a subway quay, namely, that there
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Next, we hypothesize that birds within a flock or the wildebeest within a
giant herd on the Serengeti maintain a preferred spacing between neighbors, or
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Self-propelled entities have a preferred velocity v0

(Active matter property)

• Preferred velocity

critical density above which collective movement/
ordered state with preferred velocity  emerges (this 
term conveys activity in the theory)
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is an e↵ective pressure that sets the areal density of these agents. To that end,
Toner and Tu introduce a pressure of the form

P (⇢) =
X

n

�n(⇢� ⇢0)
n
, (15.6)

identical in form to the virial expansion of the equation of state for a gas
familiar from thermodynamics. The parameter �n tunes the strength of the
contribution from the term (⇢ � ⇢0)n. The term ⇢0 is the areal density (units
of #/m

2) implying mean spacing between wildebeest of d = 1/
p
⇢0. However,

for our purposes, we will largely focus on writing this term as ��r⇢ as seen
in the upper right of Figure 15.2. Given some initial condition with a fixed
total number of animals within some finite region, this first order approach to
the pressure term e↵ectively punishes gradients in the density which tends to
maintain the herd at the density ⇢0.

The next term we consider as shown in the lower left of Figure 15.2 is what
we might call democratic peer pressure as already exemplified in the Vicsek
model and implemented in eqn. 1.1 (p. 21). Based on observations of herds, we
hypothesize that a given wildebeest continuously updates its velocity to better
match that of its neighbors. In this case, for simplicity, we imagine our active
agents on the positions of a square lattice. The idea here is that the agent at
position (x, y) examines vi at the positions of its neighbors with the update that
for each neighbor, an increment in velocity of the form k�t(v(r0, t) � v(r, t))
is undertaken which has the e↵ect of smoothing out the di↵erences between
these neighbors. If a neighbor is walking faster, the update rule will force the
wildebeest of interest to speed up. Conversely, if the neighbor is walking more
slowly, then the update will force the wildebeest of interest to slow down. By
implementing this democratic rule with all near neighbors, we arrive at the
expression

vi(x, y, t+�t) = vi(x, y, t)+k�t (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .
(15.7)

This can be rewritten in the much simpler form

✓
@vi

@t

◆

smoothing

= ka
2r2

vi, (15.8)

where we recognize the discrete version of the Laplacian in the form

r2
vi = (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .

(15.9)
We already saw the Laplacian emerge in the context of di↵usion in eqn. 4.71
(p. 102) and its role here is similar in that in both cases, it has the e↵ect of
smoothing out gradients. That said, in the di↵usion case, that smoothing takes
place because of mass transport, whereas in the context of a flock of birds, a
herd of wildebeest or even a group of friends doing an open water swim in the
ocean, the smoothing comes from observing our neighbors and adjusting our

384CHAPTER 15. FIELD THEORY BY SYMMETRY: FLOCKS, HERDS AND SCHOOLS

is an e↵ective pressure that sets the areal density of these agents. To that end,
Toner and Tu introduce a pressure of the form

P (⇢) =
X

n

�n(⇢� ⇢0)
n
, (15.6)

identical in form to the virial expansion of the equation of state for a gas
familiar from thermodynamics. The parameter �n tunes the strength of the
contribution from the term (⇢ � ⇢0)n. The term ⇢0 is the areal density (units
of #/m

2) implying mean spacing between wildebeest of d = 1/
p
⇢0. However,

for our purposes, we will largely focus on writing this term as ��r⇢ as seen
in the upper right of Figure 15.2. Given some initial condition with a fixed
total number of animals within some finite region, this first order approach to
the pressure term e↵ectively punishes gradients in the density which tends to
maintain the herd at the density ⇢0.

The next term we consider as shown in the lower left of Figure 15.2 is what
we might call democratic peer pressure as already exemplified in the Vicsek
model and implemented in eqn. 1.1 (p. 21). Based on observations of herds, we
hypothesize that a given wildebeest continuously updates its velocity to better
match that of its neighbors. In this case, for simplicity, we imagine our active
agents on the positions of a square lattice. The idea here is that the agent at
position (x, y) examines vi at the positions of its neighbors with the update that
for each neighbor, an increment in velocity of the form k�t(v(r0, t) � v(r, t))
is undertaken which has the e↵ect of smoothing out the di↵erences between
these neighbors. If a neighbor is walking faster, the update rule will force the
wildebeest of interest to speed up. Conversely, if the neighbor is walking more
slowly, then the update will force the wildebeest of interest to slow down. By
implementing this democratic rule with all near neighbors, we arrive at the
expression

vi(x, y, t+�t) = vi(x, y, t)+k�t (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .
(15.7)

This can be rewritten in the much simpler form

✓
@vi

@t

◆

smoothing

= ka
2r2

vi, (15.8)

where we recognize the discrete version of the Laplacian in the form

r2
vi = (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .

(15.9)
We already saw the Laplacian emerge in the context of di↵usion in eqn. 4.71
(p. 102) and its role here is similar in that in both cases, it has the e↵ect of
smoothing out gradients. That said, in the di↵usion case, that smoothing takes
place because of mass transport, whereas in the context of a flock of birds, a
herd of wildebeest or even a group of friends doing an open water swim in the
ocean, the smoothing comes from observing our neighbors and adjusting our

• Preferred density: 

Animals show a preferred density


This amounts to having an effective pressure 
that represses/penalizes any local increase in 
density
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(Any gradient in density is associated with a pressure)
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15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function
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is an e↵ective pressure that sets the areal density of these agents. To that end,
Toner and Tu introduce a pressure of the form

P (⇢) =
X

n

�n(⇢� ⇢0)
n
, (15.6)

identical in form to the virial expansion of the equation of state for a gas
familiar from thermodynamics. The parameter �n tunes the strength of the
contribution from the term (⇢ � ⇢0)n. The term ⇢0 is the areal density (units
of #/m

2) implying mean spacing between wildebeest of d = 1/
p
⇢0. However,

for our purposes, we will largely focus on writing this term as ��r⇢ as seen
in the upper right of Figure 15.2. Given some initial condition with a fixed
total number of animals within some finite region, this first order approach to
the pressure term e↵ectively punishes gradients in the density which tends to
maintain the herd at the density ⇢0.

The next term we consider as shown in the lower left of Figure 15.2 is what
we might call democratic peer pressure as already exemplified in the Vicsek
model and implemented in eqn. 1.1 (p. 21). Based on observations of herds, we
hypothesize that a given wildebeest continuously updates its velocity to better
match that of its neighbors. In this case, for simplicity, we imagine our active
agents on the positions of a square lattice. The idea here is that the agent at
position (x, y) examines vi at the positions of its neighbors with the update that
for each neighbor, an increment in velocity of the form k�t(v(r0, t) � v(r, t))
is undertaken which has the e↵ect of smoothing out the di↵erences between
these neighbors. If a neighbor is walking faster, the update rule will force the
wildebeest of interest to speed up. Conversely, if the neighbor is walking more
slowly, then the update will force the wildebeest of interest to slow down. By
implementing this democratic rule with all near neighbors, we arrive at the
expression

vi(x, y, t+�t) = vi(x, y, t)+k�t (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .
(15.7)

This can be rewritten in the much simpler form
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where we recognize the discrete version of the Laplacian in the form

r2
vi = (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .

(15.9)
We already saw the Laplacian emerge in the context of di↵usion in eqn. 4.71
(p. 102) and its role here is similar in that in both cases, it has the e↵ect of
smoothing out gradients. That said, in the di↵usion case, that smoothing takes
place because of mass transport, whereas in the context of a flock of birds, a
herd of wildebeest or even a group of friends doing an open water swim in the
ocean, the smoothing comes from observing our neighbors and adjusting our

15.2. THE TONER-TU THEORY OF FLOCKING AND HERDING 381

15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function

preferred density

Christina Hueschen and Rob Phillips. The restless cell, in press

A model of collective motility in animals 

-0.8

-0.4

0

0.4

0.8

-0.2

-0.1

0

0.1

0.2

x (m)

0

2

4

6

8

10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

–0.6

–0.4

–0.2

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

vpref

v m
s( (

v
m s(

(

v
m s(

(

m s2 (
(

(Į
��ȡ
�±
�ȡ

c)
 –

 ȕ
|v

|2
)v

(Į��ȡ�±�ȡc) – ȕ|v|2)v

m s2 (

(

–ı
∇
ȡ

ı∇ȡ

ms
2

(

(

D
∇

2v

∇2v

ms
2

(

(

–Ȝv •
 ∇

v

preferred speed

preferred speed pressure neighbor
coupling

pressure

0 2 4 6 8 10
x (m)

0 2 4 6 8 10

x (m)
0 2 4 6 8 10

neighbor
coupling

advection

–∇v v

∂v
∂t

= – + –D∇2v Ȝv•∇v

advection

384CHAPTER 15. FIELD THEORY BY SYMMETRY: FLOCKS, HERDS AND SCHOOLS

is an e↵ective pressure that sets the areal density of these agents. To that end,
Toner and Tu introduce a pressure of the form

P (⇢) =
X
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�n(⇢� ⇢0)
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identical in form to the virial expansion of the equation of state for a gas
familiar from thermodynamics. The parameter �n tunes the strength of the
contribution from the term (⇢ � ⇢0)n. The term ⇢0 is the areal density (units
of #/m

2) implying mean spacing between wildebeest of d = 1/
p
⇢0. However,

for our purposes, we will largely focus on writing this term as ��r⇢ as seen
in the upper right of Figure 15.2. Given some initial condition with a fixed
total number of animals within some finite region, this first order approach to
the pressure term e↵ectively punishes gradients in the density which tends to
maintain the herd at the density ⇢0.

The next term we consider as shown in the lower left of Figure 15.2 is what
we might call democratic peer pressure as already exemplified in the Vicsek
model and implemented in eqn. 1.1 (p. 21). Based on observations of herds, we
hypothesize that a given wildebeest continuously updates its velocity to better
match that of its neighbors. In this case, for simplicity, we imagine our active
agents on the positions of a square lattice. The idea here is that the agent at
position (x, y) examines vi at the positions of its neighbors with the update that
for each neighbor, an increment in velocity of the form k�t(v(r0, t) � v(r, t))
is undertaken which has the e↵ect of smoothing out the di↵erences between
these neighbors. If a neighbor is walking faster, the update rule will force the
wildebeest of interest to speed up. Conversely, if the neighbor is walking more
slowly, then the update will force the wildebeest of interest to slow down. By
implementing this democratic rule with all near neighbors, we arrive at the
expression

vi(x, y, t+�t) = vi(x, y, t)+k�t (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .
(15.7)

This can be rewritten in the much simpler form
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where we recognize the discrete version of the Laplacian in the form

r2
vi = (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .

(15.9)
We already saw the Laplacian emerge in the context of di↵usion in eqn. 4.71
(p. 102) and its role here is similar in that in both cases, it has the e↵ect of
smoothing out gradients. That said, in the di↵usion case, that smoothing takes
place because of mass transport, whereas in the context of a flock of birds, a
herd of wildebeest or even a group of friends doing an open water swim in the
ocean, the smoothing comes from observing our neighbors and adjusting our

When the density is above       , 
the pressure is positive, so density 
decreases by increasing velocity
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Figure 15.2: Field equations by intuition. The time evolution of the velocity is
shown on the top and each panel corresponds to one of the terms on the right
side of the governing equation in this minimal Toner-Tu model. The preferred
speed term selects a particular velocity magnitude. The pressure term punishes
gradients in the density. The neighbor coupling term captures the velocity
adjustment made by a wildebeest to better match its neighbors, smoothing out
di↵erences in velocity. The advection term ensures that the velocity field is
swept along according to its own velocities, just as fluid velocity is self-advected
in the Navier-Stokes equations.

• Homogeneity of speed/neighbor coupling: 
Animals tend to adopt a speed that is adjusted to their 
neighbors, resulting in effective neighbor coupling.


—If a neighbor goes faster, it will want to increase its 
speed to catch up.

—If a neighbor goes slower, it will want to slow 
down.


Animals sample their environment and update their 
velocity based on the gradient of velocity differences


This has the effect of smoothing any gradient in 
velocity and has the form of a diffusion equation of 
velocity.

384CHAPTER 15. FIELD THEORY BY SYMMETRY: FLOCKS, HERDS AND SCHOOLS

is an e↵ective pressure that sets the areal density of these agents. To that end,
Toner and Tu introduce a pressure of the form

P (⇢) =
X

n

�n(⇢� ⇢0)
n
, (15.6)

identical in form to the virial expansion of the equation of state for a gas
familiar from thermodynamics. The parameter �n tunes the strength of the
contribution from the term (⇢ � ⇢0)n. The term ⇢0 is the areal density (units
of #/m

2) implying mean spacing between wildebeest of d = 1/
p
⇢0. However,

for our purposes, we will largely focus on writing this term as ��r⇢ as seen
in the upper right of Figure 15.2. Given some initial condition with a fixed
total number of animals within some finite region, this first order approach to
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these neighbors. If a neighbor is walking faster, the update rule will force the
wildebeest of interest to speed up. Conversely, if the neighbor is walking more
slowly, then the update will force the wildebeest of interest to slow down. By
implementing this democratic rule with all near neighbors, we arrive at the
expression

vi(x, y, t+�t) = vi(x, y, t)+k�t (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .
(15.7)

This can be rewritten in the much simpler form

✓
@vi

@t

◆

smoothing

= ka
2r2

vi, (15.8)

where we recognize the discrete version of the Laplacian in the form

r2
vi = (vi(x+ a, y, t) + vi(x� a, y, t) + vi(x, y + a, t) + vi(x, y � a, t)� 4vi(x, y, t)) .

(15.9)
We already saw the Laplacian emerge in the context of di↵usion in eqn. 4.71
(p. 102) and its role here is similar in that in both cases, it has the e↵ect of
smoothing out gradients. That said, in the di↵usion case, that smoothing takes
place because of mass transport, whereas in the context of a flock of birds, a
herd of wildebeest or even a group of friends doing an open water swim in the
ocean, the smoothing comes from observing our neighbors and adjusting our

D

Christina Hueschen and Rob Phillips. The restless cell, in press

A model of collective motility in animals 



25
Thomas LECUIT   2022-2023

382CHAPTER 15. FIELD THEORY BY SYMMETRY: FLOCKS, HERDS AND SCHOOLS

-0.8

-0.4

0

0.4

0.8

-0.2

-0.1

0

0.1

0.2

x (m)

0

2

4

6

8

10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

2

4

6

8

–0.6

–0.4

–0.2

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

vpref

v m
s( (

v
m s(

(

v
m s(

(

m s2 (

(

(α
 (ρ

 –
 ρ

c)
 –

 β
|v

|2
)v

(α (ρ – ρc) – β|v|2)v

m s2 (

(

–σ
∇

ρ

σ∇ρ

ms
2

(

(

D
∇

2v

∇2v

ms
2

(

(

–λv •
 ∇

v

preferred speed

preferred speed pressure neighbor
coupling

pressure

0 2 4 6 8 10
x (m)

0 2 4 6 8 10

x (m)
0 2 4 6 8 10

neighbor
coupling

advection

–∇v v

∂v
∂t

= – + –D∇2v λv•∇v

advection

Figure 15.2: Field equations by intuition. The time evolution of the velocity is
shown on the top and each panel corresponds to one of the terms on the right
side of the governing equation in this minimal Toner-Tu model. The preferred
speed term selects a particular velocity magnitude. The pressure term punishes
gradients in the density. The neighbor coupling term captures the velocity
adjustment made by a wildebeest to better match its neighbors, smoothing out
di↵erences in velocity. The advection term ensures that the velocity field is
swept along according to its own velocities, just as fluid velocity is self-advected
in the Navier-Stokes equations.

15.2. THE TONER-TU THEORY OF FLOCKING AND HERDING 385

velocity accordingly. It is an inspiring example of the sameness of phenomena
that at first cut seem distinct.

The last term in our minimal Toner-Tu theory of herding updates the veloc-
ity by punishing gradients in the velocity, with the extent of that punishment
proportional to the velocity itself. This is given by

✓
@vi

@t

◆

gradient penalty

= �vj
@vi

@xj
. (15.10)

One way to think of this contribution to the velocity update is that the @vi/@xj

term is a sensor that computes the mismatch in velocity, and the prefactor vj

reflects the fact that the faster the wildebeest are traveling, the more substan-
tial the change in velocity will be. Alternatively, this term can be thought of
as analogous to the inertial term we are familiar with from the Navier-Stokes
equations, but no longer with the requirement that � = 1.

Assembling all of these terms together results in a minimal version of the
model of Toner and Tu given by

@vi

@t
= (↵(⇢� ⇢c)� �|v|2)vi � �r⇢++Dr2

vi � �vj
@vi

@xj
. (15.11)

Though much of the theory e↵ort at exploring the implications of this model
have focused on scaling properties and correlation functions, we urge the reader
to also consider finite size solutions of the Toner-Tu equations to shed light
on the structures that can emerge. In the remainder of this section, we flesh
out the model completely using symmetry arguments rather than the intuitive
approach carried out thus far.

An alternative to the “scratch and sni↵” approach described above is to use
symmetry arguments. As seen in Figure 15.4, by using symmetry arguments,
the protocol for constructing a continuum theory described earlier in the chapter
can sometimes be bypassed. Specifically, these arguments allow us to identify
the various permissible terms in a continuum description. Here we follow a
beautiful recent exposition by Toner in which he shows how to obey the dictum
of “keeping all terms of a given order that are allowed by symmetry” in the
context of deriving a theory of the flocking or herding of dry active matter.
When we use the words dry active matter, the idea is that the active agents are
not hydrodynamically coupled by interactions through the intervening medium.
In what follows, we imitate the treatment of Toner to build towards the full
Toner-Tu theory of flocking, rather than the minimal version discussed thus far.
We also editorialize about the meaning of the various terms that are allowed by
symmetry. For all of the terms in question, we will resort to highly simplified
scenarios to try and gain some intuition for what these terms are doing. To
begin, we raise the key observation is that the left hand side of the equation is
of the form @v/@t, which means that all terms on the right side must be vectors
as well. As seen in eqn. 15.4, the simplest such term on the right side is a term
proportional to the velocity itself.
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symmetry arguments. As seen in Figure 15.4, by using symmetry arguments,
the protocol for constructing a continuum theory described earlier in the chapter
can sometimes be bypassed. Specifically, these arguments allow us to identify
the various permissible terms in a continuum description. Here we follow a
beautiful recent exposition by Toner in which he shows how to obey the dictum
of “keeping all terms of a given order that are allowed by symmetry” in the
context of deriving a theory of the flocking or herding of dry active matter.
When we use the words dry active matter, the idea is that the active agents are
not hydrodynamically coupled by interactions through the intervening medium.
In what follows, we imitate the treatment of Toner to build towards the full
Toner-Tu theory of flocking, rather than the minimal version discussed thus far.
We also editorialize about the meaning of the various terms that are allowed by
symmetry. For all of the terms in question, we will resort to highly simplified
scenarios to try and gain some intuition for what these terms are doing. To
begin, we raise the key observation is that the left hand side of the equation is
of the form @v/@t, which means that all terms on the right side must be vectors
as well. As seen in eqn. 15.4, the simplest such term on the right side is a term
proportional to the velocity itself.

_

• Penalizing gradient of velocity

A positive gradient of velocity (a mismatch in 
velocity) has the effect of reducing the velocity 
over time.

This is akin to an advection of velocity

Christina Hueschen and Rob Phillips. The restless cell, in press

A model of collective motility in animals 
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15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function
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The parameters can be determined from data such that velocity and density changes can be predicted 
in simulations
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Figure 15.5: Toner-Tu theory meets the wildebeest. Data from wildebeest herd-
ing dynamics can be used to obtain estimates for key parameters that are present
in the Toner-Tu theory. Aerial photos from drones (top image) and satellites
(second image) track wildebeest and permit estimates of density. Density mea-
surements from Wu, Z (2021) PhD thesis, University of Twente. Speed mea-
surements are adapted from Curtin, N et al., (2018) Nature, 563, 393-396.
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the book, we often resort to the finite element method as our tool of choice for
quickly working out solutions for real world geometries. In the Disney movie
The Lion King, Hollywood filmmakers gave their own version of herding behav-
ior in a scene in which the young lion Simba is chased into a gorge as a result of
a stampede of wildebeest, a stampede started through the machinations of the
evil lion Scar. In a playful frame of mind, we use the minimal Toner-Tu theory
in conjunction with the finite-element method to explore a herd of stampeding
wildebeest in a gorge.

To put our finite element formulation into numerical action, we must of
course adopt specific values for the parameters ⇢0, ⇢c, ↵, �, �, D, and � that
appear in our governing partial di↵erential equations. While our goal here is to
explore the phenomenology of Toner-Tu flocks on curved surfaces in a general
way, not to claim an understanding of specific animal behavior, our parameter
choices here are inspired by migrating wildebeest herds. By inspecting aerial
photographs of wildebeest herds as shown in Figure 15.5, we estimated an av-
erage wildebeest density of

⇢0 = 0.25 1/m2
. (15.50)

For the critical density above which coordinated herding behavior occurs, we
make the estimate

⇢c = 0.05 1/m2
, (15.51)

based roughly on the observation that for densities much higher than this, the
photographed wildebeest have an organized herd structure.

The remainder of the parameters are determined in the spirit of exploring
how the di↵erent terms compete to alter the density and velocity fields. Thus,
parameters are chosen in order to make all the terms comparable in magnitude.
We provide here the actual values used in our finite element calculations, fully
cognizant that our parameter choices are at best approximate. We begin by
estimating the magnitude of @v/@t. We picture wildebeests changing direction
as seen in Figure 15.5 (p. 394), moving with a characteristic speed of 1 m/s and
taking 20 s to change direction completely. This scenario implies

@v

@t
⇡ 1 m/s� (�1 m/s)

20 s
⇡ 0.1 m/s2. (15.52)

Using the strategy of balancing the magnitudes of the di↵erent terms, we esti-
mate the coe�cient for the preferred speed terms by considering that

0.1 m/s2 = ↵(⇢0 � ⇢c)v ⇡ ↵⇥ (0.25 1/m2 � 0.05 1/m2)⇥ 1 m/s, (15.53)

which leads us to adopt
↵ = 0.5 m2/s. (15.54)

For the parameter �, we choose a value that sets the correct mean field speed,
vpref , for wildebeests. Thus, we adopt

� =
↵ (⇢� ⇢c)

v
2
pref

⇡
�
0.5 m/s2

� �
0.2 1/m2

�

(1 m/s)2
= 0.1 s/m2

. (15.55)
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We can also check independently that the magnitude of the � term is of order
0.1 m/s

2. Indeed,

�v
3 ⇡ 0.1

s

m2
⇥ (1 m/s)3 = 0.1 m/s2. (15.56)

To find the parameter �, the coe�cient of the pressure term, we consider the
gradients in density seen at the edge of a wildebeest herd and estimate that ⇢

drops from ⇢0 = 25 1/m2 to 0 1/m2 over 25 m. Using these numbers implies

0.1 m/s2 = �
@⇢

@x
⇡ �

0.25 1/m2

25 m
(15.57)

which leads us to adopt
� = 10 m4

/s2. (15.58)

We can now apply this thinking to make an estimate of the neighbor coupling
coe�cient D by using the equality

0.1 m/s2 = D
@
2
v

@x2
⇡ D

1 m/s

(10 m)2
(15.59)

which leads to the coe�cient choice

D = 10 m2
/s. (15.60)

To estimate the magnitude of �, we imagine that the wildebeest will come to a
full stop from a speed of 1 m/s over a distance of roughly 10 m, permitting us
to make the correspondence

0.1 m/s2 = �v
@v

@x
⇡ �⇥ 1 m/s⇥ 1 m/s

10 m
(15.61)

which implies that
� = 1. (15.62)

This estimated set of parameters provides us with a complete description of
the Toner-Tu herd in the minimal model we seek to explore. Note that these
parameters were chosen to highlight competition between the di↵erent terms in
the dynamics and are presented as an illustration of a parameter choice process.
A careful parameter determination from data on real wildebeest herds, or other
specific collectives, presents a fun challenge for future work.

With our parameter choices in hand, we are ready to use numerics to explore
active flocking phenomena. One of the classic case studies for passive fluid
mechanics is channel flow, a problem dating back at least until the 19th century
and described in some detail here in chap. 10 (p. 249). Here we consider several
di↵erent versions of the channel flow problem in the context of active herding
agents, with the recognition that herding animals are sometimes faced with
passing through canyons or gorges. First, we consider a two-dimensional channel
yielding the Toner-Tu version of pipe flow. That is followed by an analysis with
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Figure 15.5: Toner-Tu theory meets the wildebeest. Data from wildebeest herd-
ing dynamics can be used to obtain estimates for key parameters that are present
in the Toner-Tu theory. Aerial photos from drones (top image) and satellites
(second image) track wildebeest and permit estimates of density. Density mea-
surements from Wu, Z (2021) PhD thesis, University of Twente. Speed mea-
surements are adapted from Curtin, N et al., (2018) Nature, 563, 393-396.
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Figure 15.5: Toner-Tu theory meets the wildebeest. Data from wildebeest herd-
ing dynamics can be used to obtain estimates for key parameters that are present
in the Toner-Tu theory. Aerial photos from drones (top image) and satellites
(second image) track wildebeest and permit estimates of density. Density mea-
surements from Wu, Z (2021) PhD thesis, University of Twente. Speed mea-
surements are adapted from Curtin, N et al., (2018) Nature, 563, 393-396.

Governing equations:

• Prediction of velocity profiles in a 1-dimensional channel:
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Figure 15.6: Toner-Tu theory for channel flow. The initial condition considers
uniform density and random velocities, subject to a no-slip boundary condi-
tion. The steady-state solution corresponds to uniform velocity throughout the
channel except for a narrow boundary layer near the walls.

• A random distribution of velocities 
among uniformly distributed animals 
converges towards a stationary large 
scale flow at uniform density

Christina Hueschen and Rob Phillips. The restless cell, in press

Collective motility: emergence of ordered state
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Figure 15.9: Solution of the Toner-Tu equations for channel flow with a small
circular obstacle. The left panel shows the time evolution of the density field
(colors) with the velocities superimposed as arrows, from an initial condition
of uniform density and a disordered velocity field. The right panel uses a color
map to show the speed. For this choice of obstacle size and neighbor coupling
coe�cient D, a steady-state flow is achieved in which the active agents can reach
their preferred speed even in the passage between the obstacle and the wall.

• Prediction of velocity profiles in a 1-dimensional channel with an obstacle:

An obstacle causes some local increase in velocity a density.


Christina Hueschen and Rob Phillips. The restless cell, in press

Collective motility: emergence of ordered state
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15.2 The Toner-Tu Theory of Flocking and Herd-
ing

To get a sense for the kind of dynamical equations that describe flocking, herding
and schooling, we resort to an approach in which we intuit the equations of
motion by including terms that capture what we know about the collective
dynamics of animals. The relevant field variables for describing this kind of
collective motion are the density ⇢(r, t) and the velocity v(r, t). Let’s start
with the equation for @v(r, t)/@t which gives us a rule for updating the velocity
vector at all points. The overarching logic is to construct the rate of change of
the velocity as ✓

@v(r, t)

@t

◆

total

=
X

f(⇢, vj ,
@vk

@xl
) (15.1)

where each term in the sum on the right side is some function of the density,
gradient operations @/@xk and some velocity terms vj . The various contribu-
tions to the velocity update are shown in Figure 15.2 and when they are all
brought together, they result in a minimal version of the Toner-Tu model

@v

@t
=

�
↵(⇢� ⇢c)� �|v|2

�
v � �r⇢+Dr2v � �v ·rv. (15.2)

In the pages that follow, we justify each of these terms in turn. This equation
for the velocity field is supplemented by a continuity equation that captures the
conservation of animals as

@⇢

@t
+r · (⇢v) = 0. (15.3)

This equation has already been highlighted throughout the book(for example,
see eqn. 10.9 (p. 252 for a fluid mechanics context) and is o↵ered here without
further explanation. Our plan now is to dissect the underlying logic of all of
the terms in the first of these two dynamical equations, justifying them both on
intuitive physical grounds and from more sophisticated symmetry/mathematical
arguments.

We begin with the signature feature of active matter systems which is that
their energy-consuming components are self-propelled. For the collective behav-
ior considered here, we imagine a flock of birds or a herd of wildebeest, each
self-propelled at some preferred speed v0. As will be shown later in Figure 15.5,
tracking collars can be used to measure the preferred speed of wild wildebeest
when both walking and when running. This idea of a preferred speed can be
captured phenomenologically through the expression

✓
@vi

@t

◆

preferred speed

= U(|v|, ⇢)vi, (15.4)

a term that has the superficial appearance of a drag term (i.e. Fdrag = ��v).
However, in this case, unlike with the parameter � in the drag law, the function
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Figure 15.10: Solution of the Toner-Tu equations for channel flow with a large
circular obstacle. The left panel shows the time evolution of the density field
(colors) with the velocities superimposed as arrows. The right panel uses a color
map to show the speed. For this choice of obstacle size and neighbor coupling
coe�cient D, no steady state motion is achieved. Most of the herd is reflected
o↵ the obstacle at each attempted passage, resulting in repeated reversals of
direction.

Yet this is penalized in the Toner-Tu model by the preferred speed term (as well as preferred density 
term) so if the obstacle becomes too large, the flow will not persist at the edge of the obstacle and 
the herd will reflect on the obstacle 
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• Active motion (self-propelled dynamics) 

• Density dependent collective motion: collective motion requires 

critical density


• Interactions: attraction and repulsion allow density regulation and 
preferred speed. 


• Alignement: axis (nematic order, tensorial) or direction (polarity, 
vectorial) emerges with preferred speed orientation


• Boundary conditions (eg. chemical, mechanical or geometric cue): 
influence self-organized dynamics


Summary: Self-organisation of collective motility

• General phenomenological model 

• Different underlying physics: high vs low Reynolds number, 

contact vs no contact between agents
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What about collective cell motility?

• Increased cell density is associated with cell contacts and 
cell adhesion


• Antagonism between cell motility and cell-cell adhesion   
(Johannes Holtfreter and Paul Weiss)


• Collective motility yet exists: new collective phenomenon 
whereby cells maintain collective integrity (direct contacts) 
while being motile.



750 Annals: New York Academy of Sciences 
somewhat analogous to  the reversible combinations occurring between 
numerous enzymes, or pigments, and their carriers, where again lipids 
and proteins are the most universally present constituents of the sys- 
tems (Needham, 1942, p. 206; Chargaff, 1944). As to the periodicity and 
propagation of the surface movements, electric phenomena, comparable 
to those which accompany the nerve impulse, appear to be involved. 
Hubbard and Rothschild (1939) made the interesting observation that 
both the unfertilized and segmented eggs of the trout exhibit rhythmical 
changes of impedance, of the frequency of about 1.5 per minute. The 
changes are interpreted as possibly caused by a thickening or thinning 
of the protoplasmic membrane, involving "a change in the ability of 
polar or oriented molecules to rotat'e according to the sense of the ap- 
plied- current." 

Summary 
Based mainly upon observations on amphibian material, the attempt 

has been made to show that many embryological phenomena may be bet- 
ter understood if we take into consideration the properties and functions 
of the interfacial membranes which separate the cells from each other 
and from the external medium. While all cells are furnished with a liv- 
ing plasma membrane, the periphery of the.amphibian egg, and the epi- 
thelia deriving from it, possess an additional covering in the form of a 
coat, which resembles in many ways the hyaline layer in echinoderm 
eggs. The coat, though not considered to be a living and indispensable 
part of the egg, plays an important role in determining the viability of 
the embryo under various environmental conditions, and in controlling, 
but not causing, the morphogenetic movements of gastrulation and neu- 
rulation. This structure seems to  consist predominantly of protein 
compounds, containing calcium, which with progressive differentiation 
become more densified and less soluble. 

The cells derived from the egg periphery possess a proximo-distal 
polarity which is expressed in polar differences of adhesiveness and 
amoeboid activity, and in the tendency of these cells to stretch them- 
selves reversibly along an antero-posterior axis. These phenomena are 
thought to result from regional differences in the composition of the cell 
membrane, which in turn reflect an inside-outside gradient of the egg 
connected with the Gibbs-Thompson effect. Subsequent form changes 
and directed locomotions of the cells are decisively influenced by their 
inherent axial polarity. 

The kinetic behavior of isolated embryonic cells under various en- 
vironmental conditions indicates that cellular form changes and locomo- 
tion result primarily from rhythmic expansions and contractions of the 
cell membrane. The endoplasmic core, which is more or less separated 
from the outer membrane by a layer of ectoplasmic. fluid, may undergo 
cyclic sol-gel formations which are, however, not the cause of amoeboid 

Holtfreter: Significance of the Cell Membrane 751 
movements. A cell becomes fragmented if a constriction wave passing 
over the cell surface becomes stationary and cuts progressively deeper 
into the cell body. This phenomenon is brought into relation to  normal 
cytoplasmic division. 

Local diflerences of cellular adhesiveness and anioeboid activity, aris- 
ing in the course of development, are regarded as the main factors which 
transform the priiiiitive cell into the specific shapes characteristic of the 
ditferent cell strains. General features of this differentiation process are 
the replacement of lobose pseudopods by filiforin and lamellar processes, 
attachment of the cell nienibrane to  the plasniagel over the niajor sur- 
face area of the cell, and progressive confinement of amoeboid motility to  
the tips of the extended pseudopods, which remain free of endoplasni. 
This process seem to involve a certain amount of dehydration since, on 
exposure to  liquefying solutions, half-way differentiated cells may re- 
adopt the appearances and kinetics of earlier developmental stages. 
After the cell-specific shape has been established, it may become con- 
solidated by the elaboration of an inner cytoskeleton. 

The direction of cellular migration, and the histotypical groupings 
and regroupings exhibited by the various types of cells in a developing 
organism, appear to  be controlled by a selective adhesiveness of the cell 
membrane, which varies with the developmental stage and with the kind 
of cells involved. Cellular adhesiveness depends both on the cheniical 
constitution of the contacting cell surfaces and on the composition of 
the immersion fluid. From the observed antagonistic effects of hydrating 
and dehydrating agents upon cellular adhesion, i t  may be concluded 
that the most universal and essential factor determining adhesion is the 
degree of solvation of the cell membrane. A prerequisite for cellular ag- 
gregation appears to  be a certain concentration of hydrogen and calciuin 
ions in the ambient solution. 

The attempt is made to  interpret the kinetic functions of the cell 
membrane on the basis of data on the cheniical and physical properties 
of this structure. According to  the evidence available, the limiting 
plasma film of eggs and somatic cells consists predominantly of alternat- 
ing laniellae of oriented protein and lipid molecules, the latter being 
chiefly represented by phospholipids. In support of this concept, it is 
shown that niany of the features pertaining to  cellular permeability, ad- 
hesion, and surface movements can be imitated in models of hydrated 
phosphatide bodies which are subjected to various environmental con- 
ditions. The surprising similarities in the physico-cheniical behavior of 
cells and niyelin formations suggest that amoeboid movements result 
froin alternate states of packing of the oriented lipid molecules of the 
cell nienibrane. These changes seem to  involve reversible variations in 
the extent of solvation of the lipid leaflets, brought about by the action 
of electrolytes and, perhaps, proteins and other conipounds. The wave- 
like propagation of the alternate states of film condensation along the 
cell surface recalls the impulses traveling along a nerve fiber. The above 

SIGNIFICANCE OF THE CELL MEMBRANE 
IN EMBRYONIC PROCESSES 

BY JOHANNES HOLTFRETER” 
Biology Department, C‘nirersity of Rorhestrr, Rochesttr, X. Y. 

VIDEKCE of the embryological significance of the cell nienibrane E may be derived froni a consideration of this structure in connec- 
tion with the following phenomena: cellular permeability, amoeboid ino- 
tility, morphogenetic movements, cytoplasniic division, selective ad he- 
siveness, cell polarity, and cellular differentiation. It is clear that  such a 
wide range of phenomena cannot be discussed exhaustively within the 
fraiiie of the present review. The aim of this paper is, therefore, t o  give 
not more than a tentative synopsis of the embryological functions of the 
cell nienibrane and to  discuss the physico-chemical and physiological 
properties of this structure only as they may serve this purpose. This 
paper will mainly be concerned with observations on amphibian develop- 
ment, although i t  is realized that  some of the phenomena t o  be touched 
upon have been inore thoroughly investigated in other foriiis, such as 
the echinoderms. The discussion will include nunierous unpublished ob- 
servations. 

Functions of the Coat in  the ,4mphibian Egg 
Plrysico-Chemical Properties of the Coat. The array of protective en- 

velopes investing a fertilized amphibian egg reseiiibles that  described for 
the sea urchin egg by Chanibers (1938, 1940). Apart froni the external 
gelatinous layers and the vitelline nienibrane, the amphibian egg and its 
subsequent stages are covered by a filni, or coat, which is firmly attached 
to  the underlying cell iiieinbrane and which seetiis to  be coinparable to  
the hyaline layer in echinoderni eggs. The integrity of the coat requires 
the presence of small amounts of calcium in the ininiersion fluid (Holt- 
freter, 194%). Amphibian embryos which are placed in an isotonic solu- 
tion lacking calcium ions fall apart into single cells, and A mucilaginous 
substance passes into solution. Similar mucus forniation and rlisaggrega- 
tion occur when the pH of the balanced salt solution is raised above 9.6 
or lowered below 4.2, or when solutions of sodium citrate or oxalate are 
applied. h s  in the case of disintegrated echinoderni blastonieres, the ain- 
phibian cells reaggregate and survive the treatment if, withina restricted 
period, calcium is restored to the external niediuni. A new coating sub- 
stance niay be secreted by the outerniost surface of the ectodernial and 
endodermal cells. 

* In dedicating this paper to Professor K. von Frisch, I am expressing m y  great admiration for his 
scientific work, and my indebtedness to him for the inspiration and kind assistance I received while 
I was a member of his former Zoological Institute a t  Munich. 

[ 709 I 
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FIGURE 18. Accessory buds and fragmentation occurring in a myelin tube under the influence of alkali. 
FIGURE 19. Coalescence of two myelin vesicles in a 6 x lO-4M solution of CaCI?. 

FIGURE 20. Aggregation of myelin vesicles in a 10-2M solution of CaCI1. 
FIGURE 20a. Shrinkage, granulation and collapse of a myelin 
vesicle under the influence of acid or other desolvating reagents. 

amoeboid motility ceases, and the cells eventually die. On the acid side 
of this range, the dead cell membrane becomes increasingly adhesive to  
glass or to  lecithin vesicles, and the content of hyaline cell fraginents 
precipitates into granules. Strong acids cause complete shrinkage and 
collapse of the fragment into a coarsely granulated film spreading on 
glass (FIGURE 10). 

Efects of Metallic 1on.s. The rate of swelling of lecithin in solutions of 
the chlorides of Na, K, Li, Ca, and Mg varies with the salt concentra- 
tion and with the valence of the cations, bivalent cations having a niuch 
stronger inhibiting effect than monovalent cations (FIGURE 17). 

In molar concentrations, all chlorides completely suppressed inyelin 
formation. Equimolar solutions of NaCl, KCl, and LiCl apparently had 
an identical inhibitory effect which was no longer noticeable a t  concen- 
trations below 10-2M, while that of CaClz and MgC12 could still be 
traced a t  concentrations as low as lOWM. Morphologically, the effect of 
the various metal ions was similar t o  that of hydrogen ions. In higher 
concentrations of the bivalent cations, only sniall spherical myelin bodies 
were formed. Length and width of the bodies increased with a decrease 
of the salt concentration. When expanded myelin bodies were transferred 
from distilled water t o  increasingly concentrated solutions of any of the 
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Cell motility versus cell-cell adhesion: cell sorting

• « selective adhesiveness » controls cellular migration



DIRECTED MOVEMENTS AND SELECTIVE ADHE- 
SION O F  EMBRYONIC AMPHIBIAN CELLS 

P H I L I P  L. TOWNES AND JOHANNES HOLTFRETER 
Depattmevts of Biology and Anatomy, The University of Rochester, 

Rochester, New York 

TWENTY-SEVEN FIGURES 

INTRODUCTION 

One of the most striking features of early vertebrate de- 
velopment is the transformation of a spherical egg into a 
body of about equal size in which groups of cells have shifted 
into specific arrangements which foreshadow the tissue pat- 
tern of the adult organism. This transition occurs principally 
between the blastula and neurula stages. Throughout the 
history of embryology, these shiftings of cell associations and 
their subsequent segregation into germ layers and tissues 
have been of foremost interest to students of embryogenesis. 

It was these transformations which prompted His (1874) 
to propose his famous, though no longer acceptable, inter- 
pretation of enibryological phenomena in mechanistic terms. 
Roux (1894, 1896), in an attempt to relate tissue formation 
to the kinetic properties of individual cells, teased early 
amphibian embryos apart and recorded the movements and 
re-aggregations of the free cells in a medium of diluted egg 
white. Roux claimed to have found evidence that the cells 
produce diffusible substances which either attract or repel 
other cells in the immediate vicinity and which he considered 

Revision of a thesis submitted iu partial fulfillment of the requirements for  
the degree of Doctor of Philosophy, Department of Biology, The University of 
Rochester. 

Predoctoral Resoarch Fellow, Xational Cancer Institute, U. S. Public Health 
Service 1951-1 952. Present Address : Department of Anatomy, School of Mrdieine, 
University of Eochester. 
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belly epidewmis were removed and placed together with their 
uncoated surfaces in contact. The approximate areas excised 
are shown in figure 10. It may be added that in all subsequent 
experiments the part of the neural plate used corresponds 
to  the area outlined in this figure. 

DISAGGREGATION RE AGGREGATION CELLULAR SEGREGATION 

A piece of the medullary plate and a piece of prospective epidermis 
are excised and disaggregated by means of alkali. The free cells are intermingled 
(epidermal cells indicated in black). Under re-adjusted conditions the cells re- 
aggregate and subsequently segregate so that the surface of the explant becomes 
entirely epidermal. 

Fig. 10 

Immediate adhesion between the two tissues resulted and? 
within the first few hours, the medullary plate became partly 
enveloped by epidermis. At the same time the plate under- 
went an infolding similar to  that which leads to the formation 
of the neural tube in normal development. About 10 hours 
later, the neural tissue, now entirely covered by epidermis, 
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are excised and disaggregated by means of alkali. The free cells are intermingled 
(epidermal cells indicated in black). Under re-adjusted conditions the cells re- 
aggregate and subsequently segregate so that the surface of the explant becomes 
entirely epidermal. 

Fig. 10 

Immediate adhesion between the two tissues resulted and? 
within the first few hours, the medullary plate became partly 
enveloped by epidermis. At the same time the plate under- 
went an infolding similar to  that which leads to the formation 
of the neural tube in normal development. About 10 hours 
later, the neural tissue, now entirely covered by epidermis, 

Epidermis

Neural plateNeural fold

Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955

Ambystoma punctatum

Rana pipiens

Thomas LECUIT   2022-2023

Cell motility versus cell-cell adhesion: cell sorting

• « selective adhesiveness » controls cellular migration and cell sorting.
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where they unite into a progressively larger and more homo- 
geneous cell mass (fig. 12 b). The boundary between the two 
types of cells is indistinct and jagged. Small groups of medul- 
lary cells still occupy a surface position and a number of 

MEO. PLATE + EPIDERMIS MEO. PLATE + EPlO + FOLD MED. PLATE ON ENDOOERM 

Figs. 12-14 Diagrammatic sections through sutcessive stages of composite re- 
aggregates. Figure 12. Randomly arranged cells of epidermis (black) and medul 
lary plate (white) move in opposite directions and re-establish homogeneous 
tissues. Figure 13. Same as figure 1 2  except that cells from the neural fold were 
added. The latter move to occupy the space between neural tissue and epidermal 
covering. Figure 14. A piece of medullary plate or o f  larval forebrain first moves 
into, then out of 5 matrix of endoderm. 

Epidermis

Neural plate

Observations:

• Rapid cell aggregation 
• Elongation of prospective neural cells
• Centripetal migration of prospective neural cells
• Centrifugal migration of epidermal cells
• Sorting of distinct cell populations according to identity
• Clear separation between two tissues

• 2 forms of cell adhesion: 

• not specific at early stages (does not affect motility)
• specific at late stages, following prolonged contact

Thomas LECUIT   2022-2023

Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955

Cell motility versus cell-cell adhesion: cell sorting

• Sorting relies on sequential contributions of 
1) Migration and 2) Specific adhesion

• It is implied that selective adhesion adhesion 
blocks migration and thereby stabilises cell 
configuration
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represent an adequate embedding substratum for the invading 
neurogenic material. 
4. A neurocoel can be formed (1) as a result of the infolding 

of any portion of the coated medullary plate, or (2) through 
secondary cavitation of a compact mass formed by individually 
immigrated neurogenic cells. 

5. I n  consequence of directed movements, the different cell 
types in a composite aggregate are sorted out into distinct 
homogeneous layers, the stratification of which corresponds 
to the normal germ layer arrangement. The tissue segregation 
becomes complete because of the emergence of a selectivity 
of cell adhesion: homologous cells when they meet remain 
permanently united to form functional tissues, whereas a 
eleft develops between certain non-homologous tissues (eg., 
between neural or endodermal tissues and adjacent epider- 
mis). As in normal embryogenesis, the mesodermal elements 
take up an intermediate position connecting the inner with 
the outer epithelia. 

6. Regional organ characteristics such as may develop in 
combinations of non-dissociated fragments hardly ever occur 
although the reconstituted part-embryos display rather typi- 
cal cyto- and histodifferentiation. One may conclude that the 
districts of medullary plate and axial mesoderm are to a 
certain extent locally determined and that the disaggregated 
and intermingled cells of these primordia are incapable of 
reestablishing these patterns. Corresponding experiments on 
gastrula material yielded more typical neural and mesodermal 
structures reflecting a higher degree of regulative capacity 
in these younger stages. 

7 .  It would appear that the principles of cell-specific move- 
ments, selective adhesions and cavitation, as manifested in 
the present experiments, help to elucidate the factors instru- 
mental in the normal formation of germ layers and their fur- 
ther segregation. An interpretation of these phenomena in 
cytological and physicochemical terms is attempted. 

• Central role of cell-specific directed motility
• Gradient of chemokine
• Suggests possible role of surface tension at cellular level
• Cell-specific adhesion stabilises final configuration

• Uncouples motility and adhesion

A 

chemokine

Townes P. and Holtfreter J. J. Exp. Zool.  53-120. 1955

Cell motility versus cell-cell adhesion: cell sorting

Thomas LECUIT   2022-2023
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LV�WKXV�VWLOO�ODUJHO\�D�PDWWHU�RI�WKH�IXWXUH��RQH�
GLVFULPLQDWLYH�ELRORJLFDO�WHVW�LV�DOUHDG\�DW�KDQG��
DQG�WKDW�LV�WKH�FDSDFLW\�RI�WKH�FHOOV�WR�WHOO�HDFK�
RWKHU�DSDUW�DFFRUGLQJ�WR�WKHLU�NLQGV��7KXV�ZH�
PD\�XVH�WKH�FHOOV�WKHPVHOYHV�WR�GR�XV�D� VHUYLFH�
ZKLFK�RXU�DQDO\WLFDO�WRROV�KDYH�QRW�\HW�PDVWHUHG��
7KH�PRGHO�RI�WKLV�WHVW�OLHV�LQ�WKH�FODVVLFDO�H[SHUL��
PHQWV�RQ�GLVVRFLDWLRQ�DQG�UHDVVRFLDWLRQ�RI�FRHO��
HQWHUDWHV��K\GURLGV��DQG�VSRQJHV��VHH�%URQGVWHG��
�������,Q�WKRVH�H[SHULPHQWV��FHOOV�RI�D�JLYHQ�NLQG�
ZHUH�IRXQG�WR�UHFRPELQH�ZLWK�WKHLU�RZQ�LQ�SUHIHU��
HQFH�WR�RWKHU�NLQGV��7KH�UHVXOW�LV�D�VHOI�VRUWLQJ�RI�
FHOO�W\SHV��7KH�PHFKDQLVP�RI�VHOHFWLRQ�GRHV�QRW�
VHHP�WR�OLH�LQ�VSHFLILF�DWWUDFWLRQ�DPRQJ�KRPRORJRXV�
FHOOV�EXW�UDWKHU�LQ�WKH�IDFW�WKDW��XSRQ�PDNLQJ�FRQ��
WDFW��PDWFKLQJ�FRPELQDWLRQV�UHPDLQ�WRJHWKHU�
ZKLOH�QRQ�PDWFKLQJ�RQHV�GR�QRW�HQGXUH��
6LPLODU�DIILQLWLHV�DQG�GLVDIILQLWLHV�DPRQJ�FHOOV�RI�

FRPSDWLEOH�RU�LQFRPSDWLEOH�NLQGV�KDYH�EHHQ�GH��
VFULEHG�E\�+ROWIUHWHU��������LQ�WKH�HDUO\�GHYHORS��
PHQW�RI�DPSKLELDQV��WKH�RQO\�GLIIHUHQFH�EHLQJ�WKDW�
LQ�KLV�FDVHV�FHOO�JURXSV�UDWKHU�WKDQ�LQGLYLGXDO�FHOOV�
FRQVWLWXWHG�WKH�GLVFULPLQDWLYH�XQLWV��&HOO�JURXSV�
ZKLFK�DW�DQ�HDUOLHU�VWDJH�DUH�FRPSDWLEOH�JUDGXDOO\�
GHYHORS�PXWXDO�LQFRPSDWLELOLW\�OHDGLQJ�WR�VHJUH��
JDWLRQ��7KLV�LV�FOHDU�HYLGHQFH�RI�D�WUXH�ELRFKHPLFDO�
GLYHUJHQFH�LQ�WKH�UHVSHFWLYH�FHOO�OLQHV��KHQFH�RI�
SUHPRUSKRORJLFDO�GLIIHUHQWLDWLRQ��,Q� H[SDQGHG�
IRUP��WKLV�FRQFHSW�KDV��DV�,�KDYH�WULHG�WR�GHPRQ��
VWUDWH��:HLVV���������IXQGDPHQWDO�LPSOLFDWLRQV�IRU�
PRUSKRJHQHVLV��,W�VHHPV�WKDW�FHOOV��DV�D�FRUROODU\�
RI�WKHLU�GLIIHUHQWLDWLRQ��GHYHORS�VXUIDFH�FRQVWLWX��
WLRQV�ZKLFK�UHQGHU�WKHP�DGKHVLYH�WR�VXUIDFHV�RI�
WKH�VDPH�RU�RI�ILWWLQJO\�FRPSOHPHQWDU\�FRQVWLWX��
WLRQ��EXW�XQILW�IRU�DVVRFLDWLRQ�ZLWK�QRQ�FRQIRUP��
LQJ�W\SHV��$OO�GXULQJ�RQWRJHQ\�FHOOV�DQG� FHOO�
JURXSV�XQGHUJR�H[WHQVLYH�VKLIWV��ZKLFK�EULQJ�
DERXW�PDMRU�FKDQJHV�RI�SRVLWLRQ��DQG�KHQFH��RI�
PXWXDO�UHODWLRQV��'XULQJ�WKH�UHVXOWLQJ�UHFRPELQD��
WLRQV��SHUPDQHQW�XQLRQV�VHHP�WR�EH�LQLWLDWHG�E\�
WKH�DFWLYH�VXUIDFH�ERQGLQJ�RI�PDWFKLQJ�FHOO�W\SHV��
UDWKHU�WKDQ�E\�VKHHU�PHFKDQLFDO�FHPHQWLQJ��,Q�
RUGHU�WR�EHFRPH�VHWWOHG��D�FHOO�PXVW�EH�IXOO\�DG��
MXVWHG�DQG�HTXLOLEUDWHG�ZLWK�WKH�FRQGLWLRQV�SUH��
YDLOLQJ�DORQJ�LWV�YDULRXV�VXUIDFHV��LQFOXGLQJ�LWV�
QHLJKERUV�RI�WKH�VDPH�NLQG��DGMDFHQW�FHOO�OD\HUV��
WKH�LQWHUFHOOXODU�PDWUL[��DQG� WKH�OLTXLG�PHGLD�
EDWKLQJ�LWV�IUHH�SRUWLRQ��7KLV�UHODWLRQ�PD\�EH�
GHVLJQDWHG�DV��FRDSWDWLRQ���
&RDSWLYH�UHODWLRQV�DUH�RXWOLQHG�GLDJUDPPDWLF��

DOO\�LQ�)LJ�����7KH�WRS�VWULS�VKRZV�DQ�HSLWKHOLXP�
ZKRVH�FHOOV�$�DUH�DGMXVWHG�WR�ODWHUDO�DVVRFLDWLRQ�
ZLWK�VLPLODU�FHOOV�$��WR�EDVDO�DVVRFLDWLRQ�ZLWK�D�

FHOO�W\SH�&��DQG�WR�H[SRVXUH�WR�D�PHGLXP�%��7KH�
DUURZV�DW�WKH�ULJKW�LQGLFDWH�FRPSDWLEOH�FRPELQD��
WLRQV�LQ�VROLG�OLQHV��LQFRPSDWLEOH�RQHV�LQ�EURNHQ�
OLQHV��7KH�PLGGOH�VWULS�LOOXVWUDWHV�WKH�XQEDODQFLQJ�
RI�WKH�FHOO�LQ�FRQVHTXHQFH�RI�D�FKDQJH�RI�PHGLXP�
%�WR�%
��7KH�RXWHU�VXUIDFHV�EHFRPH�XQVWDEOH��DQG�
VXFK�FHOOV�PD\�EHFRPH�PRWLOH��7KH�VDPH�RFFXUV�
ZKHQ�WKH�ODWHUDO�DVVRFLDWLRQ�DPRQJ�FHOOV�RI�WKH�
W\SH�$�LQ�D� OD\HU�LV�VHYHUHG�VR�WKDW�D� VXUIDFH�
IRUPHUO\�ERUGHULQJ�RQ�$�EHFRPHV�H[SRVHG�WR�D�
PHGLXP�%��7KLV�LV�WKH�FDVH�DIWHU�LQMXU\��DQG�LW�
H[SODLQV�WKH�DXWRPDWLF�PRELOL]DWLRQ�RI�WKH�FHOOV�
DORQJ�WKH�ERUGHU�RI�D�ZRXQG��ZKLFK�LV�WKH�SULPDU\�
UHVSRQVH�LQ�ZRXQG�KHDOLQJ��(YLGHQWO\��DQ\�FHOOV�
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)XOO�DUURZV�LQGLFDWH�FRQIRUPDQFH�RI�FRQGLWLRQV��DF��
WLYH��ERQGV����LQWHUUXSWHG�DUURZV��QRQ�FRQIRUPDQFH��

ZLWK�XQVDWXUDWHG�ODWHUDO��YDOHQFLHV��ZLOO�NHHS�RQ�
WKH�PRYH�XQWLO�WKH\�DUH�FRPSOHWHO\�VXUURXQGHG�E\�
FHOOV�RI�WKHLU�RZQ�RU�D�UHODWHG�NLQG��ZKHQ�WKH�FRQ��
GLWLRQ�RI�FRDSWLYH�VWDELOLW\�KDV� DJDLQ�EHFRPH�
VDWLVILHG��7KH�PHFKDQLVP�WKDW�VHWV�FHOOV�LQ�PRWLRQ�
DW�WKH�EHJLQQLQJ�RI�ZRXQG�KHDOLQJ�DQG�VWRSV�WKHP�
DJDLQ�DIWHU�LWV�FRPSOHWLRQ�WKXV�DSSHDUV�WR�EH�
PHUHO\�D�VSHFLDO�FDVH�RI�WKH�PRUH�JHQHUDO�SULQFLSOH�
RI�VHOHFWLYLW\�LQ�FHOO�DVVRFLDWLRQ�DQG�GLVVRFLDWLRQ��
7KH�ERWWRP�VWULS�RI�WKH�GLDJUDP�ILQDOO\�VKRZV�

ZKDW�PD\�KDSSHQ�ZKHQ�RQH�FHOO�RI�D�JURXS�EH��
FRPHV�DOWHUHG�LQWHUQDOO\��IRU�LQVWDQFH��DV�D�UHVXOW�
RI�VRPDWLF�PXWDWLRQ��,Q�FKDQJLQJ�IURP�$�WR�$
��
LW�ORVHV�FRDSWDWLRQ�ZLWK�DOO�VXUURXQGLQJ�V\VWHPV�
$��%��DQG�&��DQG�LVRODWHV�LWVHOI�RU�LV�H[SHOOHG��$V�LV�
LQGLFDWHG�LQ�WKH�UHODWLRQV�GLDJUDP�RQ�WKH�ULJKW��
ORVV�RI�DIILQLW\�WR�$��%��DQG�&�FRXOG�FRQFHLYDEO\�
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'HSDUWPHQW�RI�=RRORJ\��8QLYHUVLW\�RI�&KLFDJR�

7KLV�DUWLFOH�FRQWDLQV�HVVHQWLDOO\�WKH�WH[W�RI�DQ�DGGUHVV�RQ��7KH�2XWORRN�LQ�0RUSKRJHQHVLV��
GHOLYHUHG�E\�WKH�DXWKRU�DW�WKH�,QWHUQDWLRQDO�6\PSRVLXP�RQ�0RUSKRJHQHVLV�KHOG�XQGHU�WKH�
DXVSLFHV�RI�WKH�&HQWUH�1DWLRQDO�GH�OD�5HFKHUFKH�6FLHQWLILTXH�LQ�6WUDVERXUJ�LQ�-XO\�������$�
)UHQFK�DEVWUDFW�ZLOO�DSSHDU�LQ�WKH�3URFHHGLQJV�RI�WKH�6\PSRVLXP��+DYLQJ�WKH�FKDUDFWHU�RI�DQ�
HVVD\��WKLV�SDSHU�GRHV�QRW�DLP�WR��FRYHU��DQ\�SDUWLFXODU�JURXQG��7RSLFV�DQG�H[DPSOHV�KDYH�
EHHQ�FKRVHQ�IRU�LOOXVWUDWLYH�H[SHGLHQF\��UDWKHU�WKDQ�RQ�DEVROXWH�PHULW��&LWDWLRQV�RI�OLWHUDWXUH�
DUH�FRQILQHG��DV�IDU�DV�SRVVLEOH��WR�UHFHQW�UHYLHZV�DQG�PRQRJUDSKV��DQG�RULJLQDO�DUWLFOHV�DUH�
TXRWHG�RQO\�ZKHQ�VSHFLDO�GRFXPHQWDWLRQ�DSSHDUV�WR�EH�SDUWLFXODUO\�SHUWLQHQW��

,1752'8&7,21�0� 253+2*(1(6,6� LV� RQFH�PRUH�
FRPLQJ�WR�WKH�IRUHIURQW�RI�ELRORJL��
FDO�LQWHUHVW��DQG�LWV�IXWXUH�EHFRPHV�
RI�LPPHGLDWH�FRQFHUQ�QRW�RQO\�WR�
ELRORJ\��EXW�WR�PHGLFLQH�DQG�DJUL��

FXOWXUH�DV�ZHOO��3URJUHVV�LQ�WKH�ILHOG�LV�YLJRURXV�
DQG�UDSLG��DQG�DOWKRXJK�ZH�FDQQRW�IRUHVHH�ZKLWKHU�
LW�ZLOO�OHDG�XV��ZH�FDQ�WHOO�E\�H[WUDSRODWLQJ�IURP�
SUHVHQW�WUHQGV�WKH�GLUHFWLRQ�LQ�ZKLFK�LW�LV�KHDGLQJ��
7KH�DGYDQFH�IROORZV�WZR�PDLQ�FXUUHQWV��WKH�RQH�
DLPLQJ�DW�WKH�DFFXPXODWLRQ�DQG�DQDO\VLV�RI�GDWD��
DQG�WKH�RWKHU�DW� WKH�FODULILFDWLRQ�RI�FRQFHSWV��
0RUSKRJHQHVLV�LV�VWLOO�LQ�WKH�WUDQVLWLRQ�SKDVH�IURP�
GHVFULSWLYH��QDWXUDO�KLVWRU\��WR�DQDO\WLFDO�VFL��
HQFH��,Q�WKLV�WUDQVLWLRQ��WHFKQLTXHV�KDYH�VRPHZKDW�
RXWGLVWDQFHG�FRQFHSWV��0DQ\�RI�XV�XVH�PRGHUQ�
SK\VLFDO�DQG�FKHPLFDO�WRROV�RI�JUHDW�SUHFLVLRQ��
EXW�E\�DSSO\LQJ�WKHP�WR�SUREOHPV�IRUPXODWHG�LQ�
WKH�PXFK�OHVV�SUHFLVH�SKUDVHRORJ\�RI�DQ�RXWGDWHG�
HUD��ZH�RIWHQ�HQG�XS�ZLWK�UHVXOWV�WKDW�DUH�HTXDOO\�
XQSUHFLVH�DQG�DPELJXRXV��
,W�LV�QHFHVVDU\��WKHUHIRUH��WR�EULQJ�RXU�SUREOHPV�

XS�WR�GDWH��&RQVLGHULQJ�WKHLU�FRPSOH[LW\��WKLV�LV�
QR�HDV\�WDVN��7KHUH�DUH�WHQGHQFLHV�WR�FLUFXPYHQW�
WKH�GLIILFXOW\�E\�DUELWUDULO\�GLYHVWLQJ�WKH�SUREOHPV�
RI�WKHLU�QDWXUDO�FRPSOH[LW\��7KHQ��RSHUDWLQJ�ZLWK�
WKHVH�RYHUVLPSOLILHG�FRQVWUXFWV��ZKLFK�EDUHO\�UH��
VHPEOH�WKH�UHDO�SKHQRPHQD��RQH�LV�DSW�WR�DUULYH�
DW�FRQFOXVLRQV�WKDW�DUH�HTXDOO\�IDU�IURP�UHDOLW\��
7R�WKRVH�ZLWK�D�ILUVWKDQG�DFTXDLQWDQFH�ZLWK�WKH�
IDFWV��WKH�RYHUVLPSOLILHG��RIWHQ�IDFWLWLRXV�DQG�V\Q��
WKHWLF�QRWLRQV�RI�JURZWK�DQG�GLIIHUHQWLDWLRQ��ZKLFK�
VHHP�WR�JXLGH�VRPH�FXUUHQW�DSSOLFDWLRQV�RI�ELR��

SK\VLFV�DQG�ELRFKHPLVWU\�WR�SUREOHPV�RI�PRUSKR��
JHQHVLV��DSSHDU�UHPDUNDEO\�XQUHDOLVWLF��7KH�XVH�RI�
DPELWLRXV�EXW�ORRVH�WHUPV�VXFK�DV��FKHPLFDO�RU��
JDQL]HUV����JURZWK�VXEVWDQFHV����GLIIHUHQWLDWLRQ�
KRUPRQHV����HPEU\RQL]LQJ�HIIHFWV���DQG�VR�IRUWK��
KDV�EHFRPH�D� FRPPRQ�RFFXUUHQFH��&DQFHU�UH��
VHDUFK�LV�EULQJLQJ�LQWR�WKH�VWXG\�RI�PRUSKRJHQHVLV�
UHFUXLWV�LQ�LQFUHDVLQJ�QXPEHUV��0DQ\�RI�WKHP�
LQQRFHQWO\�IDOO�IRU�VXFK�FDWFKZRUGV��ODERULQJ�
XQGHU�WKH�LOOXVLRQ�WKDW�WKH\�DUH�KHDGLQJ�IRU�NH\�
VROXWLRQV�WR� WKH�ULGGOHV�RI�GHYHORSPHQW��7KH\�
ZRXOG�JODGO\�UHGLUHFW�WKHLU�HIIRUWV�LI�WKRVH�FORVHU�
WR�WKH�IDFWV�ZHUH�WR�JLYH�WKHP�PRUH�FRUUHFW�DQG�
PRUH�SUHFLVH�LQIRUPDWLRQ�DV� WR�MXVW�ZKHUH�WKH�
UHDO�SUREOHPV�OLH�DQG�KRZ�WKH\�ORRN�LQ�UHDOLW\��
7R�JLYH�D�VLQJOH�H[DPSOH��LW�VHHPV�WR�PH�XWWHUO\�
PLVOHDGLQJ�WR�FRQWLQXH�WR�UHSUHVHQW�WR�WKH�RXWVLGHU�
�WKH�LQGXFWLRQ�RI�WKH�QHUYRXV�V\VWHP��RU��WKH�
DFWLRQ�RI�WKH�RUJDQL]HU��DV�LI�WKH\�ZHUH�VLPSOH��
VLQJOH��XQLWDU\��DQG�HOHPHQWDO�SURFHVVHV��QRZ�WKDW�
ZH�KDYH�GHILQLWHO\�HVWDEOLVKHG�WKDW�WKH\�DUH�QRW��
2QH�FRXOG�HQXPHUDWH�D�VXEVWDQWLDO�OLVW�RI�VLPLODU�
PLVUHSUHVHQWDWLRQV�ZKLFK�LQ�WKH�ORQJ�UXQ�KDPSHU�
SURJUHVV�EHFDXVH�WKH\�REVFXUH�WKH�LVVXHV�ZKLFK�
WKH\�SXUSRUW�WR�FODULI\��
7R�EH�VXUH��LPSUHVVLYH�SURJUHVV�LV�EHLQJ�PDGH�

GHVSLWH�WKH�WUDGLWLRQDO�PXGGOH�LQ�RXU�FRQFHSWV��
7KLV�LV�GXH�SDUWO\�WR�WKH�IDFW�WKDW�WKRVH�IDPLOLDU�
ZLWK�WKH�SKHQRPHQD�KDYH�PHQWDOO\�RXWJURZQ�WKH�
ROG�IDVKLRQHG�FRQFHSWV�DQG�KDYH�PDGH�WKH�SURSHU�
DGMXVWPHQWV�DQG�UHFWLILFDWLRQV�LQ�WKHLU�RZQ�PLQGV�
DV�WKH\�ZHQW�DORQJ��ZLWKRXW�PDNLQJ�WKLV�H[SOLFLW�
WR�WKH��RXWVLGHUV���)RU�LQVWDQFH��PRVW�RI�WKRVH�
ZKR�KDYH�WKRXJKWIXOO\�ZRUNHG�RQ�DPSKLELDQ�GH��
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Cell coaptation (« affinities relations ») is based on surface recognition by 
molecules
Cell acquire stable configuration or are motile depending on coaptation 
configuration

Compatible valencies

Incompatible valencies

Adhesion

Motility

Potential
Motility
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LV�WKXV�VWLOO�ODUJHO\�D�PDWWHU�RI�WKH�IXWXUH��RQH�
GLVFULPLQDWLYH�ELRORJLFDO�WHVW�LV�DOUHDG\�DW�KDQG��
DQG�WKDW�LV�WKH�FDSDFLW\�RI�WKH�FHOOV�WR�WHOO�HDFK�
RWKHU�DSDUW�DFFRUGLQJ�WR�WKHLU�NLQGV��7KXV�ZH�
PD\�XVH�WKH�FHOOV�WKHPVHOYHV�WR�GR�XV�D� VHUYLFH�
ZKLFK�RXU�DQDO\WLFDO�WRROV�KDYH�QRW�\HW�PDVWHUHG��
7KH�PRGHO�RI�WKLV�WHVW�OLHV�LQ�WKH�FODVVLFDO�H[SHUL��
PHQWV�RQ�GLVVRFLDWLRQ�DQG�UHDVVRFLDWLRQ�RI�FRHO��
HQWHUDWHV��K\GURLGV��DQG�VSRQJHV��VHH�%URQGVWHG��
�������,Q�WKRVH�H[SHULPHQWV��FHOOV�RI�D�JLYHQ�NLQG�
ZHUH�IRXQG�WR�UHFRPELQH�ZLWK�WKHLU�RZQ�LQ�SUHIHU��
HQFH�WR�RWKHU�NLQGV��7KH�UHVXOW�LV�D�VHOI�VRUWLQJ�RI�
FHOO�W\SHV��7KH�PHFKDQLVP�RI�VHOHFWLRQ�GRHV�QRW�
VHHP�WR�OLH�LQ�VSHFLILF�DWWUDFWLRQ�DPRQJ�KRPRORJRXV�
FHOOV�EXW�UDWKHU�LQ�WKH�IDFW�WKDW��XSRQ�PDNLQJ�FRQ��
WDFW��PDWFKLQJ�FRPELQDWLRQV�UHPDLQ�WRJHWKHU�
ZKLOH�QRQ�PDWFKLQJ�RQHV�GR�QRW�HQGXUH��
6LPLODU�DIILQLWLHV�DQG�GLVDIILQLWLHV�DPRQJ�FHOOV�RI�

FRPSDWLEOH�RU�LQFRPSDWLEOH�NLQGV�KDYH�EHHQ�GH��
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phosphocreatine production, which has a role in the invasive
migration, chemotaxis, and liver metastasis of cancer cells.47

Priming the premetastatic niche
Secondary sites do not receive invading cancer cells passively. In
fact, the host microenvironment, termed the premetastatic niche
(PMN), is selectively primed by the primary tumor even before the
initiation of metastasis.48 The development of a PMN is a multistep
process involving secretory factors and extracellular vesicles that
induce vascular leakage, ECM remodeling, and immunosuppres-
sion.48 High-definition microscopes have obtained images of
cancer cells sharing biological material with less malignant cells,
making these cells more cancerous.49 Cancer cells release vesicles
that carry messenger RNA transcribed from genes that are
involved in cell migration and metastasis, which are then accepted
by other cells.49,50 After host cells engulf these vesicles, human
cells that did not express a malignant phenotype start to migrate
faster. The transferred genes also enhance the ability of cells to
invade other organs.49 As such, metastatic characteristics can be
transferred through extracellular vesicle exchange.49

Primary tumors release significant amounts of exosomes that
transfer invasion-promoting factors, such as microRNAs (miRNAs),
to tumorigenic cancer cells.51–53 For example, miR-10b is carried
and released by exosomes and drives metastatic properties in
breast cancer cells.54 In addition, signaling factors mediated by

exosomes activate epidermal growth factor receptor (EGFR)
signaling to support cancer metastasis.55 Exosomes that express
EGFR ligands, such as amphiregulin, tissue-type plasminogen
activator, and/or annexin II, considerably increase cancer cell
invasion.56–59 Moreover, exosomes secrete EMT inducers that
stimulate EMT progression in host epithelial cells, providing them
with the ability to invade and metastasize.60–65 Furthermore,
exosomes have the ability to remodel the ECM by interacting
with fibroblasts, stromal cells, and endothelial cells to degrade
protease-associated components such as collagen, laminin, and
fibronectin.66 Exosome-altered ECM exhibits increased stromal
cell proliferation, cancer cell migration and survival, and tumor
cell resistance to apoptotic signals. This, along with the effect of
chemokines and growth factors, leads to the formation of a
new microenvironment for cancer cells, immune cells, and
other stromal constituents that is referred to as the PMN,67–70

where metastatic cells may arrest, extravasate, and ultimately
colonize.71–73

In addition to their role in priming the PMN, exosomes exhibit
properties that drive cancer cell organotropism. This metastatic
bias towards certain organs stems from exosomal avidity for
specific host cells.60 Studying the exosomal proteomic expression
of bone cancer showed different integrin patterns, whereby the
exosomal integrins α6β4 and α6β1 were correlated with lung
metastasis, whereas exosomal integrin αvβ5 was associated with

Fig. 3 Epithelial–mesenchymal transition (EMT): EMT occurs through single-cell dissemination or through collective migration. The process
consists of several transition stages between the initial epithelial cell and the invasive mesenchymal cell
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The polypeptide growth factor, hepatocyte growth factor!scatter
factor (HGF!SF), shares the multidomain structure and proteolytic
mechanism of activation of plasminogen and other complex serine
proteinases. HGF!SF, however, has no enzymatic activity. Instead,
it controls the growth, morphogenesis, or migration of epithelial,
endothelial, and muscle progenitor cells through the receptor
tyrosine kinase MET. Using small-angle x-ray scattering and cryo-
electron microscopy, we show that conversion of pro(single-chain)-
HGF!SF into the active two-chain form is associated with a major
structural transition from a compact, closed conformation to an
elongated, open one. We also report the structure of a complex
between two-chain HGF!SF and the MET ectodomain (MET928)
with 1:1 stoichiometry in which the N-terminal and first kringle
domain of HGF!SF contact the face of the seven-blade !-propeller
domain of MET harboring the loops connecting the !-strands b–c
and d–a, whereas the C-terminal serine proteinase homology
domain binds the opposite ‘‘b’’ face. Finally, we describe a complex
with 2:2 stoichiometry between two-chain HGF!SF and a truncated
form of the MET ectodomain (MET567), which is assembled around
the dimerization interface seen in the crystal structure of the NK1
fragment of HGF!SF and displays the features of a functional,
signaling unit. The study shows how the proteolytic mechanism of
activation of the complex proteinases has been adapted to cell
signaling in vertebrate organisms, offers a description of mono-
meric and dimeric ligand-receptor complexes, and provides a foun-
dation to the structural basis of HGF!SF-MET signaling.

cell signaling # plasminogen # serine proteinases # kringle # x-ray scattering

Hepatocyte growth factor!scatter factor (HGF!SF) (1–6) are
vertebrate-specific polypeptide growth factors with a do-

main structure related to that of plasminogen (7). Interest in
HGF!SF and its receptor MET (8) stems from unique biological
roles in embryogenesis (9–11), tissue regeneration (12, 13), and
cancer (14). These activities have led to a strong interest in the
structure of the molecules as this knowledge may underpin the
development of MET-based therapeutics.

HGF!SF consists of six domains: an N-terminal domain (n),
four copies of the kringle domain (k1–k4), and a C-terminal
domain (sp) structurally related to the catalytic domain of serine
proteinases (Fig. 1A). The factor is synthesized as a precursor
protein (pro- or single-chain HGF!SF) and is proteolytically
processed to a two-chain form by cleavage of the linker con-
necting the k4 and sp domains (Fig. 1 A and B). Single-chain
HGF!SF binds MET (15, 16) but is unable to induce biological
responses, for example, dispersion of MDCK cell colonies, even
at concentrations 100-fold higher than two-chain HGF!SF (Fig.
1 C–E).

MET is also synthesized as a single-chain precursor that is
cleaved by furin yielding an N-terminal !-chain and a C-terminal
"-chain. The MET ectodomain consists of two moieties: the
large, N-terminal sema domain, which is responsible for ligand
binding and adopts a "-propeller fold, and a stalk structure,

which consists of four copies of Ig-like domains (ig) (15) (Fig. 1
A and B). The sema domain and the stalk structure are joined
by a small cystine-rich domain (cr) (Fig. 1A).

The structural basis of the conversion of single-chain to
two-chain HGF!SF and MET activation by two-chain HGF!SF
are unknown. Several nuclear magnetic resonance and crystal
structures of HGF!SF fragments corresponding to the n domain
(17), the n and k1 domains (nk1) (18–20), and the sp domain
(21), and a crystal structure of the sema and cr domains of MET
in complex with the sp domain of HGF!SF (22) have provided
important insights but failed to show the interdomain interac-
tions and the relevant changes which underlie biological activity.

The objective of this study is to define structures, by cryo-
electron microscopy (cryo-EM) and small-angle x-ray scattering
(SAXS), for single-chain and two-chain HGF!SF, the MET
ectodomain, and their complexes. Unlike x-ray crystallography
and nuclear magnetic resonance, cryo-EM and SAXS can pro-
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Fig. 1. Domain structure and biological activity of the three main proteins
used in this study. (A) Domain structure. (B) SDS!PAGE under reducing con-
ditions. (C–E) Typical appearance of colonies of MDCK cells under standard
culture conditions (C) or after addition of single-chain (D) or two-chain (E)
HGF!SF at the concentrations indicated. sc-SF, single HGF!SF; tc-SF, two-chain
HGF!SF.

4046–4051 # PNAS # March 14, 2006 # vol. 103 # no. 11 www.pnas.org!cgi!doi!10.1073!pnas.0509040103
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The polypeptide growth factor, hepatocyte growth factor!scatter
factor (HGF!SF), shares the multidomain structure and proteolytic
mechanism of activation of plasminogen and other complex serine
proteinases. HGF!SF, however, has no enzymatic activity. Instead,
it controls the growth, morphogenesis, or migration of epithelial,
endothelial, and muscle progenitor cells through the receptor
tyrosine kinase MET. Using small-angle x-ray scattering and cryo-
electron microscopy, we show that conversion of pro(single-chain)-
HGF!SF into the active two-chain form is associated with a major
structural transition from a compact, closed conformation to an
elongated, open one. We also report the structure of a complex
between two-chain HGF!SF and the MET ectodomain (MET928)
with 1:1 stoichiometry in which the N-terminal and first kringle
domain of HGF!SF contact the face of the seven-blade !-propeller
domain of MET harboring the loops connecting the !-strands b–c
and d–a, whereas the C-terminal serine proteinase homology
domain binds the opposite ‘‘b’’ face. Finally, we describe a complex
with 2:2 stoichiometry between two-chain HGF!SF and a truncated
form of the MET ectodomain (MET567), which is assembled around
the dimerization interface seen in the crystal structure of the NK1
fragment of HGF!SF and displays the features of a functional,
signaling unit. The study shows how the proteolytic mechanism of
activation of the complex proteinases has been adapted to cell
signaling in vertebrate organisms, offers a description of mono-
meric and dimeric ligand-receptor complexes, and provides a foun-
dation to the structural basis of HGF!SF-MET signaling.

cell signaling # plasminogen # serine proteinases # kringle # x-ray scattering

Hepatocyte growth factor!scatter factor (HGF!SF) (1–6) are
vertebrate-specific polypeptide growth factors with a do-

main structure related to that of plasminogen (7). Interest in
HGF!SF and its receptor MET (8) stems from unique biological
roles in embryogenesis (9–11), tissue regeneration (12, 13), and
cancer (14). These activities have led to a strong interest in the
structure of the molecules as this knowledge may underpin the
development of MET-based therapeutics.

HGF!SF consists of six domains: an N-terminal domain (n),
four copies of the kringle domain (k1–k4), and a C-terminal
domain (sp) structurally related to the catalytic domain of serine
proteinases (Fig. 1A). The factor is synthesized as a precursor
protein (pro- or single-chain HGF!SF) and is proteolytically
processed to a two-chain form by cleavage of the linker con-
necting the k4 and sp domains (Fig. 1 A and B). Single-chain
HGF!SF binds MET (15, 16) but is unable to induce biological
responses, for example, dispersion of MDCK cell colonies, even
at concentrations 100-fold higher than two-chain HGF!SF (Fig.
1 C–E).

MET is also synthesized as a single-chain precursor that is
cleaved by furin yielding an N-terminal !-chain and a C-terminal
"-chain. The MET ectodomain consists of two moieties: the
large, N-terminal sema domain, which is responsible for ligand
binding and adopts a "-propeller fold, and a stalk structure,

which consists of four copies of Ig-like domains (ig) (15) (Fig. 1
A and B). The sema domain and the stalk structure are joined
by a small cystine-rich domain (cr) (Fig. 1A).

The structural basis of the conversion of single-chain to
two-chain HGF!SF and MET activation by two-chain HGF!SF
are unknown. Several nuclear magnetic resonance and crystal
structures of HGF!SF fragments corresponding to the n domain
(17), the n and k1 domains (nk1) (18–20), and the sp domain
(21), and a crystal structure of the sema and cr domains of MET
in complex with the sp domain of HGF!SF (22) have provided
important insights but failed to show the interdomain interac-
tions and the relevant changes which underlie biological activity.

The objective of this study is to define structures, by cryo-
electron microscopy (cryo-EM) and small-angle x-ray scattering
(SAXS), for single-chain and two-chain HGF!SF, the MET
ectodomain, and their complexes. Unlike x-ray crystallography
and nuclear magnetic resonance, cryo-EM and SAXS can pro-
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Fig. 1. Domain structure and biological activity of the three main proteins
used in this study. (A) Domain structure. (B) SDS!PAGE under reducing con-
ditions. (C–E) Typical appearance of colonies of MDCK cells under standard
culture conditions (C) or after addition of single-chain (D) or two-chain (E)
HGF!SF at the concentrations indicated. sc-SF, single HGF!SF; tc-SF, two-chain
HGF!SF.
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Fluid state of motile cells due to loss of adhesion and reduced cell density
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But not all epithelial 
layers are dynamic!



Figure 2. Cell Division, Topology, and Morphology

(A) Cell division in the vertex model. The preferred area of a randomly chosen cell is increased, and the network is relaxed. A new cell boundary is
introduced with a random orientation. Both new cells are assigned the initial preferred area, and the resulting network is again relaxed. The yellow
dot indicates the average vertex position of the original cell through which the new boundary is initially formed.
(B) Normalized energy per cell of a growing network as a function of the number NC of cells for parameter values corresponding to case I
(see Figure 1 and Box 1). Generation number is also indicated. The energy approaches a value that is greater than the ground-state value of
the hexagonal network. The standard deviation, averaged over 250 individual divisions, is indicated as a function of cell number in the inset.
(C) Fraction Pn of cells with n neighbors as a function of generation number in a growing network for case I.
(D) Logarithmic plot of standard deviation of Pn as a function of generation number for the simulation of case I. The slope of the lines represents
the characteristic generation number, at which the standard deviation decreases 10-fold.
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(A) Cell division in the vertex model. The preferred area of a randomly chosen cell is increased, and the network is relaxed. A new cell boundary is
introduced with a random orientation. Both new cells are assigned the initial preferred area, and the resulting network is again relaxed. The yellow
dot indicates the average vertex position of the original cell through which the new boundary is initially formed.
(B) Normalized energy per cell of a growing network as a function of the number NC of cells for parameter values corresponding to case I
(see Figure 1 and Box 1). Generation number is also indicated. The energy approaches a value that is greater than the ground-state value of
the hexagonal network. The standard deviation, averaged over 250 individual divisions, is indicated as a function of cell number in the inset.
(C) Fraction Pn of cells with n neighbors as a function of generation number in a growing network for case I.
(D) Logarithmic plot of standard deviation of Pn as a function of generation number for the simulation of case I. The slope of the lines represents
the characteristic generation number, at which the standard deviation decreases 10-fold.
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Although our 2D description does not explicitly take into
account cell height, area elasticity does so indirectly.
Assuming that cell volume stays constant, altering the
cross-sectional area of a cell at the junctional level in-
volves a deformation of the cell in three dimensions.
Whereas the model describes single cells as elastic ob-
jects, the cellular network is plastic because the model
takes into account junction remodeling (see below).

Line tension Lij (Box 1) describes forces resulting from
cell-cell interactions along the junctional regions of spe-
cific cell boundaries. Multiple mechanisms might influ-
ence line tension, which could vary from edge to edge.
For example, adhesive interactions between cells could
favor cell-boundary expansion, whereas the subcortical
actin cytoskeleton might oppose it. As the length of the
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this term in the energy function decreases if the line
tension Lij is negative and increases if Lij is positive. In
addition to the subcortical actin cytoskeleton, many
epithelial cells assemble an actin-myosin belt that un-
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ure Ab). Because actin-myosin contractility would tend
to reduce the perimeter of each cell, it not only contrib-
utes to the line tension but is also expected to generate
the coefficient Ga, describing the dependence of con-
tractile tension on cell perimeter La (Box 1). This contrac-
tility term involves the whole cell perimeter and is moti-
vated by the fact that the actin-myosin ring appears to
span the entire cell.

Before studying tissue morphologies, we first discuss
some general properties of the model. An important fea-
ture is the ground state, or the most relaxed network
configuration. As discussed below, these ground states
do not correspond to realistic tissue morphologies;
however, ground states are important reference states.
For a situation when all cells are identical, Að0Þa = Að0Þ,
Ka = K, Ga = G for all cells, and Lij = L for all edges. Fig-
ure 1 shows that two main types of ground states exist
as a function of the model parameters. The geometry
of the ground state is determined by the two normalized
parameters G = G/K Að0Þ and L = L=KðAð0ÞÞ3=2. Here, G is
a normalized contractility; when small, it implies that
contractile forces are small compared to those from
area elasticity. Similarly, L is a line tension, normalized
to area elastic tensions. When it is negative, cell

boundaries tend to expand; when it is positive, they
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Two regions exist in the ground-state diagram shown
in Figure 1. In the gray region, regular hexagonal packing
geometry is the single ground state. This network con-
figuration has both a bulk modulus and a shear modu-
lus—i.e., work is required to compress or expand the tis-
sue and also to shear it. In the blue region, the ground
state is degenerate, i.e., there exist many packing geom-
etries all with the same minimal energy. They share the
common feature that the area of all cells is equal to the
preferred area Að0Þ, and their perimeters are equal to
L0 = 2L/2G. As a consequence of this degeneracy, the
configuration can be sheared without any work required.
The system is soft with vanishing shear modulus and
behaves more like a liquid in which cells can move
past one another easily. We call this state a soft network.
Whereas the hexagonal ground state in the gray region
is regular, the soft network ground states are typically
irregular. Examples of configurations corresponding to
points III and IV are shown. Analysis of the ground states
reveals that the morphologies and material properties of
junctional-network configurations depend strongly on
the model parameters and that there exists a phase tran-
sition between a solid and a soft state.

Packing Irregularity Induced by Cell Division
In addition to the global energy minimum or ground state,
there exists for any choice of parameters an even larger
number of local energy minima, which all could represent
stable cell packing geometries. We think of a developing
epithelium as assuming a sequence of stable network
configurations, which undergo rearrangements in re-
sponse to local perturbations that affect the stable con-
figuration. Such perturbations include cell division and
apoptosis but might also correspond to slow changes
in cellular properties. This quasistatic approximation
allows us to define a history of stable configurations by
slowly and locally modifying model parameters. Thus,
a particular packing geometry is the consequence of
the history of such perturbations.

By using our model, we can numerically simulate the
evolution of cell packing geometry during tissue growth.
We randomly select one cell and divide it by the follow-
ing algorithm: We doubled the preferred area of the cell
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function E(Ri) as a function of the normalized
line tension L and contractility G. In the gray
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work as indicated. In the blue region, the
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example corresponding to case III is shown),
and many configurations coexist. In the
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cell areas vanish and the model breaks
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of five different cases (case I: L = 0.12, G =
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epithelial cells, we develop a 2D network model that
describes forces that act to displace vertices. Cell
packings correspond to stable and stationary network
configurations obtained by minimization of a potential
function. We use this approach to study the role of cell
mechanics and cell division in determining network
packing geometry. We compare our results to the prolif-
erating larval wing epithelium of Drosophila and esti-
mate the parameters characterizing the effects of con-
tractility and adhesion in this tissue. We independently
estimate parameter values by analyzing movements of
the junctional network after laser ablation of individual
cell boundaries and comparing them to the correspond-
ing behaviors in our model.

Results

Physical Description of Cell Packing: A Vertex Model
Apical junctions can be considered as a 2D network that
defines the cell packing geometry. By using a vertex
model, we describe the packing geometry of the junc-
tional network (Box 1). Cells are represented as
polygons with cell edges defined as straight lines

connecting vertices—a good approximation for the
wing disc epithelium. Junctional-network configurations
that are stable on timescales shorter than those of cell
division correspond to those network configurations in
our model for which the packing geometry is stable and
stationary. These configurations obey a force balance,
which implies that the net force Fi (Box 1) acting on
each vertex vanishes for all vertices. In general, forces
acting on the junctional network need not be forces de-
rived from an energy. However, the forces we consider
here can in our simple description be represented by
the energy function E(Ri) presented in Box 1. Any stable
and stationary configuration of the network then corre-
sponds to a local minimum of the energy function. This
provides a framework for calculating stable cellular pack-
ing geometries. Similar energy functions have been used
in previous works [14–16]. Our vertex model is different in
that we represent only the network of apical junctions,
and we introduce a quadratic perimeter energy.

We consider three contributions to the potential en-
ergy E(Ri) of a particular configuration of the epithelial
junctional network given in Box 1: area elasticity, line
tension along apical junctions, and contractility.

Box 1. Physical Description of Cell Packing in Epithelia

Epithelia are composed of a sheet of cells of similar
height that are connected via cell-cell adhesion. The
adhesion molecule Cadherin and components of
the actin cytoskeleton are enriched apicolaterally
(Figure Aa). Cell packing geometry can be defined
by the network of adherens junctions (Figure Ab).
This network is described by a vertex model with
NC polygonal cells numbered by a = 1 . NC and NV

vertices, numbered i = 1 . NV at which cell edges
meet. Stationary and stable network configurations
satisfy a mechanical force balance; this implies that
at each vertex, the total force Fi vanishes. We de-
scribe these force balances as local minima of an
energy function
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The energy function describes forces due to
cell elasticity, actin-myosin bundles, and adhesion
molecules. The first term describes an area elasticity
with elastic coefficients Ka, for which Aa is the area of
cell a and Að0Þa is the preferred area, which is deter-
mined by cell height and cell volume. The second
term describes line tensions Lij at junctions between
individual cells. Here, [ij denotes the length of the
junction linking vertices i and j and the sum over <ij>
is over all bonds. Line tensions can be reduced
by increasing cell-cell adhesion or reducing actin-
myosin contractility. The third term describes the
contractility of the cell perimeter La by a coefficient
Ga, which could reflect, for example, the mechanics
and contractility of the actin-myosin ring (Figure Aa).
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Figure A. Adhesion and Contractility at Apical Junctions
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Cell migration is important in many biological processes, including embryonic development, cancer metastasis and wound
healing. In these tissues, a cell’s motion is often strongly constrained by its neighbours, leading to glassy dynamics. Although
self-propelled particle models exhibit a density-driven glass transition, this does not explain liquid-to-solid transitions in
confluent tissues, where there are no gaps between cells and therefore the density is constant. Here we demonstrate the
existence of a new type of rigidity transition that occurs in the well-studied vertex model for confluent tissue monolayers
at constant density. We find that the onset of rigidity is governed by a model parameter that encodes single-cell properties
such as cell–cell adhesion and cortical tension, providing an explanation for liquid-to-solid transitions in confluent tissues and
making testable predictions about how these transitions di�er from those in particulate matter.

Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:

"= 1
KAA2

0

NX

i=1

Ei =
NX

i=1


(ãi �1)2 + (p̃i �p0)2

r

�
(2)

where ãi =Ai/A0 and p̃i =Pi/
p
A0 are the rescaled shape functions

for area and perimeter. r=KAA0/⇠ is the inverse perimetermodulus
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Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:
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Figure 1 | Energy barriers for local cellular rearrangements. a, Illustration
of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.

and p0 =P0/
p
A0 is the target shape index or a preferred perimeter-

to-area ratio. For simplicity, we focus on p0 >0. For p0 <0 there are
two regimes: a static regime with results identical to those presented
here for 0<p0 <ppent, and a coarsening regime that is not consistent
with most observations of biological tissues. Geometrically,
a regular hexagon corresponds to phex0 =2

p
2 4
p
3⇡3.72 and a

regular pentagon to ppent0 =2
p
5(5�2

p
5)

1/4 ⇡3.81.
In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:

r1"=|p0 �p⇤
0|� f±

✓
r

|p0 �p⇤
0|�

◆
(3)

Here z = r/|p0 � p⇤
0|� is the crossover scaling variable, � is the

crossover scaling critical exponent, and f�, f+ are the two branches of
the crossover scaling functions for p0 <p⇤

0 and p0 >p⇤
0 , respectively.

After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
p⇤
0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the

energy barrier can be rewritten in dimensional units and scales as
1E=KAA2

01"/A0⇠
�
p⇤
0 �p0

�� . This indicates that these barriers
are completely governed by the perimeter elasticity ⇠ . At the
critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as
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Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
0|� for the data shown in Fig. 1b, confirming the scaling ansatz of equation (3). b, The rigidity transition is

demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤

0 ⇡3.813 for disordered metastable tissue configurations. The line corresponding to the order-to-disorder transition
reported by Staple et al.16 is shown for comparison. Below phex

0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.
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Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:
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Figure 1 | Energy barriers for local cellular rearrangements. a, Illustration
of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.
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In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:

r1"=|p0 �p⇤
0|� f±

✓
r

|p0 �p⇤
0|�

◆
(3)

Here z = r/|p0 � p⇤
0|� is the crossover scaling variable, � is the

crossover scaling critical exponent, and f�, f+ are the two branches of
the crossover scaling functions for p0 <p⇤

0 and p0 >p⇤
0 , respectively.

After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
p⇤
0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the

energy barrier can be rewritten in dimensional units and scales as
1E=KAA2

01"/A0⇠
�
p⇤
0 �p0

�� . This indicates that these barriers
are completely governed by the perimeter elasticity ⇠ . At the
critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as
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Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
0|� for the data shown in Fig. 1b, confirming the scaling ansatz of equation (3). b, The rigidity transition is

demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤

0 ⇡3.813 for disordered metastable tissue configurations. The line corresponding to the order-to-disorder transition
reported by Staple et al.16 is shown for comparison. Below phex

0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.
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Cell migration is important in many biological processes, including embryonic development, cancer metastasis and wound
healing. In these tissues, a cell’s motion is often strongly constrained by its neighbours, leading to glassy dynamics. Although
self-propelled particle models exhibit a density-driven glass transition, this does not explain liquid-to-solid transitions in
confluent tissues, where there are no gaps between cells and therefore the density is constant. Here we demonstrate the
existence of a new type of rigidity transition that occurs in the well-studied vertex model for confluent tissue monolayers
at constant density. We find that the onset of rigidity is governed by a model parameter that encodes single-cell properties
such as cell–cell adhesion and cortical tension, providing an explanation for liquid-to-solid transitions in confluent tissues and
making testable predictions about how these transitions di�er from those in particulate matter.

Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:

"= 1
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where ãi =Ai/A0 and p̃i =Pi/
p
A0 are the rescaled shape functions

for area and perimeter. r=KAA0/⇠ is the inverse perimetermodulus

1Department of Physics, Syracuse University, Syracuse, New York 13244, USA. 2Syracuse Biomaterials Institute, Syracuse, New York 13244, USA.
*e-mail: mmanning@syr.edu

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 1

Total mechanical energy of tissue with N cells with identical properties

ARTICLES
PUBLISHED ONLINE: 21 SEPTEMBER 2015 | DOI: 10.1038/NPHYS3471

A density-independent rigidity transition in
biological tissues
Dapeng Bi1, J. H. Lopez1, J. M. Schwarz1,2 and M. Lisa Manning1,2*

Cell migration is important in many biological processes, including embryonic development, cancer metastasis and wound
healing. In these tissues, a cell’s motion is often strongly constrained by its neighbours, leading to glassy dynamics. Although
self-propelled particle models exhibit a density-driven glass transition, this does not explain liquid-to-solid transitions in
confluent tissues, where there are no gaps between cells and therefore the density is constant. Here we demonstrate the
existence of a new type of rigidity transition that occurs in the well-studied vertex model for confluent tissue monolayers
at constant density. We find that the onset of rigidity is governed by a model parameter that encodes single-cell properties
such as cell–cell adhesion and cortical tension, providing an explanation for liquid-to-solid transitions in confluent tissues and
making testable predictions about how these transitions di�er from those in particulate matter.

Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:
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where ãi =Ai/A0 and p̃i =Pi/
p
A0 are the rescaled shape functions

for area and perimeter. r=KAA0/⇠ is the inverse perimetermodulus
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Cell migration is important in many biological processes, including embryonic development, cancer metastasis and wound
healing. In these tissues, a cell’s motion is often strongly constrained by its neighbours, leading to glassy dynamics. Although
self-propelled particle models exhibit a density-driven glass transition, this does not explain liquid-to-solid transitions in
confluent tissues, where there are no gaps between cells and therefore the density is constant. Here we demonstrate the
existence of a new type of rigidity transition that occurs in the well-studied vertex model for confluent tissue monolayers
at constant density. We find that the onset of rigidity is governed by a model parameter that encodes single-cell properties
such as cell–cell adhesion and cortical tension, providing an explanation for liquid-to-solid transitions in confluent tissues and
making testable predictions about how these transitions di�er from those in particulate matter.

Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:
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(ãi �1)2 + (p̃i �p0)2

r

�
(2)

where ãi =Ai/A0 and p̃i =Pi/
p
A0 are the rescaled shape functions

for area and perimeter. r=KAA0/⇠ is the inverse perimetermodulus
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Cell migration is important in many biological processes, including embryonic development, cancer metastasis and wound
healing. In these tissues, a cell’s motion is often strongly constrained by its neighbours, leading to glassy dynamics. Although
self-propelled particle models exhibit a density-driven glass transition, this does not explain liquid-to-solid transitions in
confluent tissues, where there are no gaps between cells and therefore the density is constant. Here we demonstrate the
existence of a new type of rigidity transition that occurs in the well-studied vertex model for confluent tissue monolayers
at constant density. We find that the onset of rigidity is governed by a model parameter that encodes single-cell properties
such as cell–cell adhesion and cortical tension, providing an explanation for liquid-to-solid transitions in confluent tissues and
making testable predictions about how these transitions di�er from those in particulate matter.

Important biological processes such as embryogenesis,
tumorigenesis and wound healing require cells to move
collectively within a tissue. Recent experiments suggest that

when cells are packed ever more densely, they start to exhibit
collective motion1–3 traditionally seen in non-living disordered
systems such as colloids, granular matter, or foams4–6.

Collective behaviours in these non-living systems are governed
by a ‘jamming’ transition from a fluid-like state to a solid-like state
that occurs as the density approaches a critical packing density of
particles �c (ref. 6). This is also called a rigidity transition, because
the material becomes linearly stable with respect to infinitesimal
perturbations and begins to support shear stresses. Many of these
e�ects are also seen in self-propelled particle (SPP) models7. In
SPP models, overdamped particles experience an active force that
causes them to move at a constant speed, and particles change
direction owing to interactions with their neighbours or an external
bath. To model cells with a cortical network of actomyosin and
adhesive molecules on their surfaces, particles interact as simple
repulsive disks or spheres, sometimeswith an additional short-range
attraction8,9. Thesemodels also exhibit a rigidity/jamming transition
at �c <1 (refs 1,8,10,11), and near the transition point they exhibit
collective motion8 that is very similar to that seen in experiments12.

An important open question is whether the density-driven
rigidity transition in SPP models explains the collective behaviour
observed in non-proliferating confluent biological tissues, where
there are no gaps between cells and the packing fraction � is
fixed at precisely unity. For example, zebrafish embryonic explants
are confluent three-dimensional tissues where the cells divide
slowly—and therefore the number of cells per unit volume remains
nearly constant. Nevertheless, these tissues exhibit hallmarks of
glassy dynamics, such as caging behaviour and viscoelasticity.
Furthermore, ectoderm tissues have longer relaxation timescales
than mesendoderm tissues, suggesting ectoderm tissues are closer
to a glass transition, despite the fact that both tissue types have
the same density1. This indicates that there should be an additional
parameter controlling the mechanical response in confluent tissues.

In this work, we study confluent monolayers using the vertex
model13–22, to determine how tissuemechanical response varies with
single-cell properties such as adhesion and cortical tension. We

find a new type of rigidity transition that is not controlled by the
density, but instead by a dimensionless target shape index that is
specified by single-cell properties. This rigidity transition possesses
several hallmarks of a second-order phase transition. These findings
provide a novel explanation for liquid-to-solid transitions in tissues
that remain at constant density.

The vertex model, which agrees remarkably well with
experimental data for confluent monolayers13–21, approximates
the monolayer as a collection of adjacent columnar cells. The
mechanical energy of a single cell labelled ‘i’ is given by14,16:

Ei =KAi(Ai �Ai0)
2 +⇠iP2

i +�iPi (1)

The first term results from a combination of three-dimensional
cell incompressibility and the monolayer’s resistance to height
fluctuations or cell bulk elasticity15,23. Then KAi is a height elasticity,
andAi andAi0 are the actual and preferred cell cross-sectional areas.

The second term in equation (1) is quadratic in the cell
cross-sectional perimeter Pi and models the active contractility
of the actin–myosin subcellular cortex, with elastic constant ⇠i
(ref. 14), and the last term represents an interfacial tension �i
set by a competition between the cortical tension and the energy
of cell–cell adhesion18,24 between two contacting cells. �i can be
positive if the cortical tension is greater than the adhesive energy, or
negative if the adhesion dominates. It is also possible to incorporate
strong feedback between adhesion and cortical tension in this
term18,25. As only the e�ective forces—the derivatives of the energy
with respect to the degrees of freedom—are physically relevant,
equation (1) can be rewritten as Ei =KAi(Ai �Ai0)

2 + ⇠i(Pi �Pi0)
2,

where Pi0 =��i/(2⇠i) is an e�ective target shape index.
As discussed in ref. 16, when all single-cell properties are equal

(KAi =KA, ⇠i =⇠ , Ai0 =A0, Pi0 =P0), the total mechanical energy of a
tissue containing N cells can be non-dimensionalized:
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Figure 1 | Energy barriers for local cellular rearrangements. a, Illustration
of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.

and p0 =P0/
p
A0 is the target shape index or a preferred perimeter-

to-area ratio. For simplicity, we focus on p0 >0. For p0 <0 there are
two regimes: a static regime with results identical to those presented
here for 0<p0 <ppent, and a coarsening regime that is not consistent
with most observations of biological tissues. Geometrically,
a regular hexagon corresponds to phex0 =2

p
2 4
p
3⇡3.72 and a

regular pentagon to ppent0 =2
p
5(5�2

p
5)

1/4 ⇡3.81.
In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:
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0|� is the crossover scaling variable, � is the
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the crossover scaling functions for p0 <p⇤
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0 , respectively.

After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
p⇤
0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the

energy barrier can be rewritten in dimensional units and scales as
1E=KAA2
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�� . This indicates that these barriers
are completely governed by the perimeter elasticity ⇠ . At the
critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as
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Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
0|� for the data shown in Fig. 1b, confirming the scaling ansatz of equation (3). b, The rigidity transition is

demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤

0 ⇡3.813 for disordered metastable tissue configurations. The line corresponding to the order-to-disorder transition
reported by Staple et al.16 is shown for comparison. Below phex

0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.
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• Energy barrier of rearrangements sets the rate of cell rearrangements (T1 exchange):

Adhesive cells can exhibit fluidity

Density-independent rigidity transition: vertex model

• In a confluent adhesive tissues cells are self-propelled and move via cell rearrangements 
or neighbor exchange (ie. dynamics of adhesive cell contacts)

• Explore dependency on model parameters, namely shape factor po  and inverse perimeter modulus r
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Figure 1 | Energy barriers for local cellular rearrangements. a, Illustration
of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.
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A0 is the target shape index or a preferred perimeter-

to-area ratio. For simplicity, we focus on p0 >0. For p0 <0 there are
two regimes: a static regime with results identical to those presented
here for 0<p0 <ppent, and a coarsening regime that is not consistent
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In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:
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the crossover scaling functions for p0 <p⇤
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0 , respectively.

After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
p⇤
0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the

energy barrier can be rewritten in dimensional units and scales as
1E=KAA2
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�� . This indicates that these barriers
are completely governed by the perimeter elasticity ⇠ . At the
critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as
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Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
0|� for the data shown in Fig. 1b, confirming the scaling ansatz of equation (3). b, The rigidity transition is

demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤

0 ⇡3.813 for disordered metastable tissue configurations. The line corresponding to the order-to-disorder transition
reported by Staple et al.16 is shown for comparison. Below phex

0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

• Mean energy barrier height: 
po sets the distance from transition to fluid state: above ~3.81, the energy barrier is zero so 
rearrangements occur without energy cost. This is the fluid state.
r sets the magnitude of the energy barrier. 
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of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.

and p0 =P0/
p
A0 is the target shape index or a preferred perimeter-

to-area ratio. For simplicity, we focus on p0 >0. For p0 <0 there are
two regimes: a static regime with results identical to those presented
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a regular hexagon corresponds to phex0 =2

p
2 4
p
3⇡3.72 and a

regular pentagon to ppent0 =2
p
5(5�2

p
5)

1/4 ⇡3.81.
In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:
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After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
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0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the
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critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as

ba

p0 < p0
∗

p0 > p0
∗

102

101

100

10−1

10−2

10−3

10−3

100 103 106 109 1012

p0
∗

 = 3.813 ± 0.005
∆ = 4.0 ± 0.4
β = 1.0 ± 0.2

0.5

Cell−cell adhesion

p0
p0

hex p0
∗

Solid Fluid

Cortical tension

3.813.72

r∆
/|
p 0

 −
 p

0∗ |β
ε

/β ∆

z = r/|p0 − p0
∗|∆

Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
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demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤
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0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.
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Figure 4 | Shear modulus as a function of p⇤
0↵ �p0 , which is the

system-specific distance to the rigidity transition. The value of p⇤
0↵ is

determined from the location at which floppy modes appear for the specific
configuration. Here the tissue contains M= 100 cells and the colours
correspond to (top to bottom): r=0.005 (blue), r=0.001 (green) and
r=0.02 (red). Inset: the shear modulus can be rescaled by
Gxy =(p⇤

0↵ �p0)/r. Data for ten tissues with random initial configurations
are shown.

the cells are pentagons, whereas the other two remain hexagonal.
Therefore if p0 < ppent0 = (7+2

p
7)/(

p
2⇥33/4) ⇡ 3.812, pentagons

cost finite energy and therefore the transition necessarily requires
finite energy. In contrast, for p0 �ppent0 , pentagons (and n-gons with
n>5) cost no energy and the cells are able to remain in the ground
state throughout the transition, requiring zero energy. The estimate
p⇤
0 = ppent0 , indicated by a red dashed line in Fig. 5c, does identify
the critical target shape index in our mean-field model, and is
consistent with the critical point p⇤

0 = 3.813± 0.005 identified by
the scaling collapse of energy barriers in the full vertex model.

Is there an even simpler explanation for p⇤
0 ⇠ ppent0 ? As in other

rigidity transitions6,35,36,40, we expect that the critical shape index
should also be related to isostaticity. In the vertex model with
periodic boundary conditions, cells tile the flat two-dimensional
plane, and therefore the total number of vertices V , cells M
and edges E are related through Euler’s formula: 0=V �E+M .
As each edge is shared by two cells, E is also related to the
average coordination number z of cells or E=Mz/2, which yields
V =M(z/2�1). The degrees of freedom are simply the motions of
each vertex in two dimensions: ndof =2V . Assuming force balance
(in both directions) and torque balance on each cell generates three
constraints per cell: nc =3M . At isostaticity, the number of degrees
of freedom equals the number of constraints: ndof = nc, resulting
in ziso = 5 and suggesting a mean-field transition at a shape index
of p⇤

0 ' 3.812. Although it gives a correct prediction, this isostatic
argumentmakes a strong assumption: that constraints are applied to
each cell instead of to each vertex. Therefore, an interesting direction
for future research is to understand under what circumstances the
energy functional (equation (2)) e�ectively groups vertices into
functional units that are cells.

D iscussion
Although the vertex model has been used extensively to model
tissues over the past 15 years, there has never been a clear way to
connect themodel parameters to tissuemechanical properties. Here
we show that the vertex model has a new and previously unreported
critical rigidity transition that occurs at a critical value of the target
shape index p⇤

0 ⇠3.81. This criticality is evident in energy barriers
to local T1 rearrangements, the vibrational spectrum of the linear
response, and the shear modulus of the tissue. Unlike SPP models,
where the liquid-to-solid transition is governed by density, our
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Figure 5 | A simple four-cell model. a, A four-cell aggregate undergoing a
T1 topological swap. The thick (green) edge represents the cell–cell
interface that is contracted to a point and then resolved in the
perpendicular direction. b, Energy of a four-cell aggregate during a T1
transition, which attains a maximum at the transition point. p0 varies from
1.5 to 3.8 in equal increments. c, Energy barrier height as a function of p0 for
a four-cell aggregate and a mean-field estimate (dashed) for the value of
p0 =ppent

0 at which 1" vanishes.

model has a constant-density glass transition governed by single-
cell mechanical properties such as cell–cell adhesion and cortical
tension encoded in the target shape index p0.

Analysing only the ground states of the vertex model, the
seminal work of Staple et al.16 found an ordered-to-disordered
transition at p0 =phex0 ⇠3.722.However, because almost all biological
tissues are strongly disordered, it remained unclear whether this
transitionwas relevant for the observed glass or jamming transitions
in multicellular tissues. Therefore, we explicitly study disordered
metastable states and transitions between them. In addition ref. 16
uses a linear stability analysis of a single cell to suggest that a
rigidity transition also occurs at phex0 . In contrast, our analysis
explicitly includes multicellular interactions (that is, collective
normal modes) and nonlinear e�ects (that is, energy barriers).
With this more sophisticated analysis, we demonstrate that vertex
models exhibit a rigidity transition at a value p0 =ppent0 ⇠3.81 that is
measurably di�erent from the prediction p0 =phex0 based on single-
cell linear stability.

Importantly, predictions based on this critical rigidity transition
have recently been verified in experiments43. Specifically, in both
simulations and experiments we can measure the shape index
p=P/

p
A for each cell in a monolayer, where P is the projected

cell perimeter and A is the cross-sectional area. In simulations of
the vertex model, we find that the median value of the observed
shape index p is an order parameter that also exhibits critical scaling:
p=p⇤

0 ⇠3.81 for rigid or jammed tissues and p becomes increasingly
larger than p⇤

0 as a tissue becomes increasingly unjammed (Fig. 2).
This prediction is precisely realized in cultures from primary cells
in human patients, with implications for asthma pathobiology43.

We expect that this rigidity framework will help experimental-
ists develop other testable hypotheses about how the mechanical
response of tissues depends on single-cell properties. For exam-
ple, Sadati et al.44 have proposed a jamming phase diagram where
tissues become more solid-like as adhesion increases, based on
observations of jamming in adhesive particulate matter at densities
far below confluency. Using standard interpretations of the vertex
model (equations (1) and (2)), p0 increaseswith increasing adhesion,
and therefore our model predicts that confluent tissues become
more liquid-like as adhesion increases. This highlights the fact that
adhesion acts di�erently in particulate and confluent materials; in
particulate matter higher adhesion leads to gelation and solidifica-
tion, whereas in the vertex model larger adhesion leads to larger
perimeters, more degrees of freedom, and liquid-like behaviour.
These ideas suggest that the role of adhesion in tissue rheology may
be much richer and more interesting than previously thought.
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are shown.

the cells are pentagons, whereas the other two remain hexagonal.
Therefore if p0 < ppent0 = (7+2

p
7)/(

p
2⇥33/4) ⇡ 3.812, pentagons

cost finite energy and therefore the transition necessarily requires
finite energy. In contrast, for p0 �ppent0 , pentagons (and n-gons with
n>5) cost no energy and the cells are able to remain in the ground
state throughout the transition, requiring zero energy. The estimate
p⇤
0 = ppent0 , indicated by a red dashed line in Fig. 5c, does identify
the critical target shape index in our mean-field model, and is
consistent with the critical point p⇤

0 = 3.813± 0.005 identified by
the scaling collapse of energy barriers in the full vertex model.

Is there an even simpler explanation for p⇤
0 ⇠ ppent0 ? As in other

rigidity transitions6,35,36,40, we expect that the critical shape index
should also be related to isostaticity. In the vertex model with
periodic boundary conditions, cells tile the flat two-dimensional
plane, and therefore the total number of vertices V , cells M
and edges E are related through Euler’s formula: 0=V �E+M .
As each edge is shared by two cells, E is also related to the
average coordination number z of cells or E=Mz/2, which yields
V =M(z/2�1). The degrees of freedom are simply the motions of
each vertex in two dimensions: ndof =2V . Assuming force balance
(in both directions) and torque balance on each cell generates three
constraints per cell: nc =3M . At isostaticity, the number of degrees
of freedom equals the number of constraints: ndof = nc, resulting
in ziso = 5 and suggesting a mean-field transition at a shape index
of p⇤

0 ' 3.812. Although it gives a correct prediction, this isostatic
argumentmakes a strong assumption: that constraints are applied to
each cell instead of to each vertex. Therefore, an interesting direction
for future research is to understand under what circumstances the
energy functional (equation (2)) e�ectively groups vertices into
functional units that are cells.

Discussion
Although the vertex model has been used extensively to model
tissues over the past 15 years, there has never been a clear way to
connect themodel parameters to tissuemechanical properties. Here
we show that the vertex model has a new and previously unreported
critical rigidity transition that occurs at a critical value of the target
shape index p⇤

0 ⇠3.81. This criticality is evident in energy barriers
to local T1 rearrangements, the vibrational spectrum of the linear
response, and the shear modulus of the tissue. Unlike SPP models,
where the liquid-to-solid transition is governed by density, our
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model has a constant-density glass transition governed by single-
cell mechanical properties such as cell–cell adhesion and cortical
tension encoded in the target shape index p0.

Analysing only the ground states of the vertex model, the
seminal work of Staple et al.16 found an ordered-to-disordered
transition at p0 =phex0 ⇠3.722.However, because almost all biological
tissues are strongly disordered, it remained unclear whether this
transitionwas relevant for the observed glass or jamming transitions
in multicellular tissues. Therefore, we explicitly study disordered
metastable states and transitions between them. In addition ref. 16
uses a linear stability analysis of a single cell to suggest that a
rigidity transition also occurs at phex0 . In contrast, our analysis
explicitly includes multicellular interactions (that is, collective
normal modes) and nonlinear e�ects (that is, energy barriers).
With this more sophisticated analysis, we demonstrate that vertex
models exhibit a rigidity transition at a value p0 =ppent0 ⇠3.81 that is
measurably di�erent from the prediction p0 =phex0 based on single-
cell linear stability.

Importantly, predictions based on this critical rigidity transition
have recently been verified in experiments43. Specifically, in both
simulations and experiments we can measure the shape index
p=P/

p
A for each cell in a monolayer, where P is the projected

cell perimeter and A is the cross-sectional area. In simulations of
the vertex model, we find that the median value of the observed
shape index p is an order parameter that also exhibits critical scaling:
p=p⇤

0 ⇠3.81 for rigid or jammed tissues and p becomes increasingly
larger than p⇤

0 as a tissue becomes increasingly unjammed (Fig. 2).
This prediction is precisely realized in cultures from primary cells
in human patients, with implications for asthma pathobiology43.

We expect that this rigidity framework will help experimental-
ists develop other testable hypotheses about how the mechanical
response of tissues depends on single-cell properties. For exam-
ple, Sadati et al.44 have proposed a jamming phase diagram where
tissues become more solid-like as adhesion increases, based on
observations of jamming in adhesive particulate matter at densities
far below confluency. Using standard interpretations of the vertex
model (equations (1) and (2)), p0 increaseswith increasing adhesion,
and therefore our model predicts that confluent tissues become
more liquid-like as adhesion increases. This highlights the fact that
adhesion acts di�erently in particulate and confluent materials; in
particulate matter higher adhesion leads to gelation and solidifica-
tion, whereas in the vertex model larger adhesion leads to larger
perimeters, more degrees of freedom, and liquid-like behaviour.
These ideas suggest that the role of adhesion in tissue rheology may
be much richer and more interesting than previously thought.
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Figure 1 | In a confluent layer of well-di�erentiated HBECs, compressive stress mimicking bronchospasm, as in asthmatic bronchospasm, provokes the
transition from a solid-like jammed phase to a fluid-like unjammed phase. a, Speed maps (left panels) showed compressive stress at a magnitude of
30 cm H2O induced hypermobility of HBECs on ALI day 16. Within any optical field the migration speed was spatially heterogeneous but increased strongly
with increasing P. Colour scale is shown at the bottom of the left panels. The size of vectors (right panels) increased with increasing P and showed
large-scale dynamic heterogeneity. Vector scale is shown at the bottom of the right panels. b, As P was progressively increased to 30 cm H2O (red filled
circles), the mean square displacement, MSD, and the self-di�usion coe�cient Ds increased (inset; Ds = lim1t!1 MSD(1t)/(41t)), and the system
became strongly super-di�usive. Error bars in the inset represent the standard deviation. c, When P was less than 20 cm H2O, the relative overlap of each
cell with its initial position was nearly perfect for time intervals (1t) of less than 144 min, as quantified by the ensemble average, hQ(1t)i, close to 1. When
P was 30 cm H2O (red filled circles), the overlap decreased to 0.17. d, The four-point susceptibility �4(1t) is approximated by N[hQ(1t)2i�hQ(1t)i2],
where N is the number of cells. When movements are cooperative, �4(1t) exhibits a peak whose position corresponds roughly to pack lifetime, and whose
magnitude corresponds roughly to pack size. When pressure was 30 cm H2O (red filled circles), �4(1t) showed a peak indicative of cooperative packs of
faster-moving cells with a pack lifetime of 45 min and a pack size of approximately 70 cells.

and the constituent cells cannot move17. Much to our surprise,
direct measurements defied this expectation—in layers that become
jammed, the adhesive stresses between a cell and its neighbours
were attenuated, not augmented. To explain this paradox, we
turned to the well-known vertex model, wherein a competition
between cell–cell adhesive stresses and cell cortical tension control
changes of cell shape18–20. Novel analysis of this model, including
a critical scaling analysis, predicts that increased adhesion leads to
increased fluidity, and that cell jamming occurs as a well-defined
index of cell shape approaches a critical value. We show that
the shape index acts as a simple structural order parameter that
takes on di�erent values on either side of the jamming transition.

Using that shape index, we show not only that cell shape in the
bronchial epithelial layer di�ers between cells derived from non-
asthmatic versus asthmatic donors, but also that, regardless of cell
origin, cell shape at the jamming transition matches theoretical
predictions, and thus resolves the paradox. This newphysical picture
raises questions about the relationship between the epithelial-to-
mesenchymal transition and unjamming and, conversely, between
the mesenchymal-to-epithelial transition and jamming. Similarly,
it suggests new, testable hypotheses concerning asthma aetiology
and asthma therapy. The more fundamental significance of these
findings, however,may be to broaden notions of jammedmatter and
generalize understanding of jamming mechanisms.
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Figure 1 | In a confluent layer of well-di�erentiated HBECs, compressive stress mimicking bronchospasm, as in asthmatic bronchospasm, provokes the
transition from a solid-like jammed phase to a fluid-like unjammed phase. a, Speed maps (left panels) showed compressive stress at a magnitude of
30 cm H2O induced hypermobility of HBECs on ALI day 16. Within any optical field the migration speed was spatially heterogeneous but increased strongly
with increasing P. Colour scale is shown at the bottom of the left panels. The size of vectors (right panels) increased with increasing P and showed
large-scale dynamic heterogeneity. Vector scale is shown at the bottom of the right panels. b, As P was progressively increased to 30 cm H2O (red filled
circles), the mean square displacement, MSD, and the self-di�usion coe�cient Ds increased (inset; Ds = lim1t!1 MSD(1t)/(41t)), and the system
became strongly super-di�usive. Error bars in the inset represent the standard deviation. c, When P was less than 20 cm H2O, the relative overlap of each
cell with its initial position was nearly perfect for time intervals (1t) of less than 144 min, as quantified by the ensemble average, hQ(1t)i, close to 1. When
P was 30 cm H2O (red filled circles), the overlap decreased to 0.17. d, The four-point susceptibility �4(1t) is approximated by N[hQ(1t)2i�hQ(1t)i2],
where N is the number of cells. When movements are cooperative, �4(1t) exhibits a peak whose position corresponds roughly to pack lifetime, and whose
magnitude corresponds roughly to pack size. When pressure was 30 cm H2O (red filled circles), �4(1t) showed a peak indicative of cooperative packs of
faster-moving cells with a pack lifetime of 45 min and a pack size of approximately 70 cells.

and the constituent cells cannot move17. Much to our surprise,
direct measurements defied this expectation—in layers that become
jammed, the adhesive stresses between a cell and its neighbours
were attenuated, not augmented. To explain this paradox, we
turned to the well-known vertex model, wherein a competition
between cell–cell adhesive stresses and cell cortical tension control
changes of cell shape18–20. Novel analysis of this model, including
a critical scaling analysis, predicts that increased adhesion leads to
increased fluidity, and that cell jamming occurs as a well-defined
index of cell shape approaches a critical value. We show that
the shape index acts as a simple structural order parameter that
takes on di�erent values on either side of the jamming transition.

Using that shape index, we show not only that cell shape in the
bronchial epithelial layer di�ers between cells derived from non-
asthmatic versus asthmatic donors, but also that, regardless of cell
origin, cell shape at the jamming transition matches theoretical
predictions, and thus resolves the paradox. This newphysical picture
raises questions about the relationship between the epithelial-to-
mesenchymal transition and unjamming and, conversely, between
the mesenchymal-to-epithelial transition and jamming. Similarly,
it suggests new, testable hypotheses concerning asthma aetiology
and asthma therapy. The more fundamental significance of these
findings, however,may be to broaden notions of jammedmatter and
generalize understanding of jamming mechanisms.
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Figure 1 | In a confluent layer of well-di�erentiated HBECs, compressive stress mimicking bronchospasm, as in asthmatic bronchospasm, provokes the
transition from a solid-like jammed phase to a fluid-like unjammed phase. a, Speed maps (left panels) showed compressive stress at a magnitude of
30 cm H2O induced hypermobility of HBECs on ALI day 16. Within any optical field the migration speed was spatially heterogeneous but increased strongly
with increasing P. Colour scale is shown at the bottom of the left panels. The size of vectors (right panels) increased with increasing P and showed
large-scale dynamic heterogeneity. Vector scale is shown at the bottom of the right panels. b, As P was progressively increased to 30 cm H2O (red filled
circles), the mean square displacement, MSD, and the self-di�usion coe�cient Ds increased (inset; Ds = lim1t!1 MSD(1t)/(41t)), and the system
became strongly super-di�usive. Error bars in the inset represent the standard deviation. c, When P was less than 20 cm H2O, the relative overlap of each
cell with its initial position was nearly perfect for time intervals (1t) of less than 144 min, as quantified by the ensemble average, hQ(1t)i, close to 1. When
P was 30 cm H2O (red filled circles), the overlap decreased to 0.17. d, The four-point susceptibility �4(1t) is approximated by N[hQ(1t)2i�hQ(1t)i2],
where N is the number of cells. When movements are cooperative, �4(1t) exhibits a peak whose position corresponds roughly to pack lifetime, and whose
magnitude corresponds roughly to pack size. When pressure was 30 cm H2O (red filled circles), �4(1t) showed a peak indicative of cooperative packs of
faster-moving cells with a pack lifetime of 45 min and a pack size of approximately 70 cells.

and the constituent cells cannot move17. Much to our surprise,
direct measurements defied this expectation—in layers that become
jammed, the adhesive stresses between a cell and its neighbours
were attenuated, not augmented. To explain this paradox, we
turned to the well-known vertex model, wherein a competition
between cell–cell adhesive stresses and cell cortical tension control
changes of cell shape18–20. Novel analysis of this model, including
a critical scaling analysis, predicts that increased adhesion leads to
increased fluidity, and that cell jamming occurs as a well-defined
index of cell shape approaches a critical value. We show that
the shape index acts as a simple structural order parameter that
takes on di�erent values on either side of the jamming transition.

Using that shape index, we show not only that cell shape in the
bronchial epithelial layer di�ers between cells derived from non-
asthmatic versus asthmatic donors, but also that, regardless of cell
origin, cell shape at the jamming transition matches theoretical
predictions, and thus resolves the paradox. This newphysical picture
raises questions about the relationship between the epithelial-to-
mesenchymal transition and unjamming and, conversely, between
the mesenchymal-to-epithelial transition and jamming. Similarly,
it suggests new, testable hypotheses concerning asthma aetiology
and asthma therapy. The more fundamental significance of these
findings, however,may be to broaden notions of jammedmatter and
generalize understanding of jamming mechanisms.
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Figure 2 | In HBECs over the course of ALI culture, a spontaneous phase transition occurs from a hypermobile, unjammed, fluid-like phase into a
quiescent, jammed, solid-like phase, which was delayed in cells from asthmatic donors. a–c, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative non-asthmatic donor were hypermobile on an early ALI day (a; day 3), but spontaneously became quiescent on
later ALI days (b, day 6; and c, day 8). Colour and vector scales are shown at the bottom of c. d–f, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative asthmatic donor were hypermobile until later ALI days (d, day 6; and e, day 10) and became quiescent on ALI
day 14 (f). Colour and vector scales are shown at the bottom of f. g, Four-point susceptibility �4(1t) for HBECs from a non-asthmatic donor showed peaks
indicative of cooperative packs of faster-moving cells with a lifetime of 81 min with a corresponding pack size of approximately 20 cells on ALI day 3 (blue
triangles), whereas peak was undetectable either on ALI day 6 (blue circles) or 8 (blue asterisks). Inset: MSD. h, Four-point susceptibility �4(1t) for HBECs
from an asthmatic donor showed peaks indicative of cooperative packs of faster-moving cells with lifetimes of 72 and 90 min with corresponding pack
sizes of approximately 26 and 12 cells on ALI day 10 (red circles) and 6 (red triangles), respectively, whereas peak was undetectable on ALI day 14 (red
asterisks). Inset: MSD.
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Figure 2 | In HBECs over the course of ALI culture, a spontaneous phase transition occurs from a hypermobile, unjammed, fluid-like phase into a
quiescent, jammed, solid-like phase, which was delayed in cells from asthmatic donors. a–c, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative non-asthmatic donor were hypermobile on an early ALI day (a; day 3), but spontaneously became quiescent on
later ALI days (b, day 6; and c, day 8). Colour and vector scales are shown at the bottom of c. d–f, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative asthmatic donor were hypermobile until later ALI days (d, day 6; and e, day 10) and became quiescent on ALI
day 14 (f). Colour and vector scales are shown at the bottom of f. g, Four-point susceptibility �4(1t) for HBECs from a non-asthmatic donor showed peaks
indicative of cooperative packs of faster-moving cells with a lifetime of 81 min with a corresponding pack size of approximately 20 cells on ALI day 3 (blue
triangles), whereas peak was undetectable either on ALI day 6 (blue circles) or 8 (blue asterisks). Inset: MSD. h, Four-point susceptibility �4(1t) for HBECs
from an asthmatic donor showed peaks indicative of cooperative packs of faster-moving cells with lifetimes of 72 and 90 min with corresponding pack
sizes of approximately 26 and 12 cells on ALI day 10 (red circles) and 6 (red triangles), respectively, whereas peak was undetectable on ALI day 14 (red
asterisks). Inset: MSD.
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Figure 2 | In HBECs over the course of ALI culture, a spontaneous phase transition occurs from a hypermobile, unjammed, fluid-like phase into a
quiescent, jammed, solid-like phase, which was delayed in cells from asthmatic donors. a–c, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative non-asthmatic donor were hypermobile on an early ALI day (a; day 3), but spontaneously became quiescent on
later ALI days (b, day 6; and c, day 8). Colour and vector scales are shown at the bottom of c. d–f, Speed maps (left panels) and vector maps (right panels)
showed that HBECs from a representative asthmatic donor were hypermobile until later ALI days (d, day 6; and e, day 10) and became quiescent on ALI
day 14 (f). Colour and vector scales are shown at the bottom of f. g, Four-point susceptibility �4(1t) for HBECs from a non-asthmatic donor showed peaks
indicative of cooperative packs of faster-moving cells with a lifetime of 81 min with a corresponding pack size of approximately 20 cells on ALI day 3 (blue
triangles), whereas peak was undetectable either on ALI day 6 (blue circles) or 8 (blue asterisks). Inset: MSD. h, Four-point susceptibility �4(1t) for HBECs
from an asthmatic donor showed peaks indicative of cooperative packs of faster-moving cells with lifetimes of 72 and 90 min with corresponding pack
sizes of approximately 26 and 12 cells on ALI day 10 (red circles) and 6 (red triangles), respectively, whereas peak was undetectable on ALI day 14 (red
asterisks). Inset: MSD.
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Figure 4 | With increasing maturation of HBECs in ALI culture, cell perimeter, as expressed by the non-dimensional parameter p̄, decreases
systematically towards the critical value p⇤

0 (3.81) predicted to occur at jamming by the vertex model together with the theory of critical scaling
exponents. a, Over the course of maturation in ALI culture, HBECs from a representative non-asthmatic donor (Fig. 2 and Supplementary Movie 2)
approached the jammed state, and the median ratio of perimeter to the square root area of cells systematically approached the jamming threshold p⇤

0. In
HBECs from a representative asthmatic donor (Fig. 2 and Supplementary Movie 3), however, the approach of p̄ to p⇤

0 was considerably delayed. Over time,
and in both cases, p̄ systematically approached the jamming threshold of 3.81. Inset: p̄ for representative non-asthmatic and asthmatic donors plotted with
the same axis of ALI days to allow comparison of the jamming transition timing. Boxplot shows median and quartiles. Whiskers are maximum and
minimum data points. b, Simulated tissues with input parameters of target cell-shape index p0 =4.2, corresponding to a fluidized state (top panel), and
p0 =3.813, corresponding to a jammed tissue (bottom panel).

behaviour with a finite shear modulus of the cellular collective.
However, the other branch approaches a vanishing energy-barrier
height and a vanishing shear modulus, thus implying no barrier
to rearrangements and, therefore, unjammed fluid-like behaviour
of the cellular collective. The former branch is predicted to prevail
when p0 <p⇤

0 and the latter when p0 >p⇤
0 .

To test further the prediction that cells in late ALI days were
approaching a jammed state, we measured the shape index p
for cells in HBEC layers as a function of ALI day in non-
asthmatic and asthmatic HBECs (Methods); the median of p
is denoted p̄. Data indicate highly significant di�erences in p̄
between ALI days, between cells derived from healthy versus
asthmatic donors, and often between the observed value of p̄ and
the critical value 3.81 for jamming (Fig. 4 and Supplementary
Fig. 5). However, as ALI day progressed, the structural parameter
p̄ progressively approached p⇤

0 (Fig. 4a and Supplementary Fig. 5).
Note that because p̄ is a measure of cellular structure, not
cellular dynamics or intercellular stresses, it is independent of
measurements of MSD, �4 and cellular stresses. As such, the
behaviour in Fig. 4 independently validates the critical behaviour
as jamming is approached, and implies that cells in the jammed
state are unable to surmount the mechanical energy barriers that
increase as cell–cell adhesion decreases (Supplementary Fig. 7).
Importantly, in asthmatic compared with non-asthmatic HBECs,
the approach of p̄ to p⇤

0 is appreciably delayed. Moreover, after
application ofmechanical compressive stresses similar inmagnitude
to those expected during bronchospasm, the HBECs layer becomes
unjammed and, as predicted from the vertex model, p̄ substantially
exceeds p⇤

0 (Supplementary Fig. 6).
Even for cells within the same epithelial layer, an important

feature of the observed values of p for individual cells is their
striking variability (Fig. 4 and Supplementary Fig. 5), which is

much larger than measurement errors attributable to identification
of cell boundaries derived from phase-contrast images. Geometry
imposes some constraints on this variability; p, and therefore p̄,
have no upper limit, but can never be smaller than the shape
index for a circle, roughly 3.54. In the limit of vanishing active
force fluctuations, as described here, the vertex model predicts the
variability to be highly skewed19 and to increase away from the
critical point. Interestingly, the former of these predictions is borne
out by observations, but the latter is not (Supplementary Fig. 5). As
such, we suspected that active force fluctuations may contribute to
the observed variability.

Therefore, we next incorporated small but non-negligible
active-force fluctuations into the vertex model (Supplementary
Information). Not surprisingly, increased force fluctuations are seen
to work in concert with increased adhesion to unjam the cellular
collective, providing another path to unjamming (Supplementary
Movie 4). Cells in jammedmodel tissues fluctuate but do not change
places with immediate neighbours, whereas structural rearrange-
ments occur frequently in the unjammed tissue. Interestingly, such
rearrangements cease and the model tissue becomes jammed when
the shape index p̄ approaches the same critical value of 3.81, regard-
less of the magnitude of the active fluctuations. This finding would
explain why active HBECs still jam at p̄=3.81, and suggests that the
observed variability in p near the critical point might be attributable
to active-force fluctuations. If true, then it may be possible in the
future to estimate the properties of these active forces by compar-
ing shape fluctuations predicted by active-vertex behaviour versus
experimental observations. Another open question is the extent to
which p̄ can be used as a structural order parameter in other tissue
types; finding that p̄ is experimentally close to 3.81 is su�cient for an
interpretation of a jammed state in our HBECs, which are isotropic
in the plane. We expect that this analysis and this shape index may
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Figure 1 | Energy barriers for local cellular rearrangements. a, Illustration
of a T1 transition in a confluent tissue and the normalized distribution ⇢ of
normalized energy barrier heights 1"/1" for a large range of parameters
(r=0.5, 1,2 and p0 =3.2–3.7). They have a universal shape that is fitted well
by a k-gamma distribution (solid line), indicating that 1" completely
specifies the distribution and describes the mechanical response. b, 1" as
function of the target shape index p0 for various values of the inverse
perimeter modulus r.

and p0 =P0/
p
A0 is the target shape index or a preferred perimeter-

to-area ratio. For simplicity, we focus on p0 >0. For p0 <0 there are
two regimes: a static regime with results identical to those presented
here for 0<p0 <ppent, and a coarsening regime that is not consistent
with most observations of biological tissues. Geometrically,
a regular hexagon corresponds to phex0 =2

p
2 4
p
3⇡3.72 and a

regular pentagon to ppent0 =2
p
5(5�2

p
5)

1/4 ⇡3.81.
In non-biological materials, bulk quantities such as shear/bulk

modulus, shear viscosity and yield stress are often used to describe
the mechanical response to external perturbations. However,
cells are self-propelled and, even in the absence of external
forces, cells in confluent tissues regularly intercalate, or exchange
neighbours26,27. In an isotropic confluent tissue monolayer where
mitosis (cell division) or apoptosis (cell death) are rare, cell
neighbour exchange must happen through intercalation processes
known asT1 transitions28,29, where an edge between two cells shrinks
to a point and a new edge arises between two neighbouring cells,
as illustrated in Fig. 1a. The mechanical response of the tissue is
governed by the rate of cell rearrangements, and, within the vertex
model, the rate of T1 rearrangements is related to the amount of
mechanical energy required to execute a T1 transition29. Therefore,
we first study how these energy barriers change with single-cell
properties encoded in the model parameters r and p0.

To explore the statistics of energy barriers, we test all possible
T1 transition paths (see Methods) in ten randomly generated
disordered samples each consisting of M = 64 cells. For each

value of p0 and r tested, we obtained the distribution of energy
barrier heights ⇢(1"). The functional form of the distribution
becomes universal (Fig. 1a) when scaled by the mean energy
barrier height 1"(r ,p0). The rescaled distribution is fitted well by a
k-gamma distribution (kkxk�1 exp(�kx)/(k�1)!) with x=1"/1"
and k=2.2±0.2. The k-gamma distribution has been observed
in many non-biological disordered systems30–32, and generically
results frommaximizing the entropy subject to constraints31,32. This
confirms that the distribution of energy barriers depends on the
single-cell properties p0 and r only through its average 1".

Figure 1b shows the dependence of 1" on p0 for various values
of r . At p0.3.8, the energy barriers are always finite—that is, cells
must put in some amount of work to deform and rearrange. Here
the tissue behaves like a solid; it is a rigid material with a finite
yield stress. As p0 is increased, the energy barriers decrease and
become vanishingly small in the vicinity of p0 ⇡ 3.8, so that cell
rearrangements cost almost no energy. This suggests that the vertex
model may undergo a critical rigidity transition near p0 ⇡3.8.

To test this hypothesis, we searched for a scaling collapse
based on theories for continuous phase transitions near a critical
point, such as the Ising model for ferromagnetism. Figure 1b
demonstrates that r sets the overall scale of 1" as well as the
‘sharpness’ of the transition, whereas p0 controls the distance to the
transition. This suggests that the trio (r1", r ,p0 �p⇤

0) is analogous
to (m,h,T �Tc) in the Ising model. Therefore, our scaling ansatz
is that the order parameter r1"(r , p0) vanishes at the critical
point p0 = p⇤

0 , with fluctuations controlled by r . In that case, near
the critical point the order parameter should obey the universal
scaling form33:

r1"=|p0 �p⇤
0|� f±

✓
r

|p0 �p⇤
0|�

◆
(3)

Here z = r/|p0 � p⇤
0|� is the crossover scaling variable, � is the

crossover scaling critical exponent, and f�, f+ are the two branches of
the crossover scaling functions for p0 <p⇤

0 and p0 >p⇤
0 , respectively.

After re-plotting the data in Fig. 1b using equation (3),
we find an excellent scaling collapse onto two branches with
�=4.0±0.4,� =1.0±0.2 and a precise location of the critical point
p⇤
0 =3.813±0.005, as shown in Fig. 2.
For the mechanically rigid branch in the limit z ! 0, the

energy barrier can be rewritten in dimensional units and scales as
1E=KAA2

01"/A0⇠
�
p⇤
0 �p0

�� . This indicates that these barriers
are completely governed by the perimeter elasticity ⇠ . At the
critical point, the two branches of the scaling function merge and
f+ = f� =z�/�. In this case the dimensional energy barrier scales as
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Figure 2 | A rigidity transition in confluent tissues. a, Critical scaling collapse of the average energy barrier height 1", normalized by multiplying
r/|p0 �p⇤

0|� , as a function of z= r/|p0 �p⇤
0|� for the data shown in Fig. 1b, confirming the scaling ansatz of equation (3). b, The rigidity transition is

demonstrated in a simple phase diagram as a function of p0, snapshots are taken from a typical rigid tissue (p0 =3.7) and fluid-like tissue (p0 =3.96).
A rigidity transition occurs at p0 =p⇤

0 ⇡3.813 for disordered metastable tissue configurations. The line corresponding to the order-to-disorder transition
reported by Staple et al.16 is shown for comparison. Below phex

0 , the ground state is a hexagonal lattice, and above phex
0 , the ground state is disordered.
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• Density dependent collective dynamics (critical density 
sets a preferred speed, eg. Toner Tu model and 
phenomenology)


• Density independent collective dynamics 


• Cell adhesion does not block fluidity in self-propelled 
population of cells (different in particulate adhesion 
where adhesion causes jamming such as in colloids)


• Fluidity is associated with collective dynamics

• Collective dynamics requires symmetry breaking
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cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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Model of permeation. In this section we present the model de-
veloped to explain why the permeation limits the dynamics of
spreading. De Gennes and Cazabat described the spreading of
a stratified droplet (32). They showed that two types of flows occur:
(i) shear between layers and on the substrate for the first layer; and
(ii) permeation normal to the layer in analogy with the process of
permeation introduced by Helfrich for the flow in smectics (33).
Using these assumptions, we model the spreading of stratified
droplets (SI Model, Spreading of Stratified Drops: Ring of Perme-
ation). It shows that the permeation is limited to a ring of width ξ:

1
ξ2

=
λ
d3
!
k0 + 4k1

"
=

1
ηpd2

!
η0 + 4η1

"
; [1]

where k0 is the friction coefficient with the solid (measured in
ref. 40), k1 is the interlayer friction, and λ is the Helfrich perme-
ation coefficient. We can express k and λ in terms of molecular
parameters: k0 = η0/d, k1 = η1/d, and λ = d2/ηp; where η0, η1, and ηp
are associated with the friction on the substrate and with intracel-
lular frictions and d with monolayer thickness. We can estimate
the permeation width ξ. For simple liquids, η0 ≈ η1 ≈ ηp and ξ ≈ d.
For ultraviscous pastes, η0 < η1 ≈ ηp ≈ η, the tissue viscosity (40),
and ξ ≈ d. For smectics, η0 >> η1 ≈ ηp and ξ >> d (41).
The size ξ of the ring is of the order of the monolayer thickness

for both low and ultraviscous paste. This is in agreement with our
data, where we observe a permeation ring of width ξ equal to few
cell sizes.
For the dynamics of spreading, we find that if η0 ≈ η1 ≈ ηp, the

friction on the substrate is dominant and this is the case of simple
liquids. On the other hand, if η0 << η1 ≈ ηp, permeation is the
limiting factor. This is the case of living drops where the per-
meation regulates the flow of cells.
Role of rigidity. As substrate rigidity has been shown to affect the
statics of aggregate wetting, here we investigate whether substrate
rigidity affects the dynamics of aggregate wetting. We therefore
allow cell aggregates to adhere and spread on deformable PAA
gels (E = 16.7 kPa) and reinvestigate the dynamics of cell mi-
gration (Fig. S1A,Upper). The thickness of the gel (80 μm) is much
larger than the tactile length, below which single cells are sensible
to gel thickness (42, 43). When the precursor film spreads, again,

we observe differential cell migration that depends on the cell’s
spatial location (domain a, b, or c) (Fig. S1C, Left). First, we follow
the trajectory of the cells under the aggregate (domain a). We
measured an average curvilinear migration velocity of (6 ± 1) ×
10−3 μm·s−1 (n = 20; Fig. S1B, Left). The movement of the cells is
random as their average directionality is low with a value of 0.5 ±
0.2. Around the aggregate (domain c), we measured an average
curvilinear migration velocity of (8 ± 1) × 10−3 μm·s−1 (n = 39; Fig.
S1B, Left). The cells are moving radially away from the aggregate
as their average directionality is elevated in contrast to domain a,
with a value of 0.7 ± 0.1. Different domains are further distin-
guished by their stage in the cell cycle. Beneath the aggregate
(domain a), the cells are mainly CHFP+, whereas in the precursor
film (domain c), they are mainly GFP+. Between these two do-
mains, the ring of permeation (domain b) is characterized by a
width ξ ≈ 65 μm; the same order that results on glass substrates.
We studied small aggregates (Fig. S1A, Lower), and contrary to
large aggregates, we observed that all cells migrate similarly, re-
gardless of their spatial location within the population. We ana-
lyzed the cell trajectory (n = 33; Fig. S1B, Right) and found that
the directionality of the cells is of 0.7 ± 0.1 and the mean curvi-
linear velocity (6 ± 1) × 10−3 μm·s−1. These directionality values
indicate that the trajectories of all of the cells are radial.
As with the glass substrate, the spreading of large aggregates

on PAA gels demonstrates three populations (domains), which
are distinct in their migratory behavior and in their stage of the
cell cycle. The precursor film and permeation ring are similar in
their dimensions and in the dynamics of cell migration. However,
in contrast to glass substrates, the cells beneath the aggregate
(domain a) are more mobile on fibronectin-coated PAA. Simi-
larly, for small aggregates (R < ξ), there is no stagnant region
and all cells from the aggregate migrate into the precursor film.
Thus, substrate stiffness affects the migration of cells within
different domains in the spreading aggregate.

Flow Field in the Spreading Monolayer. Before describing the flows
of cells, we give a reminder of the theoretical model of the
monolayer spreading. As the cell monolayer spreads, the dy-
namics, described in a previous paper (21), are ruled by a balance
between active driving forces due to mobile cells at the
film periphery (31, 44) and viscous dissipation due to (i) the

Fig. 1. Spreading of large and small cell aggregates
on glass coverslips (E = 70 GPa) coated with fibro-
nectin and highlighted permeation process. Aggre-
gates are observed in confocal microscopy (GFP and
CHFP fluorescence). (A) Spreading of large (Upper,
R0 = 185 μm) and small aggregate (Lower, R0 = 65
μm) observed at different times (t = 0–10 h). (B)
Spreading of the large (Left) and small aggregate
(Right) in GFP fluorescence 7 h after their deposition.
Dynamics of the cells is followed using manual
tracking (ImageJ). (C) The different noticeable areas
of the large (Left) and small (Right) aggregates 9 h
after their deposition. (D) Flows in a large (Upper)
and small (Lower) cellular aggregate spreading on
a substrate; the precursor film is fed by permeation
(Right). The a, b, and c domains correspond to im-
mobile cells, permeation domains, and flowing mon-
olayers, respectively. All scale bars represent 50 μm
in each panel, respectively.
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Model of permeation. In this section we present the model de-
veloped to explain why the permeation limits the dynamics of
spreading. De Gennes and Cazabat described the spreading of
a stratified droplet (32). They showed that two types of flows occur:
(i) shear between layers and on the substrate for the first layer; and
(ii) permeation normal to the layer in analogy with the process of
permeation introduced by Helfrich for the flow in smectics (33).
Using these assumptions, we model the spreading of stratified
droplets (SI Model, Spreading of Stratified Drops: Ring of Perme-
ation). It shows that the permeation is limited to a ring of width ξ:

1
ξ2

=
λ
d3
!
k0 + 4k1

"
=

1
ηpd2

!
η0 + 4η1

"
; [1]

where k0 is the friction coefficient with the solid (measured in
ref. 40), k1 is the interlayer friction, and λ is the Helfrich perme-
ation coefficient. We can express k and λ in terms of molecular
parameters: k0 = η0/d, k1 = η1/d, and λ = d2/ηp; where η0, η1, and ηp
are associated with the friction on the substrate and with intracel-
lular frictions and d with monolayer thickness. We can estimate
the permeation width ξ. For simple liquids, η0 ≈ η1 ≈ ηp and ξ ≈ d.
For ultraviscous pastes, η0 < η1 ≈ ηp ≈ η, the tissue viscosity (40),
and ξ ≈ d. For smectics, η0 >> η1 ≈ ηp and ξ >> d (41).
The size ξ of the ring is of the order of the monolayer thickness

for both low and ultraviscous paste. This is in agreement with our
data, where we observe a permeation ring of width ξ equal to few
cell sizes.
For the dynamics of spreading, we find that if η0 ≈ η1 ≈ ηp, the

friction on the substrate is dominant and this is the case of simple
liquids. On the other hand, if η0 << η1 ≈ ηp, permeation is the
limiting factor. This is the case of living drops where the per-
meation regulates the flow of cells.
Role of rigidity. As substrate rigidity has been shown to affect the
statics of aggregate wetting, here we investigate whether substrate
rigidity affects the dynamics of aggregate wetting. We therefore
allow cell aggregates to adhere and spread on deformable PAA
gels (E = 16.7 kPa) and reinvestigate the dynamics of cell mi-
gration (Fig. S1A,Upper). The thickness of the gel (80 μm) is much
larger than the tactile length, below which single cells are sensible
to gel thickness (42, 43). When the precursor film spreads, again,

we observe differential cell migration that depends on the cell’s
spatial location (domain a, b, or c) (Fig. S1C, Left). First, we follow
the trajectory of the cells under the aggregate (domain a). We
measured an average curvilinear migration velocity of (6 ± 1) ×
10−3 μm·s−1 (n = 20; Fig. S1B, Left). The movement of the cells is
random as their average directionality is low with a value of 0.5 ±
0.2. Around the aggregate (domain c), we measured an average
curvilinear migration velocity of (8 ± 1) × 10−3 μm·s−1 (n = 39; Fig.
S1B, Left). The cells are moving radially away from the aggregate
as their average directionality is elevated in contrast to domain a,
with a value of 0.7 ± 0.1. Different domains are further distin-
guished by their stage in the cell cycle. Beneath the aggregate
(domain a), the cells are mainly CHFP+, whereas in the precursor
film (domain c), they are mainly GFP+. Between these two do-
mains, the ring of permeation (domain b) is characterized by a
width ξ ≈ 65 μm; the same order that results on glass substrates.
We studied small aggregates (Fig. S1A, Lower), and contrary to
large aggregates, we observed that all cells migrate similarly, re-
gardless of their spatial location within the population. We ana-
lyzed the cell trajectory (n = 33; Fig. S1B, Right) and found that
the directionality of the cells is of 0.7 ± 0.1 and the mean curvi-
linear velocity (6 ± 1) × 10−3 μm·s−1. These directionality values
indicate that the trajectories of all of the cells are radial.
As with the glass substrate, the spreading of large aggregates

on PAA gels demonstrates three populations (domains), which
are distinct in their migratory behavior and in their stage of the
cell cycle. The precursor film and permeation ring are similar in
their dimensions and in the dynamics of cell migration. However,
in contrast to glass substrates, the cells beneath the aggregate
(domain a) are more mobile on fibronectin-coated PAA. Simi-
larly, for small aggregates (R < ξ), there is no stagnant region
and all cells from the aggregate migrate into the precursor film.
Thus, substrate stiffness affects the migration of cells within
different domains in the spreading aggregate.

Flow Field in the Spreading Monolayer. Before describing the flows
of cells, we give a reminder of the theoretical model of the
monolayer spreading. As the cell monolayer spreads, the dy-
namics, described in a previous paper (21), are ruled by a balance
between active driving forces due to mobile cells at the
film periphery (31, 44) and viscous dissipation due to (i) the

Fig. 1. Spreading of large and small cell aggregates
on glass coverslips (E = 70 GPa) coated with fibro-
nectin and highlighted permeation process. Aggre-
gates are observed in confocal microscopy (GFP and
CHFP fluorescence). (A) Spreading of large (Upper,
R0 = 185 μm) and small aggregate (Lower, R0 = 65
μm) observed at different times (t = 0–10 h). (B)
Spreading of the large (Left) and small aggregate
(Right) in GFP fluorescence 7 h after their deposition.
Dynamics of the cells is followed using manual
tracking (ImageJ). (C) The different noticeable areas
of the large (Left) and small (Right) aggregates 9 h
after their deposition. (D) Flows in a large (Upper)
and small (Lower) cellular aggregate spreading on
a substrate; the precursor film is fed by permeation
(Right). The a, b, and c domains correspond to im-
mobile cells, permeation domains, and flowing mon-
olayers, respectively. All scale bars represent 50 μm
in each panel, respectively.
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Permeation at boundary between cell cluster and cell layer

time the aggregate rotates. Compared with the previous case,
aggregate motion starts earlier. Initiation of motion is concom-
itant with the outward spreading of a weakly cohesive cell
monolayer, in which transient holes form. The cells spread out
from the front and the side of the aggregate, whereas no cell
monolayer is observed behind the aggregate, a region that re-
sembles a dewetted surface. We measure the cell flow field by
PIV (SI Appendix, Fig. S6). As before, the flow field under the
aggregate is uniform and fluctuates in direction. We also mea-
sure the curvilinear velocity of the center of mass V(t), the mean
curvilinear velocity U = 3 × 10−3 μm·s−1, and the mean di-
rectionality equal to 0.7 (SI Appendix, Fig. S6).
On soft gels, E = 2.8 kPa, the aggregate does not spread and

there is no cellular monolayer spreading outward from the ag-
gregate (Fig. 4C and Movie S6), however the aggregate still
migrates. Using PIV we measure the flow of cells under the
aggregate (SI Appendix, Fig. S7). We see a combination of uni-
form velocity field and rotation, indicating that the aggregate
might not be well attached to the substrate. We also measure the
curvilinear velocity of the center of mass V(t), the mean curvi-
linear velocity U = 4 × 10−3 μm·s−1, and the directionality equal
to 0.5 (SI Appendix, Fig. S7).
Traction forces of collective migration. For the softer range of sub-
strate stiffness we explored (9 kPa > E > 2.8 kPa), it is possible to
measure traction stresses using the traction force field calculated
from the displacement of embedded fluorescent beads within the
PAA gel. We observe gel deformation after an aggregate has
been deposited on the substrate (E = 7.4 kPa, SI Appendix, Fig.
S8). The corresponding traction forces point inward, indicating
that the aggregate adheres and contracts. During the first 2 h, the
aggregate flattens and its contact area with the gel increases,
while inward traction forces are observed at its interface with
magnitudes up to 60 Pa (SI Appendix, Fig. S8). This result is
consistent with previous studies on adherent liposomes (25), cell
colonies (26) and droplets (26). Remarkably, for times longer
than 2 h, when aggregates become motile, we observe that forces
become heterogeneously distributed with hotspots of traction
stresses of 120 Pa that are still concentrated near the edge of the
contact area, but now higher traction forces are exerted along
the direction of motion (SI Appendix, Fig. S8).
We also measure the traction force field of an aggregate on a

PAA gel with E = 2.8 kPa. Our findings confirm that the applied
forces are located at the periphery of the contact area and are
oriented along the direction of motion (Fig. 4D). We also ob-
serve that the peak of intensity of the traction stress on these
softer substrates (80 Pa) is lower than in the previous case
(120 Pa), consistently with previous results (27).

Interpretation of Crawling Aggregate Motion. Before the motion of
the aggregate occurs, the first step is a dewetting of the initially
circular precursor film. This dewetting can be understood from
our previous work on the statics and dynamics of the isotropic
spreading of cell aggregates deposited on the same substrates (24,
28–30). We also observed aggregate motion during work leading
to an earlier publication (28), but this motion was not systemati-
cally studied at that time. In analogy to the wetting of liquids (31),
we have defined an effective spreading parameter S =WCS −WCC,
which is the difference between cell–cell (WCC) and cell–substrate
(WCS) adhesion energies (24). If S is negative, the aggregate, or
“living” droplets, do not spread and the wetting is partial. If S is
positive, the wetting is complete with a precursor film (cell
monolayer) spreading from the living droplet. Wetting transitions
can be induced by tuning substrate adhesiveness (PEG-Fibronectin
surface treatment) or substrate rigidity E (29). On soft substrates
(E K 2.5 kPa), the aggregates do not spread, while on rigid
substrates (E J 7 kPa) complete wetting is found (30).
In the complete wetting case, we observe two regimes in the

dynamics of spreading (24). At times shorter than 2 h, the

aggregate flattens like a soft elastic bead on the adherent sub-
strate. A contact area is formed, where the aggregate sticks to
the substrate. At longer times, a cellular monolayer expands
outward from the aggregate. The spreading dynamics of films (of
radius R) obeys a diffusive law R2 = D t (24). This dynamics
results from a balance between viscous-like permeation forces at
the aggregate–monolayer contact line and driving forces acting
at the periphery of the film, equal per unit length to the
spreading parameter S (28, 32). The diffusion coefficient D can
be cast as D = V* Ra, where V p = S=η is a typical spreading ve-
locity, η is a tissue viscosity, and Ra is the aggregate radius (24,
29). D depends on the substrate rigidity E through the spreading
parameter S and it presents a global maximum for rigidities close
to 18 kPa (29). The fast-spreading dynamics gives rise to a ten-
sion in the monolayer, which becomes unable to maintain its
integrity, and spontaneous nucleation of holes occurs. Spreading
cell monolayers are also under tension due to the driving forces
of leading cells (14). Dufresne and coworkers (33) have in-
vestigated the force distribution of cell colonies (from 1 to 27
cells) on adherent soft substrates. They have observed that
traction stresses are generally localized at the periphery of the
colony and the scaling of the total traction force with the colony
radius suggests the emergence of an apparent surface tension of
the order of 10−3 N·m−1 (33, 34). All these studies, however,
have been carried out in monolayers, where cell–cell and cell–
substrate interactions are uniform. In contrast, interactions at
the contact area of the aggregate with the substrate give rise to a
flow of cells from 3D (aggregate) to 2D (cellular monolayer),
inducing a uniform tension pattern in the monolayer with an ex-
ponential drop over a few cell lengths at the foot of the aggregate
(28), where hole nucleation occurs due to large strain. The energy
barrier for hole nucleation decreases on softer gels, where films
appear to be increasingly unstable, because of the weakening of
cell–cell contacts (35–37). The dewetting of the film starts (sto-
chastically) on one side of the aggregate. The cell traction forces
are unbalanced and the aggregates start to move with a velocity U.
In the keratocyte regime, the precursor film in motion with the
aggregate is less expanded in the direction of motion than in
the perpendicular direction (Fig. 2A). From the analogy with the
wetting dynamics of droplets (31), one can relate the length of the
film along the direction of migration L to the curvilinear velocity
U by the scaling relationship: L = D/U, where D is the diffusion
coefficient for the spreading of the precursor film (28). Using D =
V* Ra with V* ∼ 10−2 μm·s−1 and U ∼ 10−2 μm·s−1 leads to L ∼ Ra
being of the order of the aggregate radius Ra, in agreement with
the measured value ∼70 μm.
The migration of aggregates constitutes a mode of spontane-

ous motion of multicellular populations, which can be inter-
preted in the paradigm of wetting. Indeed, motion of droplets is
ubiquitous in wetting phenomena and can generically be de-
scribed as the balance between wetting and dissipative forces.
For ultraviscous droplets moving at velocity U, the friction is
dominated by the slippage at the interface and the balance of
forces can be written as

F= ∮SðsÞnds=AkU, [1]

where F is the net driving force, k a friction coefficient, and A the
contact area. F is the integral, over the curvilinear coordinate s,
of the driving force S oriented along the normal vector to the
contour n.
Here, we propose two possible mechanisms to explain the

spontaneous motion of cellular aggregates: chemical modifica-
tion of the substrate in analogy to reactive droplets (38), or
symmetry breaking arising from cell polarization in analogy to
active droplets (39).
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time the aggregate rotates. Compared with the previous case,
aggregate motion starts earlier. Initiation of motion is concom-
itant with the outward spreading of a weakly cohesive cell
monolayer, in which transient holes form. The cells spread out
from the front and the side of the aggregate, whereas no cell
monolayer is observed behind the aggregate, a region that re-
sembles a dewetted surface. We measure the cell flow field by
PIV (SI Appendix, Fig. S6). As before, the flow field under the
aggregate is uniform and fluctuates in direction. We also mea-
sure the curvilinear velocity of the center of mass V(t), the mean
curvilinear velocity U = 3 × 10−3 μm·s−1, and the mean di-
rectionality equal to 0.7 (SI Appendix, Fig. S6).
On soft gels, E = 2.8 kPa, the aggregate does not spread and

there is no cellular monolayer spreading outward from the ag-
gregate (Fig. 4C and Movie S6), however the aggregate still
migrates. Using PIV we measure the flow of cells under the
aggregate (SI Appendix, Fig. S7). We see a combination of uni-
form velocity field and rotation, indicating that the aggregate
might not be well attached to the substrate. We also measure the
curvilinear velocity of the center of mass V(t), the mean curvi-
linear velocity U = 4 × 10−3 μm·s−1, and the directionality equal
to 0.5 (SI Appendix, Fig. S7).
Traction forces of collective migration. For the softer range of sub-
strate stiffness we explored (9 kPa > E > 2.8 kPa), it is possible to
measure traction stresses using the traction force field calculated
from the displacement of embedded fluorescent beads within the
PAA gel. We observe gel deformation after an aggregate has
been deposited on the substrate (E = 7.4 kPa, SI Appendix, Fig.
S8). The corresponding traction forces point inward, indicating
that the aggregate adheres and contracts. During the first 2 h, the
aggregate flattens and its contact area with the gel increases,
while inward traction forces are observed at its interface with
magnitudes up to 60 Pa (SI Appendix, Fig. S8). This result is
consistent with previous studies on adherent liposomes (25), cell
colonies (26) and droplets (26). Remarkably, for times longer
than 2 h, when aggregates become motile, we observe that forces
become heterogeneously distributed with hotspots of traction
stresses of 120 Pa that are still concentrated near the edge of the
contact area, but now higher traction forces are exerted along
the direction of motion (SI Appendix, Fig. S8).
We also measure the traction force field of an aggregate on a

PAA gel with E = 2.8 kPa. Our findings confirm that the applied
forces are located at the periphery of the contact area and are
oriented along the direction of motion (Fig. 4D). We also ob-
serve that the peak of intensity of the traction stress on these
softer substrates (80 Pa) is lower than in the previous case
(120 Pa), consistently with previous results (27).

Interpretation of Crawling Aggregate Motion. Before the motion of
the aggregate occurs, the first step is a dewetting of the initially
circular precursor film. This dewetting can be understood from
our previous work on the statics and dynamics of the isotropic
spreading of cell aggregates deposited on the same substrates (24,
28–30). We also observed aggregate motion during work leading
to an earlier publication (28), but this motion was not systemati-
cally studied at that time. In analogy to the wetting of liquids (31),
we have defined an effective spreading parameter S =WCS −WCC,
which is the difference between cell–cell (WCC) and cell–substrate
(WCS) adhesion energies (24). If S is negative, the aggregate, or
“living” droplets, do not spread and the wetting is partial. If S is
positive, the wetting is complete with a precursor film (cell
monolayer) spreading from the living droplet. Wetting transitions
can be induced by tuning substrate adhesiveness (PEG-Fibronectin
surface treatment) or substrate rigidity E (29). On soft substrates
(E K 2.5 kPa), the aggregates do not spread, while on rigid
substrates (E J 7 kPa) complete wetting is found (30).
In the complete wetting case, we observe two regimes in the

dynamics of spreading (24). At times shorter than 2 h, the

aggregate flattens like a soft elastic bead on the adherent sub-
strate. A contact area is formed, where the aggregate sticks to
the substrate. At longer times, a cellular monolayer expands
outward from the aggregate. The spreading dynamics of films (of
radius R) obeys a diffusive law R2 = D t (24). This dynamics
results from a balance between viscous-like permeation forces at
the aggregate–monolayer contact line and driving forces acting
at the periphery of the film, equal per unit length to the
spreading parameter S (28, 32). The diffusion coefficient D can
be cast as D = V* Ra, where V p = S=η is a typical spreading ve-
locity, η is a tissue viscosity, and Ra is the aggregate radius (24,
29). D depends on the substrate rigidity E through the spreading
parameter S and it presents a global maximum for rigidities close
to 18 kPa (29). The fast-spreading dynamics gives rise to a ten-
sion in the monolayer, which becomes unable to maintain its
integrity, and spontaneous nucleation of holes occurs. Spreading
cell monolayers are also under tension due to the driving forces
of leading cells (14). Dufresne and coworkers (33) have in-
vestigated the force distribution of cell colonies (from 1 to 27
cells) on adherent soft substrates. They have observed that
traction stresses are generally localized at the periphery of the
colony and the scaling of the total traction force with the colony
radius suggests the emergence of an apparent surface tension of
the order of 10−3 N·m−1 (33, 34). All these studies, however,
have been carried out in monolayers, where cell–cell and cell–
substrate interactions are uniform. In contrast, interactions at
the contact area of the aggregate with the substrate give rise to a
flow of cells from 3D (aggregate) to 2D (cellular monolayer),
inducing a uniform tension pattern in the monolayer with an ex-
ponential drop over a few cell lengths at the foot of the aggregate
(28), where hole nucleation occurs due to large strain. The energy
barrier for hole nucleation decreases on softer gels, where films
appear to be increasingly unstable, because of the weakening of
cell–cell contacts (35–37). The dewetting of the film starts (sto-
chastically) on one side of the aggregate. The cell traction forces
are unbalanced and the aggregates start to move with a velocity U.
In the keratocyte regime, the precursor film in motion with the
aggregate is less expanded in the direction of motion than in
the perpendicular direction (Fig. 2A). From the analogy with the
wetting dynamics of droplets (31), one can relate the length of the
film along the direction of migration L to the curvilinear velocity
U by the scaling relationship: L = D/U, where D is the diffusion
coefficient for the spreading of the precursor film (28). Using D =
V* Ra with V* ∼ 10−2 μm·s−1 and U ∼ 10−2 μm·s−1 leads to L ∼ Ra
being of the order of the aggregate radius Ra, in agreement with
the measured value ∼70 μm.
The migration of aggregates constitutes a mode of spontane-

ous motion of multicellular populations, which can be inter-
preted in the paradigm of wetting. Indeed, motion of droplets is
ubiquitous in wetting phenomena and can generically be de-
scribed as the balance between wetting and dissipative forces.
For ultraviscous droplets moving at velocity U, the friction is
dominated by the slippage at the interface and the balance of
forces can be written as

F= ∮SðsÞnds=AkU, [1]

where F is the net driving force, k a friction coefficient, and A the
contact area. F is the integral, over the curvilinear coordinate s,
of the driving force S oriented along the normal vector to the
contour n.
Here, we propose two possible mechanisms to explain the

spontaneous motion of cellular aggregates: chemical modifica-
tion of the substrate in analogy to reactive droplets (38), or
symmetry breaking arising from cell polarization in analogy to
active droplets (39).
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time the aggregate rotates. Compared with the previous case,
aggregate motion starts earlier. Initiation of motion is concom-
itant with the outward spreading of a weakly cohesive cell
monolayer, in which transient holes form. The cells spread out
from the front and the side of the aggregate, whereas no cell
monolayer is observed behind the aggregate, a region that re-
sembles a dewetted surface. We measure the cell flow field by
PIV (SI Appendix, Fig. S6). As before, the flow field under the
aggregate is uniform and fluctuates in direction. We also mea-
sure the curvilinear velocity of the center of mass V(t), the mean
curvilinear velocity U = 3 × 10−3 μm·s−1, and the mean di-
rectionality equal to 0.7 (SI Appendix, Fig. S6).
On soft gels, E = 2.8 kPa, the aggregate does not spread and

there is no cellular monolayer spreading outward from the ag-
gregate (Fig. 4C and Movie S6), however the aggregate still
migrates. Using PIV we measure the flow of cells under the
aggregate (SI Appendix, Fig. S7). We see a combination of uni-
form velocity field and rotation, indicating that the aggregate
might not be well attached to the substrate. We also measure the
curvilinear velocity of the center of mass V(t), the mean curvi-
linear velocity U = 4 × 10−3 μm·s−1, and the directionality equal
to 0.5 (SI Appendix, Fig. S7).
Traction forces of collective migration. For the softer range of sub-
strate stiffness we explored (9 kPa > E > 2.8 kPa), it is possible to
measure traction stresses using the traction force field calculated
from the displacement of embedded fluorescent beads within the
PAA gel. We observe gel deformation after an aggregate has
been deposited on the substrate (E = 7.4 kPa, SI Appendix, Fig.
S8). The corresponding traction forces point inward, indicating
that the aggregate adheres and contracts. During the first 2 h, the
aggregate flattens and its contact area with the gel increases,
while inward traction forces are observed at its interface with
magnitudes up to 60 Pa (SI Appendix, Fig. S8). This result is
consistent with previous studies on adherent liposomes (25), cell
colonies (26) and droplets (26). Remarkably, for times longer
than 2 h, when aggregates become motile, we observe that forces
become heterogeneously distributed with hotspots of traction
stresses of 120 Pa that are still concentrated near the edge of the
contact area, but now higher traction forces are exerted along
the direction of motion (SI Appendix, Fig. S8).
We also measure the traction force field of an aggregate on a

PAA gel with E = 2.8 kPa. Our findings confirm that the applied
forces are located at the periphery of the contact area and are
oriented along the direction of motion (Fig. 4D). We also ob-
serve that the peak of intensity of the traction stress on these
softer substrates (80 Pa) is lower than in the previous case
(120 Pa), consistently with previous results (27).

Interpretation of Crawling Aggregate Motion. Before the motion of
the aggregate occurs, the first step is a dewetting of the initially
circular precursor film. This dewetting can be understood from
our previous work on the statics and dynamics of the isotropic
spreading of cell aggregates deposited on the same substrates (24,
28–30). We also observed aggregate motion during work leading
to an earlier publication (28), but this motion was not systemati-
cally studied at that time. In analogy to the wetting of liquids (31),
we have defined an effective spreading parameter S =WCS −WCC,
which is the difference between cell–cell (WCC) and cell–substrate
(WCS) adhesion energies (24). If S is negative, the aggregate, or
“living” droplets, do not spread and the wetting is partial. If S is
positive, the wetting is complete with a precursor film (cell
monolayer) spreading from the living droplet. Wetting transitions
can be induced by tuning substrate adhesiveness (PEG-Fibronectin
surface treatment) or substrate rigidity E (29). On soft substrates
(E K 2.5 kPa), the aggregates do not spread, while on rigid
substrates (E J 7 kPa) complete wetting is found (30).
In the complete wetting case, we observe two regimes in the

dynamics of spreading (24). At times shorter than 2 h, the

aggregate flattens like a soft elastic bead on the adherent sub-
strate. A contact area is formed, where the aggregate sticks to
the substrate. At longer times, a cellular monolayer expands
outward from the aggregate. The spreading dynamics of films (of
radius R) obeys a diffusive law R2 = D t (24). This dynamics
results from a balance between viscous-like permeation forces at
the aggregate–monolayer contact line and driving forces acting
at the periphery of the film, equal per unit length to the
spreading parameter S (28, 32). The diffusion coefficient D can
be cast as D = V* Ra, where V p = S=η is a typical spreading ve-
locity, η is a tissue viscosity, and Ra is the aggregate radius (24,
29). D depends on the substrate rigidity E through the spreading
parameter S and it presents a global maximum for rigidities close
to 18 kPa (29). The fast-spreading dynamics gives rise to a ten-
sion in the monolayer, which becomes unable to maintain its
integrity, and spontaneous nucleation of holes occurs. Spreading
cell monolayers are also under tension due to the driving forces
of leading cells (14). Dufresne and coworkers (33) have in-
vestigated the force distribution of cell colonies (from 1 to 27
cells) on adherent soft substrates. They have observed that
traction stresses are generally localized at the periphery of the
colony and the scaling of the total traction force with the colony
radius suggests the emergence of an apparent surface tension of
the order of 10−3 N·m−1 (33, 34). All these studies, however,
have been carried out in monolayers, where cell–cell and cell–
substrate interactions are uniform. In contrast, interactions at
the contact area of the aggregate with the substrate give rise to a
flow of cells from 3D (aggregate) to 2D (cellular monolayer),
inducing a uniform tension pattern in the monolayer with an ex-
ponential drop over a few cell lengths at the foot of the aggregate
(28), where hole nucleation occurs due to large strain. The energy
barrier for hole nucleation decreases on softer gels, where films
appear to be increasingly unstable, because of the weakening of
cell–cell contacts (35–37). The dewetting of the film starts (sto-
chastically) on one side of the aggregate. The cell traction forces
are unbalanced and the aggregates start to move with a velocity U.
In the keratocyte regime, the precursor film in motion with the
aggregate is less expanded in the direction of motion than in
the perpendicular direction (Fig. 2A). From the analogy with the
wetting dynamics of droplets (31), one can relate the length of the
film along the direction of migration L to the curvilinear velocity
U by the scaling relationship: L = D/U, where D is the diffusion
coefficient for the spreading of the precursor film (28). Using D =
V* Ra with V* ∼ 10−2 μm·s−1 and U ∼ 10−2 μm·s−1 leads to L ∼ Ra
being of the order of the aggregate radius Ra, in agreement with
the measured value ∼70 μm.
The migration of aggregates constitutes a mode of spontane-

ous motion of multicellular populations, which can be inter-
preted in the paradigm of wetting. Indeed, motion of droplets is
ubiquitous in wetting phenomena and can generically be de-
scribed as the balance between wetting and dissipative forces.
For ultraviscous droplets moving at velocity U, the friction is
dominated by the slippage at the interface and the balance of
forces can be written as

F= ∮SðsÞnds=AkU, [1]

where F is the net driving force, k a friction coefficient, and A the
contact area. F is the integral, over the curvilinear coordinate s,
of the driving force S oriented along the normal vector to the
contour n.
Here, we propose two possible mechanisms to explain the

spontaneous motion of cellular aggregates: chemical modifica-
tion of the substrate in analogy to reactive droplets (38), or
symmetry breaking arising from cell polarization in analogy to
active droplets (39).
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• Model of cluster spreading as Liquid wetting:
Wetting parameter: difference between substrate 
adhesion and cell-cell adhesion energy

time the aggregate rotates. Compared with the previous case,
aggregate motion starts earlier. Initiation of motion is concom-
itant with the outward spreading of a weakly cohesive cell
monolayer, in which transient holes form. The cells spread out
from the front and the side of the aggregate, whereas no cell
monolayer is observed behind the aggregate, a region that re-
sembles a dewetted surface. We measure the cell flow field by
PIV (SI Appendix, Fig. S6). As before, the flow field under the
aggregate is uniform and fluctuates in direction. We also mea-
sure the curvilinear velocity of the center of mass V(t), the mean
curvilinear velocity U = 3 × 10−3 μm·s−1, and the mean di-
rectionality equal to 0.7 (SI Appendix, Fig. S6).
On soft gels, E = 2.8 kPa, the aggregate does not spread and

there is no cellular monolayer spreading outward from the ag-
gregate (Fig. 4C and Movie S6), however the aggregate still
migrates. Using PIV we measure the flow of cells under the
aggregate (SI Appendix, Fig. S7). We see a combination of uni-
form velocity field and rotation, indicating that the aggregate
might not be well attached to the substrate. We also measure the
curvilinear velocity of the center of mass V(t), the mean curvi-
linear velocity U = 4 × 10−3 μm·s−1, and the directionality equal
to 0.5 (SI Appendix, Fig. S7).
Traction forces of collective migration. For the softer range of sub-
strate stiffness we explored (9 kPa > E > 2.8 kPa), it is possible to
measure traction stresses using the traction force field calculated
from the displacement of embedded fluorescent beads within the
PAA gel. We observe gel deformation after an aggregate has
been deposited on the substrate (E = 7.4 kPa, SI Appendix, Fig.
S8). The corresponding traction forces point inward, indicating
that the aggregate adheres and contracts. During the first 2 h, the
aggregate flattens and its contact area with the gel increases,
while inward traction forces are observed at its interface with
magnitudes up to 60 Pa (SI Appendix, Fig. S8). This result is
consistent with previous studies on adherent liposomes (25), cell
colonies (26) and droplets (26). Remarkably, for times longer
than 2 h, when aggregates become motile, we observe that forces
become heterogeneously distributed with hotspots of traction
stresses of 120 Pa that are still concentrated near the edge of the
contact area, but now higher traction forces are exerted along
the direction of motion (SI Appendix, Fig. S8).
We also measure the traction force field of an aggregate on a

PAA gel with E = 2.8 kPa. Our findings confirm that the applied
forces are located at the periphery of the contact area and are
oriented along the direction of motion (Fig. 4D). We also ob-
serve that the peak of intensity of the traction stress on these
softer substrates (80 Pa) is lower than in the previous case
(120 Pa), consistently with previous results (27).

Interpretation of Crawling Aggregate Motion. Before the motion of
the aggregate occurs, the first step is a dewetting of the initially
circular precursor film. This dewetting can be understood from
our previous work on the statics and dynamics of the isotropic
spreading of cell aggregates deposited on the same substrates (24,
28–30). We also observed aggregate motion during work leading
to an earlier publication (28), but this motion was not systemati-
cally studied at that time. In analogy to the wetting of liquids (31),
we have defined an effective spreading parameter S =WCS −WCC,
which is the difference between cell–cell (WCC) and cell–substrate
(WCS) adhesion energies (24). If S is negative, the aggregate, or
“living” droplets, do not spread and the wetting is partial. If S is
positive, the wetting is complete with a precursor film (cell
monolayer) spreading from the living droplet. Wetting transitions
can be induced by tuning substrate adhesiveness (PEG-Fibronectin
surface treatment) or substrate rigidity E (29). On soft substrates
(E K 2.5 kPa), the aggregates do not spread, while on rigid
substrates (E J 7 kPa) complete wetting is found (30).
In the complete wetting case, we observe two regimes in the

dynamics of spreading (24). At times shorter than 2 h, the

aggregate flattens like a soft elastic bead on the adherent sub-
strate. A contact area is formed, where the aggregate sticks to
the substrate. At longer times, a cellular monolayer expands
outward from the aggregate. The spreading dynamics of films (of
radius R) obeys a diffusive law R2 = D t (24). This dynamics
results from a balance between viscous-like permeation forces at
the aggregate–monolayer contact line and driving forces acting
at the periphery of the film, equal per unit length to the
spreading parameter S (28, 32). The diffusion coefficient D can
be cast as D = V* Ra, where V p = S=η is a typical spreading ve-
locity, η is a tissue viscosity, and Ra is the aggregate radius (24,
29). D depends on the substrate rigidity E through the spreading
parameter S and it presents a global maximum for rigidities close
to 18 kPa (29). The fast-spreading dynamics gives rise to a ten-
sion in the monolayer, which becomes unable to maintain its
integrity, and spontaneous nucleation of holes occurs. Spreading
cell monolayers are also under tension due to the driving forces
of leading cells (14). Dufresne and coworkers (33) have in-
vestigated the force distribution of cell colonies (from 1 to 27
cells) on adherent soft substrates. They have observed that
traction stresses are generally localized at the periphery of the
colony and the scaling of the total traction force with the colony
radius suggests the emergence of an apparent surface tension of
the order of 10−3 N·m−1 (33, 34). All these studies, however,
have been carried out in monolayers, where cell–cell and cell–
substrate interactions are uniform. In contrast, interactions at
the contact area of the aggregate with the substrate give rise to a
flow of cells from 3D (aggregate) to 2D (cellular monolayer),
inducing a uniform tension pattern in the monolayer with an ex-
ponential drop over a few cell lengths at the foot of the aggregate
(28), where hole nucleation occurs due to large strain. The energy
barrier for hole nucleation decreases on softer gels, where films
appear to be increasingly unstable, because of the weakening of
cell–cell contacts (35–37). The dewetting of the film starts (sto-
chastically) on one side of the aggregate. The cell traction forces
are unbalanced and the aggregates start to move with a velocity U.
In the keratocyte regime, the precursor film in motion with the
aggregate is less expanded in the direction of motion than in
the perpendicular direction (Fig. 2A). From the analogy with the
wetting dynamics of droplets (31), one can relate the length of the
film along the direction of migration L to the curvilinear velocity
U by the scaling relationship: L = D/U, where D is the diffusion
coefficient for the spreading of the precursor film (28). Using D =
V* Ra with V* ∼ 10−2 μm·s−1 and U ∼ 10−2 μm·s−1 leads to L ∼ Ra
being of the order of the aggregate radius Ra, in agreement with
the measured value ∼70 μm.
The migration of aggregates constitutes a mode of spontane-

ous motion of multicellular populations, which can be inter-
preted in the paradigm of wetting. Indeed, motion of droplets is
ubiquitous in wetting phenomena and can generically be de-
scribed as the balance between wetting and dissipative forces.
For ultraviscous droplets moving at velocity U, the friction is
dominated by the slippage at the interface and the balance of
forces can be written as

F= ∮SðsÞnds=AkU, [1]

where F is the net driving force, k a friction coefficient, and A the
contact area. F is the integral, over the curvilinear coordinate s,
of the driving force S oriented along the normal vector to the
contour n.
Here, we propose two possible mechanisms to explain the

spontaneous motion of cellular aggregates: chemical modifica-
tion of the substrate in analogy to reactive droplets (38), or
symmetry breaking arising from cell polarization in analogy to
active droplets (39).
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Diffusive expansion of cell:

Diffusion coefficient: depends on 
spreading velocity and cluster size:

Spreading velocity is ratio between wetting 
energy and tissue viscosity

>Therefore cell diffusion depends on substrate 
stiffness via the wetting parameter

time the aggregate rotates. Compared with the previous case,
aggregate motion starts earlier. Initiation of motion is concom-
itant with the outward spreading of a weakly cohesive cell
monolayer, in which transient holes form. The cells spread out
from the front and the side of the aggregate, whereas no cell
monolayer is observed behind the aggregate, a region that re-
sembles a dewetted surface. We measure the cell flow field by
PIV (SI Appendix, Fig. S6). As before, the flow field under the
aggregate is uniform and fluctuates in direction. We also mea-
sure the curvilinear velocity of the center of mass V(t), the mean
curvilinear velocity U = 3 × 10−3 μm·s−1, and the mean di-
rectionality equal to 0.7 (SI Appendix, Fig. S6).
On soft gels, E = 2.8 kPa, the aggregate does not spread and

there is no cellular monolayer spreading outward from the ag-
gregate (Fig. 4C and Movie S6), however the aggregate still
migrates. Using PIV we measure the flow of cells under the
aggregate (SI Appendix, Fig. S7). We see a combination of uni-
form velocity field and rotation, indicating that the aggregate
might not be well attached to the substrate. We also measure the
curvilinear velocity of the center of mass V(t), the mean curvi-
linear velocity U = 4 × 10−3 μm·s−1, and the directionality equal
to 0.5 (SI Appendix, Fig. S7).
Traction forces of collective migration. For the softer range of sub-
strate stiffness we explored (9 kPa > E > 2.8 kPa), it is possible to
measure traction stresses using the traction force field calculated
from the displacement of embedded fluorescent beads within the
PAA gel. We observe gel deformation after an aggregate has
been deposited on the substrate (E = 7.4 kPa, SI Appendix, Fig.
S8). The corresponding traction forces point inward, indicating
that the aggregate adheres and contracts. During the first 2 h, the
aggregate flattens and its contact area with the gel increases,
while inward traction forces are observed at its interface with
magnitudes up to 60 Pa (SI Appendix, Fig. S8). This result is
consistent with previous studies on adherent liposomes (25), cell
colonies (26) and droplets (26). Remarkably, for times longer
than 2 h, when aggregates become motile, we observe that forces
become heterogeneously distributed with hotspots of traction
stresses of 120 Pa that are still concentrated near the edge of the
contact area, but now higher traction forces are exerted along
the direction of motion (SI Appendix, Fig. S8).
We also measure the traction force field of an aggregate on a

PAA gel with E = 2.8 kPa. Our findings confirm that the applied
forces are located at the periphery of the contact area and are
oriented along the direction of motion (Fig. 4D). We also ob-
serve that the peak of intensity of the traction stress on these
softer substrates (80 Pa) is lower than in the previous case
(120 Pa), consistently with previous results (27).

Interpretation of Crawling Aggregate Motion. Before the motion of
the aggregate occurs, the first step is a dewetting of the initially
circular precursor film. This dewetting can be understood from
our previous work on the statics and dynamics of the isotropic
spreading of cell aggregates deposited on the same substrates (24,
28–30). We also observed aggregate motion during work leading
to an earlier publication (28), but this motion was not systemati-
cally studied at that time. In analogy to the wetting of liquids (31),
we have defined an effective spreading parameter S =WCS −WCC,
which is the difference between cell–cell (WCC) and cell–substrate
(WCS) adhesion energies (24). If S is negative, the aggregate, or
“living” droplets, do not spread and the wetting is partial. If S is
positive, the wetting is complete with a precursor film (cell
monolayer) spreading from the living droplet. Wetting transitions
can be induced by tuning substrate adhesiveness (PEG-Fibronectin
surface treatment) or substrate rigidity E (29). On soft substrates
(E K 2.5 kPa), the aggregates do not spread, while on rigid
substrates (E J 7 kPa) complete wetting is found (30).
In the complete wetting case, we observe two regimes in the

dynamics of spreading (24). At times shorter than 2 h, the

aggregate flattens like a soft elastic bead on the adherent sub-
strate. A contact area is formed, where the aggregate sticks to
the substrate. At longer times, a cellular monolayer expands
outward from the aggregate. The spreading dynamics of films (of
radius R) obeys a diffusive law R2 = D t (24). This dynamics
results from a balance between viscous-like permeation forces at
the aggregate–monolayer contact line and driving forces acting
at the periphery of the film, equal per unit length to the
spreading parameter S (28, 32). The diffusion coefficient D can
be cast as D = V* Ra, where V p = S=η is a typical spreading ve-
locity, η is a tissue viscosity, and Ra is the aggregate radius (24,
29). D depends on the substrate rigidity E through the spreading
parameter S and it presents a global maximum for rigidities close
to 18 kPa (29). The fast-spreading dynamics gives rise to a ten-
sion in the monolayer, which becomes unable to maintain its
integrity, and spontaneous nucleation of holes occurs. Spreading
cell monolayers are also under tension due to the driving forces
of leading cells (14). Dufresne and coworkers (33) have in-
vestigated the force distribution of cell colonies (from 1 to 27
cells) on adherent soft substrates. They have observed that
traction stresses are generally localized at the periphery of the
colony and the scaling of the total traction force with the colony
radius suggests the emergence of an apparent surface tension of
the order of 10−3 N·m−1 (33, 34). All these studies, however,
have been carried out in monolayers, where cell–cell and cell–
substrate interactions are uniform. In contrast, interactions at
the contact area of the aggregate with the substrate give rise to a
flow of cells from 3D (aggregate) to 2D (cellular monolayer),
inducing a uniform tension pattern in the monolayer with an ex-
ponential drop over a few cell lengths at the foot of the aggregate
(28), where hole nucleation occurs due to large strain. The energy
barrier for hole nucleation decreases on softer gels, where films
appear to be increasingly unstable, because of the weakening of
cell–cell contacts (35–37). The dewetting of the film starts (sto-
chastically) on one side of the aggregate. The cell traction forces
are unbalanced and the aggregates start to move with a velocity U.
In the keratocyte regime, the precursor film in motion with the
aggregate is less expanded in the direction of motion than in
the perpendicular direction (Fig. 2A). From the analogy with the
wetting dynamics of droplets (31), one can relate the length of the
film along the direction of migration L to the curvilinear velocity
U by the scaling relationship: L = D/U, where D is the diffusion
coefficient for the spreading of the precursor film (28). Using D =
V* Ra with V* ∼ 10−2 μm·s−1 and U ∼ 10−2 μm·s−1 leads to L ∼ Ra
being of the order of the aggregate radius Ra, in agreement with
the measured value ∼70 μm.
The migration of aggregates constitutes a mode of spontane-

ous motion of multicellular populations, which can be inter-
preted in the paradigm of wetting. Indeed, motion of droplets is
ubiquitous in wetting phenomena and can generically be de-
scribed as the balance between wetting and dissipative forces.
For ultraviscous droplets moving at velocity U, the friction is
dominated by the slippage at the interface and the balance of
forces can be written as

F= ∮SðsÞnds=AkU, [1]

where F is the net driving force, k a friction coefficient, and A the
contact area. F is the integral, over the curvilinear coordinate s,
of the driving force S oriented along the normal vector to the
contour n.
Here, we propose two possible mechanisms to explain the

spontaneous motion of cellular aggregates: chemical modifica-
tion of the substrate in analogy to reactive droplets (38), or
symmetry breaking arising from cell polarization in analogy to
active droplets (39).

Beaune et al. PNAS | December 18, 2018 | vol. 115 | no. 51 | 12929

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

IN
IS

T-
C

N
R

S 
C

S1
03

10
 IN

EE
 &

 IN
SB

 o
n 

O
ct

ob
er

 3
, 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

93
.5

4.
11

0.
55

.
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Force balance: net driving force in layer F and 
frictional forces across area A associated with 
cell velocity U

From cell to cell cluster motility: 2D
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cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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Droplets and cellular aggregates move in a chemical gradient
(SI Appendix, Fig. S8). Droplets containing a reactive solute may
move also on chemically homogeneous substrates, the so-called
free-running droplets (38). As a droplet moves, the surface on
the front is intact and adhesive, whereas the surface on the back is
chemically modified and less adhesive. This asymmetry gives rise to
the sustained motion of the reactive droplet. Later, the same model
was used to describe vesicles surfing on a lipid bilayer (40). The
reactive-droplet model may also apply for the spontaneous motion
of cellular aggregates, where a dissymmetry of wettability between
the substrate in the front and the back can be induced by cell
migration. It has been shown that migrating cells remove extra-
cellular matrix proteins off the surface of gels coated using sulfo-
SANPAH (27). This difference in spreading parameters generates
an unbalanced capillary force, leading to the spontaneous move-
ment of the aggregate. According to Eq. 1, the resulting force
balance for a one-dimensional reactive droplet reads

Sa − Sr ≈ kRU, [2]

where Sa and Sr are the spreading parameters at the advancing
(at the front) and receding (at the back) contact lines, respec-
tively, and R is the film radius (SI Appendix, section C). After
film dewetting, cells are not observed to repopulate areas over
which the aggregate has moved, suggesting that the spreading
parameter at the trailing edge vanishes, Sr ∼ 0 (Movie S2). The
measured traction stresses are of the order of T = 100 Pa (Fig. 4)
and allow one to estimate the spreading parameter at the leading
edge as Sa = T l, where l is the characteristic length scale over
which the traction stress is observed (SI Appendix, Eq. S5), on
order of the cell length l ∼ 10 μm.We find Sa ∼ 10−3 N·m−1. Taking
realistic values for cell aggregates, R = 100 μm and U = 10−8 m·s−1
leads to k ∼ 109 N·m−3·s. This value of k is comparable to the
friction coefficient k ∼ 108 N·m−3·s (41) measured by pushing an
aggregate in a nonadhesive pipette and to k ∼ 1010 N·m−3·s (42,
43), calculated from propulsive traction stresses in locomoting ker-
atocytes. We postulate that it is possible to mimic a keratocyte with
a droplet of oil containing a surfactant deposited on a silicon wafer
or clean glass. To test our hypothesis, we have performed this
experiment. In complete wetting, a reactive droplet adopts a crois-
sant shape similar to that of a keratocyte, also seen for keratocyte
fragments (44), less extended in the direction of motion than in the
perpendicular direction as shown in Fig. 5 and Movie S7.
Active fluids or droplets can also move due to a dissymmetry

in cell polarity (39). Cells can orient their planar polarity in re-
sponse to forces (45). As proposed for the dynamics of spreading
epithelial monolayers (46), we describe cells as interacting polar
particles with the capacity to exert actively generated traction
stresses on the substrate T = kv − T0 p (SI Appendix, section D).
These stresses are a linear combination of viscous (∼k v) and
active (∼T0 p) stresses. v and p correspond to the cell velocity and
the cell polarity fields, respectively. T0 sets the amplitude of the
active traction stresses. In the limit where p remains finite in a

narrow region near the contact line of the monolayer and van-
ishes elsewhere, the force balance at the level of the monolayer
reduces to an equation similar to Eq. 2.

Sa − Sr ≈ kRU, [3]

where Sa = T0 lc pa and Sr = T0 lc pr with lc being the width of the
polarity boundary layer and R being the monolayer radius (SI
Appendix, section D). Sa (Sr) and pa (pr) are an effective spread-
ing parameter and the cell polarization at the advancing (reced-
ing) front, respectively. Before dewetting, monolayers spread
symmetrically, meaning that pa = pr, and in consequence no
collective migration occurs, U = 0. After dewetting, nucleation
of cell-free domains breaks symmetry, leading to the spontane-
ous migration of the aggregate. At steady state, the migration of
active droplets demands the presence of both a symmetry-
breaking distribution of cell polarities (pr ≠ pa) and active trac-
tion forces (T0 ≠ 0). The absence of traction stress at the trailing
edge in SI Appendix, Fig. S8, suggests that the cell polarity pr =
0 and thus Sr = 0, whereas the traction stresses at the leading
edge in SI Appendix, Fig. S8 allows one to estimate T0 = 100 Pa.
For the same parameters as above, R ∼ 100 μm and U ∼ 10−8 m·s−1
and lc = 10 μm (46), we obtain the friction coefficient k ∼ 109 N·m−3· s
which is compatible with that of reactive droplets.
In conclusion, the spontaneous motion of aggregates can be a

combination of both mechanisms, chemical modification of the
substrate, or symmetry breaking of cell polarization, which seem
to be of the same order of magnitude.

Conclusions and Discussion
To summarize, cellular aggregates deposited on a rigid adhesive
substrate spread with the formation of an isotropic precursor
film and do not move. By contrast, cellular aggregates deposited
on deformable substrates exhibit either isotropic spreading and
remain immobile, or anisotropic spreading, leading to diverse
motility mechanisms depending upon the stiffness of the gel.
Symmetry is broken due to instabilities in the cell monolayer,
which causes the aggregate to move as a single entity. When E =
16.7 kPa the aggregate moves like a giant keratocyte with the
expansion of a lamellipodia in the front and a retraction in the
back. For E = 10.6 kPa, the aggregate moves like a penguin with
a cell patch on each side. The motion in these two cases can be
described as a bipedal motion with a stationary film transported
with the aggregates. On softer gels, precursor films are very
unstable and less cohesive. The running aggregates become
spherical. We have shown that before the symmetry breaking of
the precursor film, the forces are applied radially at the edge of
the film, similarly to colonies and monolayers of cells expressing
E-cadherin (26, 47). On the other hand, when they become
motile, the pulling forces are applied in the direction of the
movement. The velocity of motion is determined by a balance
between driving forces and friction forces of the crawling ag-
gregates. The persistence of the polarity of the motion is po-
tentially due to the difference in adhesion energy between the
front and the back where cells, after their passage, have modified
the substrate. This interpretation is supported by the fact that we
never see any spreading of cells in the dewetted region.
To conclude, the motion of cellular aggregates on soft sub-

strates has strong analogies with the migration of single cells, and
particularly with keratocytes. As keratocytes, aggregates do not
move on strong adhesive substrates (high modulus), they have a
bipedal motion at intermediate rigidity with a fan-like shape, and
a round shape on low (soft) adhesive substrate. The giant kera-
tocytes described here, which carry tens of thousands of cells,
move 100× slower than single-cell keratocytes. Their motion is
characterized by stick and slip with a period on the order of
60 min compared with 2 min for keratocytes (22). It is striking that
the collective migration of bound cells pulled by motile cells at

Fig. 5. Image of a 5-μL moving reactive droplet in complete wetting. It is
composed of a 0.05 M solution of 1H,1H,2H,2H,perfluorodecyltrichlorosilane
in octane. The substrate is a glass slide cleaned by corona treatment. The
droplet is moving from left to right with a velocity of 10.5 cm·s−1, leaving a
wake of dry substrate behind (see also Movie S7).
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• 1D model: asymmetry in wetting forces across cluster

On stiff substrates, spreading is isotropic around cell cluster

On softer substrates, spontaneous holes arise in layer near 
cluster edge because cell-cell adhesion cannot hold tension 
arising from traction forces at the edge (cell-cell adhesion is 
itself reinforced by substrate stiffness)

Once a hole is formed, symmetry breaking arises

cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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cell motility is not operating at the scale of cellular aggregates
and a coherent actin cytoskeleton is absent. Our results thus
indicate an unexpected robustness of the classic modes of cell
motility. Our theoretical modeling provides some understanding
of the foundations underlying such robustness of cell motility
mechanisms across several scales.

Results
Cell aggregates, ∼100 μm in size and composed of murine sarcoma
Ecad cells (19), are deposited on fibronectin-coated polyacrylamide
gels (PAA) with rigidities varying from 40 to 2 kPa. The elastic
modulus of the substrate E is varied, while a constant adhesive
chemical environment is maintained. We observe both isotropic
spreading, without motion of aggregates, and anisotropic spread-
ing, with global motion of aggregates. The isotropic spreading of
cell aggregates on substrates with different rigidities is discussed
in detail in Douezan and Brochard-Wyart (20). The fraction of
moving aggregates depends on the substrate stiffness and increases
as E decreases. We characterize the diverse morphologies and
modes of migration of aggregates upon decreasing the substrate
rigidity, namely (i) polarized “giant keratocytes,” (ii) bipedal
“penguins,” and (iii) “running spheroids,” the latter arising due to
adhesion loss on the softest substrates (Fig. 1). For each of these
modes, we describe the morphological transitions of the aggregate,
their global migration kinematics, and the velocity field of cells. On
soft surfaces (E < 9 kPa), where TFM can be used, we analyze the
force fields generated by the cell–substrate interactions. Based on
these measurements, we propose physical mechanisms to interpret
the dynamics for these different regimes.

Substrate Rigidity Determines the Mode of Migration.When cellular
aggregates are deposited onto rigid substrates (glass with E =
70 GPa or PAA gel with E = 40 kPa), the spherical aggregate
flattens and a circular monolayer of cells––also called precursor
film below––spreads around the aggregate (Movie S1). The
precursor film is isotropic and the aggregate remains immobile.
Giant keratocytes. Upon decreasing the stiffness of the substrate
decreases (E = 16.7 kPa), we observe the emergence of a mode
of collective cell migration that resembles adherent keratocytes
(Fig. 2A and Movie S2). After initial adhesion to the substrate,
aggregates spread by expanding outward a circular cell mono-
layer, which spreads faster than in the rigid case and is appar-
ently under tension, whereas it appears stable and firmly
attached on the rigid substrate. To test this hypothesis, we have
scratched with a micrometer-sized needle the cell monolayer
adjacent to the aggregate on both rigid glass substrate as well as
soft gel (E = 16.7 kPa, SI Appendix, Fig. S3). On the rigid sub-
strate, cells spread to close the injury, analogous to experiments

of in vitro wound healing (15, 17). On the soft substrate, the
scratch induces a retraction of the film––showing that the film is
under tension––and the motion of the aggregate. Importantly,
scratching the film is not necessary for symmetry breaking. In-
deed, when monolayers spread on soft substrate, we observe the
spontaneous nucleation of holes (i.e., cell-free domains) close to
the aggregate main body (Fig. 2A). These holes grow and the
monolayer dewets like a liquid film (21), giving rise to a massive
cell reorganization within the monolayer, eventually leading to a
crescent-like shape and to collective migration (Fig. 2A). To
characterize this motion, we measure the curvilinear velocity
(i.e., distance traveled per unit time) of the center of mass V(t),
and the directionality (defined by the ratio of the Euclidean
distance to the curvilinear distance). The mean curvilinear ve-
locity U = 10−2 μm·s−1 is ∼20 times lower than that of single-cell
keratocytes (22) and the directionality is 0.8 (Fig. 2D). The
mean-square displacement (MSD) of an aggregate trajectory
(Fig. 2E) indicates a transition from persistent to random walk
after about 3 h of motion (Fig. 2F). Further, the measured ve-
locity fields in the first cell layer below the aggregate main body
are all parallel to each other and point in the direction of mi-
gration (Fig. 2 B and C). The precursor film shape is anisotropic,
being less expanded along the direction of motion than along the
perpendicular one (Fig. 2A). At the lateral crests of these giant

Fig. 1. Behaviors of migrating cell aggregates deposited on substrates of
increasing rigidity. (A) Schematic representation and (B) their experimental
counterparts observed in bright field.

Fig. 2. Motility of an aggregate on a PAA gel (E = 16.7 kPa). (A) Observed in
bright field at different times. (B) Velocity vector fields (PIV) of aggregate
migration from A. (C) Heat map of local aggregate speed corresponding to
the velocity field (B). (D) Curvilinear velocity of the aggregate center of mass
plotted versus time (Δt = 15 min). (E) Trajectory of an aggregate, and (F)
MSD over time: blue dotted line shows the experimental MSD
(MSDðtÞ= ½rðt + t0Þ− rðt0Þ$2, where r(t0) is the initial location of the cell ag-
gregate and r(t + t0) is the new position after time t), and black lines indicate
either a persistent walk (MSD∝ t2Þ or a random walk (MSD∝ t).
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• Mechanism for persistance of motility: 
— modification of substrate and wettability (« reactive » 
droplet/cluster)
— cell polarisation in response to forces (« active » 
droplet/cluster)

G. Beaune et al, …, and F. Brochard-Wyart.  PNAS, 115: 12927 -12931 (2018)

Droplets and cellular aggregates move in a chemical gradient
(SI Appendix, Fig. S8). Droplets containing a reactive solute may
move also on chemically homogeneous substrates, the so-called
free-running droplets (38). As a droplet moves, the surface on
the front is intact and adhesive, whereas the surface on the back is
chemically modified and less adhesive. This asymmetry gives rise to
the sustained motion of the reactive droplet. Later, the same model
was used to describe vesicles surfing on a lipid bilayer (40). The
reactive-droplet model may also apply for the spontaneous motion
of cellular aggregates, where a dissymmetry of wettability between
the substrate in the front and the back can be induced by cell
migration. It has been shown that migrating cells remove extra-
cellular matrix proteins off the surface of gels coated using sulfo-
SANPAH (27). This difference in spreading parameters generates
an unbalanced capillary force, leading to the spontaneous move-
ment of the aggregate. According to Eq. 1, the resulting force
balance for a one-dimensional reactive droplet reads

Sa − Sr ≈ kRU, [2]

where Sa and Sr are the spreading parameters at the advancing
(at the front) and receding (at the back) contact lines, respec-
tively, and R is the film radius (SI Appendix, section C). After
film dewetting, cells are not observed to repopulate areas over
which the aggregate has moved, suggesting that the spreading
parameter at the trailing edge vanishes, Sr ∼ 0 (Movie S2). The
measured traction stresses are of the order of T = 100 Pa (Fig. 4)
and allow one to estimate the spreading parameter at the leading
edge as Sa = T l, where l is the characteristic length scale over
which the traction stress is observed (SI Appendix, Eq. S5), on
order of the cell length l ∼ 10 μm.We find Sa ∼ 10−3 N·m−1. Taking
realistic values for cell aggregates, R = 100 μm and U = 10−8 m·s−1
leads to k ∼ 109 N·m−3·s. This value of k is comparable to the
friction coefficient k ∼ 108 N·m−3·s (41) measured by pushing an
aggregate in a nonadhesive pipette and to k ∼ 1010 N·m−3·s (42,
43), calculated from propulsive traction stresses in locomoting ker-
atocytes. We postulate that it is possible to mimic a keratocyte with
a droplet of oil containing a surfactant deposited on a silicon wafer
or clean glass. To test our hypothesis, we have performed this
experiment. In complete wetting, a reactive droplet adopts a crois-
sant shape similar to that of a keratocyte, also seen for keratocyte
fragments (44), less extended in the direction of motion than in the
perpendicular direction as shown in Fig. 5 and Movie S7.
Active fluids or droplets can also move due to a dissymmetry

in cell polarity (39). Cells can orient their planar polarity in re-
sponse to forces (45). As proposed for the dynamics of spreading
epithelial monolayers (46), we describe cells as interacting polar
particles with the capacity to exert actively generated traction
stresses on the substrate T = kv − T0 p (SI Appendix, section D).
These stresses are a linear combination of viscous (∼k v) and
active (∼T0 p) stresses. v and p correspond to the cell velocity and
the cell polarity fields, respectively. T0 sets the amplitude of the
active traction stresses. In the limit where p remains finite in a

narrow region near the contact line of the monolayer and van-
ishes elsewhere, the force balance at the level of the monolayer
reduces to an equation similar to Eq. 2.

Sa − Sr ≈ kRU, [3]

where Sa = T0 lc pa and Sr = T0 lc pr with lc being the width of the
polarity boundary layer and R being the monolayer radius (SI
Appendix, section D). Sa (Sr) and pa (pr) are an effective spread-
ing parameter and the cell polarization at the advancing (reced-
ing) front, respectively. Before dewetting, monolayers spread
symmetrically, meaning that pa = pr, and in consequence no
collective migration occurs, U = 0. After dewetting, nucleation
of cell-free domains breaks symmetry, leading to the spontane-
ous migration of the aggregate. At steady state, the migration of
active droplets demands the presence of both a symmetry-
breaking distribution of cell polarities (pr ≠ pa) and active trac-
tion forces (T0 ≠ 0). The absence of traction stress at the trailing
edge in SI Appendix, Fig. S8, suggests that the cell polarity pr =
0 and thus Sr = 0, whereas the traction stresses at the leading
edge in SI Appendix, Fig. S8 allows one to estimate T0 = 100 Pa.
For the same parameters as above, R ∼ 100 μm and U ∼ 10−8 m·s−1
and lc = 10 μm (46), we obtain the friction coefficient k ∼ 109 N·m−3· s
which is compatible with that of reactive droplets.
In conclusion, the spontaneous motion of aggregates can be a

combination of both mechanisms, chemical modification of the
substrate, or symmetry breaking of cell polarization, which seem
to be of the same order of magnitude.

Conclusions and Discussion
To summarize, cellular aggregates deposited on a rigid adhesive
substrate spread with the formation of an isotropic precursor
film and do not move. By contrast, cellular aggregates deposited
on deformable substrates exhibit either isotropic spreading and
remain immobile, or anisotropic spreading, leading to diverse
motility mechanisms depending upon the stiffness of the gel.
Symmetry is broken due to instabilities in the cell monolayer,
which causes the aggregate to move as a single entity. When E =
16.7 kPa the aggregate moves like a giant keratocyte with the
expansion of a lamellipodia in the front and a retraction in the
back. For E = 10.6 kPa, the aggregate moves like a penguin with
a cell patch on each side. The motion in these two cases can be
described as a bipedal motion with a stationary film transported
with the aggregates. On softer gels, precursor films are very
unstable and less cohesive. The running aggregates become
spherical. We have shown that before the symmetry breaking of
the precursor film, the forces are applied radially at the edge of
the film, similarly to colonies and monolayers of cells expressing
E-cadherin (26, 47). On the other hand, when they become
motile, the pulling forces are applied in the direction of the
movement. The velocity of motion is determined by a balance
between driving forces and friction forces of the crawling ag-
gregates. The persistence of the polarity of the motion is po-
tentially due to the difference in adhesion energy between the
front and the back where cells, after their passage, have modified
the substrate. This interpretation is supported by the fact that we
never see any spreading of cells in the dewetted region.
To conclude, the motion of cellular aggregates on soft sub-

strates has strong analogies with the migration of single cells, and
particularly with keratocytes. As keratocytes, aggregates do not
move on strong adhesive substrates (high modulus), they have a
bipedal motion at intermediate rigidity with a fan-like shape, and
a round shape on low (soft) adhesive substrate. The giant kera-
tocytes described here, which carry tens of thousands of cells,
move 100× slower than single-cell keratocytes. Their motion is
characterized by stick and slip with a period on the order of
60 min compared with 2 min for keratocytes (22). It is striking that
the collective migration of bound cells pulled by motile cells at

Fig. 5. Image of a 5-μL moving reactive droplet in complete wetting. It is
composed of a 0.05 M solution of 1H,1H,2H,2H,perfluorodecyltrichlorosilane
in octane. The substrate is a glass slide cleaned by corona treatment. The
droplet is moving from left to right with a velocity of 10.5 cm·s−1, leaving a
wake of dry substrate behind (see also Movie S7).

12930 | www.pnas.org/cgi/doi/10.1073/pnas.1811348115 Beaune et al.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

IN
IS

T-
C

N
R

S 
C

S1
03

10
 IN

EE
 &

 IN
SB

 o
n 

O
ct

ob
er

 3
, 2

02
2 

fr
om

 IP
 a

dd
re

ss
 1

93
.5

4.
11

0.
55

.

Difference between advancing and receding fronts.

From cell to cell cluster motility: 2D

• Cell cluster motility: 
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at the bottom planes of clusters showed similar results (fig. S6, C and D). 
Because it is still experimentally challenging to measure forces asso-
ciated with the retrograde/propulsive events, we used the amplitude 
of myosin flow or nuclei speed fluctuations at the contact with the 
channels walls as a proxy. To quantify them, their velocities in the 
cluster reference frame were centered around zero, i.e., their algebraic 
temporal mean was subtracted. We found that fluctuations of myo-
sin flows at the cortex closely correlated with fluctuations of nuclei 
displacements observed in lateral cells (first layer in contact with 
the substrate) but also throughout the cluster, with more movement 
in fast moving clusters (Fig. 6, B and C, and fig. S6B). The amplitude 
of these fluctuations, or jiggling, was positively correlated with cluster 

migration speed: The more myosin/nuclei speeds fluctuate, the faster 
the cluster (Fig. 6, B and D, and fig. S6, E and F, on movies with either 
short or long time intervals). The amplitude of fluctuations was only 
correlated to movement in clusters migrating more than 2 mm/hour, 
indicating that jiggling is not by itself sufficient to drive migration 
(Fig. 6D and fig. S6, E and F). Polarization of the actomyosin cortex 
not only correlated with migration speed (as shown in Fig. 3, A to C, 
and fig. S6G) but also strongly correlated with persistence (Fig. 6E 
and fig. S6G). Together, these results suggest that polarization could 
harness jiggling to power persistent, directed migration. We then 
used theoretical physical modeling to determine whether these two 
minimal components are sufficient to power cluster migration.

Fig. 5. Focal adhesion–independent collective migration occurs without persistent retrograde flows. (A) Schematic representation of cell treadmilling (left) and 
translation of the whole cluster (right). (B) Representative tracks of nuclei in the cluster reference frame. Median section of a histone 2B (H2B)-RFP–expressing HT29-MTX 
cluster, migrating to the right in a PEG-coated microchannel over 11 hours. The image is the first time point. (C) Representative example of nuclei tracks in the lab refer-
ence frame. Median section of an H2B-RFP–expressing HT29-MTX cluster, migrating in a PEG-coated microchannel over 10 hours. Scale bar, 50 mm. (D) Superimposition 
of the maps of individual nuclei displacements for n = 22 clusters (from seven independent experiments). Nuclei are tracked in median sections of H2B-RFP–expressing 
HT29-MTX clusters migrating in PEG-coated microchannels (25 min to 11 hours). Blue boxes, lateral nuclei defined for further nuclei speeds analysis (15 mm thickness at 
the contact with the channel walls). (E) Frequency distribution of the x component of the mean velocity of every lateral nucleus. Same clusters as in (D). (F) Median section 
showing instantaneous myosin flow velocity vectors superimposed on the raw image and detected by particle image velocimetry (PIV) of a representative HT29-MTX 
cluster–expressing mTurquoise-MLC and migrating in a PEG-coated channel. Time point, T = 58 min. Blue boxes, contact zone defined for further myosin flows analysis 
(2 mm thickness at the contact with the channel walls). (G) PIV map of myosin flow velocity vectors of median sections of clusters, averaged over time (25 min to 7.4 hours) 
and clusters (n = 10 migrating clusters from four independent experiments). (H) Frequency of velocities (x component) of myosin flow velocity vectors at the contact 
obtained from PIV maps of median sections. Same clusters as in (G).
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 1 cell — L=30µm, U= 0.7µm.s-1

Retrograde flows 
(of myosin or cells) Translation

Supplementary Figure 4 

Figure S4. HT29-MTX use persistent myosin retrograde flows to migrate as single cells in confined 
non-adhesive environments. (A) Proportion of phenotypes displayed by single HT29-MTX cells under 

3 and 5µm confinement in PEG-coated microchannels. n=51 to 91 cells from 2 independent 

experiments. (B, C) Time-lapse sequence (B) and PIV heatmap in the lab reference frame of mean (over 

6 min 18 s) myosin flows at the bottom plane (C), color-coded in amplitude, and velocity vectors of an 

mTurquoise-MLC-expressing HT29-MTX single cell in a 3µm-high PEG-coated microchannel. In (B) 

a red circle follows a dot of myosin in the lab reference frame. (D) Maximum migration speed of single 

cells (n=12 cells from 3 independent experiments) and myosin flows in the lab reference frame (n=23 

myosin particles from 4 cells from 2 independent experiments) during migration in 3 µm-confining 

PEG-coated channels during 7 min to 37 min. Scale bars, 10 µm. 
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Fig S4. Rac1/RhoA regulated by SDF1 inhibits contractions at the front. (A to D) Rac1 and
RhoA FRET probes were expressed in mosaic in Xenopus neural crest explants. Top panels (A
and C) show the FRET efficiency for the indicated treatments, bottom panels (A and C) show the
cells within the cluster in different colors and black represents the cell free space at the edge of
the cluster. In each panel front is at the bottom. Rac1 FRET efficiency in cells at the front or rear
of neural crest explants exposed to no SDF1 or to an SDF1 gradient (A), and the quantification
of FRET efficiency (means ± SEM) (B). n = 10 cells from different clusters. ***P����������WZR�
tailed Student’s t-test); ns, not significant. Scale: 20 Pm. Note that SDF1 leads to Rac1 activation
only in front cells. RhoA FRET efficiency in cells at the front of neural crest explants exposed to
no SDF1 or to an SDF1 gradient, with our without the Rac1 inhibitor, NSC23766 (C), and the
quantification of FRET efficiency (means ± SEM) (D). n = 10 cells from different clusters. ***P
���������WZR�WDLOHG�6WXGHQW¶V� t-test); ns, not significant. Scale: 20 Pm. Note that SDF1 inhibits
RhoA activity at the front of the cluster in a Rac1-dependent manner. (E and F) Immunostaining
of the front of explants exposed to no SDF1 or to an SDF1 gradient (E) and quantification of
phospho-myosin light chain (pMLC) levels (means ± SEM) (F). Scale bar, 20 Pm. Arrow
indicates loss of pMLC. n = 30 cells. **P���������WZR�WDLOHG�6WXGHQW¶V�t-test). (G) Quantification
of phospho-myosin light chain (pMLC) (means ± SEM) after immunostaining explants
illuminated or not illuminated while expressing optoGEF-contract. n = 10 cells from different
clusters. ***P� �� ������ �WZR�WDLOHG� 6WXGHQW¶V� t-test). Note that activation of RhoA (optoGEF-
contract) leads to an increase in MLC phosphorylation. (H) Frequency of contractions (means ±
SEM) of peripheral cells when exposed to the myosin ATPase inhibitor, blebbistatin, showing
that contractions are myosin-dependent. n = 10 cells from different clusters. ***P����������WZR�
tailed Student’s t-test). (I) Diagram showing the proposed mechanism by which SDF1 inhibits
front contractility during collective chemotaxis. At the front (bottom panel) SDF1 activates the
CXCR4 receptor (7), which in turn activates Rac1 leading to RhoA inhibition. At the rear (top
panel) the spontaneous activity of RhoA leads to MLC phosphorylation and actomyosin
contraction.

11

Fig. S3. Actomyosin contractility during collective chemotaxis of Xenopus neural crest. (A
and B) Actomyosin contraction frequency (means ± SEM) of cells exposed to a gradient of the
neural crest chemoattractants SDF1 (A), or platelet-derived growth factor A, PDGF-A (B). n =
15 cells (A) or 7 cells (B) from different clusters. ***P����������WZR�WDLOHG�6WXGHQW¶V�t-test); ns,
not significant (A). **P���������WZR�VLGHG�0DQQ�:KLWQH\�U-test); ns, not significant (B). Note
that SDF1 and PDGF-A inhibit contractions at the front of the explant.
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contract) leads to an increase in MLC phosphorylation. (H) Frequency of contractions (means ±
SEM) of peripheral cells when exposed to the myosin ATPase inhibitor, blebbistatin, showing
that contractions are myosin-dependent. n = 10 cells from different clusters. ***P����������WZR�
tailed Student’s t-test). (I) Diagram showing the proposed mechanism by which SDF1 inhibits
front contractility during collective chemotaxis. At the front (bottom panel) SDF1 activates the
CXCR4 receptor (7), which in turn activates Rac1 leading to RhoA inhibition. At the rear (top
panel) the spontaneous activity of RhoA leads to MLC phosphorylation and actomyosin
contraction.
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• Clusters of neural crest cells exhibit global front-back 
polarity:

—Myosin is enriched at the rear of the cluster

—Cell contractions at the rear are induced by a 
gradient of SDF1

—Actomyosin cell contractions coincide with steps of 
forward movement of the rear

NEURODEVELOPMENT

Supracellular contraction at the rear
of neural crest cell groups drives
collective chemotaxis
Adam Shellard1, András Szabó1, Xavier Trepat2,3,4, Roberto Mayor1*

Collective cell chemotaxis, the directed migration of cell groups along gradients of soluble
chemical cues, underlies various developmental and pathological processes. We use neural
crest cells, a migratory embryonic stem cell population whose behavior has been likened to
malignant invasion, to study collective chemotaxis in vivo. Studying Xenopus and zebrafish, we
have shown that the neural crest exhibits a tensile actomyosin ring at the edge of the
migratory cell group that contracts in a supracellular fashion. This contractility is polarized
during collective cell chemotaxis: It is inhibited at the front but persists at the rear of the cell
cluster. The differential contractility drives directed collective cell migration ex vivo and
in vivo through the intercalation of rear cells. Thus, in neural crest cells, collective
chemotaxis works by rear-wheel drive.

D
irected migration orchestrates events in
development, homeostasis, and disease
(1–4). Most long-range directed migration
in vivo occurs by chemotaxis (2, 4–9), in
which cells follow gradients of soluble

chemical cues. This has been best understood in
individually migrating cells, for which several
mechanisms have been proposed (10–13), but
collective migration has been less well studied.
In collective migration, leader cells have dy-

namic actin-based protrusions (Fig. 1A, darker
red) (1, 6), form contacts with follower cells
and with the extracellular matrix, and are re-
sponsive to chemotactic signals (3, 14, 15). We
asked whether cells at the group’s rear (Fig. 1A,

dotted rectangle) contribute to collective cell
chemotaxis. To investigate the mechanism of
collective chemotaxis ex vivo and in vivo, we
studied Xenopus and zebrafish cranial neural
crest cells, an embryonic cell population that
undergoes collective cell migration (6, 16) in a
manner similar to cancer cells (17), unlike neural
crest cells of other species or those in the trunk,
where less is known about the collectiveness
(18). Although contact inhibition of locomotion
and cluster confinement (19, 20) are needed for
cephalic neural crest directional movement in
Xenopus and zebrafish, they are not sufficient,
as collective chemotaxis toward SDF1 is essen-
tial for long-range directed movement (6).

Imaging of fluorescently tagged actin and my-
osin in neural crest explants revealed the pres-
ence of a multicellular actomyosin ring localized
at the periphery of the cell group, in both the ab-
sence and presence of an SDF1 gradient (Fig. 1B
and fig. S1, A and B). Enrichment of N-cadherin
near the actomyosin cable at the cell junction
(Fig. 1, C to F, and fig. S1, C to E) suggests that
this cable is supracellular. Premigratory neural
crest and neural crest overexpressing E-cadherin,
but not N-cadherin, have internalized myosin
localization, rather than myosin at the cluster
periphery (fig. S1, F to J), suggesting that the
switch of cadherin expressionduring the epithelial-
to-mesenchymal transition may be required for
the formation of the actomyosin cable.
To determine whether the actomyosin cable is

contractile, we performed laser photoablation of
the structure, resulting in recoil of both the acto-
myosin cable and cell-cell junctions (fig. S2, A
and B), followed by the cable’s reformation (fig. S2,
C and D). To assess contractility, we measured
actomyosin length, andwe found frequent short-
ening (Fig. 1, G and H) independent of SDF1.
These contractions were multicellular, as adja-
cent cells contracted synchronously (Fig. 1I and
fig. S2E). A second ablation in a nearby cell after
an initial ablation resulted in reduced actomyo-
sin recoil (fig. S2, F and G), indicating that the
tension of the cable is transmitted between cells.
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Fig. 1. Xenopus neural crest clusters
exhibit a contractile actomyosin ring.
(A) A neural crest cluster with protrusions
(red) at the edge undergoes chemotaxis to
SDF1. SDF1 stabilizes the protrusions at
the front (darker red) (7). Dotted rectan-
gle, rear cells. (B) Immunofluorescence of
a neural crest explant in the absence of
SDF1. MLC, myosin light chain. Scale bar,
50 mm. (C to E) Immunofluorescence of a
cell at the edge of a neural crest explant
(C and E) and a corresponding diagram
(D). N-Cad, N-cadherin; Memb, mem-
brane. Scale bar, 10 mm. (F) Protein
fluorescence levels (means ± SEM) along
the actin cable. Position 0 mm represents
the cell contact. a.u., arbitrary units.
n = 8 cells. (G) Spontaneous contraction
of the actomyosin cable. Green arrowheads,
cell-cell contacts. Scale bar, 10 mm.
(H) Actomyosin length (means ± SEM)
measured over time. Contractions start at
0 s. n = 20 cells. (I) Multicellular contraction
of the actomyosin cable. Scale bar, 10 mm.
(J) Distribution of actomyosin contractility at different angles without (−SDF1) or with (+SDF1) an SDF1 gradient. n = 150 contractions. (K) Relative actomyosin length
at the front (brown line) and rear (green line) of a cluster and the positions of the front (red line) and rear (blue line) of the cluster. r.u., relative units.
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Supracellular contraction at the rear
of neural crest cell groups drives
collective chemotaxis
Adam Shellard1, András Szabó1, Xavier Trepat2,3,4, Roberto Mayor1*

Collective cell chemotaxis, the directed migration of cell groups along gradients of soluble
chemical cues, underlies various developmental and pathological processes. We use neural
crest cells, a migratory embryonic stem cell population whose behavior has been likened to
malignant invasion, to study collective chemotaxis in vivo. Studying Xenopus and zebrafish, we
have shown that the neural crest exhibits a tensile actomyosin ring at the edge of the
migratory cell group that contracts in a supracellular fashion. This contractility is polarized
during collective cell chemotaxis: It is inhibited at the front but persists at the rear of the cell
cluster. The differential contractility drives directed collective cell migration ex vivo and
in vivo through the intercalation of rear cells. Thus, in neural crest cells, collective
chemotaxis works by rear-wheel drive.
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chemical cues. This has been best understood in
individually migrating cells, for which several
mechanisms have been proposed (10–13), but
collective migration has been less well studied.
In collective migration, leader cells have dy-

namic actin-based protrusions (Fig. 1A, darker
red) (1, 6), form contacts with follower cells
and with the extracellular matrix, and are re-
sponsive to chemotactic signals (3, 14, 15). We
asked whether cells at the group’s rear (Fig. 1A,

dotted rectangle) contribute to collective cell
chemotaxis. To investigate the mechanism of
collective chemotaxis ex vivo and in vivo, we
studied Xenopus and zebrafish cranial neural
crest cells, an embryonic cell population that
undergoes collective cell migration (6, 16) in a
manner similar to cancer cells (17), unlike neural
crest cells of other species or those in the trunk,
where less is known about the collectiveness
(18). Although contact inhibition of locomotion
and cluster confinement (19, 20) are needed for
cephalic neural crest directional movement in
Xenopus and zebrafish, they are not sufficient,
as collective chemotaxis toward SDF1 is essen-
tial for long-range directed movement (6).

Imaging of fluorescently tagged actin and my-
osin in neural crest explants revealed the pres-
ence of a multicellular actomyosin ring localized
at the periphery of the cell group, in both the ab-
sence and presence of an SDF1 gradient (Fig. 1B
and fig. S1, A and B). Enrichment of N-cadherin
near the actomyosin cable at the cell junction
(Fig. 1, C to F, and fig. S1, C to E) suggests that
this cable is supracellular. Premigratory neural
crest and neural crest overexpressing E-cadherin,
but not N-cadherin, have internalized myosin
localization, rather than myosin at the cluster
periphery (fig. S1, F to J), suggesting that the
switch of cadherin expressionduring the epithelial-
to-mesenchymal transition may be required for
the formation of the actomyosin cable.
To determine whether the actomyosin cable is

contractile, we performed laser photoablation of
the structure, resulting in recoil of both the acto-
myosin cable and cell-cell junctions (fig. S2, A
and B), followed by the cable’s reformation (fig. S2,
C and D). To assess contractility, we measured
actomyosin length, andwe found frequent short-
ening (Fig. 1, G and H) independent of SDF1.
These contractions were multicellular, as adja-
cent cells contracted synchronously (Fig. 1I and
fig. S2E). A second ablation in a nearby cell after
an initial ablation resulted in reduced actomyo-
sin recoil (fig. S2, F and G), indicating that the
tension of the cable is transmitted between cells.
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Fig. 1. Xenopus neural crest clusters
exhibit a contractile actomyosin ring.
(A) A neural crest cluster with protrusions
(red) at the edge undergoes chemotaxis to
SDF1. SDF1 stabilizes the protrusions at
the front (darker red) (7). Dotted rectan-
gle, rear cells. (B) Immunofluorescence of
a neural crest explant in the absence of
SDF1. MLC, myosin light chain. Scale bar,
50 mm. (C to E) Immunofluorescence of a
cell at the edge of a neural crest explant
(C and E) and a corresponding diagram
(D). N-Cad, N-cadherin; Memb, mem-
brane. Scale bar, 10 mm. (F) Protein
fluorescence levels (means ± SEM) along
the actin cable. Position 0 mm represents
the cell contact. a.u., arbitrary units.
n = 8 cells. (G) Spontaneous contraction
of the actomyosin cable. Green arrowheads,
cell-cell contacts. Scale bar, 10 mm.
(H) Actomyosin length (means ± SEM)
measured over time. Contractions start at
0 s. n = 20 cells. (I) Multicellular contraction
of the actomyosin cable. Scale bar, 10 mm.
(J) Distribution of actomyosin contractility at different angles without (−SDF1) or with (+SDF1) an SDF1 gradient. n = 150 contractions. (K) Relative actomyosin length
at the front (brown line) and rear (green line) of a cluster and the positions of the front (red line) and rear (blue line) of the cluster. r.u., relative units.
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Fig. S19. Immunostaining phospho-myosin in zebrafish. (A) A diagram of the zebrafish
embryo. Red: neural crest. Boxes indicate the regions imaged in B to E. Rear (dorsal) is top of
the pictures. (B to F) The rear and front of the neural crest cluster. Embryos from the zebrafish
lines Tg(Sox10:nuclearRFP-membraneGFP) (B and C) and Tg(Sox10:GFP) (D and E) were
immunostained against Phalloidin and phospho-myosin light chain (pMLC). Note the similarity
of the staining in the two different transgenic systems and using two different phospho-myosin
antibodies, and the presence of pMLC in the rear but not front of the cluster, which is quantified
in F (means ± SEM). n = 10 cells from different clusters. ***P����������WZR�WDLOHG�6WXGHQW¶V�t-
test). Scale bar, 10 Pm.
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In epithelial cells, the presence of an actomyosin
cable seems to inhibit protrusion formation (21),
but this inhibition does not occur in mesenchy-
mal neural crest cells (fig. S2, H and I).
Although exposure to SDF1 gradients did not

affect the magnitude of actomyosin contrac-
tions (Fig. 1H), contractions occurred less fre-
quently in front cells during collective chemotaxis
without affecting cells at the rear (Fig. 1J and
fig. S3A). A similar inhibition of front contrac-
tions was observed with the chemoattractant
PDGF-A (22) (fig. S3B). Mechanistically, this con-
tractility gradient is likely set up by SDF1 ac-
tivation of Rac1 in front cells, which inhibits
RhoA and myosin phosphorylation (fig. S4). Uni-
form SDF1, unlike the SDF1 gradient, did not
inhibit contractility (fig. S5A), suggesting that
the cluster responds to the chemotactic gradi-
ent instead of to absolute SDF1 levels. This was
further supported by the observation that rear
contractility (fig. S5B) and cluster speed (fig.
S5C) were unchanged when clusters were closer
to the chemoattractant source, where higher
SDF1 levels should be present.
To explore the connection between the asym-

metric actomyosin contraction and collective

chemotaxis, we simultaneously measured the
positions of front and rear cells of explants
during migration, as well as the length of the
actomyosin cable at the front and rear. Pulsa-
tile contraction of the cable at the rear (Fig. 1K,
green lines, and fig. S6A) coincided with the
forward movement of the rear (Fig. 1K, blue
lines, and fig. S6A). Both events immediately
preceded the movement of the front of the clus-
ter (Fig. 1K, red lines, and fig. S6A). A similar
local contraction precedes a short forwardmove-
ment in the absence of SDF1 (fig. S6, B and C),
but with no long-range directed movement. To-
gether, these results suggest that supracellular
actomyosin contractility at the rear may drive
collective cell chemotaxis.
We tested the role of rear contractility of the

actomyosin ring in collective chemotaxis by per-
forming laser ablation. Chemotaxis was impaired
by ablation of the actomyosin ring in rear cells
but not by equivalent ablations in front cells
or by other control ablations (Fig. 2, A to C, and
fig. S7), suggesting the necessity of a rear su-
pracellular actomyosin cable for chemotaxis.
To test the requirement of rear contractility, we
used an optogenetic system (23, 24) to either

increase (via the protein construct optoGEF-
contract) or decrease (via the construct optoGEF-
relax) contractility and myosin phosphorylation
in the actomyosin cable upon illumination with
low doses of blue light (fig. S8). No effect was
observed on cell protrusions (fig. S9), focal ad-
hesions (fig. S10), cell dispersion (fig. S11), or
the phosphorylation of myosin located basal-
ly outside the cable (fig. S8K) upon illumina-
tion under the conditions of our assay. We first
tested whether high contractility at the rear
is necessary for collective chemotaxis by pho-
toactivating optoGEF-relax at the rear of mi-
grating clusters exposed to SDF1 (Fig. 2D).
Inhibition of contractility in rear cells (Fig. 2D)
impaired chemotaxis (Fig. 2, E and F). By con-
trast, inhibition of contractility in front cells
failed to affect collective chemotaxis (fig. S12).
To determine whether rear contractility is suf-
ficient to drive collective cell migration, we
activated contractility in rear cells in the ab-
sence of SDF1 (Fig. 2G). Whereas control neural
crest cells did not exhibit directional migra-
tion, activated neural crest cells moved for-
ward, away from the region of photoactivation
(Fig. 2, H and I).

Shellard et al., Science 362, 339–343 (2018) 19 October 2018 2 of 5

Fig. 2. Rear contractility is necessary and sufficient for collective
chemotaxis of Xenopus neural crest. (A) (Top) Examples of two
neighboring cells with ablations (red arrowheads). Scale bar, 10 mm.
(Bottom) Images of explants exposed to SDF1 gradients during
ablations between the indicated times. Scale bar, 50 mm. (B) Position of
the front of explants during chemotaxis (means ± SEM). The dashed
line indicates when ablations begin. n = 6 to 8 clusters. (C) Chemotaxis
index (means ± SEM) of clusters. n = 6 to 8 clusters. ***P ≤ 0.001
(two-tailed Student’s t test); ns, not significant. For (A) to (C): red, front
actomyosin cable ablation; blue, rear actomyosin cable ablation. (D to
O) Experimental setup for treated explants [(D), (G), (J), and (M)],
representative cluster tracks [(E), (H), (K), and (N)], and the distance
migrated (means ± SEM) over times as indicated in methods [(F),
(I), (L), and (O)]. n = 10 to 23 clusters (F), n = 10 or 11 clusters (I), n =
14 to 18 clusters (L), and n = 11 or 12 clusters (O). ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars, 40 mm [(E) and (K)]; 20 mm
[(H) and (N)]. Green box, initial illumination area; cross, initial
cluster position. The top of all pictures is the rear.
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In epithelial cells, the presence of an actomyosin
cable seems to inhibit protrusion formation (21),
but this inhibition does not occur in mesenchy-
mal neural crest cells (fig. S2, H and I).
Although exposure to SDF1 gradients did not

affect the magnitude of actomyosin contrac-
tions (Fig. 1H), contractions occurred less fre-
quently in front cells during collective chemotaxis
without affecting cells at the rear (Fig. 1J and
fig. S3A). A similar inhibition of front contrac-
tions was observed with the chemoattractant
PDGF-A (22) (fig. S3B). Mechanistically, this con-
tractility gradient is likely set up by SDF1 ac-
tivation of Rac1 in front cells, which inhibits
RhoA and myosin phosphorylation (fig. S4). Uni-
form SDF1, unlike the SDF1 gradient, did not
inhibit contractility (fig. S5A), suggesting that
the cluster responds to the chemotactic gradi-
ent instead of to absolute SDF1 levels. This was
further supported by the observation that rear
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S5C) were unchanged when clusters were closer
to the chemoattractant source, where higher
SDF1 levels should be present.
To explore the connection between the asym-

metric actomyosin contraction and collective

chemotaxis, we simultaneously measured the
positions of front and rear cells of explants
during migration, as well as the length of the
actomyosin cable at the front and rear. Pulsa-
tile contraction of the cable at the rear (Fig. 1K,
green lines, and fig. S6A) coincided with the
forward movement of the rear (Fig. 1K, blue
lines, and fig. S6A). Both events immediately
preceded the movement of the front of the clus-
ter (Fig. 1K, red lines, and fig. S6A). A similar
local contraction precedes a short forwardmove-
ment in the absence of SDF1 (fig. S6, B and C),
but with no long-range directed movement. To-
gether, these results suggest that supracellular
actomyosin contractility at the rear may drive
collective cell chemotaxis.
We tested the role of rear contractility of the

actomyosin ring in collective chemotaxis by per-
forming laser ablation. Chemotaxis was impaired
by ablation of the actomyosin ring in rear cells
but not by equivalent ablations in front cells
or by other control ablations (Fig. 2, A to C, and
fig. S7), suggesting the necessity of a rear su-
pracellular actomyosin cable for chemotaxis.
To test the requirement of rear contractility, we
used an optogenetic system (23, 24) to either

increase (via the protein construct optoGEF-
contract) or decrease (via the construct optoGEF-
relax) contractility and myosin phosphorylation
in the actomyosin cable upon illumination with
low doses of blue light (fig. S8). No effect was
observed on cell protrusions (fig. S9), focal ad-
hesions (fig. S10), cell dispersion (fig. S11), or
the phosphorylation of myosin located basal-
ly outside the cable (fig. S8K) upon illumina-
tion under the conditions of our assay. We first
tested whether high contractility at the rear
is necessary for collective chemotaxis by pho-
toactivating optoGEF-relax at the rear of mi-
grating clusters exposed to SDF1 (Fig. 2D).
Inhibition of contractility in rear cells (Fig. 2D)
impaired chemotaxis (Fig. 2, E and F). By con-
trast, inhibition of contractility in front cells
failed to affect collective chemotaxis (fig. S12).
To determine whether rear contractility is suf-
ficient to drive collective cell migration, we
activated contractility in rear cells in the ab-
sence of SDF1 (Fig. 2G). Whereas control neural
crest cells did not exhibit directional migra-
tion, activated neural crest cells moved for-
ward, away from the region of photoactivation
(Fig. 2, H and I).
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Fig. 2. Rear contractility is necessary and sufficient for collective
chemotaxis of Xenopus neural crest. (A) (Top) Examples of two
neighboring cells with ablations (red arrowheads). Scale bar, 10 mm.
(Bottom) Images of explants exposed to SDF1 gradients during
ablations between the indicated times. Scale bar, 50 mm. (B) Position of
the front of explants during chemotaxis (means ± SEM). The dashed
line indicates when ablations begin. n = 6 to 8 clusters. (C) Chemotaxis
index (means ± SEM) of clusters. n = 6 to 8 clusters. ***P ≤ 0.001
(two-tailed Student’s t test); ns, not significant. For (A) to (C): red, front
actomyosin cable ablation; blue, rear actomyosin cable ablation. (D to
O) Experimental setup for treated explants [(D), (G), (J), and (M)],
representative cluster tracks [(E), (H), (K), and (N)], and the distance
migrated (means ± SEM) over times as indicated in methods [(F),
(I), (L), and (O)]. n = 10 to 23 clusters (F), n = 10 or 11 clusters (I), n =
14 to 18 clusters (L), and n = 11 or 12 clusters (O). ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars, 40 mm [(E) and (K)]; 20 mm
[(H) and (N)]. Green box, initial illumination area; cross, initial
cluster position. The top of all pictures is the rear.
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• Posterior contractility induced by the 
actomyosin supracellular cortex is 
required for forward cell cluster migration

Laser nanoablations
Front Rear

Rear
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In epithelial cells, the presence of an actomyosin
cable seems to inhibit protrusion formation (21),
but this inhibition does not occur in mesenchy-
mal neural crest cells (fig. S2, H and I).
Although exposure to SDF1 gradients did not

affect the magnitude of actomyosin contrac-
tions (Fig. 1H), contractions occurred less fre-
quently in front cells during collective chemotaxis
without affecting cells at the rear (Fig. 1J and
fig. S3A). A similar inhibition of front contrac-
tions was observed with the chemoattractant
PDGF-A (22) (fig. S3B). Mechanistically, this con-
tractility gradient is likely set up by SDF1 ac-
tivation of Rac1 in front cells, which inhibits
RhoA and myosin phosphorylation (fig. S4). Uni-
form SDF1, unlike the SDF1 gradient, did not
inhibit contractility (fig. S5A), suggesting that
the cluster responds to the chemotactic gradi-
ent instead of to absolute SDF1 levels. This was
further supported by the observation that rear
contractility (fig. S5B) and cluster speed (fig.
S5C) were unchanged when clusters were closer
to the chemoattractant source, where higher
SDF1 levels should be present.
To explore the connection between the asym-

metric actomyosin contraction and collective

chemotaxis, we simultaneously measured the
positions of front and rear cells of explants
during migration, as well as the length of the
actomyosin cable at the front and rear. Pulsa-
tile contraction of the cable at the rear (Fig. 1K,
green lines, and fig. S6A) coincided with the
forward movement of the rear (Fig. 1K, blue
lines, and fig. S6A). Both events immediately
preceded the movement of the front of the clus-
ter (Fig. 1K, red lines, and fig. S6A). A similar
local contraction precedes a short forwardmove-
ment in the absence of SDF1 (fig. S6, B and C),
but with no long-range directed movement. To-
gether, these results suggest that supracellular
actomyosin contractility at the rear may drive
collective cell chemotaxis.
We tested the role of rear contractility of the

actomyosin ring in collective chemotaxis by per-
forming laser ablation. Chemotaxis was impaired
by ablation of the actomyosin ring in rear cells
but not by equivalent ablations in front cells
or by other control ablations (Fig. 2, A to C, and
fig. S7), suggesting the necessity of a rear su-
pracellular actomyosin cable for chemotaxis.
To test the requirement of rear contractility, we
used an optogenetic system (23, 24) to either

increase (via the protein construct optoGEF-
contract) or decrease (via the construct optoGEF-
relax) contractility and myosin phosphorylation
in the actomyosin cable upon illumination with
low doses of blue light (fig. S8). No effect was
observed on cell protrusions (fig. S9), focal ad-
hesions (fig. S10), cell dispersion (fig. S11), or
the phosphorylation of myosin located basal-
ly outside the cable (fig. S8K) upon illumina-
tion under the conditions of our assay. We first
tested whether high contractility at the rear
is necessary for collective chemotaxis by pho-
toactivating optoGEF-relax at the rear of mi-
grating clusters exposed to SDF1 (Fig. 2D).
Inhibition of contractility in rear cells (Fig. 2D)
impaired chemotaxis (Fig. 2, E and F). By con-
trast, inhibition of contractility in front cells
failed to affect collective chemotaxis (fig. S12).
To determine whether rear contractility is suf-
ficient to drive collective cell migration, we
activated contractility in rear cells in the ab-
sence of SDF1 (Fig. 2G). Whereas control neural
crest cells did not exhibit directional migra-
tion, activated neural crest cells moved for-
ward, away from the region of photoactivation
(Fig. 2, H and I).
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Fig. 2. Rear contractility is necessary and sufficient for collective
chemotaxis of Xenopus neural crest. (A) (Top) Examples of two
neighboring cells with ablations (red arrowheads). Scale bar, 10 mm.
(Bottom) Images of explants exposed to SDF1 gradients during
ablations between the indicated times. Scale bar, 50 mm. (B) Position of
the front of explants during chemotaxis (means ± SEM). The dashed
line indicates when ablations begin. n = 6 to 8 clusters. (C) Chemotaxis
index (means ± SEM) of clusters. n = 6 to 8 clusters. ***P ≤ 0.001
(two-tailed Student’s t test); ns, not significant. For (A) to (C): red, front
actomyosin cable ablation; blue, rear actomyosin cable ablation. (D to
O) Experimental setup for treated explants [(D), (G), (J), and (M)],
representative cluster tracks [(E), (H), (K), and (N)], and the distance
migrated (means ± SEM) over times as indicated in methods [(F),
(I), (L), and (O)]. n = 10 to 23 clusters (F), n = 10 or 11 clusters (I), n =
14 to 18 clusters (L), and n = 11 or 12 clusters (O). ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars, 40 mm [(E) and (K)]; 20 mm
[(H) and (N)]. Green box, initial illumination area; cross, initial
cluster position. The top of all pictures is the rear.
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• Polarized contractility is sufficient to 
induce cluster migration:

• Activation of contractility at the rear of 
the cell cluster rescues motility in the 
absence of an SDF1 gradient
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To test whether SDF1-dependent inhibition
of contractility in front cells is required for col-
lective chemotaxis, we activated contractility in
front cells of migrating clusters exposed to SDF1
(Fig. 2J); this repressed chemotaxis (Fig. 2, K and
L), suggesting that low front contractility is es-
sential for collective chemotaxis. Lastly, we asked
whether front inhibition of contractility by SDF1
was sufficient to generate directedmigration.We
inhibited front contractility in the absence of
SDF1 (Fig. 2M), which resulted in directional mi-
gration (Fig. 2, N and O). These optogenetic treat-
ments affected contractility (fig. S13) (23) and not
cell motility (fig. S14). Together, these results

suggest that collective migration requires greater
contractility at the rear than at the front of the
cell cluster.
To understand how rear cell contractility

might drive directed collective cell migration, we
implemented a cell-centered computational mod-
el of a cell group with contractile edge cells
(methods; Fig. 3A; and fig. S15, A to C). Cells in-
teract through a soft-core repulsion and mid-
range attraction; tomodel contractions, cells at
the edge (either around the cluster or at the
rear) periodically attract one another with ad-
ditional force (Fig. 3A, red springs). Similar to
ex vivo clusters, only simulations with rear but

not uniform contractility were able to migrate
forward (Fig. 3B, fig. S15D, and movie S1). Other
migration parameters were comparable between
in silico and ex vivo clusters (fig. S15, E and F).
Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile
regions were intercalated forward, into the cell
group (Fig. 3C). As predicted by the model, we
found an equivalent intercalation at the rear of
neural crest clusters (Fig. 3D and fig. S15G).
Furthermore, our simulations predicted that the
effect of this local cell rearrangement is spread
through the whole cell group such that when the
cluster’s rear contracts, the rear cells are interca-
lated, triggering a wave of cell movement that
propagates from the rear toward the front of the
cluster (Fig. 3, E and F). A similar wave was ob-
served ex vivo (Fig. 3, G and H), as predicted by
the model. This suggests that rear cell intercala-
tion after rear contractions pushes cells forward
progressively over time. Averaging cell move-
ment over time and subtracting cluster move-
ment reveals an intracluster flow of cells in silico,
whereby rear cell intercalation causes a drift for-
ward through the middle of the group and cells
at the front and sides move backward, replacing
rear cells (Fig. 3I). This was then confirmed to
occur ex vivo as well (Fig. 3J). We found a posi-
tive correlation between the speed of ex vivo and
in silico clusters during collective migration and
the amount of rear cell intercalation (Fig. 3, K
and L), consistent with this mechanism’s driving
cluster movement. Nonmigratory ex vivo and in
silico clusters had low intercalation, and migra-
tory clusters had comparable cluster speeds (Fig.
3L). We observed that contractions were nor-
mally accompanied by relaxation events (fig. S16A,
green and red bars); however, we showed that
ex vivo and in silico clusters were able to mi-
grate directionally, independently of the level of
rear relaxation (fig. S16, A and B, and movie S2).
Altogether, these results suggest that rear con-
tractility drives collective cell migration by in-
ducing cell intercalation, which pushes the group
forward.
Next, we analyzed whether this model of collec-

tive cell chemotaxis explains the in vivo migration
of neural crest cells. As in ex vivo clusters, an
actomyosin cable is present at the edge of the
neural crest in bothXenopus (Fig. 4, A and B, and
fig. S17, A and B) and zebrafish (fig. S18, A and B).
Live imaging of the actomyosin cable shows
that it is a contractile structure in vivo in both
Xenopus (Fig. 4C and fig. S17C) and zebrafish
(fig. S18, C and D) and contracts more often at
the rear of the neural crest stream than at the
front (fig. S17D). Rear contractility precedes for-
ward movement of the cluster in vivo (Fig. 4D),
as it does ex vivo. Less phosphomyosin was pres-
ent at the front than at the rear at the beginning
of migration (figs. S17, E to H, and S19). To iden-
tify whether individual neural crest cells flowed
through clusters, as predicted from in silico and
ex vivo results, we tracked live cells during mi-
gration. In bothXenopus and zebrafish, cells that
were initially at the rear of the group were in-
tercalated forward duringmigration (Fig. 4E and
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Fig. 3. Modeling contractility-driven collective migration. (A) Illustration of the computational
model cluster. Yellow, edge cells; green, internal cells; red, contraction; horizontal line, distinction
between front and rear, with rear outer cells contracting (red spring). (B) Directionality (means ± SEM)
of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed Student’s t test); ns, not significant. (C and
D) Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (C) and ex vivo (D)
during directional migration. Scale bars, 20 mm. (E to H) Wave of contraction. Heat maps indicate
speed during migration in silico (E) and ex vivo (G). Scale bars, 40 mm. Graphs show speed profiles
(means ± SEM) from clusters in silico (F) and ex vivo (H) at different times during directional
migration. Position 0 mm represents the rear of the cluster; positions 200 and 170 mm [(F) and (H),
respectively] represent the front of the cluster. n = 5 clusters. (I and J) Direction of intracluster
cell movements shown from time-averaged cell tracks in silico (I) and particle image velocimetry
ex vivo (J) after subtraction of cluster movement. n = 5 clusters. Scale bars, 40 mm. (K) Cluster speed
and rear cell intercalation during migration. (L) Cluster speed (means ± SEM) and rear cell
intercalation (means ± SEM) of clusters. Abl, laser ablation of the actomyosin ring in rear cells.
n = 6 to 21 clusters. The top of all pictures is the rear.
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To test whether SDF1-dependent inhibition
of contractility in front cells is required for col-
lective chemotaxis, we activated contractility in
front cells of migrating clusters exposed to SDF1
(Fig. 2J); this repressed chemotaxis (Fig. 2, K and
L), suggesting that low front contractility is es-
sential for collective chemotaxis. Lastly, we asked
whether front inhibition of contractility by SDF1
was sufficient to generate directedmigration.We
inhibited front contractility in the absence of
SDF1 (Fig. 2M), which resulted in directional mi-
gration (Fig. 2, N and O). These optogenetic treat-
ments affected contractility (fig. S13) (23) and not
cell motility (fig. S14). Together, these results

suggest that collective migration requires greater
contractility at the rear than at the front of the
cell cluster.
To understand how rear cell contractility

might drive directed collective cell migration, we
implemented a cell-centered computational mod-
el of a cell group with contractile edge cells
(methods; Fig. 3A; and fig. S15, A to C). Cells in-
teract through a soft-core repulsion and mid-
range attraction; tomodel contractions, cells at
the edge (either around the cluster or at the
rear) periodically attract one another with ad-
ditional force (Fig. 3A, red springs). Similar to
ex vivo clusters, only simulations with rear but

not uniform contractility were able to migrate
forward (Fig. 3B, fig. S15D, and movie S1). Other
migration parameters were comparable between
in silico and ex vivo clusters (fig. S15, E and F).
Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile
regions were intercalated forward, into the cell
group (Fig. 3C). As predicted by the model, we
found an equivalent intercalation at the rear of
neural crest clusters (Fig. 3D and fig. S15G).
Furthermore, our simulations predicted that the
effect of this local cell rearrangement is spread
through the whole cell group such that when the
cluster’s rear contracts, the rear cells are interca-
lated, triggering a wave of cell movement that
propagates from the rear toward the front of the
cluster (Fig. 3, E and F). A similar wave was ob-
served ex vivo (Fig. 3, G and H), as predicted by
the model. This suggests that rear cell intercala-
tion after rear contractions pushes cells forward
progressively over time. Averaging cell move-
ment over time and subtracting cluster move-
ment reveals an intracluster flow of cells in silico,
whereby rear cell intercalation causes a drift for-
ward through the middle of the group and cells
at the front and sides move backward, replacing
rear cells (Fig. 3I). This was then confirmed to
occur ex vivo as well (Fig. 3J). We found a posi-
tive correlation between the speed of ex vivo and
in silico clusters during collective migration and
the amount of rear cell intercalation (Fig. 3, K
and L), consistent with this mechanism’s driving
cluster movement. Nonmigratory ex vivo and in
silico clusters had low intercalation, and migra-
tory clusters had comparable cluster speeds (Fig.
3L). We observed that contractions were nor-
mally accompanied by relaxation events (fig. S16A,
green and red bars); however, we showed that
ex vivo and in silico clusters were able to mi-
grate directionally, independently of the level of
rear relaxation (fig. S16, A and B, and movie S2).
Altogether, these results suggest that rear con-
tractility drives collective cell migration by in-
ducing cell intercalation, which pushes the group
forward.
Next, we analyzed whether this model of collec-

tive cell chemotaxis explains the in vivo migration
of neural crest cells. As in ex vivo clusters, an
actomyosin cable is present at the edge of the
neural crest in bothXenopus (Fig. 4, A and B, and
fig. S17, A and B) and zebrafish (fig. S18, A and B).
Live imaging of the actomyosin cable shows
that it is a contractile structure in vivo in both
Xenopus (Fig. 4C and fig. S17C) and zebrafish
(fig. S18, C and D) and contracts more often at
the rear of the neural crest stream than at the
front (fig. S17D). Rear contractility precedes for-
ward movement of the cluster in vivo (Fig. 4D),
as it does ex vivo. Less phosphomyosin was pres-
ent at the front than at the rear at the beginning
of migration (figs. S17, E to H, and S19). To iden-
tify whether individual neural crest cells flowed
through clusters, as predicted from in silico and
ex vivo results, we tracked live cells during mi-
gration. In bothXenopus and zebrafish, cells that
were initially at the rear of the group were in-
tercalated forward duringmigration (Fig. 4E and
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Fig. 3. Modeling contractility-driven collective migration. (A) Illustration of the computational
model cluster. Yellow, edge cells; green, internal cells; red, contraction; horizontal line, distinction
between front and rear, with rear outer cells contracting (red spring). (B) Directionality (means ± SEM)
of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed Student’s t test); ns, not significant. (C and
D) Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (C) and ex vivo (D)
during directional migration. Scale bars, 20 mm. (E to H) Wave of contraction. Heat maps indicate
speed during migration in silico (E) and ex vivo (G). Scale bars, 40 mm. Graphs show speed profiles
(means ± SEM) from clusters in silico (F) and ex vivo (H) at different times during directional
migration. Position 0 mm represents the rear of the cluster; positions 200 and 170 mm [(F) and (H),
respectively] represent the front of the cluster. n = 5 clusters. (I and J) Direction of intracluster
cell movements shown from time-averaged cell tracks in silico (I) and particle image velocimetry
ex vivo (J) after subtraction of cluster movement. n = 5 clusters. Scale bars, 40 mm. (K) Cluster speed
and rear cell intercalation during migration. (L) Cluster speed (means ± SEM) and rear cell
intercalation (means ± SEM) of clusters. Abl, laser ablation of the actomyosin ring in rear cells.
n = 6 to 21 clusters. The top of all pictures is the rear.
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To test whether SDF1-dependent inhibition
of contractility in front cells is required for col-
lective chemotaxis, we activated contractility in
front cells of migrating clusters exposed to SDF1
(Fig. 2J); this repressed chemotaxis (Fig. 2, K and
L), suggesting that low front contractility is es-
sential for collective chemotaxis. Lastly, we asked
whether front inhibition of contractility by SDF1
was sufficient to generate directedmigration.We
inhibited front contractility in the absence of
SDF1 (Fig. 2M), which resulted in directional mi-
gration (Fig. 2, N and O). These optogenetic treat-
ments affected contractility (fig. S13) (23) and not
cell motility (fig. S14). Together, these results

suggest that collective migration requires greater
contractility at the rear than at the front of the
cell cluster.
To understand how rear cell contractility

might drive directed collective cell migration, we
implemented a cell-centered computational mod-
el of a cell group with contractile edge cells
(methods; Fig. 3A; and fig. S15, A to C). Cells in-
teract through a soft-core repulsion and mid-
range attraction; tomodel contractions, cells at
the edge (either around the cluster or at the
rear) periodically attract one another with ad-
ditional force (Fig. 3A, red springs). Similar to
ex vivo clusters, only simulations with rear but

not uniform contractility were able to migrate
forward (Fig. 3B, fig. S15D, and movie S1). Other
migration parameters were comparable between
in silico and ex vivo clusters (fig. S15, E and F).
Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile
regions were intercalated forward, into the cell
group (Fig. 3C). As predicted by the model, we
found an equivalent intercalation at the rear of
neural crest clusters (Fig. 3D and fig. S15G).
Furthermore, our simulations predicted that the
effect of this local cell rearrangement is spread
through the whole cell group such that when the
cluster’s rear contracts, the rear cells are interca-
lated, triggering a wave of cell movement that
propagates from the rear toward the front of the
cluster (Fig. 3, E and F). A similar wave was ob-
served ex vivo (Fig. 3, G and H), as predicted by
the model. This suggests that rear cell intercala-
tion after rear contractions pushes cells forward
progressively over time. Averaging cell move-
ment over time and subtracting cluster move-
ment reveals an intracluster flow of cells in silico,
whereby rear cell intercalation causes a drift for-
ward through the middle of the group and cells
at the front and sides move backward, replacing
rear cells (Fig. 3I). This was then confirmed to
occur ex vivo as well (Fig. 3J). We found a posi-
tive correlation between the speed of ex vivo and
in silico clusters during collective migration and
the amount of rear cell intercalation (Fig. 3, K
and L), consistent with this mechanism’s driving
cluster movement. Nonmigratory ex vivo and in
silico clusters had low intercalation, and migra-
tory clusters had comparable cluster speeds (Fig.
3L). We observed that contractions were nor-
mally accompanied by relaxation events (fig. S16A,
green and red bars); however, we showed that
ex vivo and in silico clusters were able to mi-
grate directionally, independently of the level of
rear relaxation (fig. S16, A and B, and movie S2).
Altogether, these results suggest that rear con-
tractility drives collective cell migration by in-
ducing cell intercalation, which pushes the group
forward.
Next, we analyzed whether this model of collec-

tive cell chemotaxis explains the in vivo migration
of neural crest cells. As in ex vivo clusters, an
actomyosin cable is present at the edge of the
neural crest in bothXenopus (Fig. 4, A and B, and
fig. S17, A and B) and zebrafish (fig. S18, A and B).
Live imaging of the actomyosin cable shows
that it is a contractile structure in vivo in both
Xenopus (Fig. 4C and fig. S17C) and zebrafish
(fig. S18, C and D) and contracts more often at
the rear of the neural crest stream than at the
front (fig. S17D). Rear contractility precedes for-
ward movement of the cluster in vivo (Fig. 4D),
as it does ex vivo. Less phosphomyosin was pres-
ent at the front than at the rear at the beginning
of migration (figs. S17, E to H, and S19). To iden-
tify whether individual neural crest cells flowed
through clusters, as predicted from in silico and
ex vivo results, we tracked live cells during mi-
gration. In bothXenopus and zebrafish, cells that
were initially at the rear of the group were in-
tercalated forward duringmigration (Fig. 4E and
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Fig. 3. Modeling contractility-driven collective migration. (A) Illustration of the computational
model cluster. Yellow, edge cells; green, internal cells; red, contraction; horizontal line, distinction
between front and rear, with rear outer cells contracting (red spring). (B) Directionality (means ± SEM)
of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed Student’s t test); ns, not significant. (C and
D) Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (C) and ex vivo (D)
during directional migration. Scale bars, 20 mm. (E to H) Wave of contraction. Heat maps indicate
speed during migration in silico (E) and ex vivo (G). Scale bars, 40 mm. Graphs show speed profiles
(means ± SEM) from clusters in silico (F) and ex vivo (H) at different times during directional
migration. Position 0 mm represents the rear of the cluster; positions 200 and 170 mm [(F) and (H),
respectively] represent the front of the cluster. n = 5 clusters. (I and J) Direction of intracluster
cell movements shown from time-averaged cell tracks in silico (I) and particle image velocimetry
ex vivo (J) after subtraction of cluster movement. n = 5 clusters. Scale bars, 40 mm. (K) Cluster speed
and rear cell intercalation during migration. (L) Cluster speed (means ± SEM) and rear cell
intercalation (means ± SEM) of clusters. Abl, laser ablation of the actomyosin ring in rear cells.
n = 6 to 21 clusters. The top of all pictures is the rear.
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To test whether SDF1-dependent inhibition
of contractility in front cells is required for col-
lective chemotaxis, we activated contractility in
front cells of migrating clusters exposed to SDF1
(Fig. 2J); this repressed chemotaxis (Fig. 2, K and
L), suggesting that low front contractility is es-
sential for collective chemotaxis. Lastly, we asked
whether front inhibition of contractility by SDF1
was sufficient to generate directedmigration.We
inhibited front contractility in the absence of
SDF1 (Fig. 2M), which resulted in directional mi-
gration (Fig. 2, N and O). These optogenetic treat-
ments affected contractility (fig. S13) (23) and not
cell motility (fig. S14). Together, these results

suggest that collective migration requires greater
contractility at the rear than at the front of the
cell cluster.
To understand how rear cell contractility

might drive directed collective cell migration, we
implemented a cell-centered computational mod-
el of a cell group with contractile edge cells
(methods; Fig. 3A; and fig. S15, A to C). Cells in-
teract through a soft-core repulsion and mid-
range attraction; tomodel contractions, cells at
the edge (either around the cluster or at the
rear) periodically attract one another with ad-
ditional force (Fig. 3A, red springs). Similar to
ex vivo clusters, only simulations with rear but

not uniform contractility were able to migrate
forward (Fig. 3B, fig. S15D, and movie S1). Other
migration parameters were comparable between
in silico and ex vivo clusters (fig. S15, E and F).
Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile
regions were intercalated forward, into the cell
group (Fig. 3C). As predicted by the model, we
found an equivalent intercalation at the rear of
neural crest clusters (Fig. 3D and fig. S15G).
Furthermore, our simulations predicted that the
effect of this local cell rearrangement is spread
through the whole cell group such that when the
cluster’s rear contracts, the rear cells are interca-
lated, triggering a wave of cell movement that
propagates from the rear toward the front of the
cluster (Fig. 3, E and F). A similar wave was ob-
served ex vivo (Fig. 3, G and H), as predicted by
the model. This suggests that rear cell intercala-
tion after rear contractions pushes cells forward
progressively over time. Averaging cell move-
ment over time and subtracting cluster move-
ment reveals an intracluster flow of cells in silico,
whereby rear cell intercalation causes a drift for-
ward through the middle of the group and cells
at the front and sides move backward, replacing
rear cells (Fig. 3I). This was then confirmed to
occur ex vivo as well (Fig. 3J). We found a posi-
tive correlation between the speed of ex vivo and
in silico clusters during collective migration and
the amount of rear cell intercalation (Fig. 3, K
and L), consistent with this mechanism’s driving
cluster movement. Nonmigratory ex vivo and in
silico clusters had low intercalation, and migra-
tory clusters had comparable cluster speeds (Fig.
3L). We observed that contractions were nor-
mally accompanied by relaxation events (fig. S16A,
green and red bars); however, we showed that
ex vivo and in silico clusters were able to mi-
grate directionally, independently of the level of
rear relaxation (fig. S16, A and B, and movie S2).
Altogether, these results suggest that rear con-
tractility drives collective cell migration by in-
ducing cell intercalation, which pushes the group
forward.
Next, we analyzed whether this model of collec-

tive cell chemotaxis explains the in vivo migration
of neural crest cells. As in ex vivo clusters, an
actomyosin cable is present at the edge of the
neural crest in bothXenopus (Fig. 4, A and B, and
fig. S17, A and B) and zebrafish (fig. S18, A and B).
Live imaging of the actomyosin cable shows
that it is a contractile structure in vivo in both
Xenopus (Fig. 4C and fig. S17C) and zebrafish
(fig. S18, C and D) and contracts more often at
the rear of the neural crest stream than at the
front (fig. S17D). Rear contractility precedes for-
ward movement of the cluster in vivo (Fig. 4D),
as it does ex vivo. Less phosphomyosin was pres-
ent at the front than at the rear at the beginning
of migration (figs. S17, E to H, and S19). To iden-
tify whether individual neural crest cells flowed
through clusters, as predicted from in silico and
ex vivo results, we tracked live cells during mi-
gration. In bothXenopus and zebrafish, cells that
were initially at the rear of the group were in-
tercalated forward duringmigration (Fig. 4E and
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Fig. 3. Modeling contractility-driven collective migration. (A) Illustration of the computational
model cluster. Yellow, edge cells; green, internal cells; red, contraction; horizontal line, distinction
between front and rear, with rear outer cells contracting (red spring). (B) Directionality (means ± SEM)
of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed Student’s t test); ns, not significant. (C and
D) Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (C) and ex vivo (D)
during directional migration. Scale bars, 20 mm. (E to H) Wave of contraction. Heat maps indicate
speed during migration in silico (E) and ex vivo (G). Scale bars, 40 mm. Graphs show speed profiles
(means ± SEM) from clusters in silico (F) and ex vivo (H) at different times during directional
migration. Position 0 mm represents the rear of the cluster; positions 200 and 170 mm [(F) and (H),
respectively] represent the front of the cluster. n = 5 clusters. (I and J) Direction of intracluster
cell movements shown from time-averaged cell tracks in silico (I) and particle image velocimetry
ex vivo (J) after subtraction of cluster movement. n = 5 clusters. Scale bars, 40 mm. (K) Cluster speed
and rear cell intercalation during migration. (L) Cluster speed (means ± SEM) and rear cell
intercalation (means ± SEM) of clusters. Abl, laser ablation of the actomyosin ring in rear cells.
n = 6 to 21 clusters. The top of all pictures is the rear.
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To test whether SDF1-dependent inhibition
of contractility in front cells is required for col-
lective chemotaxis, we activated contractility in
front cells of migrating clusters exposed to SDF1
(Fig. 2J); this repressed chemotaxis (Fig. 2, K and
L), suggesting that low front contractility is es-
sential for collective chemotaxis. Lastly, we asked
whether front inhibition of contractility by SDF1
was sufficient to generate directedmigration.We
inhibited front contractility in the absence of
SDF1 (Fig. 2M), which resulted in directional mi-
gration (Fig. 2, N and O). These optogenetic treat-
ments affected contractility (fig. S13) (23) and not
cell motility (fig. S14). Together, these results

suggest that collective migration requires greater
contractility at the rear than at the front of the
cell cluster.
To understand how rear cell contractility

might drive directed collective cell migration, we
implemented a cell-centered computational mod-
el of a cell group with contractile edge cells
(methods; Fig. 3A; and fig. S15, A to C). Cells in-
teract through a soft-core repulsion and mid-
range attraction; tomodel contractions, cells at
the edge (either around the cluster or at the
rear) periodically attract one another with ad-
ditional force (Fig. 3A, red springs). Similar to
ex vivo clusters, only simulations with rear but

not uniform contractility were able to migrate
forward (Fig. 3B, fig. S15D, and movie S1). Other
migration parameters were comparable between
in silico and ex vivo clusters (fig. S15, E and F).
Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile
regions were intercalated forward, into the cell
group (Fig. 3C). As predicted by the model, we
found an equivalent intercalation at the rear of
neural crest clusters (Fig. 3D and fig. S15G).
Furthermore, our simulations predicted that the
effect of this local cell rearrangement is spread
through the whole cell group such that when the
cluster’s rear contracts, the rear cells are interca-
lated, triggering a wave of cell movement that
propagates from the rear toward the front of the
cluster (Fig. 3, E and F). A similar wave was ob-
served ex vivo (Fig. 3, G and H), as predicted by
the model. This suggests that rear cell intercala-
tion after rear contractions pushes cells forward
progressively over time. Averaging cell move-
ment over time and subtracting cluster move-
ment reveals an intracluster flow of cells in silico,
whereby rear cell intercalation causes a drift for-
ward through the middle of the group and cells
at the front and sides move backward, replacing
rear cells (Fig. 3I). This was then confirmed to
occur ex vivo as well (Fig. 3J). We found a posi-
tive correlation between the speed of ex vivo and
in silico clusters during collective migration and
the amount of rear cell intercalation (Fig. 3, K
and L), consistent with this mechanism’s driving
cluster movement. Nonmigratory ex vivo and in
silico clusters had low intercalation, and migra-
tory clusters had comparable cluster speeds (Fig.
3L). We observed that contractions were nor-
mally accompanied by relaxation events (fig. S16A,
green and red bars); however, we showed that
ex vivo and in silico clusters were able to mi-
grate directionally, independently of the level of
rear relaxation (fig. S16, A and B, and movie S2).
Altogether, these results suggest that rear con-
tractility drives collective cell migration by in-
ducing cell intercalation, which pushes the group
forward.
Next, we analyzed whether this model of collec-

tive cell chemotaxis explains the in vivo migration
of neural crest cells. As in ex vivo clusters, an
actomyosin cable is present at the edge of the
neural crest in bothXenopus (Fig. 4, A and B, and
fig. S17, A and B) and zebrafish (fig. S18, A and B).
Live imaging of the actomyosin cable shows
that it is a contractile structure in vivo in both
Xenopus (Fig. 4C and fig. S17C) and zebrafish
(fig. S18, C and D) and contracts more often at
the rear of the neural crest stream than at the
front (fig. S17D). Rear contractility precedes for-
ward movement of the cluster in vivo (Fig. 4D),
as it does ex vivo. Less phosphomyosin was pres-
ent at the front than at the rear at the beginning
of migration (figs. S17, E to H, and S19). To iden-
tify whether individual neural crest cells flowed
through clusters, as predicted from in silico and
ex vivo results, we tracked live cells during mi-
gration. In bothXenopus and zebrafish, cells that
were initially at the rear of the group were in-
tercalated forward duringmigration (Fig. 4E and
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Fig. 3. Modeling contractility-driven collective migration. (A) Illustration of the computational
model cluster. Yellow, edge cells; green, internal cells; red, contraction; horizontal line, distinction
between front and rear, with rear outer cells contracting (red spring). (B) Directionality (means ± SEM)
of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed Student’s t test); ns, not significant. (C and
D) Intercalation of a rear cell (purple) between two adjacent cells (orange) in silico (C) and ex vivo (D)
during directional migration. Scale bars, 20 mm. (E to H) Wave of contraction. Heat maps indicate
speed during migration in silico (E) and ex vivo (G). Scale bars, 40 mm. Graphs show speed profiles
(means ± SEM) from clusters in silico (F) and ex vivo (H) at different times during directional
migration. Position 0 mm represents the rear of the cluster; positions 200 and 170 mm [(F) and (H),
respectively] represent the front of the cluster. n = 5 clusters. (I and J) Direction of intracluster
cell movements shown from time-averaged cell tracks in silico (I) and particle image velocimetry
ex vivo (J) after subtraction of cluster movement. n = 5 clusters. Scale bars, 40 mm. (K) Cluster speed
and rear cell intercalation during migration. (L) Cluster speed (means ± SEM) and rear cell
intercalation (means ± SEM) of clusters. Abl, laser ablation of the actomyosin ring in rear cells.
n = 6 to 21 clusters. The top of all pictures is the rear.
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• Computational model:

Soft core repulsion, midrange 
attraction and periodic attraction 
forces to model MyosinII 
contraction.

In silico: 


• Cell intercalation at the rear 
that correlates with cluster 
migration speed. 

• Forward cell movement at the 
core that propagates as a wave 
towards the front

• Retrograde cell flow at the 
periphery.

Ex vivo: similar observations

in silico

in silico

ex vivo

ex vivo

From cell to cell cluster motility: 3D
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fig. S20, A and B). Aswith the ex vivo and in silico
data, subtracting clustermovement to in vivo cell
tracks revealed an intracluster flow (Fig. 4F and
fig. S20C). This suggests that rear contractility is
driving neural crest migration in vivo.
To test whether rear contractility is required

for neural crest migration in vivo, we grafted neu-
ral crest expressing optoGEF-contract or optoGEF-
relax into wild-type Xenopus embryos. Activation
of contractility at the front of the stream (Fig. 4, G
to I, andmovie S3) or inhibition at the rear (Fig. 4,
J to L, and movie S4) impaired neural crest
migration, indicating that greater contractility
at the rear than at the front was necessary for
migration in the embryo. Neural crest grafted
into host embryos lacking SDF1 failed tomigrate,
but activation of contractility at the rear of such
grafts rescued migration (Fig. 4, M to O, and
movie S5), demonstrating that high actomyosin
contractility at the rear can drive directed col-
lective migration in vivo. We conclude that rear
contractility, as produced by a supracellular acto-
myosin cable, can drive collective cell chemotaxis
in vivo (Fig. 4P).
The theory of active gels shows how anisot-

ropies in viscoelastic materials can generate
rotating flows similar to the cellular flows de-
scribed here (25, 26). In addition, physicists have
proposed that cells can move by using tangential
retrograde movement of their surfaces (27)

and that this movement is more energetically
efficient than other modes of swimming (28).
However, only recently has such surface retro-
grade propulsion been described for the migra-
tion of single cells (29). Our work identifies an
equivalent surface retrograde propulsion for
collective cell migration, suggesting that the
whole cluster behaves as a “supracell.”
It is likely that for in vivo collective chemo-

taxis, rear actomyosin contractilityworks together
with protrusions at the front to drive migration.
Notably, peripheral actomyosin has been similarly
observed in the collective migration of other cell
types, including cancer cells (30, 31), suggesting
that other cell types may migrate under similar
principles.
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Fig. 4. Actomyosin drives collective
chemotaxis in vivo in Xenopus. (A and
B) Immunofluorescence of the rear (A)
and front (B) of the Xenopus neural crest
stream. Dashed lines, cell-cell contacts
between neural crest cells. Scale bar,
10 mm. (C) Contraction of the actomyo-
sin cable of Xenopus neural crest in vivo.
Green arrowheads, cell-cell contacts;
dashed lines, cell edges. Scale bar,
10 mm. (D) Actomyosin length at the
front (brown line) and rear (green line) of
a Xenopus cluster in vivo and the
positions of the front (red line) and rear
(blue line) of the cluster. (E) Intercalation
of a rear cell (purple) between two
adjacent cells (orange) in vivo. Scale bar,
20 mm. (F) Tracks of rear neural crest
cells in vivo after subtraction of the
cluster movement. Gray dots, initial
cell positions. Scale bar, 30 mm.
(G to O) Experimental design of treated
Xenopus embryos [(G), (J), and (M)],
representative tracks of neural crest
clusters [(H), (K), and (N)], and migra-
tion indexes (means ± SEM) [(I), (L), and
(O)]. Green boxes, initial illumination
area; crosses, starting position of the
explant. n = 10 clusters. ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars,
50 mm. (P) The model: Collective cell
chemotaxis is driven by actomyosin
contractility at the rear (red arrows). The
top of all pictures is the rear.
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fig. S20, A and B). Aswith the ex vivo and in silico
data, subtracting clustermovement to in vivo cell
tracks revealed an intracluster flow (Fig. 4F and
fig. S20C). This suggests that rear contractility is
driving neural crest migration in vivo.
To test whether rear contractility is required

for neural crest migration in vivo, we grafted neu-
ral crest expressing optoGEF-contract or optoGEF-
relax into wild-type Xenopus embryos. Activation
of contractility at the front of the stream (Fig. 4, G
to I, andmovie S3) or inhibition at the rear (Fig. 4,
J to L, and movie S4) impaired neural crest
migration, indicating that greater contractility
at the rear than at the front was necessary for
migration in the embryo. Neural crest grafted
into host embryos lacking SDF1 failed tomigrate,
but activation of contractility at the rear of such
grafts rescued migration (Fig. 4, M to O, and
movie S5), demonstrating that high actomyosin
contractility at the rear can drive directed col-
lective migration in vivo. We conclude that rear
contractility, as produced by a supracellular acto-
myosin cable, can drive collective cell chemotaxis
in vivo (Fig. 4P).
The theory of active gels shows how anisot-

ropies in viscoelastic materials can generate
rotating flows similar to the cellular flows de-
scribed here (25, 26). In addition, physicists have
proposed that cells can move by using tangential
retrograde movement of their surfaces (27)

and that this movement is more energetically
efficient than other modes of swimming (28).
However, only recently has such surface retro-
grade propulsion been described for the migra-
tion of single cells (29). Our work identifies an
equivalent surface retrograde propulsion for
collective cell migration, suggesting that the
whole cluster behaves as a “supracell.”
It is likely that for in vivo collective chemo-

taxis, rear actomyosin contractilityworks together
with protrusions at the front to drive migration.
Notably, peripheral actomyosin has been similarly
observed in the collective migration of other cell
types, including cancer cells (30, 31), suggesting
that other cell types may migrate under similar
principles.
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Fig. 4. Actomyosin drives collective
chemotaxis in vivo in Xenopus. (A and
B) Immunofluorescence of the rear (A)
and front (B) of the Xenopus neural crest
stream. Dashed lines, cell-cell contacts
between neural crest cells. Scale bar,
10 mm. (C) Contraction of the actomyo-
sin cable of Xenopus neural crest in vivo.
Green arrowheads, cell-cell contacts;
dashed lines, cell edges. Scale bar,
10 mm. (D) Actomyosin length at the
front (brown line) and rear (green line) of
a Xenopus cluster in vivo and the
positions of the front (red line) and rear
(blue line) of the cluster. (E) Intercalation
of a rear cell (purple) between two
adjacent cells (orange) in vivo. Scale bar,
20 mm. (F) Tracks of rear neural crest
cells in vivo after subtraction of the
cluster movement. Gray dots, initial
cell positions. Scale bar, 30 mm.
(G to O) Experimental design of treated
Xenopus embryos [(G), (J), and (M)],
representative tracks of neural crest
clusters [(H), (K), and (N)], and migra-
tion indexes (means ± SEM) [(I), (L), and
(O)]. Green boxes, initial illumination
area; crosses, starting position of the
explant. n = 10 clusters. ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars,
50 mm. (P) The model: Collective cell
chemotaxis is driven by actomyosin
contractility at the rear (red arrows). The
top of all pictures is the rear.
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fig. S20, A and B). Aswith the ex vivo and in silico
data, subtracting clustermovement to in vivo cell
tracks revealed an intracluster flow (Fig. 4F and
fig. S20C). This suggests that rear contractility is
driving neural crest migration in vivo.
To test whether rear contractility is required

for neural crest migration in vivo, we grafted neu-
ral crest expressing optoGEF-contract or optoGEF-
relax into wild-type Xenopus embryos. Activation
of contractility at the front of the stream (Fig. 4, G
to I, andmovie S3) or inhibition at the rear (Fig. 4,
J to L, and movie S4) impaired neural crest
migration, indicating that greater contractility
at the rear than at the front was necessary for
migration in the embryo. Neural crest grafted
into host embryos lacking SDF1 failed tomigrate,
but activation of contractility at the rear of such
grafts rescued migration (Fig. 4, M to O, and
movie S5), demonstrating that high actomyosin
contractility at the rear can drive directed col-
lective migration in vivo. We conclude that rear
contractility, as produced by a supracellular acto-
myosin cable, can drive collective cell chemotaxis
in vivo (Fig. 4P).
The theory of active gels shows how anisot-

ropies in viscoelastic materials can generate
rotating flows similar to the cellular flows de-
scribed here (25, 26). In addition, physicists have
proposed that cells can move by using tangential
retrograde movement of their surfaces (27)

and that this movement is more energetically
efficient than other modes of swimming (28).
However, only recently has such surface retro-
grade propulsion been described for the migra-
tion of single cells (29). Our work identifies an
equivalent surface retrograde propulsion for
collective cell migration, suggesting that the
whole cluster behaves as a “supracell.”
It is likely that for in vivo collective chemo-

taxis, rear actomyosin contractilityworks together
with protrusions at the front to drive migration.
Notably, peripheral actomyosin has been similarly
observed in the collective migration of other cell
types, including cancer cells (30, 31), suggesting
that other cell types may migrate under similar
principles.
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Fig. 4. Actomyosin drives collective
chemotaxis in vivo in Xenopus. (A and
B) Immunofluorescence of the rear (A)
and front (B) of the Xenopus neural crest
stream. Dashed lines, cell-cell contacts
between neural crest cells. Scale bar,
10 mm. (C) Contraction of the actomyo-
sin cable of Xenopus neural crest in vivo.
Green arrowheads, cell-cell contacts;
dashed lines, cell edges. Scale bar,
10 mm. (D) Actomyosin length at the
front (brown line) and rear (green line) of
a Xenopus cluster in vivo and the
positions of the front (red line) and rear
(blue line) of the cluster. (E) Intercalation
of a rear cell (purple) between two
adjacent cells (orange) in vivo. Scale bar,
20 mm. (F) Tracks of rear neural crest
cells in vivo after subtraction of the
cluster movement. Gray dots, initial
cell positions. Scale bar, 30 mm.
(G to O) Experimental design of treated
Xenopus embryos [(G), (J), and (M)],
representative tracks of neural crest
clusters [(H), (K), and (N)], and migra-
tion indexes (means ± SEM) [(I), (L), and
(O)]. Green boxes, initial illumination
area; crosses, starting position of the
explant. n = 10 clusters. ***P ≤ 0.001
(two-tailed Student’s t test). Scale bars,
50 mm. (P) The model: Collective cell
chemotaxis is driven by actomyosin
contractility at the rear (red arrows). The
top of all pictures is the rear.
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Cell scale: Rearward plasma membrane flow 
generates tangential viscous forces at the cell-
liquid interface to drive the cell forward 

• In vivo: neural crest cell 
clusters migrate as a whole 
along a gradient of SDF1

• Collective cell motility 
results from:

—polarized contractility of cell 
cluster

—convective flow of cells 
induced by contractility

Rearward flow of cells induced by polarized contractility 
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Fig. S19. Immunostaining phospho-myosin in zebrafish. (A) A diagram of the zebrafish
embryo. Red: neural crest. Boxes indicate the regions imaged in B to E. Rear (dorsal) is top of
the pictures. (B to F) The rear and front of the neural crest cluster. Embryos from the zebrafish
lines Tg(Sox10:nuclearRFP-membraneGFP) (B and C) and Tg(Sox10:GFP) (D and E) were
immunostained against Phalloidin and phospho-myosin light chain (pMLC). Note the similarity
of the staining in the two different transgenic systems and using two different phospho-myosin
antibodies, and the presence of pMLC in the rear but not front of the cluster, which is quantified
in F (means ± SEM). n = 10 cells from different clusters. ***P����������WZR�WDLOHG�6WXGHQW¶V�t-
test). Scale bar, 10 Pm.
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From cell to cell cluster motility: 3D

Non-adhesive motility under confinement
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Fig. 1. Cell clusters from patient explants migrate in confined nonadhesive environments. (A) TSIPs (tumor spheres with inverted polarity) from a representative CRC 
tumor specimen (micropapillary). Low and high magnification. HES, hematoxylin/eosin/saffron; CK20, anti-cytokeratin 20. (B) Immunofluorescence of TSIP#1 after 
24 hours in collagen I. The boxed region is shown at high magnification. (C) Tumor microemboli from CRC (mucinous). H&E, hematoxylin/eosin; ITGB1, anti-integrin b1. 
The boxed region is shown at high magnification. (D) Scheme, not to scale, of microchannels (width, w = 60 mm; height, h = 30 mm). (E) Time-lapse sequences of clusters 
migration from pancreatic cancer, TSIP#1, and HT29-MTX. (F) Mean migration speed of tumor clusters from patients and patient-derived xenografts (PDXs). CRC, colorectal 
cancer; NSGCT, nonseminomatous germ cell tumor. Log10 scale. Dots, mean speed over clusters for each independent experiment; lines, means over experiments. 
(G) Proportion of migrating (>25 mm/day) clusters. Error bars: SEM. For (F) and (G), n = 14 to 153 clusters per cell type. (H) Maximum instantaneous (Max. instant.) speed of 
clusters, log10 scale. (I) Representative tracks of clusters migrating in one direction (>0) or the other (<0). n = 9 to 10 clusters per cell type. (J and K) For clusters migrating 
substantially (>25 mm/day), duration of the longest period of consecutive migration (J) and persistence (K). n = 38 to 107 clusters. For (E) to (K), clusters migrate 1 day in 
PEG-coated microchannels. (F, H, J, and K) Dots, mean speed over clusters for each independent experiment; lines, means over experiments. Scale bars, 200 mm [(A), 
low magnification], 100 mm [(C), low magnification], 50 mm [(A) and (C), high magnification; (B), low magnification; (E)], and 10 mm [(B), high magnification].
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• Clusters of cancer cells of many 
origins form clusters with the 
apical surface outside 

(tumor spheres with inverted 
polarity - TSIP) 
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Fig. 1. Cell clusters from patient explants migrate in confined nonadhesive environments. (A) TSIPs (tumor spheres with inverted polarity) from a representative CRC 
tumor specimen (micropapillary). Low and high magnification. HES, hematoxylin/eosin/saffron; CK20, anti-cytokeratin 20. (B) Immunofluorescence of TSIP#1 after 
24 hours in collagen I. The boxed region is shown at high magnification. (C) Tumor microemboli from CRC (mucinous). H&E, hematoxylin/eosin; ITGB1, anti-integrin b1. 
The boxed region is shown at high magnification. (D) Scheme, not to scale, of microchannels (width, w = 60 mm; height, h = 30 mm). (E) Time-lapse sequences of clusters 
migration from pancreatic cancer, TSIP#1, and HT29-MTX. (F) Mean migration speed of tumor clusters from patients and patient-derived xenografts (PDXs). CRC, colorectal 
cancer; NSGCT, nonseminomatous germ cell tumor. Log10 scale. Dots, mean speed over clusters for each independent experiment; lines, means over experiments. 
(G) Proportion of migrating (>25 mm/day) clusters. Error bars: SEM. For (F) and (G), n = 14 to 153 clusters per cell type. (H) Maximum instantaneous (Max. instant.) speed of 
clusters, log10 scale. (I) Representative tracks of clusters migrating in one direction (>0) or the other (<0). n = 9 to 10 clusters per cell type. (J and K) For clusters migrating 
substantially (>25 mm/day), duration of the longest period of consecutive migration (J) and persistence (K). n = 38 to 107 clusters. For (E) to (K), clusters migrate 1 day in 
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• Cancer cell clusters in microchannels 
coated with PEG exhibit spontaneous 
motility. 

• Slow motility: 20-25µm/hour 

From cell to cell cluster motility: 3D
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Fig. 2. Cluster migration in nonadhesive environments is traction independent but friction dependent. For (A) to (G), microchannels coating; PEG, pLL-PEG; Col-I, 
Cy5–collagen I. (A and B) Representative images (A; scale bar, 50 mm) and maximum (Max.) contact angle of clusters (B; n = 39 to 59, Mann-Whitney test). (C to E) Repre-
sentative images of Paxillin at bottom planes (C; scale bar, 10 mm), area covered by Paxillin foci (D; n = 19 to 28), and mean speed of HT29-MTX clusters (E; n = 90 to 106) 
(Mann-Whitney tests). (F and G) Mean speed of HT29-MTX clusters treated in PEG-coated (F) or Col-I–coated (G) microchannels. PF271, PF562271. n = 70 to 182 (one-way 
ANOVA). (H and I) PIV maps of TFM measurements (bead displacements following SDS-mediated relaxation) (H; scale bars, 20 mm) and orientation of forces exerted by 
HT29-MTX clusters (I; n = 8 to 14, Welch’s t test) on Col-I– or PEG-coated substrates. q, angle between cluster radius and bead displacement vector (fig. S3B). On PEG, small 
pushing forces are probably due to agarose pad confinement. (J) Mean speed of HT29-MTX clusters. cRGD, cyclic RGD; SB, SB273005. n = 74 to 149 (Student’s t tests). 
(K) Mean speed of HT29-MTX clusters. Microchannels coating: PEG ± F127 and BSA at indicated concentrations. n = 78 to 151 (one-way ANOVA). (L) Mean speed of HT29-MTX 
clusters treated with cRGD. Microchannels coating: PEG + F127 ± BSA (300 mg/ml; cRGD + BSA). n = 67 to 82 (one-way ANOVA). n, number of clusters; ns, not significant; 
*P < 0.05, ***P < 0.001, and ****P < 0.0001. For each panel, SuperPlots, violin plot (all clusters); dots, mean of each experiment; same color, same independent experiment; 
black line, mean of individual means (see the “Data presentation, statistics, and reproducibility” section).

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 03, 2022

DL. Pagès et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)

• Dewetting behavior:

Clusters of cancer cells show no 
wetting behavior on PEG, but do 
so on collagen

• Role of friction in motility:

—Non specific friction mediated by BSA 
increases speed

—Integrin mediates non specific friction

Non-adhesive motility of cell clusters in micro channels

From cell to cell cluster motility: 3D
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Fig. 2. Cluster migration in nonadhesive environments is traction independent but friction dependent. For (A) to (G), microchannels coating; PEG, pLL-PEG; Col-I, 
Cy5–collagen I. (A and B) Representative images (A; scale bar, 50 mm) and maximum (Max.) contact angle of clusters (B; n = 39 to 59, Mann-Whitney test). (C to E) Repre-
sentative images of Paxillin at bottom planes (C; scale bar, 10 mm), area covered by Paxillin foci (D; n = 19 to 28), and mean speed of HT29-MTX clusters (E; n = 90 to 106) 
(Mann-Whitney tests). (F and G) Mean speed of HT29-MTX clusters treated in PEG-coated (F) or Col-I–coated (G) microchannels. PF271, PF562271. n = 70 to 182 (one-way 
ANOVA). (H and I) PIV maps of TFM measurements (bead displacements following SDS-mediated relaxation) (H; scale bars, 20 mm) and orientation of forces exerted by 
HT29-MTX clusters (I; n = 8 to 14, Welch’s t test) on Col-I– or PEG-coated substrates. q, angle between cluster radius and bead displacement vector (fig. S3B). On PEG, small 
pushing forces are probably due to agarose pad confinement. (J) Mean speed of HT29-MTX clusters. cRGD, cyclic RGD; SB, SB273005. n = 74 to 149 (Student’s t tests). 
(K) Mean speed of HT29-MTX clusters. Microchannels coating: PEG ± F127 and BSA at indicated concentrations. n = 78 to 151 (one-way ANOVA). (L) Mean speed of HT29-MTX 
clusters treated with cRGD. Microchannels coating: PEG + F127 ± BSA (300 mg/ml; cRGD + BSA). n = 67 to 82 (one-way ANOVA). n, number of clusters; ns, not significant; 
*P < 0.05, ***P < 0.001, and ****P < 0.0001. For each panel, SuperPlots, violin plot (all clusters); dots, mean of each experiment; same color, same independent experiment; 
black line, mean of individual means (see the “Data presentation, statistics, and reproducibility” section).
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Fig. 2. Cluster migration in nonadhesive environments is traction independent but friction dependent. For (A) to (G), microchannels coating; PEG, pLL-PEG; Col-I, 
Cy5–collagen I. (A and B) Representative images (A; scale bar, 50 mm) and maximum (Max.) contact angle of clusters (B; n = 39 to 59, Mann-Whitney test). (C to E) Repre-
sentative images of Paxillin at bottom planes (C; scale bar, 10 mm), area covered by Paxillin foci (D; n = 19 to 28), and mean speed of HT29-MTX clusters (E; n = 90 to 106) 
(Mann-Whitney tests). (F and G) Mean speed of HT29-MTX clusters treated in PEG-coated (F) or Col-I–coated (G) microchannels. PF271, PF562271. n = 70 to 182 (one-way 
ANOVA). (H and I) PIV maps of TFM measurements (bead displacements following SDS-mediated relaxation) (H; scale bars, 20 mm) and orientation of forces exerted by 
HT29-MTX clusters (I; n = 8 to 14, Welch’s t test) on Col-I– or PEG-coated substrates. q, angle between cluster radius and bead displacement vector (fig. S3B). On PEG, small 
pushing forces are probably due to agarose pad confinement. (J) Mean speed of HT29-MTX clusters. cRGD, cyclic RGD; SB, SB273005. n = 74 to 149 (Student’s t tests). 
(K) Mean speed of HT29-MTX clusters. Microchannels coating: PEG ± F127 and BSA at indicated concentrations. n = 78 to 151 (one-way ANOVA). (L) Mean speed of HT29-MTX 
clusters treated with cRGD. Microchannels coating: PEG + F127 ± BSA (300 mg/ml; cRGD + BSA). n = 67 to 82 (one-way ANOVA). n, number of clusters; ns, not significant; 
*P < 0.05, ***P < 0.001, and ****P < 0.0001. For each panel, SuperPlots, violin plot (all clusters); dots, mean of each experiment; same color, same independent experiment; 
black line, mean of individual means (see the “Data presentation, statistics, and reproducibility” section).
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• Hallmarks of non-adhesive motility 
under confinement 

—There is no focal adhesion mediated by 
Integrins on PEG substrates. 

—No traction forces on PEG

Pagès et al., Sci. Adv. 8, eabp8416 (2022)     30 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 15
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Cy5–collagen I. (A and B) Representative images (A; scale bar, 50 mm) and maximum (Max.) contact angle of clusters (B; n = 39 to 59, Mann-Whitney test). (C to E) Repre-
sentative images of Paxillin at bottom planes (C; scale bar, 10 mm), area covered by Paxillin foci (D; n = 19 to 28), and mean speed of HT29-MTX clusters (E; n = 90 to 106) 
(Mann-Whitney tests). (F and G) Mean speed of HT29-MTX clusters treated in PEG-coated (F) or Col-I–coated (G) microchannels. PF271, PF562271. n = 70 to 182 (one-way 
ANOVA). (H and I) PIV maps of TFM measurements (bead displacements following SDS-mediated relaxation) (H; scale bars, 20 mm) and orientation of forces exerted by 
HT29-MTX clusters (I; n = 8 to 14, Welch’s t test) on Col-I– or PEG-coated substrates. q, angle between cluster radius and bead displacement vector (fig. S3B). On PEG, small 
pushing forces are probably due to agarose pad confinement. (J) Mean speed of HT29-MTX clusters. cRGD, cyclic RGD; SB, SB273005. n = 74 to 149 (Student’s t tests). 
(K) Mean speed of HT29-MTX clusters. Microchannels coating: PEG ± F127 and BSA at indicated concentrations. n = 78 to 151 (one-way ANOVA). (L) Mean speed of HT29-MTX 
clusters treated with cRGD. Microchannels coating: PEG + F127 ± BSA (300 mg/ml; cRGD + BSA). n = 67 to 82 (one-way ANOVA). n, number of clusters; ns, not significant; 
*P < 0.05, ***P < 0.001, and ****P < 0.0001. For each panel, SuperPlots, violin plot (all clusters); dots, mean of each experiment; same color, same independent experiment; 
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we did not identify notable exchange between neighboring cells 
(Fig. 5, B to D, and movie S7). In addition, the averaged velocity of 
individual cells, in particular cells in contact with the channel walls, 
was anterograde (Fig. 5, D and E, and movie S7). Thus, the clusters 
move cohesively as solids in absence of sustained retrograde cellular 
flows, excluding cell treadmilling as the main migration mechanism 
(Fig. 5A, right). We next evaluated whether propulsive forces could 
be generated at the subcellular scale by actomyosin retrograde flows 
using Turquoise-MLC [its signal appeared more granular than ac-
tin, which helps for particle image velocimetry (PIV) analysis, and 

provided more signal-to-noise ratio]. PIV confirmed that HT29-
MTX migrating as single cells displayed persistent and coordinated 
myosin retrograde flows, as described during amoeboid migration 
(fig. S4 and movie S8) (6, 18, 23). In clusters, PIV analyses were 
performed over long periods of time (scale of hours), on the cluster 
contact areas with the substrate from median planes (Fig. 5, F to H). 
When averaged over time and multiple clusters, these PIV analyses 
yielded mostly anterograde flows in the substrate frame of reference 
(Fig. 5, F to H, and movie S9). This therefore excludes the contribu-
tion of persistent actomyosin retrograde flows at the single-cell 

Fig. 3. Focal adhesion–independent collective migration is driven by the contractility of the polarized actomyosin cortex. (A) Median section of HT29-MTX stably 
expressing F-tractin–mRuby3 (top) and mTurquoise-MLC (bottom), in PEG-coated channels. Red dashed lines visually materialize the front and back of clusters for quan-
tification of ratio in (B). Scale bars, 10 mm. (B) Polarization of clusters expressed as MLC expression ratio between rear and front of clusters migrating in PEG-coated or 
PEG + F127–coated microchannels, as indicated in Materials and Methods. n = 12 to 13 clusters. (C) Correlation between cluster speed and polarization of clusters; statis-
tics for linear regression are shown on the graph. n = 23 clusters from three independent experiments. (D) Time-lapse sequences of HT29-MTX clusters migrating in 
PEG-coated microchannels in control condition and under Y27632 (25 mM) or blebbistatin (Bleb; 50 mM) treatments. Red dots, starting position of the clusters. Scale bars, 
50 mm. (E) Representative tracks of clusters treated with Bleb or with DMSO (Ctrl). n = 10 clusters for each cell type. (F) Mean speed of clusters treated with Y27632, Bleb, 
or DMSO (Ctrl); log10 scale. n = 106 to 205 clusters (one-way ANOVA). **P < 0.01 and ****P < 0.0001.
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level, coordinated at the cluster scale, as the propulsive mechanism. 
Together, tracking cells and their actomyosin cytoskeleton showed 
that migrating clusters translate as a whole and do not use any of the 
known mechanisms of cell migration, which are based on sustained 
retrograde flows, either at the cellular or intracellular levels (1, 7).

Cluster migration is associated with fluctuating cell 
deformations or “jiggling”
Thus, we investigated alternative mechanisms. Single cell confined 
into microchannels can be powered by an “osmotic engine” based 
on the asymmetrical distribution of Na+/H+ pumps (25). We inhib-
ited these pumps using 5-(N-ethyl-N-isopropyl)amiloride (EIPA) 
treatment but did not observe any effect on cluster migration speeds 
(fig. S5A). Therefore, the osmotic engine mechanism would require 

an osmolarity gradient between the front and rear of the cell and thus 
would rely on the fact that there is no space for diffusion between 
the cell and the channel walls. We designed microchambers where 
clusters are only confined top to bottom but not on the sides. While 
fluids could freely flow around the clusters, they migrated very effi-
ciently in the chambers (even faster than in channels), further prov-
ing that osmotic gradients and fluid fluxes are not at play (fig. S5B).

We then used a higher time resolution, in the order of minutes, 
to resolve the transient actomyosin dynamics using Turquoise- 
MLC. PIV analyses identified complex myosin flow patterns in the 
lab reference frame. In contact with the substrate, myosin flow 
velocities displayed fluctuations in amplitude over time, with sto-
chastic and short-lived retrograde flows indicative of transient pro-
pulsive events (Fig. 6A and fig. S6A). PIV analysis of myosin flows 

Fig. 4. Polarized RhoA activation dictates the direction of migration. (A) Schematic of the molecular effect of light activation in optoRhoA cells. (B and C) Optogenetic 
manipulations: experimental setup (B) and representative time-lapse sequence (C). Scale bar, 20 mm. (D) Displacement of clusters over time before (−1 hour 30 min < t < 0 hours) 
and after (0 hours < t < 10 hours) optogenetic activation of control and optoRhoA–stably expressing HT29-MTX cells. Bold lines are the mean displacement of clusters changing 
direction (mean displacement after activation, >0). Dotted lines are the mean of clusters not changing direction (mean displacement after activation, <0). Purple zone, optoge-
netic activation. n = 23 for control and n = 24 for optoRhoA from at least three independent experiments. P = 0.0003 (Fisher’s exact test on the proportion of turning clusters). 
(E) Left: Mean velocity before (average over 1 hour 30 min, x axis) and after (average over 10 hours, y axis) activation (act.) of control and optoRhoA clusters. n = 119 (control) 
and 62 (optoRhoA) clusters. Right: Schematic of activation protocol, showing corresponding colors on the graph shown on the left panel.
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level, coordinated at the cluster scale, as the propulsive mechanism. 
Together, tracking cells and their actomyosin cytoskeleton showed 
that migrating clusters translate as a whole and do not use any of the 
known mechanisms of cell migration, which are based on sustained 
retrograde flows, either at the cellular or intracellular levels (1, 7).

Cluster migration is associated with fluctuating cell 
deformations or “jiggling”
Thus, we investigated alternative mechanisms. Single cell confined 
into microchannels can be powered by an “osmotic engine” based 
on the asymmetrical distribution of Na+/H+ pumps (25). We inhib-
ited these pumps using 5-(N-ethyl-N-isopropyl)amiloride (EIPA) 
treatment but did not observe any effect on cluster migration speeds 
(fig. S5A). Therefore, the osmotic engine mechanism would require 

an osmolarity gradient between the front and rear of the cell and thus 
would rely on the fact that there is no space for diffusion between 
the cell and the channel walls. We designed microchambers where 
clusters are only confined top to bottom but not on the sides. While 
fluids could freely flow around the clusters, they migrated very effi-
ciently in the chambers (even faster than in channels), further prov-
ing that osmotic gradients and fluid fluxes are not at play (fig. S5B).

We then used a higher time resolution, in the order of minutes, 
to resolve the transient actomyosin dynamics using Turquoise- 
MLC. PIV analyses identified complex myosin flow patterns in the 
lab reference frame. In contact with the substrate, myosin flow 
velocities displayed fluctuations in amplitude over time, with sto-
chastic and short-lived retrograde flows indicative of transient pro-
pulsive events (Fig. 6A and fig. S6A). PIV analysis of myosin flows 

Fig. 4. Polarized RhoA activation dictates the direction of migration. (A) Schematic of the molecular effect of light activation in optoRhoA cells. (B and C) Optogenetic 
manipulations: experimental setup (B) and representative time-lapse sequence (C). Scale bar, 20 mm. (D) Displacement of clusters over time before (−1 hour 30 min < t < 0 hours) 
and after (0 hours < t < 10 hours) optogenetic activation of control and optoRhoA–stably expressing HT29-MTX cells. Bold lines are the mean displacement of clusters changing 
direction (mean displacement after activation, >0). Dotted lines are the mean of clusters not changing direction (mean displacement after activation, <0). Purple zone, optoge-
netic activation. n = 23 for control and n = 24 for optoRhoA from at least three independent experiments. P = 0.0003 (Fisher’s exact test on the proportion of turning clusters). 
(E) Left: Mean velocity before (average over 1 hour 30 min, x axis) and after (average over 10 hours, y axis) activation (act.) of control and optoRhoA clusters. n = 119 (control) 
and 62 (optoRhoA) clusters. Right: Schematic of activation protocol, showing corresponding colors on the graph shown on the left panel.
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at the bottom planes of clusters showed similar results (fig. S6, C and D). 
Because it is still experimentally challenging to measure forces asso-
ciated with the retrograde/propulsive events, we used the amplitude 
of myosin flow or nuclei speed fluctuations at the contact with the 
channels walls as a proxy. To quantify them, their velocities in the 
cluster reference frame were centered around zero, i.e., their algebraic 
temporal mean was subtracted. We found that fluctuations of myo-
sin flows at the cortex closely correlated with fluctuations of nuclei 
displacements observed in lateral cells (first layer in contact with 
the substrate) but also throughout the cluster, with more movement 
in fast moving clusters (Fig. 6, B and C, and fig. S6B). The amplitude 
of these fluctuations, or jiggling, was positively correlated with cluster 

migration speed: The more myosin/nuclei speeds fluctuate, the faster 
the cluster (Fig. 6, B and D, and fig. S6, E and F, on movies with either 
short or long time intervals). The amplitude of fluctuations was only 
correlated to movement in clusters migrating more than 2 mm/hour, 
indicating that jiggling is not by itself sufficient to drive migration 
(Fig. 6D and fig. S6, E and F). Polarization of the actomyosin cortex 
not only correlated with migration speed (as shown in Fig. 3, A to C, 
and fig. S6G) but also strongly correlated with persistence (Fig. 6E 
and fig. S6G). Together, these results suggest that polarization could 
harness jiggling to power persistent, directed migration. We then 
used theoretical physical modeling to determine whether these two 
minimal components are sufficient to power cluster migration.

Fig. 5. Focal adhesion–independent collective migration occurs without persistent retrograde flows. (A) Schematic representation of cell treadmilling (left) and 
translation of the whole cluster (right). (B) Representative tracks of nuclei in the cluster reference frame. Median section of a histone 2B (H2B)-RFP–expressing HT29-MTX 
cluster, migrating to the right in a PEG-coated microchannel over 11 hours. The image is the first time point. (C) Representative example of nuclei tracks in the lab refer-
ence frame. Median section of an H2B-RFP–expressing HT29-MTX cluster, migrating in a PEG-coated microchannel over 10 hours. Scale bar, 50 mm. (D) Superimposition 
of the maps of individual nuclei displacements for n = 22 clusters (from seven independent experiments). Nuclei are tracked in median sections of H2B-RFP–expressing 
HT29-MTX clusters migrating in PEG-coated microchannels (25 min to 11 hours). Blue boxes, lateral nuclei defined for further nuclei speeds analysis (15 mm thickness at 
the contact with the channel walls). (E) Frequency distribution of the x component of the mean velocity of every lateral nucleus. Same clusters as in (D). (F) Median section 
showing instantaneous myosin flow velocity vectors superimposed on the raw image and detected by particle image velocimetry (PIV) of a representative HT29-MTX 
cluster–expressing mTurquoise-MLC and migrating in a PEG-coated channel. Time point, T = 58 min. Blue boxes, contact zone defined for further myosin flows analysis 
(2 mm thickness at the contact with the channel walls). (G) PIV map of myosin flow velocity vectors of median sections of clusters, averaged over time (25 min to 7.4 hours) 
and clusters (n = 10 migrating clusters from four independent experiments). (H) Frequency of velocities (x component) of myosin flow velocity vectors at the contact 
obtained from PIV maps of median sections. Same clusters as in (G).
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at the bottom planes of clusters showed similar results (fig. S6, C and D). 
Because it is still experimentally challenging to measure forces asso-
ciated with the retrograde/propulsive events, we used the amplitude 
of myosin flow or nuclei speed fluctuations at the contact with the 
channels walls as a proxy. To quantify them, their velocities in the 
cluster reference frame were centered around zero, i.e., their algebraic 
temporal mean was subtracted. We found that fluctuations of myo-
sin flows at the cortex closely correlated with fluctuations of nuclei 
displacements observed in lateral cells (first layer in contact with 
the substrate) but also throughout the cluster, with more movement 
in fast moving clusters (Fig. 6, B and C, and fig. S6B). The amplitude 
of these fluctuations, or jiggling, was positively correlated with cluster 

migration speed: The more myosin/nuclei speeds fluctuate, the faster 
the cluster (Fig. 6, B and D, and fig. S6, E and F, on movies with either 
short or long time intervals). The amplitude of fluctuations was only 
correlated to movement in clusters migrating more than 2 mm/hour, 
indicating that jiggling is not by itself sufficient to drive migration 
(Fig. 6D and fig. S6, E and F). Polarization of the actomyosin cortex 
not only correlated with migration speed (as shown in Fig. 3, A to C, 
and fig. S6G) but also strongly correlated with persistence (Fig. 6E 
and fig. S6G). Together, these results suggest that polarization could 
harness jiggling to power persistent, directed migration. We then 
used theoretical physical modeling to determine whether these two 
minimal components are sufficient to power cluster migration.

Fig. 5. Focal adhesion–independent collective migration occurs without persistent retrograde flows. (A) Schematic representation of cell treadmilling (left) and 
translation of the whole cluster (right). (B) Representative tracks of nuclei in the cluster reference frame. Median section of a histone 2B (H2B)-RFP–expressing HT29-MTX 
cluster, migrating to the right in a PEG-coated microchannel over 11 hours. The image is the first time point. (C) Representative example of nuclei tracks in the lab refer-
ence frame. Median section of an H2B-RFP–expressing HT29-MTX cluster, migrating in a PEG-coated microchannel over 10 hours. Scale bar, 50 mm. (D) Superimposition 
of the maps of individual nuclei displacements for n = 22 clusters (from seven independent experiments). Nuclei are tracked in median sections of H2B-RFP–expressing 
HT29-MTX clusters migrating in PEG-coated microchannels (25 min to 11 hours). Blue boxes, lateral nuclei defined for further nuclei speeds analysis (15 mm thickness at 
the contact with the channel walls). (E) Frequency distribution of the x component of the mean velocity of every lateral nucleus. Same clusters as in (D). (F) Median section 
showing instantaneous myosin flow velocity vectors superimposed on the raw image and detected by particle image velocimetry (PIV) of a representative HT29-MTX 
cluster–expressing mTurquoise-MLC and migrating in a PEG-coated channel. Time point, T = 58 min. Blue boxes, contact zone defined for further myosin flows analysis 
(2 mm thickness at the contact with the channel walls). (G) PIV map of myosin flow velocity vectors of median sections of clusters, averaged over time (25 min to 7.4 hours) 
and clusters (n = 10 migrating clusters from four independent experiments). (H) Frequency of velocities (x component) of myosin flow velocity vectors at the contact 
obtained from PIV maps of median sections. Same clusters as in (G).
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at the bottom planes of clusters showed similar results (fig. S6, C and D). 
Because it is still experimentally challenging to measure forces asso-
ciated with the retrograde/propulsive events, we used the amplitude 
of myosin flow or nuclei speed fluctuations at the contact with the 
channels walls as a proxy. To quantify them, their velocities in the 
cluster reference frame were centered around zero, i.e., their algebraic 
temporal mean was subtracted. We found that fluctuations of myo-
sin flows at the cortex closely correlated with fluctuations of nuclei 
displacements observed in lateral cells (first layer in contact with 
the substrate) but also throughout the cluster, with more movement 
in fast moving clusters (Fig. 6, B and C, and fig. S6B). The amplitude 
of these fluctuations, or jiggling, was positively correlated with cluster 

migration speed: The more myosin/nuclei speeds fluctuate, the faster 
the cluster (Fig. 6, B and D, and fig. S6, E and F, on movies with either 
short or long time intervals). The amplitude of fluctuations was only 
correlated to movement in clusters migrating more than 2 mm/hour, 
indicating that jiggling is not by itself sufficient to drive migration 
(Fig. 6D and fig. S6, E and F). Polarization of the actomyosin cortex 
not only correlated with migration speed (as shown in Fig. 3, A to C, 
and fig. S6G) but also strongly correlated with persistence (Fig. 6E 
and fig. S6G). Together, these results suggest that polarization could 
harness jiggling to power persistent, directed migration. We then 
used theoretical physical modeling to determine whether these two 
minimal components are sufficient to power cluster migration.

Fig. 5. Focal adhesion–independent collective migration occurs without persistent retrograde flows. (A) Schematic representation of cell treadmilling (left) and 
translation of the whole cluster (right). (B) Representative tracks of nuclei in the cluster reference frame. Median section of a histone 2B (H2B)-RFP–expressing HT29-MTX 
cluster, migrating to the right in a PEG-coated microchannel over 11 hours. The image is the first time point. (C) Representative example of nuclei tracks in the lab refer-
ence frame. Median section of an H2B-RFP–expressing HT29-MTX cluster, migrating in a PEG-coated microchannel over 10 hours. Scale bar, 50 mm. (D) Superimposition 
of the maps of individual nuclei displacements for n = 22 clusters (from seven independent experiments). Nuclei are tracked in median sections of H2B-RFP–expressing 
HT29-MTX clusters migrating in PEG-coated microchannels (25 min to 11 hours). Blue boxes, lateral nuclei defined for further nuclei speeds analysis (15 mm thickness at 
the contact with the channel walls). (E) Frequency distribution of the x component of the mean velocity of every lateral nucleus. Same clusters as in (D). (F) Median section 
showing instantaneous myosin flow velocity vectors superimposed on the raw image and detected by particle image velocimetry (PIV) of a representative HT29-MTX 
cluster–expressing mTurquoise-MLC and migrating in a PEG-coated channel. Time point, T = 58 min. Blue boxes, contact zone defined for further myosin flows analysis 
(2 mm thickness at the contact with the channel walls). (G) PIV map of myosin flow velocity vectors of median sections of clusters, averaged over time (25 min to 7.4 hours) 
and clusters (n = 10 migrating clusters from four independent experiments). (H) Frequency of velocities (x component) of myosin flow velocity vectors at the contact 
obtained from PIV maps of median sections. Same clusters as in (G).
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Cluster motility: Rigid body motility without retrograde cell flows 
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Fig. 6. Cell deformations and actomyosin polarity are the minimal components for collective amoeboid migration. For (A), (C), and (D), myosin and nuclei are 
analyzed at the contact with channels walls (see Fig. 5, D and G, and Materials and Methods) in median sections of HT29-MTX clusters migrating in PEG-coated microchannels. 
(A) Representative kinetics of myosin flow velocity (x component, spatial average). Lab ref. frame. (B) Nuclei tracks in representative clusters, every 2 to 10 min over 8 to 
11 hours. Cluster ref. frame. (C) Amplitudes of myosin flows and nuclei speeds fluctuations. (D) Amplitudes of nuclei speeds fluctuations and cluster speeds (i.e., centroid 
direct displacement between first and last time point over total time, as migrating clusters do not change direction). Log2 scales. (E) Cluster migration persistence correla-
tion with myosin (MLC) polarization. For (C) to (E), lines, linear regressions; threshold between migrating/nonmigrating clusters, 2 mm/hour. n = 27 to 28 clusters (six inde-
pendent experiments). (F) Discrete, five-beads one-dimensional model of the cell cluster, averaged along the z direction and discretized along the x direction. R0, average 
separation; gray springs, elastic elements; color gradient represents the gradient of active fluctuations of contractile stress (zi and ∂xz); friction forces (Gi, green) depend 
on the local strain u = Ri + 1 − Ri − R0; v, cluster velocity. (G) Representative trajectory obtained from a stochastic simulation of (F). Mobility Mi = Gi

−1 = M0 + M1ui; elastic 
potential ∑i kui

2/2; distance, units of R0; time, units of 1/M0k ≡ G0/k. (H) Numerical evaluation of mean cluster velocity and ∂xz (see Supplementary Text and fig. S10). 
(I) Schematic representation of the four main different modes of cell migration.

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 03, 2022

Pagès et al., Sci. Adv. 8, eabp8416 (2022)     30 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 15

Fig. 6. Cell deformations and actomyosin polarity are the minimal components for collective amoeboid migration. For (A), (C), and (D), myosin and nuclei are 
analyzed at the contact with channels walls (see Fig. 5, D and G, and Materials and Methods) in median sections of HT29-MTX clusters migrating in PEG-coated microchannels. 
(A) Representative kinetics of myosin flow velocity (x component, spatial average). Lab ref. frame. (B) Nuclei tracks in representative clusters, every 2 to 10 min over 8 to 
11 hours. Cluster ref. frame. (C) Amplitudes of myosin flows and nuclei speeds fluctuations. (D) Amplitudes of nuclei speeds fluctuations and cluster speeds (i.e., centroid 
direct displacement between first and last time point over total time, as migrating clusters do not change direction). Log2 scales. (E) Cluster migration persistence correla-
tion with myosin (MLC) polarization. For (C) to (E), lines, linear regressions; threshold between migrating/nonmigrating clusters, 2 mm/hour. n = 27 to 28 clusters (six inde-
pendent experiments). (F) Discrete, five-beads one-dimensional model of the cell cluster, averaged along the z direction and discretized along the x direction. R0, average 
separation; gray springs, elastic elements; color gradient represents the gradient of active fluctuations of contractile stress (zi and ∂xz); friction forces (Gi, green) depend 
on the local strain u = Ri + 1 − Ri − R0; v, cluster velocity. (G) Representative trajectory obtained from a stochastic simulation of (F). Mobility Mi = Gi

−1 = M0 + M1ui; elastic 
potential ∑i kui

2/2; distance, units of R0; time, units of 1/M0k ≡ G0/k. (H) Numerical evaluation of mean cluster velocity and ∂xz (see Supplementary Text and fig. S10). 
(I) Schematic representation of the four main different modes of cell migration.
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• Model of cluster self-propulsion: 

• Jiggling, polarized, elastic solid.

—Gradient of fluctuating contractile 
stress     induced by Myosin

—Induces gradient of stochastic cell 
deformations

—And asymmetry of frictional forces

—Hence, cluster movement

Fig.  S7 . Dimer model. Model of a dimer with two distinct active noise strengths ȗ1 and
ȗ2 on the two beads and a strain u-dependent friction with the substrate. The positions of

the two beads are R1 and R2 and the equilibrium separation between them is R0.

element (spring). Wemodel the two parts of the cell cluster as two beads with mass mand positions
R1 and R2, with an equilibrium distance R0. The extension of the elastic element or the strain is
u = R2 í R1 í R0. The equation of motion for the two units of the dimer are ÚR1 = v1, ÚR2 = v2,

mÚv1 = í ī(u)v1 í �R1FR+ ȟ1 (1)

and
mÚv2 = í ī(u)v2 í �R2FR+ ȟ2, (2)

where FR is the spring potential of the elastic element and we have assumed, for simplicity, that
the friction coefficient ī(u) for both the beads are the same, but it depends on the strain26,53 and
where the stochastic noises ȟ1 and ȟ2 have the correlations

ȟ1(t)ȟ1(t) = 2(T + ȗ1)ī(u)į (t í t ), (3)

ȟ2(t)ȟ2(t) = 2(T + ȗ2)ī(u)į (t í t ), (4)

with T being a passive noise strength and ȗ1 and ȗ2 being the active noise strength due to contrac-
tility on beads 1 and 2 respectively, and ȟ1(t)ȟ2(t) = 0. The only effect of activity in this model
is stochastic (as argued earlier, a non-stochastic active force in a solid only leads to a modification
of the elasticity, here the spring potential) and enters through the active noise strength which is as-
sumed to have a gradient i.e., ȗ1 = ȗ2. Essentially this model was first proposed by26,53as a general
model of active motility. The only, minor, difference between the model presented here and the
one in26,53 is that while (1) and (2) describe an equilibrium system in the limit ȗ1 = ȗ2 even in the
presence of a strain-dependent friction, it does not in26,53 . We include this extra constraint in our
model to highlight the minimal conditions required for noise-driven motility. However, the active
noise correlators need not be proportional to ī(u) in a generic active system or even a typical one.
Relaxing this constraint makes the systemmore active, in a sense, and the conclusion that gradients
in the strength of random fluctuations can drive motion remains unchanged. Note further that here
active noise is not conserved. However, we show how this model can be obtained by starting from
the equations of motion of a momentum conserved gel in a confined geometry, with appropriate
boundary conditions on the walls, in section B.

2

We now eliminate the inertial terms in (1) and (2), as is appropriate for the highly overdamped

system being considered here, by taking the standard zero-mass limit57,60 yielding two stochastic

equations for R1 and R2:

ī(u) ÚR1 = í �R1FR+ 2(T + ȗ1)ī(u)ȟ1 í
(T + ȗ1)
2

�R1 lnī(u) (5)

and

ī(u) ÚR2 = í �R2FR+ 2(T + ȗ2)ī(u)ȟ2 í
(T + ȗ2)
2

�R2 lnī(u). (6)

when the now multiplicative noises are interpreted in the Stratonovich convention. The final terms

in (5) and (6) are noise-induced drifts61,62 . When the noise is interpreted in other conventions,

the numerical factor in front of the final terms in (5) and (6) changes. It is 1 instead of 1/ 2 when

the noises are interpreted in the Ito sense and, for a general Į interpretation54–56, it is (1 í Į )
with Į = 0 for Ito, 1/ 2 for Stratonovich and 1 for Hanggi-Klementovich interpretations54. The
interpretation of the active noises along with the noise-induced drift can be fixed, in general, by

demanding that the noise-induced forces must vanish, on average. This implies that there is no

external force on the system as a whole on average and that the total friction force on the dimer

vanishes on average. We explicitly show that this is the case. The total friction force, averaged

over the noise, is

ī(u) ÚR1 + ī(u) ÚR2 =

2(T + ȗ1)ī(u)ȟ1 +
(T + ȗ1)
2

�u lnī(u) + 2(T + ȗ2)ī(u)ȟ2
(T + ȗ2)
2

�u lnī(u) (7)

where the averages over the Gaussian noise can be performed using the Novikov theorem59 and58,

yielding

2(T + ȗ1)ī(u)ȟ1 = �R1[ 2(T + ȗ1)ī(u)]
įR1
įȟ1

= í �u[ 2(T + ȗ1)ī(u)]
1

2

2(T + ȗ1)ī
ī

= í
T + ȗ1
2

�u lnī (8)

and

2(T + ȗ2)ī(u)ȟ2 = �R2[ 2(T + ȗ2)ī(u)]
įR2
įȟ2

= �u[ 2(T + ȗ2)ī(u)]
1

2

2(T + ȗ2)ī
ī

=
T + ȗ2
2

�u lnī . (9)

This immediately implies that

ī(u) ÚR1 + ī(u) ÚR2 = 0. (10)

This also implies that for v1 = v2 = 0, ī must be a function of u (if it is a constant, it can be
taken out of the average and (10) would then imply that the average velocities must be 026,53 . We

now write (5) and (6) in terms of the mobility M = 1/ ī:

ÚR1 = íM(u)�R1FR+ 2(T + ȗ1)Mȟ1 +
T + ȗ1
2

�R1M (11)

3

2-cell 1D model: 

Friction
Mobility
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Fig. 6. Cell deformations and actomyosin polarity are the minimal components for collective amoeboid migration. For (A), (C), and (D), myosin and nuclei are 
analyzed at the contact with channels walls (see Fig. 5, D and G, and Materials and Methods) in median sections of HT29-MTX clusters migrating in PEG-coated microchannels. 
(A) Representative kinetics of myosin flow velocity (x component, spatial average). Lab ref. frame. (B) Nuclei tracks in representative clusters, every 2 to 10 min over 8 to 
11 hours. Cluster ref. frame. (C) Amplitudes of myosin flows and nuclei speeds fluctuations. (D) Amplitudes of nuclei speeds fluctuations and cluster speeds (i.e., centroid 
direct displacement between first and last time point over total time, as migrating clusters do not change direction). Log2 scales. (E) Cluster migration persistence correla-
tion with myosin (MLC) polarization. For (C) to (E), lines, linear regressions; threshold between migrating/nonmigrating clusters, 2 mm/hour. n = 27 to 28 clusters (six inde-
pendent experiments). (F) Discrete, five-beads one-dimensional model of the cell cluster, averaged along the z direction and discretized along the x direction. R0, average 
separation; gray springs, elastic elements; color gradient represents the gradient of active fluctuations of contractile stress (zi and ∂xz); friction forces (Gi, green) depend 
on the local strain u = Ri + 1 − Ri − R0; v, cluster velocity. (G) Representative trajectory obtained from a stochastic simulation of (F). Mobility Mi = Gi

−1 = M0 + M1ui; elastic 
potential ∑i kui

2/2; distance, units of R0; time, units of 1/M0k ≡ G0/k. (H) Numerical evaluation of mean cluster velocity and ∂xz (see Supplementary Text and fig. S10). 
(I) Schematic representation of the four main different modes of cell migration.
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Fig. 6. Cell deformations and actomyosin polarity are the minimal components for collective amoeboid migration. For (A), (C), and (D), myosin and nuclei are 
analyzed at the contact with channels walls (see Fig. 5, D and G, and Materials and Methods) in median sections of HT29-MTX clusters migrating in PEG-coated microchannels. 
(A) Representative kinetics of myosin flow velocity (x component, spatial average). Lab ref. frame. (B) Nuclei tracks in representative clusters, every 2 to 10 min over 8 to 
11 hours. Cluster ref. frame. (C) Amplitudes of myosin flows and nuclei speeds fluctuations. (D) Amplitudes of nuclei speeds fluctuations and cluster speeds (i.e., centroid 
direct displacement between first and last time point over total time, as migrating clusters do not change direction). Log2 scales. (E) Cluster migration persistence correla-
tion with myosin (MLC) polarization. For (C) to (E), lines, linear regressions; threshold between migrating/nonmigrating clusters, 2 mm/hour. n = 27 to 28 clusters (six inde-
pendent experiments). (F) Discrete, five-beads one-dimensional model of the cell cluster, averaged along the z direction and discretized along the x direction. R0, average 
separation; gray springs, elastic elements; color gradient represents the gradient of active fluctuations of contractile stress (zi and ∂xz); friction forces (Gi, green) depend 
on the local strain u = Ri + 1 − Ri − R0; v, cluster velocity. (G) Representative trajectory obtained from a stochastic simulation of (F). Mobility Mi = Gi

−1 = M0 + M1ui; elastic 
potential ∑i kui

2/2; distance, units of R0; time, units of 1/M0k ≡ G0/k. (H) Numerical evaluation of mean cluster velocity and ∂xz (see Supplementary Text and fig. S10). 
(I) Schematic representation of the four main different modes of cell migration.

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 03, 2022

• Data:

From cell to cell cluster motility: 3D
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Collective amoeboid migration could arise 
from polarized jiggling
Inspired by earlier analytic descriptions of synthetic crawling or swim-
ming machines (26–28), we propose a minimal physical model for 
collective amoeboid migration that describes the cluster as an actively 
polarized jiggling elastic solid, migrating despite any persistent cellular 
or myosin flow (Supplementary Text). This mechanism stems from 
the observed polarization of the clusters (Fig. 3, A to C) and their mi-
gration speed being correlated with the amplitude of both myosin and 
nuclei flow fluctuations (Fig. 6D and fig. S6E). The cluster is endowed 
with a fluctuating contractile stress, whose magnitude z follows the 
local myosin concentration and therefore displays a front-back gradi-
ent ∇z, which, in turn, causes a gradient of fluctuating deformations 
(Fig. 6F). This is the key ingredient that drives the cluster out of equi-
librium and is eventually responsible for self-propulsion (Fig. 6, F to H). 
Data presented in Fig. 2 suggest that clusters interact with the substrate 
via passive friction forces, which are generically nonlinear and as-
sumed to be strain (i.e., deformation) dependent. We provide in 
Supplementary Text a proof- of-principle calculation showing that 
the presence of fluctuating movements of myosin flows and/or nuclei, 
the polarization of the actomyosin cortex, and the transmission of pas-
sive friction forces with the substrate are the minimum ingredients to 
induce cluster self-propulsion, with velocity v ∼ ∇z, independently of 
any sustained retrograde flow of actomyosin or nuclei (Fig. 6, C to H). 
Thus, in this general migration mechanism that we named “polarized 
jigging,” self-propulsion arises from a front-back asymmetry of fric-
tion forces with the substrate, which is induced by fluctuating defor-
mations within the cluster under a polarized myosin cortex. This can 
be seen as a micrometer-scale, continuous, stochastic version of vi-
brating crawling robots whose motion is based on cycling asymmetric 
friction forces on a substrate (29–31).

DISCUSSION
Identified from patient explants, we report an undescribed mode of 
migration that we named “collective amoeboid” based on several key 
features shared with amoeboid single-cell motility (Fig. 6I): Like a 
giant super cell, clusters mobilize their polarized supracellular acto-
myosin cortex to generate propulsive friction forces and migrate in 
absence of focal adhesion–mediated traction. However, the mecha-
nism producing motility is completely different: Neither cell nor 
actomyosin retrograde flows are coordinated at the cluster scale. 
This ruled out conventional models of migration such as cell tread-
milling described by the Mayor lab (12) or other “toothpaste-like” 
models comparable to the bleb-based mode of migration of single 
cells (1, 6, 18). Instead, we identified random fluctuations of myosin 
flows and cell displacements in migrating clusters. Our experimental 
evidence are supported by our physical theoretical model validating 
a mechanism of polarized jiggling based on a polarized contractile 
stress that yields directed motion in nonadhesive environments. 
This mechanism is consistent with the migration of engineered bio-
logical robots made by Kriegman et al. (32). In this system, asym-
metric biological aggregates made of noncontractile stem cells and 
contractile cardiomyocytes are able to generate directed motion 
without temporal coordination of the contractions. Our study pro-
poses a mechanism that requires only minimal elements: a front-
back polarization, the presence of random contractile forces at the 
cluster scale, and nonspecific friction forces with the environment. 
We anticipate that this principle underlying the migration of cancer 

cell clusters could be extended to understand the movement of other 
biological systems.

In the course of their metastatic dissemination, tumor cells hijack 
all modes of single or collective migration described to date (33). 
Here, we show that cancer primary specimens and cell lines can also 
adopt collective amoeboid migration. This can result from intrinsic 
oncogenic features, such as in TSIPs, where the inverted apico- 
basolateral polarity prevents cluster adhesion to ECM-rich tissues 
(13), but we have shown that this apical-out configuration is not a 
prerequisite to collective amoeboid migration (Fig. 1F). This pro-
pulsion-based mode of collective migration could also be enabled as 
a non–cell autonomous process, when cancer cell clusters are con-
fined into environments that they are unable to adhere to. These 
encompass major dissemination routes that are deprived of con-
ventional ECM, such as perimuscular tracks, the lumen of lymphatic 
vessels, or the peritoneal and pleural cavities (33–39). It could also 
endow the migration of cell clusters across a wide spectrum of 
tissues for which they may not express the correct repertoire of 
receptors, reminiscent of leukocytes navigating all kinds of environ-
ments using an integrin-independent mode of migration.

MATERIALS AND METHODS
Data presentation, statistics, and reproducibility
Data are presented using SuperPlots, which are a superposition of the 
whole data distribution displayed as a violin plot and the mean of each 
individual experiment displayed as dots (40). In the violin plots, the 
whole population of clusters is displayed with the median (dashed gray 
line) and quartiles (dotted gray lines). Except for Fig. 1 and fig. S1 (see 
corresponding legends), dots of the same color represent the mean of 
matched control and experimental conditions performed in each indi-
vidual experiment (red control dot goes with the red experimental 
condition dots). The black line is the mean of all experiments for each 
condition. To display lognormal distributions using violin plots, we 
first log-transformed the raw data and plotted them on a linear axis. 
For ease of read, we annotated the y axis with the antilog values.

Normality or log normality of all data distribution was tested using 
the Kolmogorov-Smirnov, d’Agostino-Pearson, or Shapiro-Wilk test 
in Prism 9 (GraphPad). When distributions are best fitted by a log nor-
mal distribution, statistical tests were performed on log- transformed 
data. Significance for datasets displaying normal distributions was cal-
culated in Prism with unpaired (unless otherwise specified) two-tailed 
Student’s t test or one-way analysis of variance (ANOVA) and 
Dunnett’s multiple comparison test when comparing more than two 
conditions. Significance for non-normally distributed datasets were 
calculated in Prism using a Mann-Whitney test or a Welch’s t test for 
different SD, or a Kruskal-Wallis test and Dunn’s multiple comparison 
test when comparing more than two conditions. P values of statistical 
significance are represented as *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001; ns, not significant. n numbers of clusters per cells ana-
lyzed are indicated in the figure legends. The number of independent 
experiments (biological and technical replicates) is either represented 
on SuperPlots as the number of dots, either indicated in the figure 
legend. Experiments were performed independently for each cell line.

Biological material and cell culture
Human primary specimens
The human study protocols followed all relevant ethical regulations in 
accordance with the Declaration of Helsinki principles. The study 
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As there are likely to be many differences between the simulated
and targeted physical environments, performant designs are passed
through a robustness filter which only allows passage of designs
that sustain the desired behavior in the face of noise (SI Appendix,
section S7). Previous work has shown that noise resistance in
simulation is a simple and effective predictor of whether a design
will maintain its behavior when instantiated physically (18).
The surviving noise-resistant designs are then passed through

a build filter (SI Appendix, Fig. S4) which removes designs that
are not suitable for the current build method (SI Appendix, Fig.
S6) or unlikely to scale to more complex tasks in future de-
ployments. The manufacturability of a design depends on the
minimal concavity size that will persist in aggregations of developing
stem cells, which tend to close small gaps in their collective geometry
(SI Appendix, Fig. S7). The scalability of a design depends on its
proportion of passive tissue, which provides space for future
organ systems or payloads (SI Appendix, Fig. S13).
The designs that successfully pass through the build filter are

then built out of living tissues. Pluripotent stem cells are first
harvested from blastula stage Xenopus laevis embryos, dissociated,
and pooled to achieve the desired number of cells. Following an
incubation period, the aggregated tissue is then manually shaped
by subtraction using a combination of microsurgery forceps and a
13-μm wire tip cautery electrode, producing a biological approxi-
mation of the simulated design. Further, contractile tissue can be
layered into the organism through the harvesting and embedding
of Xenopus cardiac progenitor cells, an embryonically derived cell
type which naturally develops into cardiomyocytes (heart muscle)
and produces contractile waves at specific locations in the re-
sultant shaped form (SI Appendix, Fig. S6).
The final product of this procedure is a living, 3D approximation

of the evolved design, which possesses the ability to self-locomote

and explore an aqueous environment for a period of days or weeks
without additional nutrients. These organisms are then deployed
into their physical environment, and resultant behavior, if any, is
observed (Fig. 3). Behaviors are then compared against those pre-
dicted by their simulated counterparts to determine whether or how
well behaviors transferred from silico to vivo (Fig. 4).
After several organisms have been deployed and observed, it is

likely that they exhibit varying amounts of the desired behavior.
Common patterns among the successful systems are distilled down
into constraints and supplied back to the evolutionary algorithm,
which now evolves designs that are not just performant but also
conform to the constraints (SI Appendix, section S6). This in-
creases the success likelihood of subsequent design-to-deployment
attempts.
Reconfigurable organisms were evolved to exhibit four different

behaviors: locomotion, object manipulation, object transport, and
collective behavior (SI Appendix, section S10). To achieve this, the
pipeline was employed four times.

Locomotion. To obtain a diverse population of designs, 100 in-
dependent trials of the evolutionary algorithm were conducted
(Fig. 2 A–C), each starting from a different set of initial random
designs. During each trial, designs were selected based on net
displacement achieved during a 10-s period (with randomized,
phase-modulated contraction, cycling at 2 Hz). Additional se-
lection pressures were applied to maintain diversity by inducing
competition within and between unique genetic lineages within
each trial (19), yielding unique ecological dynamics (SI Appendix,
section S5). The most fit designs at the end of each trial were
extracted (Fig. 1A) and passed through the robustness and build
filters (SI Appendix, Fig. S4). During this filtering process, build-
able and scalable designs that retain rapid locomotion during

B

Evolved designs in silico Realization in vivoA

C

D

E

G

Run 6

GOAL OUTRun 52

Run 2

F

Run 16

Building 
blocks

52

2 6

16

Fig. 1. Designing and manufacturing reconfigurable organisms. A behavioral goal (e.g., maximize displacement), along with structural building blocks [here, con-
tractile (red) and passive (cyan) voxels], are supplied to an evolutionary algorithm. The algorithm evolves an initially random population and returns the best design
that was found. The algorithm is rerun 99 times starting with different random populations, generating a diversity of performant designs in silico (A; SI Appendix,
section S5). Performant designs are then filtered by their robustness to random phase modulation of their contractile cells (B; SI Appendix, section S7), constructed
in vivo using developing Xenopus cardiomyocyte and epidermal cell progenitors (C–F; SI Appendix, section S8), and placed on the surface of a Petri dish where their
behavior is observed and compared to the design’s predicted behavior (SI Appendix, section S9). Discrepancies between in silico and in vivo behavior are returned to
the evolutionary algorithm in the form of constraints on the kinds of designs that can evolve during subsequent design–manufacture cycles (G; SI Appendix, section
S6). Concurrently, tissue layering and shaping techniques are modified such that realized living systems behave more like their virtual model (SI Appendix, section S8).
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Engineered biological « robots » and emergence of aggregate motility

Combination of two cell states: passive cells (blue) and fluctuating active contracting cells (red)
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(Fig. 4), despite modeling cardiomyocyte temporal coordination as
random noise. As a side effect of selection pressure for locomotion,
derandomizing morphologies evolved: evolutionary improvement
occurred through changes in overall shape, and distribution of the
passive and contractile cells, to collectively derandomize the global
movement produced by the random actuation. In biology, such
robustness to random noise is ubiquitous; one example is the ability
of many species to adapt to wide ranges of diversity in cell size and
number as starting points in their embryogenesis (23).
The behavioral competence of individual cells, and the pro-

pensity of cells to cooperate in groups, facilitate functional mor-
phogenesis in novel circumstances. The lifeforms presented here,
despite lacking nervous systems, following novel developmental
trajectories, and being composed of materials from different tis-
sues, nevertheless possess these self-organizing properties. These
properties synergize with and support the behavior they were
designed to exhibit. For instance, although signaling between
cardiomyocytes was not enforced, emergent spontaneous co-
ordination among the cardiac muscle cells produced coherent,
phase-matched contractions which aided locomotion in the phys-
ically realized designs. Also, some of the designs, when combined,
spontaneously and collectively aggregate detritus littered within
their shared environment (Fig. 3F and SI Appendix, Fig. S11).
Finally, reconfigurable organisms not only self-maintain their ex-
ternally imposed configuration, but they also self-repair in the face
of damage, such as automatically closing lacerations (SI Appendix,
Fig. S9). Such spontaneous behavior cannot be expected from
machines built with artificial materials unless that behavior was
explicitly selected for during the design process (24).
This approach admits future generalization and automation

because the generator-and-filter architecture enables modular
addition, removal, or reorganization of elements in the pipeline
for rapid design and deployment of new living systems for new
tasks in new domains. For instance, a filter could be added which

preemptively steers the evolutionary algorithm away from por-
tions of the design space known to contain designs that cannot be
realized physically (25). Or, inspired by the hierarchical organi-
zation of deep neural networks (26), individual designs output by
one generator could become the building blocks input to the next
generator, thus enabling hierarchical design and reuse of cellular
assemblies, and assemblies of assemblies.
Beyond the applications reported here, the generality of this

approach is as of yet unknown. But, advances in machine learning,
soft body simulation, and bioprinting are likely to broaden the
potential applications to which it may be put in the future. Ap-
plications could be numerous, given the ease of misexpressing
novel proteins and synthetic biology pathways and computational
circuits in Xenopus cells (27). Given their nontoxicity and self-
limiting lifespan, they could serve as a novel vehicle for intelligent
drug delivery (28) or internal surgery (29). If equipped to express
signaling circuits and proteins for enzymatic, sensory (receptor),
and mechanical deformation functions, they could seek out and
digest toxic or waste products, or identify molecules of interest in
environments physically inaccessible to robots. If equipped with
reproductive systems (by exploiting endogenous regenerative
mechanisms such as occurs in planarian fissioning), they may be
capable of doing so at scale. In biomedical settings, one could en-
vision such biobots (made from the patient’s own cells) removing
plaque from artery walls, identifying cancer, or settling down to
differentiate or control events in locations of disease. A beneficial
safety feature of such constructions is that in the absence of specific
metabolic engineering, they have a naturally limited lifespan.
These methods, reagents, and data extend the breadth of model

organisms available for study by designing living systems that are
as orthogonal as possible to existing species, yet capable of being
built from existing cell types. By enabling a computationally
guided interplay between emergent and designed processes, this
platform facilitates studies of the relationship between genomes
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Fig. 4. Transferal from silico to vivo. The first design selected for fabrication and specific hypothesis testing (A) was the most robust yet stable and energy-
efficient configuration of passive (epidermis; green) and contractile (cardiac; red) tissues found by the evolutionary algorithm. The design was evaluated 25
times for 1 min of simulation time, resulting in 25 movement trajectories (pink curves in C). Six reconfigurable organisms were built which embodied this
design (e.g., B) (SI Appendix, section S9). Three were evaluated four times and the other three were evaluated five times for 10 min each (27 blue curves in C).
The organisms’ direction of movement matched the design’s predicted direction of movement (P < 0.01; details in SI Appendix, section S9). To determine
whether the organisms’ movement was a result of chance or due to the design’s evolved geometry and tissue placement, geometry and tissue distribution
was altered by rotating the design 180° about its transverse plane (D) and evaluating it another 25 times in silico (pink curves in F). Each of the six organisms
were likewise inverted (E): four were evaluated five times while the remaining two were only evaluated once (22 blue curves in F). Inverting the design
significantly reduces its net displacement (P < 0.001), as did inverting the organisms (P < 0.0001).
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Fig. 3. Manufacturing reconfigurable organisms. (A) Aggregation of pluripotent blastula cells harvested from X. laevis embryos. (B) Shaping results in 3D represen-
tations of the evolved in silico designs. (C) Layering of cardiac progenitor cells results in contractile cardiomyocyte tissue at specific locations, visualized by red fluorescent
lineage tracer. (D) Time-lapse imaging of self-locomotion in an aqueous environment. (E) Emergent behavior of debris aggregation by an individual within the envi-
ronment and (F) by groups of reconfigurable organisms over a 24-h period (SI Appendix, section S10.4). (Scale bars: 500 μm for A–E and 5 mm for F, respectively.)

1856 | www.pnas.org/cgi/doi/10.1073/pnas.1910837117 Kriegman et al.
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S. Kriegman et al, — M. Levin and J. Bongard. PNAS. 117: 1853–1859 (2020)

Engineered biological « robots » and emergence of aggregate motility

Realisation of Xenopus engineered robot

Motility is sensitive to orientation of 
Xenopus robot with respect to the 
substrate

From cell to cell cluster motility: 3D
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• Density dependent collective dynamics (critical density 
sets a preferred speed, eg. Toner Tu model and 
phenomenology)


• Density independent collective dynamics 


• Cell adhesion does not block fluidity in self-propelled, 
actively contracting population of cells (different in 
particulate adhesion where adhesion causes jamming 
such as in colloids)


• Fluidity is associated with collective dynamics

• Collective dynamics requires symmetry breaking

• Symmetry breaking is self-organized or induced by external cue
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• Emergent dynamics reflects general 
principles of underlying mechanics that 
operate across different scales


• Questions: 

• How do cells generate front back polarity?

• What are the intrinsic, self-organizing 

mechanisms?

• What are the extrinsic, guidance 

mechanisms?

Symmetry breaking: From cell to cell collective motility

Summary Course #1
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COURS 
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15 novembre 2022
Introduction : de la cellule à la supra-cellule

22 novembre 2022
Tactisme mécanique — barotaxie

29 novembre 2022
Tactisme mécanique — durotaxie individuelle et 
collective

6 décembre 2022
Motilité collective au cours du développement

13 décembre 2022
Motilité collective des bactéries 

COLLOQUE
�˪̵ʎʡͮʎɣǾͮ̿ɟڂġǵͽ̿ʡɂɟڂ ǵˍȻ΢ǵɂʎ͝ڂ

Lundi 19 Juin 2023 
Growth and Form

Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page

Hartmann et al. eLife 2020;9:e55913. DOI: https://doi.org/10.7554/eLife.55913 15 of 33
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