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Diversity of forms:
Are there general principles?

>>mathematical regularities and physical principles
underlying forms and transformations

How to account for the extraordinary diversity of shapes?
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Buffon

« On donne plus  d’esprit  aux mouches  dont  les  ouvrages  sont  le  plus  réguliers;  les  abeilles  sont,  dit-on,  plus 
ingénieuses que les guêpes, que les frelons etc., qui savent aussi l’architecture, mais dont les constructions sont plus 
grossières et plus irrégulières que celles des abeilles:
on ne veut pas voir, ou l’on ne se doute pas, que cette régularité, plus ou moins grande, dépend uniquement 
du nombre et de la figure, et nullement de l’intelligence de ces petites bêtes; plus elles sont nombreuses, plus il y 
a  des  forces  qui  agissent  également  et  s’opposent  de  même,  plus  il  y  a  par  conséquent  de  contrainte 
mécanique, de régularité forcée, et de perfection apparente dans leurs productions ».

Histoire naturelle, IV, 100 (1753).

GL Leclerc, comte de Buffon (1707-1788)

A mathematical understanding of forms
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A mathematical understanding of forms

d’Arcy W. Thompson

d’Arcy Wentworth Thompson (1860-1948)

1917

«   A  certain  mathematical  aspect  of 
morphology  to  which  as  yet  the 
morphologist  gives  little  heed,  is 
interwoven  with  his  problems, 
complementary  to  his  descriptive  task, 
and  helpful,  nay  essential  to  his  proper 
study and comprehension of Growth and 
Form. »

« For the harmony of the world is made 
manifest  in  Form and  Number,  and  the 
heart and soul of all the poetry of Natural 
Philosophy are embodied in the concept 
of mathematical beauty. ». 
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• Form of cells

-Minimisation of surface energy
-Minimisation of surface

408 THE FORMS OF CELLS [CH.

of unduloid form. It has been shewn lately, in one or two

instances at least, that species of Vorticella may "metamorphose"
into one another : in other words, that contours supposed to charac-

terise species are not "specific" These VorticelUd unduloids are

>^-

Fig. 124. Various species of Vorticella.M
Fig. 1 25. Various species of Salpingoeca.

Fig. 126. Various species of Tintinnus, Dinohryon and Codonella.

After Saville Kent and others.

not fully symmetrical ; rather are they such unduloids as develop

when we suspend an oil-globule between two unequal rings, or blow
a bubble between two unequal pipes. For our Vorticellid bell hangs
by two terminal supports, the narrow stallj to which it is attached

below, and the thickened ring from which spring its circumoral

cilia; and it is most interesting to see how, when the bell leaves

sphere, cylinder, catenoid
Surfaces of revolution of Plateau:

Infusories 

catenoid (Euler)
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Catenoid
From Wikipedia, the free encyclopedia

A catenoid is a type of surface in topology, arising by rotating a
catenary curve about an axis.[1] It is a minimal surface, meaning that
it occupies the least area when bounded by a closed space.[2] It was
formally described in 1744 by the mathematician Leonhard Euler.

Soap film attached to twin circular rings will take the shape of a
catenoid.[2] Because they are members of the same associate family
of surfaces, a catenoid can be bent into a portion of a helicoid, and
vice versa.

The dome shape of Inuit igloos can be derived from rotation of a
catenary about its central axis.

Contents
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Geometry
The catenoid was the first non-trivial minimal surface in 3-dimensional Euclidean space to be discovered
apart from the plane. The catenoid is obtained by rotating a catenary about its directrix.[2] It was found and
proved to be minimal by Leonhard Euler in 1744.[3]

Early work on the subject was published also by Jean Baptiste Meusnier.[4] There are only two minimal
surfaces of revolution (surfaces of revolution which are also minimal surfaces): the plane and the catenoid.[5]

The catenoid may be defined by the following parametric equations:

where  and  and  is a non-zero real constant.

A catenoid

A catenoid obtained from the rotation of
a catenary
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-Thermodynamic description: near equilibrium

d’Arcy W Thompson, On Growth and Form, 1917

A mathematical understanding of forms

On Growth and Form. V



Unstable equilibrium Stable equilibrium
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1870

• Form of Cell aggregates

• Soap films form flat surfaces

• A maximum of 3 surfaces meet at 1 edge:  
> angles between surfaces is 120°

• 4 edges meet at 1 point: angles between 
edges is 109.47°

Plateau rules:
Experiments with soap films

A mathematical understanding of forms

www.toysfab.com

On Growth and Form. VII
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• Form of Cell aggregates

VII OF PLATEAU'S BOURRELET 471

(7) The bourrelet, a fluid mass connected with a fluid film, is no

mere passive phenomenon but has its active influence or dynamical

effect. This was pointed out by Willard Gibbs*, and Plateau's

bourrelet is more often called, nowadays, "Gibbs's Ring." The ring

is continuous in phase with the interior of the film, and fluid is

sucked into it from the latter, which thins rapidly; and this,

becoming a more potent factor of unrest than gravity itself, leads

presently to the rupture of the film. Plateau's explanation of his

bourrelet as a ''surface of continuity" is thus but a part, and a

small part of the story.

(8) In the succulent, or parenchymatous, tissue of a vegetable,

the cells have their internal corners rounded off (Fig. 156) in a way
which might suggest the bourrelet, but comes pf another cause.

Fig. 156. Parenchyma of maize ; shewing intercellular spaces.

Where the angles are rounded off the cell-walls tend to split apart

from one another, and each cell seems tending to withdraw, as far

as it can, into a sphere; and this happens, not when the tissue is

young and the cell-walls tender and quasi-fluid, but later on, when

cellulose is forming freely at the surface of the cell. The cell-walls

no longer meet as fluid films, but are stiffening into pelHcles; the

cells, which began as an association of bubbles, are now so many
balls, in solid contact or partial detachment; and flexibility and

elasticity have taken the place of the capillary forces of an earlier

and more liquid phase f.

* Collected Works, i, p. 309.

t J. H. Priestley, Cell-growth

,

pp. 54-81, 1929.

, in the flowering plant, New Phytologist, xxviii,
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molecules is supposed to slip from one lozenge-configuration to an

opposite one, passing on the way through the simple cross or square

—a configuration of "higher energy" and less stable equilibrium*.

The sohd geometry of this four-celled figure is not without

interest. If the two polar furrows (the one above and the other

below) run criss-cross, the whole is a more or less flattened and
distorted spherical tetrahedron. If they run parallel, then it is a

four-sided lozenge with two curved quadrilateral faces, and two

bilateral faces each bounded by two curved edges, Hke the "liths"

Fig. 173. Examples of the "polar furrow". A, Pollen-grains (tetrads) of Neottia.

B, Egg of hookworm {Ankylostoma). C, First cells of a wasp's nest (Polistes).

(From Packard, after Saussure.) D, Four-celled stage of Volvox: from Janet.

E, Hair of Salvia, after Hanstein.

of an orange I . In either case the lozenge-configuration is under

some restraint to keep its four cells in a plane; for a tetrahedral

pile, or pyramid, of four spheres would be the simplest arrangement

of all.

The polar furrow and the partition of which it forms an edge are, like all

the edges and partitions in our associated cells, perfectly definite in dimensions

and position; and to draw them to scale, in projection, is a simple matter.

Taking the simplest case, when the radii of all four cells are equal to one another,

let c, c\ c" and c'" be the centres of the four cells, Fig. 174. The centres of

* Cf. J. D. Bernal, Proc. R.S. (A), No. 914, p. 321, 1937.

t The geometer seldom takes account of such two-sided surfaces or facets;

but in groups of cells or bubbles they are of common occurrence, and in the theory

of polyhedra they fit in without difficulty with the rest (cf. infra, p. 737).
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the upper polar furrow was caused to elongate, till it became equal

in length to the lower; and by continuing the process it became
the longer in its turn. These two conditions have again been

described by investigators as characteristic of this embryo or that;

for instance in Unio, Lillie has described the two furrows as

gradually altering their respective lengths*; and Wilson (as LilHe

Fig. 215. Aggregations of four soap-bubbles, to shew various arrangements of

the intermediate partition and polar furrows. After Robert.

remarks) had already pointed out that "the reduction of the apical

cross-furrow, as compared with that at the vegetative pole in

molluscs and annelids, 'stands in obvious relation to the different

size of the cells produced at the two polesf."

When the two lateral bubbles are gradually reduced in size, or

the two terminal ones enlarged, the upper furrow becomes shorter

* F. R. Lillie, Embryology of the Unionidae, Journ. Morph. x, p. 12, 1895.

t E. B. Wilson, The cell-lineage of Nereis, Journ. Morph. vi, p. 452, 1892.

Minimisation of surface energy
Cells adopt configuration where angles approach 120°
(all interfacial tensions are equal)
following Plateau rules 

Soap bubblesCell aggregates in plants and animals

d’Arcy W Thompson, On Growth and Form, 1917
©  2004 Nature  Publishing Group

Surface mechanics mediate pattern
formation in the developing retina
Takashi Hayashi1,2 & Richard W. Carthew1

1Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, Evanston, Illinois 60208, USA
2Department of Biophysics and Biochemistry, Graduate School of Science, University of Tokyo, Tokyo 113-0033, Japan

...........................................................................................................................................................................................................................

Pattern formation of biological structures involves organizing different types of cells into a spatial configuration. In this study, we
investigate the physical basis of biological patterning of the Drosophila retina in vivo. We demonstrate that E- and N-cadherins
mediate apical adhesion between retina epithelial cells. Differential expression of N-cadherin within a sub-group of retinal cells
(cone cells) causes them to form an overall shape that minimizes their surface contact with surrounding cells. The cells within this
group, in both normal and experimentally manipulated conditions, pack together in the same way as soap bubbles do. The shaping
of the cone cell group and packing of its components precisely imitate the physical tendency for surfaces to be minimized. Thus,
simple patterned expression of N-cadherin results in a complex spatial pattern of cells owing to cellular surface mechanics.

Pattern formation is the process by which cells are spatially arranged
into elaborate biological structures. Whereas significant advances
have been made in understanding how different cell types become
determined, less is understood about how cells are configured into
the characteristic shapes found in many organs. Signal transduction
networks under genetic control are known to regulate cell shape and
form through the cytoskeleton1,2. On the other hand, sporadic
descriptive analysis over the past century has suggested that cells
can be configured bymechanisms following physical principles. The
notion that cells organize themselves within structures that mini-
mize their total surface area is a recurring one.

The similarities between the patterns adopted by simple cell
aggregates and soap bubbles have long been remarked upon3. A
set of rules governing the behaviour of soap bubbles was first
developed by Plateau4. He found that in stable systems of bubbles,
junctions ofmore than three bubbles at a point were never observed.
He observed that three and only three bubbles meet at any junction
within a two-dimensional array of bubbles. The mathematical
and physical justifications for this phenomenon are based on
minimizing surface area for a given group of bubbles5. Plateau
also observed that the meeting point of any three bubbles was
symmetrical. The surface free energy of each of the three contact
surfaces is equal to the others, meaning that the three surfaces meet
at an intersection point, forming angles of 1208 (Fig. 1a). Because
the bubble membranes (soap films) are identical, the interactions
between neighbouring bubbles are identical and little complexity
can be generated by the system. However, many simple tissues and
multicellular aggregates in nature that closely resemble the packing
pattern seen with soap bubbles have been documented3 (Fig. 1b).
This correlation suggested that cells pack together in configurations
that minimize their overall surface area.

A different manifestation of surface minimization is seen when
mixtures of dissociated embryonic cells aggregate in vitro. As first
pointed out by Steinberg6, cells aggregate inways that closely imitate
the mixing of immiscible liquids. When two immiscible liquids are
mixed together, the liquid with the greater surface energy will round
up into a circle or sphere surrounded by the other. This shape
minimizes the liquid’s surface area. Likewise, dissociated cells
migrate and aggregate into an overall spherical shape if they are
able to adhere to one another; this process correlates with the
aggregate’s total surface energy7–9. Thus, a group of cells will adopt
an overall shape that minimizes the group’s surface area.

A wide variety of biological structures might be patterned
following minimization principles. Cells in epithelial sheets and

early embryos join in three-way junctions, as do lobules in a liver.
Epidermal scales and hair follicles are organized as circular struc-
tures, and cell groups within glands frequently adopt circular
shapes. Despite this circumstantial evidence, there is limited experi-
mental data that surface mechanics influences patterning in vivo.
Moreover, many complex biological patterns emerge in epithelia

Figure 1 Pattern formation in different tissues. a, The configuration of three soap
bubbles. The interfaces (a,b,c) are oriented at 1208-angles from each other. b, Packing
symmetry in an eight-cell mollusc embryo40. c, d, Schematic Drosophila ommatidium at

35% of pupal life. Cross-section view at the level of the adherens junction (c), and the side
view is equatorial to the midplane (d). Cone cells (eqc, equatorial; pc, posterior; plc, polar;
ac, anterior) are surrounded by two primary pigment cells (pp) plus secondary pigment

(sp), tertiary pigment (tp) cells and bristles (b). The cone cells sit over a cluster of

photoreceptor cells (R). e, A retina stained with cobalt sulphide. f, An ommatidium with an

arrow marking the junctional interface between cone cells. g, A cluster of four soap

bubbles, with an arrow marking the junctional interface.
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wall running between the other two; and where the partition t

meets the outer wall TT\ let the several tensions, or the tractions

exerted on a point at their meeting-place, be proportional to T, T
and t. Let a, ^, y be, as in the figure, the opposite angles. Then:

(1) If T be equal to T' , and t be relatively insignificant, the

angles a, ^ will be of 90° .

(2) If r = T\ but be a little greater than t, then t will exert

an appreciable traction, and a, ^ will be more than 90° , say for

instance, 100° .

(3) lfT=T' = t, then a, ^, y will all equal 120° .

Fig. I(i2. Part of a dragonfly's wing.

The outer walls of the two cells on either side of the partition

will be straight, as well as continuous, in the first case, and more

or less curved in the other two. We have a vivid illustration (if a

somewhat crude one) of the first case in a section of honey : where

the waxen walls, which meet one another at 120° , meet the wooden

sides of the box at 90° .

The wing of a dragon-fly shews a seemingly complicated system

of veins which the foregoing considerations help much to simplify.

The wing is traversed by a few strong "veins," or ribs, more or

less parallel to one another, between which finer veins make a
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and is at right angles to the axis of symmetry. The actual curvature

of the partition-wall is easily seen in optical section ; but in surface

view the line of junction is projected as a plane (Fig. 160), perpen-

dicular to the axis, and this appearance has helped to lend support

and authority to "Sachs's Rule."

Fig. 159. Fig. 160.

As soon as the tensions of the cell-walls become unequal, whether

from changes in their own substance or in the substances with

which they are in contact, then the form alters. If the tension

along the partition P diminishes, the partition itself enlarges and

the angle QPR increases: until, when the tension p is very small

compared with q or r, the whole figure becomes a sphere, and the

partition-wall, dividing it into two hemispheres, stands at right

angles to the outer wall. This is the case w^hen the outer wall of

the cell is practically sohd. On the other hand, if p begins to

Fig. 161.

increase relatively to q and r, then the partition-wall contracts,

and the two adjacent cells become larger and larger segments of

a sphere, until at length the system becomes divided into tw^o

separate cells.

To put the matter still more simply, let the annexed diagrams

(Fig. 161) represent a system of three films, one being a partition-

T=T’ >> t T=T’ = t

d’Arcy W Thompson, On Growth and Form, 1917

Non-uniform surface tensions can explain
a variety of cellular/multicellular arrangements

A mathematical understanding of forms

• Form of Cell aggregates On Growth and Form. VII
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• Theory of transformations
XVII] THE COMPARISON OF RELATED FORMS 1057

the carapace conforms to a triangular diagram, more or less curvi-

linear, as in Fig. 513, 4, which represents the genus Paralomis. Here
we can easily see that the posterior border is transversely elongated

as compared with that of Geryon, while at the same time the anterior

,

^

Fig. 513. Carapaces of various crabs. I, Geryon; 2, Corystes; 3, Scyramathia;
4, Paralomis; 5, Lupa; 6, Chorinus.

part is longitudinally extended as compared with the posterior.

A system of slightly curved and converging ordinates, with ortho-

gonal and logarithmically interspaced abscissal hues, as shewn in

the figure, appears to satisfy the conditions.

In an interesting series of cases, such as the genus Chorinus, or

Scyramathia, and in the spider-crabs generally, we appear to have

• System of coordinates 

• Closely related forms may
    be transformed into one another 

via deformation of the coordinate      
system.

• A system of forces is responsible for 
such deformation (defines the 
magnitude and orientation of forces)

« dispense with many more complicated       
hypotheses of biological causation »

d’Arcy W Thompson, On Growth and Form, 1917

On Growth and Form. XVII

A mathematical understanding of forms
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which fossils are subject (as we have "seen on p. 811) as the result

of shearing-stresses in the solid rock.

Fig. 519 is an outUne diagram of a typical Scaroid fish. Let us

deform its rectihnear coordinates into a system of (approximately)

coaxial circles, as in Fig. 520, and then filling into the new system.

Fig. 517. Argyropelecua Olfersi. Fig. 518. Stemoptyx diaphana.

space by space and point by point, our former diagram of Scarus,

we obtain a very good outline of an allied fish, belonging to a neigh-

bouring family, of the genus Pomacanihus. This case is all the more

interesting, because upon the body of our Pomacanihus there are

striking colour bands, which correspond in direction very closely

Fig. 519. Scarus sp. Fig. 520. Pomacanihus.

to the lines of our new curved ordinates. In like manner, the still

more bizarre outUnes of other fi.shes of the same family of Chaetodonts

will be found to correspond to very slight modifications of similar

coordinates; in other words, to small variations in the values of

the constants of the coaxial curves.

In Figs. 521-524 I have represented another series of Acantho-

pterygian fishes, not very distantly related to the foregoing. If we

1064 THE THEORY OF TRANSFORMATIONS [ch.

a system of hyperbolas *. The old outline, transferred in its integrity

to the new network, appears as a manifest representation of the

closely alUed, but very different looking, sunfish, Orthagoriscus mola.

This is a particularly instructive case of deformation or transforma-

tion. It is true that, in a mathematical sense, it is not a perfectly

satisfactory or perfectly regular deformation, for the system is no

Fig. 525. Diodon. Fig, 526. Orthagoriscus.

longer isogonal; but nevertheless, it is symmetrical to the eye, and
obviously approaches to an isogonal system under certain conditions

of friction or constraint. And as such it accounts, by one single

integral transformation, for all the apparently separate and distinct

external differences between the two fishes. It leaves the pa-rts

* The coordinate system of Fig. 526 is somewhat different from that which
I first drew and published. It is not unlikely that further investigation will

further simplify the comparison, and shew it to involve a still more symmetrical
system.

d’Arcy W Thompson, On Growth and Form, 1917

A mathematical understanding of forms

• Theory of transformations On Growth and Form. XVII
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How to account for the extraordinary diversity of shapes?

Can one identify general principles?

• physical : constraints. 
> Mechanics, Geometry and Dynamics

Hard problem: understand how evolving chemistry
guides the formation and transformation of shapes 

within physical constraints

• biological: evolving chemistry. 
>Modes of Regulation
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2) Plasticity / Dynamics

 1) Organisation / Static
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Organisation

Number

Size

Shape

Position

Cell parameters X 2D 3D

…

…

…

…
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- Chemical barrier
- Mechanical fence
- Polarised/vectorial organisation: 

apico-basal and planar.

>2D Morphogenesis: sheets of cells 

Apical

Basal

Tissue Organisation: Epithelia

Epithelia: 
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- Chemical barrier
- Mechanical fence
- Polarised/vectorial organisation: 

apico-basal and planar.

Tissue Organisation: Epithelia

>2D Morphogenesis: sheets of cells 

Epithelia: 
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Gibson M. & Perrimon N. Science. 307:1785. 2005

• Apico-basal polarity
• Intercellular adhesion
• F-actin scaffold
• Conserved properties across animals

Tissue Organisation: Epithelia
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Epithelia:  Variation on the theme of cell shape
• sheets of cells 

Elsevier

Columnar Cuboidal Squamous

Tissue Organisation: EpitheliaTissue Organisation: Epithelia

human vaginahuman kidney tubules,
collecting duct

Gut vili
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Tissue Organisation: Epithelia

Epithelia:  Variation on the theme of tissue shape
- flat: skin, epidermis/ectoderm
- curved: gut, embryos

2D sheets of cells 
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constriction, with a disassembly and reassembly that 
is controlled by RhoGEF2. Apical constriction could 
potentially involve upregulation of surface tension by 
inhibition of adhesion. This has never been reported in 
natural apical constriction processes. However, clones 
of cells that are devoid of the cell adhesion molecule 
Echinoid do constrict their apices73,74.

Junction remodelling and intercalation. Anisotropic 
modulations of cell surface tension have also been shown 
to control cell-shape changes that result in cell intercalation 
during convergent extension movements. Cell intercalation 
was discovered in studies of the antero-posterior elonga-
tion of the Xenopus laevis mesoderm75. Elongation is 
driven by the dorsal convergence of mesenchymal cells 
that intercalate medio-laterally by polarized protrusive 
activity and cell crawling75. Intercalation also occurs in 
epithelial tissues such as the D. melanogaster germband76–78 
(FIG. 5a,b). Epithelial intercalation is not produced by 
polarized cell migration but through a spatio-temporally 
ordered process of cell-junction remodelling (FIG. 5c). Cell 
intercalation produces neighbour exchange in approxi-
mately 30 minutes: first, cells that are predominantly hexa-
gonal lose (on average) an interface with their neighbour 
and, later, gain a new interface. Thus, during intercala-
tion, cells change shape; for example, hexagons produce 
pentagons or tetragons. This loss and gain of junctional 
interfaces is not spatially random, but is irreversible and 
is polarized in the plane of the tissue (FIG. 5c,d): type-1 
junctions that separate antero-posterior neighbours 
shrink and produce a type-2 configuration, and a new 
junction is formed perpendicularly, producing the type-3 
junction. Junction remodelling driving intercalation has 
also been reported during epithelial tube extension of 
the D. melanogaster tracheal system79,80. In this example, 
junction remodelling is probably controlled by external 
forces that pull on intercalating groups of cells. 

However, intercalation is not dependent on external 
forces that act at the tissue boundaries during germband 
elongation77. Local effectors of junction remodelling 
have been identified, supporting the idea that local 
modulation of intercellular surface tension drives cell 
intercalation. First, myosin-II is specifically upregulated 
in shrinking type-1 junctions and is required for junction 
remodelling77,78 (FIG. 5e,f), probably through the upregula-
tion of cortical tension (FIG. 5g). Second, the polarity pro-
tein PAR-3 (which controls E-cadherin stabilization48,81 
and thus intercellular adhesion), along with E-cadherin 
and β-catenin, exhibit a polarized localization that is 
complementary to myosin-II (REFS 78,82) (FIG. 5f). This 
suggests that adhesion might be locally downregulated 
in type-1 junctions (FIG. 5h), thereby also contributing 
to an upregulation of surface tension during shrinkage 
of type-1 to type-2 junctions. In the D. melanogaster 
tracheal system, the junctional protein polychaetoid 
(Pyd; also known as ZO-1) is also required for junction 
remodelling83. Whether adhesion and/or cortical tension 
are regulated by ZO-1 remains unclear. Thus, the sub-
cellular regulation of intercellular surface tension can 
control dynamic patterns of cell-shape changes, thereby 
driving cell intercalation and tissue extension.

Figure 4 | Apical constriction and tissue bending. a | Mesoderm invagination in the 
Drosophila melanogaster embryo involves furrowing of the ventral epithelium and 
specific cell-shape changes in apical constriction (pink) of invaginating cells (square 
bracket). b | Vertebrate neurulation (for example, in the chick) proceeds by bending 
of the neuro-epithelium (square bracket) and apical constriction in defined regions 
(pink). c | Schematic representation of apical constriction (pink) in epithelial cells. 
d | Schematic representation of bending associated with apical constriction of the 
epithelial tissue. e | Apical constriction requires the formation of an apical contractile 
acto-myosin network (orange) that spans the junctional area (green) and interacts with 
E-cadherin complexes at the adherens junctions in D. melanogaster and junctional 
adhesion molecules (JAMs) at tight junctions in vertebrates. In flies, apical constriction 
involves activation (phosphorylation) of myosin-II regulatory light chain (Myo-IIRLC) by 
the Gα protein Gα12α13/Cta, RhoGEF2, the Rho small GTPase Rho1 and Rho kinase (Rok). 
The ligand FOG activates this pathway via an unknown receptor. T48 is a 
transmembrane protein that binds and localizes RhoGEF2. In vertebrates, the Rho 
small GTPase Rap1 and Shroom activate Myo-IIRLC apically. The reorganization of 
actin filaments by Shroom in vertebrates and by the kinase Abl in D. melanogaster is 
also important in this process. f | RhoGEF2 is a central regulator of apical constriction 
that is anchored apically by the transmembrane protein T48. RhoGEF2 binds the plus 
(+) ends of microtubules. Apical Gα12α13/Cta releases this association. Myo-IIHC, 
myosin-II heavy chain. Image in panel a courtesy of D. Sweeton and E. Wieschaus, 
Princeton University, New Jersey, USA. Image in panel b reproduced courtesy of 
K. Tosney, University of Miami, Florida, USA. 
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constriction, with a disassembly and reassembly that 
is controlled by RhoGEF2. Apical constriction could 
potentially involve upregulation of surface tension by 
inhibition of adhesion. This has never been reported in 
natural apical constriction processes. However, clones 
of cells that are devoid of the cell adhesion molecule 
Echinoid do constrict their apices73,74.

Junction remodelling and intercalation. Anisotropic 
modulations of cell surface tension have also been shown 
to control cell-shape changes that result in cell intercalation 
during convergent extension movements. Cell intercalation 
was discovered in studies of the antero-posterior elonga-
tion of the Xenopus laevis mesoderm75. Elongation is 
driven by the dorsal convergence of mesenchymal cells 
that intercalate medio-laterally by polarized protrusive 
activity and cell crawling75. Intercalation also occurs in 
epithelial tissues such as the D. melanogaster germband76–78 
(FIG. 5a,b). Epithelial intercalation is not produced by 
polarized cell migration but through a spatio-temporally 
ordered process of cell-junction remodelling (FIG. 5c). Cell 
intercalation produces neighbour exchange in approxi-
mately 30 minutes: first, cells that are predominantly hexa-
gonal lose (on average) an interface with their neighbour 
and, later, gain a new interface. Thus, during intercala-
tion, cells change shape; for example, hexagons produce 
pentagons or tetragons. This loss and gain of junctional 
interfaces is not spatially random, but is irreversible and 
is polarized in the plane of the tissue (FIG. 5c,d): type-1 
junctions that separate antero-posterior neighbours 
shrink and produce a type-2 configuration, and a new 
junction is formed perpendicularly, producing the type-3 
junction. Junction remodelling driving intercalation has 
also been reported during epithelial tube extension of 
the D. melanogaster tracheal system79,80. In this example, 
junction remodelling is probably controlled by external 
forces that pull on intercalating groups of cells. 

However, intercalation is not dependent on external 
forces that act at the tissue boundaries during germband 
elongation77. Local effectors of junction remodelling 
have been identified, supporting the idea that local 
modulation of intercellular surface tension drives cell 
intercalation. First, myosin-II is specifically upregulated 
in shrinking type-1 junctions and is required for junction 
remodelling77,78 (FIG. 5e,f), probably through the upregula-
tion of cortical tension (FIG. 5g). Second, the polarity pro-
tein PAR-3 (which controls E-cadherin stabilization48,81 
and thus intercellular adhesion), along with E-cadherin 
and β-catenin, exhibit a polarized localization that is 
complementary to myosin-II (REFS 78,82) (FIG. 5f). This 
suggests that adhesion might be locally downregulated 
in type-1 junctions (FIG. 5h), thereby also contributing 
to an upregulation of surface tension during shrinkage 
of type-1 to type-2 junctions. In the D. melanogaster 
tracheal system, the junctional protein polychaetoid 
(Pyd; also known as ZO-1) is also required for junction 
remodelling83. Whether adhesion and/or cortical tension 
are regulated by ZO-1 remains unclear. Thus, the sub-
cellular regulation of intercellular surface tension can 
control dynamic patterns of cell-shape changes, thereby 
driving cell intercalation and tissue extension.

Figure 4 | Apical constriction and tissue bending. a | Mesoderm invagination in the 
Drosophila melanogaster embryo involves furrowing of the ventral epithelium and 
specific cell-shape changes in apical constriction (pink) of invaginating cells (square 
bracket). b | Vertebrate neurulation (for example, in the chick) proceeds by bending 
of the neuro-epithelium (square bracket) and apical constriction in defined regions 
(pink). c | Schematic representation of apical constriction (pink) in epithelial cells. 
d | Schematic representation of bending associated with apical constriction of the 
epithelial tissue. e | Apical constriction requires the formation of an apical contractile 
acto-myosin network (orange) that spans the junctional area (green) and interacts with 
E-cadherin complexes at the adherens junctions in D. melanogaster and junctional 
adhesion molecules (JAMs) at tight junctions in vertebrates. In flies, apical constriction 
involves activation (phosphorylation) of myosin-II regulatory light chain (Myo-IIRLC) by 
the Gα protein Gα12α13/Cta, RhoGEF2, the Rho small GTPase Rho1 and Rho kinase (Rok). 
The ligand FOG activates this pathway via an unknown receptor. T48 is a 
transmembrane protein that binds and localizes RhoGEF2. In vertebrates, the Rho 
small GTPase Rap1 and Shroom activate Myo-IIRLC apically. The reorganization of 
actin filaments by Shroom in vertebrates and by the kinase Abl in D. melanogaster is 
also important in this process. f | RhoGEF2 is a central regulator of apical constriction 
that is anchored apically by the transmembrane protein T48. RhoGEF2 binds the plus 
(+) ends of microtubules. Apical Gα12α13/Cta releases this association. Myo-IIHC, 
myosin-II heavy chain. Image in panel a courtesy of D. Sweeton and E. Wieschaus, 
Princeton University, New Jersey, USA. Image in panel b reproduced courtesy of 
K. Tosney, University of Miami, Florida, USA. 
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Robust geometric tiling

Tissue Organisation: Epithelia
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Fibroblasts 

• Adhesion to substratum (extracellular matrix)
• Motile cells: protrusive activity (Actin filaments)

Actin filaments
Microtubules

Intermediate filaments
Thomas Pollard. The Cytoskeleton

Human Fibroblasts

Tissue Organisation: Fibroblasts and mesenchymal cells

connective tissue
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Tissue organisation: plant epidermal cells

plant epidermal tissues and animal epithelia leads to uncontrolled
proliferation and spontaneous tumour development (Ahn et al.,
2004; Krupková et al., 2007; Wodarz and Nathke, 2007).

Epidermal integrity and cell fate establishment: a chicken
and egg story?
As highlighted above, a fundamental feature of the plant epidermis
is its integrity. A damaged epidermis is detrimental for plant
development as well as for protection against both biotic and abiotic
stresses (Javelle et al., 2011a). Interestingly, the establishment and
maintenance of this crucial feature have been linked to the
establishment and maintenance of epidermal fate. Plant epidermal
specification, differentiation and maintenance have all been linked
to the activity of a specific subfamily (IV) of homeodomain-leucine
zipper (HD-ZIP) transcription factors (TFs). The expression of these
TFs is mainly restricted to the epidermis, both in Arabidopsis

(Javelle et al., 2011b; Peterson et al., 2013; San-Bento et al., 2013)
and in other plant species (Peterson et al., 2013). In Arabidopsis,
HD-ZIP family IV includes 16 members, many of which have been
implicated in epidermis-specific processes. Epidermis specification
relies on the activity of two redundantly acting family members:
PROTODERMAL FACTOR 2 (PDF2) and Arabidopsis thaliana
MERISTEM LAYER 1 (AtML1) (Abe et al., 2003). The
simultaneous loss of function of these TFs leads to early embryo
lethality (San-Bento et al., 2013). In Arabidopsis seedlings, the
expression of PDF2 and AtML1, and thus epidermis identity, is
maintained through a feedback loop that involves the receptor-like
kinase Arabidopsis CRINKLY4 (ACR4) (San-Bento et al., 2013),
and it has been hypothesized that ACR4-mediated intracellular
signalling could be affected by cell wall modifications (Moussu
et al., 2013). Consistent with this idea, it has recently been shown
that defects in epidermis integrity are tightly associated with defects
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http://web.mnstate.edu/marryand/research_interests.htm

Onion epidermis

Dixon RA. Nature 493:36. 2013

Tissue organisation: plant epidermal cells

• Cells are surrounded by a rigid wall
• Cell-Cell adhesion: middle lamella (pectin cross linking)
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2) Plasticity / Dynamics

 1) Organisation / Static
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Cellular Dynamics in Plant and Animal Morphogenesis

von Wangenheim et al. and Maizel A. Current Biol. 26:1-11. 2016

Arabidopsis thaliana

Tomer R.et al. and Keller PJ. Nature Methods. 9:755. 2012

Drosophila melanogaster
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Origin of Dynamics 

At cellular level

• Active Forces: 
- Contractility/tension:    Motors
- Protrusive forces:         F-actin polymerisation

• Turgor pressure: 
- « osmotic engine »       Ion and water transporters
- mass increase               Protein translation

• Resistive forces: 
- adhesion: cell-cell and to substratum (animals)   
- wall synthesis (plants)              

Machines Function
Shape changes
Motility

Growth

Motility/
Shape changes

Growth/
Shape changes
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Connectedness between cells 

• Three Modalities
(along gradients of cell adhesion and stiffness) 

« Free »

Adhesive

Strongly Coupled

Gaz

Fluid (viscoelastic)

Solid (elastic/plastic)

• Mesenchymal cells in 3D

• Epithelial cells in 2D

• Plant cells in 3D
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Mesenchymal Morphogenesis in 3D

« free » Gaz

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

Developmental Biology. S. Gilbert

Nakaya Y. and Sheng G. Cell Adh Migr 3:160. 2009

EMT in chicken gastrulation

www.landesbioscience.com Cell Adhesion & Migration 161

stay out in the ectoderm either as neural or 
epidermal cells.8

The dynamic developmental setting for 
gastrulation EMT in chick suggests that 
molecular studies of any given EMT should 
take biological context into consideration. 
In contrast to this biological complexity, 
however, overall cell biological description 
of chick gastrulation EMT is relatively 
straightforward. Epithelial morphology of 
epiblast cells is maintained by tight junc-
tions, epithelial adherens junctions and cell/
BM interactions. They move toward the 
streak, break down cell/BM interaction, 
disrupt apical tight junctions and apical/
basal polarity, switch to mesenchymal adhe-
rens junctions and move away from the 
streak (Fig. 1C and D). The key to under-
standing molecular regulations of EMT, 
however, may not lie in how to achieve EMT, 
which can be relatively easily triggered by a 
few exogenous signals in both culture and 
embryonic settings, but rather in how to 
execute these component events of EMT in 
a sequential and coordinated fashion in the 
context of other developmental processes 
and with spatial and temporal constraints 
often unique for each EMT.

In chick, mesoderm cell fate is specified 
in and around the streak when mesoderm 
precursors are still located in the epiblast. 
The streak, while being easily distinguish-
able as an overall structure, does not have 
a morphologically distinct lateral borders. 
Brachyury expression, marking mesoderm 
precursor fate (Fig. 1B), starts quite far 
away from the streak midline when seen 
in sections. The earliest sign of EMT is 
the initiation of basement membrane 
(BM) breakdown 5–10 cells away from the 
midline (Fig. 1C and D),1,3,9-11 although it 
is possible that BM breakdown is regulated 
by mesoderm specifiers like Brachyury. In 
gastrulation stage chick embryo, the BM 
underneath the epiblast is very thin and 
barely visible in electron microscopy (EM) 
analysis. Molecular components of the BM, 
such as laminin, fibronectin and perlecan, 
however, can be readily detected with immunohistochemistry  
(Fig. 2A). The BM has been considered to be crucial, together 
with tight junctions, for maintaining epiblast integrity in the chick 
embryo.3 However, during gastrulation, BM breakdown takes place 
early during EMT, whereas tight junctions are seen in every epiblast 
cells (Figs. 1D and 2A), including streak midline cells with only a 
narrow stalk connected to the apical surface (Fig. 2B). Chick epiblast 
is under mechanical tension, being pulled tight by outward migra-
tion of cells at its margin, without which embryonic development 
largely ceases.4,5 The epiblast also has transport and barrier functions 

to mediate the passage of water from the albumen to the devel-
oping embryo.12 It is therefore conceivable that these constraints 
make it necessary for the chick embryo to maintain tight junctions 
throughout the epiblast and to initiate EMT by modulating the basal 
side of epiblast cells first.

Our recent analyses on molecular regulation of BM breakdown 
(Fig. 1D) indicate that the activity of a small GTPase, RhoA, in the 
basal compartment of epiblast cells plays a critical role in this process. 
The loss of basal RhoA activity, regulated by a Rho specific guanine 
nucleotide exchange factor, Net1, is coincident with BM breakdown, 

Figure 1. (A) General structures of pre-gastrulation stage chick embryo. (B) Brachyury gene expression 
in and surround the primitive streak at HH4. (C) General organization of three germ layers (cartoon 
drawn after Bellairs3) and morphogenetic movement of gastrulation EMT at stage HH3-4. (D) Cellular 
events leading to EMT.
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fused to green fluorescent protein) and the fluorescently labelled des-
cendants were tracked over time14. Cells in the caudal PSM exhibited
high motility and important cell mixing2,15(n 5 4; Fig. 2a and Sup-
plementary Movie 5). The directionality of cells within the PSM was
quantified using a formed somite as a fixed reference point. Cell move-
ments exhibited a posterior directional bias in the whole tissue and
convergence towards the axis in the anterior part of each PSM (Fig. 2a).
We observed a clear motility gradient decreasing in a posterior-
to-anterior direction along the PSM (n 5 4/4 embryos; Fig. 2d).
Analysis of cell counts on sagittal sections (data not shown) of the
PSM or fluorescence intensity in Hoechst-labelled embryos reveals a
cell density gradient, opposite to the cellular motility gradient (Sup-
plementary Fig. 1a, b).

To quantify the apparent movement of PSM cells resulting from the
tissue deformation (that is, elongation) versus their local movement
within the tissue, we measured cell movement relative to the local
extracellular matrix (ECM). As a marker for ECM, we used fibronec-
tin, which is produced by ectoderm cells and forms a network of fibrils

surrounding the PSM cells16. Embryos electroporated with H2B–GFP
were co-labelled with an anti-fibronectin antibody coupled to an
Alexa-555 fluorochrome. Using time-lapse microscopy, ECM tissue
movement and the cellular movements in the PSM during axis exten-
sion were recorded in double-labelled embryos (n 5 4; Fig. 2a, b and
Supplementary Movie 6)17,18. The tracked fibronectin fibres show
almost the same pattern of directional displacement (extension and
anterior convergence) as the cells (Fig. 2b). To examine cellular move-
ments relative to the ECM, we subtracted fibronectin movements
from the observed cellular movements. We consistently observed a
decreasing posterior-to-anterior gradient of local cell motility within
the PSM (n 5 4/4 embryos; Fig. 2c, e). Surprisingly, the movements of
cells relative to the ECM did not show any local directional bias
(Fig. 2c). The mean square displacement of these cells compared to
the fibronectin movement scales with time (Fig. 2f, g), indicating that
cells exhibit a ‘random walk’-like diffusive behaviour19, with the dif-
fusion of cells relative to the fibronectin following a posterior-
to-anterior gradient (Fig. 2g). A physical analogy can be made by
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Figure 2 | Posterior-to-anterior decreasing gradient of random motility in
the PSM. a–c, H2B–GFP electroporated embryos injected with labelled anti-
fibronectin antibodies. Crosses represent cell position at t 5 0; trajectories
are represented by green, blue and red lines. The green bars in the red
octagons represent cell directionality (see Supplementary Methods).
a, Tracking of cellular movements. b, Tracking of ECM movement
(fibronectin). c, Cell movements after subtraction of ECM motion.
d, e, Cellular motility along the AP axis with respect to a somite; node
position is on the left; normalized probabilities for different motilities are
colour coded (see Supplementary Methods). d, Gradient of cellular motility.

e, Gradient of cellular motility relative to the ECM. f, Analysis of the mean
square displacement of cells relative to the ECM along the AP axis as a
function of time. g, Mean square displacement normalized by time.
h–j, Orientation of cellular protrusions relative to the AP axis. h, Ventral
view of the caudal part of an embryo electroporated with membrane-
tethered GFP. i, Representation of the orientations of major lamelliform
protrusion. j, Rose diagram representing the distribution of the angles
between the major cellular lamelliform protrusion and the AP body axis
(n 5 476 cells from 14 different embryos, 0 degrees corresponds to a
protrusion parallel to the AP axis and pointing towards the tail).
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fused to green fluorescent protein) and the fluorescently labelled des-
cendants were tracked over time14. Cells in the caudal PSM exhibited
high motility and important cell mixing2,15(n 5 4; Fig. 2a and Sup-
plementary Movie 5). The directionality of cells within the PSM was
quantified using a formed somite as a fixed reference point. Cell move-
ments exhibited a posterior directional bias in the whole tissue and
convergence towards the axis in the anterior part of each PSM (Fig. 2a).
We observed a clear motility gradient decreasing in a posterior-
to-anterior direction along the PSM (n 5 4/4 embryos; Fig. 2d).
Analysis of cell counts on sagittal sections (data not shown) of the
PSM or fluorescence intensity in Hoechst-labelled embryos reveals a
cell density gradient, opposite to the cellular motility gradient (Sup-
plementary Fig. 1a, b).

To quantify the apparent movement of PSM cells resulting from the
tissue deformation (that is, elongation) versus their local movement
within the tissue, we measured cell movement relative to the local
extracellular matrix (ECM). As a marker for ECM, we used fibronec-
tin, which is produced by ectoderm cells and forms a network of fibrils

surrounding the PSM cells16. Embryos electroporated with H2B–GFP
were co-labelled with an anti-fibronectin antibody coupled to an
Alexa-555 fluorochrome. Using time-lapse microscopy, ECM tissue
movement and the cellular movements in the PSM during axis exten-
sion were recorded in double-labelled embryos (n 5 4; Fig. 2a, b and
Supplementary Movie 6)17,18. The tracked fibronectin fibres show
almost the same pattern of directional displacement (extension and
anterior convergence) as the cells (Fig. 2b). To examine cellular move-
ments relative to the ECM, we subtracted fibronectin movements
from the observed cellular movements. We consistently observed a
decreasing posterior-to-anterior gradient of local cell motility within
the PSM (n 5 4/4 embryos; Fig. 2c, e). Surprisingly, the movements of
cells relative to the ECM did not show any local directional bias
(Fig. 2c). The mean square displacement of these cells compared to
the fibronectin movement scales with time (Fig. 2f, g), indicating that
cells exhibit a ‘random walk’-like diffusive behaviour19, with the dif-
fusion of cells relative to the fibronectin following a posterior-
to-anterior gradient (Fig. 2g). A physical analogy can be made by
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Figure 2 | Posterior-to-anterior decreasing gradient of random motility in
the PSM. a–c, H2B–GFP electroporated embryos injected with labelled anti-
fibronectin antibodies. Crosses represent cell position at t 5 0; trajectories
are represented by green, blue and red lines. The green bars in the red
octagons represent cell directionality (see Supplementary Methods).
a, Tracking of cellular movements. b, Tracking of ECM movement
(fibronectin). c, Cell movements after subtraction of ECM motion.
d, e, Cellular motility along the AP axis with respect to a somite; node
position is on the left; normalized probabilities for different motilities are
colour coded (see Supplementary Methods). d, Gradient of cellular motility.

e, Gradient of cellular motility relative to the ECM. f, Analysis of the mean
square displacement of cells relative to the ECM along the AP axis as a
function of time. g, Mean square displacement normalized by time.
h–j, Orientation of cellular protrusions relative to the AP axis. h, Ventral
view of the caudal part of an embryo electroporated with membrane-
tethered GFP. i, Representation of the orientations of major lamelliform
protrusion. j, Rose diagram representing the distribution of the angles
between the major cellular lamelliform protrusion and the AP body axis
(n 5 476 cells from 14 different embryos, 0 degrees corresponds to a
protrusion parallel to the AP axis and pointing towards the tail).

NATURE | Vol 466 | 8 July 2010 LETTERS

249
Macmillan Publishers Limited. All rights reserved©2010

• Cells exhibit directional flow within embryo referential
• Cells have random « diffusive » behaviour with respect to 

extra cellular matrice
• Gradient of cell « diffusion »/motility from the node



Thomas LECUIT   2017-2018

FGF signalling is known to control proliferation, raising the pos-
sibility that proliferation in the posterior PSM might have a role in
the control of axis elongation. We examined the cell-cycle status in
propidium iodide-labelled dissociated cells of the different caudal
regions in chicken embryo (Supplementary Fig. 8a–c). This analysis
did not identify a major posterior proliferation centre that could
drive axis elongation. Furthermore, FGF gain- and loss-of-function
experiments did not show major differences in cell cycle phase distri-
bution compared to wild-type conditions (Supplementary Fig. 8d–h).
To test directly the role of cell proliferation on the control of axis
elongation, we treated embryos with mitomycin C (that blocks cells
in the G1 phase) or aphidicolin (an S-phase inhibitor) and measured
the elongation rate in treated embryos. In both cases, although cell
proliferation was strongly reduced, no effect on axis elongation was
observed (n 5 3 for each condition; Fig. 3 m–p, Supplementary Fig.
7e–h and Supplementary Movies 12, 13).

Modelling migratory cell behaviour in neural cells demonstrates
that directional movements of cells similar to those resulting from
chemotaxis can be elicited by gradients of motogenic substances25.
The directional movements of posterior PSM cells can be explained
using models in which cellular motility in the PSM is equated to
diffusion (Box 1). Exposing cells to a gradient of a motility-promoting
substance (for example, FGF) results in an initial global asymmetric

displacement of the cells towards the source of the gradient and estab-
lishes a cellular density gradient opposed to the gradient of motility
(Box 1 and Supplementary Movie 15). Overexpressing FGF8 in vivo
not only abolishes the gradient of cell motility and the biased direc-
tional movements, but also flattens and lowers the cell density gradient
as predicted by the simulations based on diffusion models (n 5 4;
Fig. 3h; Box 1 and Supplementary Movie 16). It is tempting, therefore,
to speculate that in the PSM, as cellular density increases anteriorly, the
resistance to expansion also increases, thus synergizing with the cel-
lular movements to bias tissue expansion towards the posterior end of
the embryo (Fig. 3q). This hypothesis implies the existence of bound-
aries that prevent the lateral expansion of the PSM tissue. Increased cell
density on both sides of the PSM is consistent with the existence of
such boundaries (Supplementary Fig. 1a, c). In embryos overexpres-
sing FGF8, these boundaries are displaced laterally, leading to
increased width, consistent with a dilatation of the tissue (Supplemen-
tary Fig. 5). In contrast to the convergent mechanism proposed to
cause elongation of the anterior-most structures in vertebrates, here,
the convergence of cells in the PSM is mostly passive. Just as a rubber
band narrows when it is stretched, the anterior PSM exhibits conver-
gent motion due to forces generated by posterior expansion of the
tissue. Our simulations illustrate that imposing a gradient of random
motility on a cell population can lead to unexpected behaviours such as
a directional movement of the population of cells along the gradient
and the establishment of a gradient of cell density opposite to the
resulting movement. This strikingly mirrors the situation in the pos-
terior PSM, which led us to propose that such a directional cell migra-
tion along the FGF/MAPK gradient provides the basis for axis
extension. A biologically accurate model for this process will need to
take into account the generation of forces responsible for elongation.

Axis formation by outgrowth is a common morphogenetic strategy
that is widely evident in animals and plants. Thus, the mechanism
described here might apply to other well-characterized, polarized axes,
such as the limb buds, in which a similar FGF/MAPK gradient is
established along the proximo-distal axis.

METHODS SUMMARY
Chicken embryo preparation. Fertilized chicken eggs were obtained from com-
mercial sources. Embryos were prepared for early chick cultures27 and then
electroporated and/or ablated followed by incubation on the microscope stage
for time-lapse recordings. Embryos were staged as described12.
Embryo staining and time-lapse microscopy. In vitro electroporations were
carried out as described in the Supplementary Methods. H2B–GFP plasmid is
a gift from R. Lansford. A monoclonal antibody to avian fibronectin, B3D6
(Developmental Studies Hybridoma Bank) was directly coupled to a fluoro-
chrome Alexa-555 (Molecular Probes) and microinjected into the PSM and
lateral mesoderm 1 h before the start of a time-lapse experiment. Time-lapse
microscopy and image treatment were accomplished as described in refs 28, 29
and in the Supplementary Methods.
Functional experiments. The pMIW cFGF8b expression vector30 was co-
electroporated with the H2B–GFP plasmid. A fragment corresponding to the
Xenopus FGFRdn (XFD)21 (gift from P. Lemaire) was cloned into pBI-EGFP
(Clontech). For the inducible constructs, pBI-EGFP or pBI-FGFRdn was co-
electroporated with pCIRX-rtTA-Advanced (gift from T. Iimura). A version of
the pBI vectors devoid of GFP and rtTA-Advanced without red fluorescent
protein was also used to facilitate tracking of co-electroporated H2B–GFP or
fibronectin antibody.
Full Methods and any associated references are available in the online version of
this paper at www.nature.com/nature.

Received 7 May 2009; accepted 30 April 2010.

1. Dubrulle, J. & Pourquie, O. fgf8 mRNA decay establishes a gradient that couples
axial elongation to patterning in the vertebrate embryo. Nature 427, 419–422
(2004).

2. Delfini, M. C., Dubrulle, J., Malapert, P., Chal, J. & Pourquie, O. Control of the
segmentation process by graded MAPK/ERK activation in the chick embryo. Proc.
Natl Acad. Sci. USA 102, 11343–11348 (2005).

3. Keller, R., Shook, D. & Skoglund, P. The forces that shape embryos: physical
aspects of convergent extension by cell intercalation. Phys. Biol. 5, 015007
(2008).

Box 1 | Modelling of cell motility

To test hypotheses arising from the in vivo experiments we constructed
a mathematical model of cell movements in the PSM. We investigated,
using a stochastic, individual-based model, whether the proposed effect
of FGF signalling on cell motility can lead to the directed movement of
cells in the PSM and to the gradient of cell density observed in vivo (for
more details of the model see the Supplementary Methods). On an
individual level, we assume that each cell acts as a random walker,
moving according to a space-jump process on a two-dimensional lattice
imposed on the PSM. We consider the PSM as a stationary window and
explore the relationship between cell density and the transition
probabilities of the space-jump process. We supposed first that the
transition rates (per unit time) of moving left, right, up or down depend
only on the cell density in the box into which cells could move. Cell
movements were simulated using the stochastic simulation algorithm
(SSA, ref. 26) and the results are shown in Box 1 Figure, left panel. One
side of the PSM is shown, with posterior on the left and anterior on the
right of each plot. Random motility leads to a symmetric wave of cell
movements. We then used the same model to test the proposed effects
of FGF8 on cell movements by imposing a gradient of cell motility across
the domain with high motility posteriorly and lower motility anteriorly.
The transition rates for each box were assumed to be dependent on the
level of FGF signalling in that box (as well as dependent on cell density in
the neighbouring boxes) and we used the SSA to simulate cell
movement with the modified transition rates. In contrast to the control
case, the gradient of FGF signalling leads to a gradient of cell motility
along the PSM: cells are more likely to move in regions where levels of
FGF signalling are higher. The outcome is the cell density profile shown
in Box 1 Figure, right panel. Greater displacements occur posteriorly and,
as a result, we see higher cell density anteriorly. An illustration of the
phenomenon of directional diffusion can be obtained by imposing a
gradient of temperature on a drop of India ink/glycerol diffusing in
water (Supplementary Movie 14).

Box 1 Figure | Simulation results at t 5 0,50,100,250. Without a gradient
of cell motility (left panel), and with a gradient of cell motility (right panel).
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comparing cells with fluid molecules (diffusion would then be a mea-
sure of thermal agitation), indicating a posterior-to-anterior effective
temperature gradient in the PSM. We tracked the movement of a
second ECM protein, fibrillin 2, using the same strategy20. Sub-
tracting the movement of the two ECM components or subtracting
the mean movement of cells (see Supplementary Methods) from the
fibronectin movement gave a net movement that is virtually null
(Supplementary Fig. 2, Supplementary Movie 7). Thus, both fibro-
nectin and fibrillin 2 motion accurately reflect ECM motion and tissue
deformation.

We then investigated the orientation of cell protrusions relative to
the AP axis following electroporation of a membrane-tethered GFP
in the PSM. Statistical analyses demonstrated that the distribution of
angles between the major lamelliform protrusion of cells and the AP
body axis does not differ from a random distribution (Chi-squared
test (P . 0.05) and Kuiper’s test 1.7229 , 1.747 (critical value)), con-
sistent with the lack of directionality of local cellular movements
(Fig. 2 h–j and Supplementary Methods). These observations rule
out chemotactic or convergence/extension cellular behaviours,
which are associated with directed cellular movements and protru-
sion orientation relative to the body axis. We conclude that PSM cells
exhibit a gradient of random motility relative to the ECM.

Cellular motility in the PSM is controlled by a posterior-to-
anterior gradient of FGF/MAPK signalling2. Progenitors entering
the posterior PSM express FGF8, thus potentially triggering the
active, random movements observed1,2. We blocked FGF signalling
by electroporating a dominant-negative version of the FGF receptor
(FGFR1dn) in PSM cells21. Because FGF signalling is required for
mesoderm ingression from the epiblast22,23, we used an inducible
promoter that allowed expression of the transgene to occur after
the electroporated cells had entered the PSM24. In cells overexpres-
sing FGFR1dn, the motility of cells before and after tissue movement
subtraction was diminished compared to controls (n 5 3/3 embryos;
Supplementary Fig. 3a–c and Supplementary Movie 8). A shallower
motility gradient and a decrease in the elongation rate compared
to controls were observed in the FGFR1dn-expressing embryos
(P , 0.001, n 5 10; Fig. 3a–b and Supplementary Movie 8). A severe
reduction of tissue convergence movements (P , 0.05, n 5 10, Fig. 3c
and Supplementary Movie 8) but no effect on the density gradient
(Fig. 3d) were observed in these embryos. We repeated this experi-
ment along with a deletion of the primitive streak region and
observed a diminution of the elongation rate in these embryos com-
pared to controls, thus ruling out the role of gastrulation defects
(Supplementary Fig. 4a). Additionally, we chemically inhibited the
FGF pathway using the FGFR1 inhibitor SU5402 and observed a
significant slowing down of axis elongation in the treated embryos
(Supplementary Fig. 4b). These data indicate that FGF-dependent
cellular movements are necessary for tissue elongation.

We then examined the effect of overactivating the FGF pathway on
posterior axis elongation following electroporation of an FGF8-
expressing construct in PSM precursors. Tracking the PSM cells
demonstrated that the motility gradient is disrupted owing to a high
level of random cell motility maintained in the anterior PSM (n 5 3/3
embryos; Supplementary Fig. 3d–f, Fig. 3f and Supplementary Movie
9). Surprisingly, the elongation rate was significantly reduced com-
pared to control embryos (P , 0.01, n 5 5; Fig. 3e and Supplementary
Movie 9). Further, the tissue undergoes less convergence and expands
laterally compared to control embryos (P , 0.05, n 5 5; Fig. 3g, Sup-
plementary Fig. 5 and Supplementary Movie 9). Therefore, FGF sig-
nalling is necessary and sufficient for the graded, random movements
of cells observed along the PSM. Although FGF signalling gain- and
loss-of-function elicit opposite effects on cellular motility in the PSM,
both experimental procedures decrease the rate of embryo elongation.

To ascertain whether the effects on axis elongation resulted from the
alteration of cell motility downstream of FGF signalling and not from
other properties of the FGF gradient, we treated embryos with the Rho-
kinase inhibitor Y27632 or with blebbistatin (an inhibitor of myosin II

phosphorylation), both of which inhibit cell motility. As observed in
the FGF gain- and loss-of-function experiments, expression of the
posterior PSM marker Mesogenin 1 (Msgn1) and of the cyclic gene
Lunatic fringe (Lnfg) were unaffected (Supplementary Fig. 6), and
somites continued to form in treated embryos. However, the cell
motility gradient was disrupted, and axis elongation and convergence
were diminished (n 5 3 embryos for both conditions; Fig. 3i–l, Sup-
plementary Fig. 7a–d, i, j and Supplementary Movies 10, 11). The cell
motility inhibition phenocopies the FGF loss-of-function experiments,
indicating that the effect of FGF on elongation is mainly due to its
action on cell movements. Therefore, the FGF-dependent gradient of
cellular motility in the PSM has a key role in elongation of the embryo.
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Figure 3 | Effect of FGF signalling, cell movement and cell proliferation on
axis elongation. a–p, Control (lavender) and treated (orange) conditions.
a, e, j, l, n, p, Quantification of elongation. c, g, Convergence analysis. Error
bars indicate s.d. b, f, i, k, m, o, Mean cellular motility analysed along the AP
axis. d, h, Analysis of PSM cellular density along the AP axis. The solid line
represents a curve fitted to the mean value and the standard deviation is
represented by the corresponding light-coloured bars (n 5 4 or 5 for each
condition). a–d, Inducible FGFR1dn electroporation. e–h, FGF8
electroporation. i, j, Y27632 treatment. k, l, Blebbistatin treatment.
m, n, Aphidicolin treatment. o, p, Mitomycin treatment. b, f, mean of two (for
FGFR1dn) or three embryos (for FGF8); errors bars represent s.d. q, Model of
the control of elongation by a gradient of random cellular motion in the PSM.
Dorsal view of a schematic representation of the left PSM at two consecutive
stages of embryo elongation. While new cells are entering the PSM, the
gradient of random motility (lavender gradient; black arrow clusters) opposed
to the gradient of cellular density (orange gradient) creates a directional bias in
elongation (blue arrows) towards the posterior part of the tissue. This
posterior expansion induces the convergence of the PSM tissue (red arrow).

LETTERS NATURE | Vol 466 | 8 July 2010

250
Macmillan Publishers Limited. All rights reserved©2010

motility
factor

Bulletin of Mathematical Biology (2006) 68: 25–52 33

where I(s) is some function of the signalling molecule concentration s(x, t). From
the Appendix, the corresponding transition probabilities are

T(i ± 1|i) = !t
(!x)2

(
D(u)i + D(u)i±1

2

)
I(s)i . (14)

Both transition probabilities depend on the local concentration of the signalling
molecule only. It is clear that the presence of the signalling molecule s modulates
the motility of cells, through I(s). If the modulation is positive, that is I(s) in-
creases with s, then the molecule is motility inducing, otherwise the molecule is
motility inhibiting. In addition, the presence of s does not create any bias in the di-
rection of movement of individual cells; it modulates, through I(s), any directional
bias produced by a non-linear diffusivity.

2.2.2. The local average model
Consider a conservation equation of the form

∂u
∂t

= ∂

∂x

(
D(u, s)

∂u
∂x

)
. (15)

The function D(u, s) represents cell diffusivity, taking into account its dependence
on the local signalling molecule concentration as well as the local cell density.

Discretising according to the Appendix, the corresponding transition probabili-
ties are

T(i ± 1|i) = !t
(!x)2

(
D(u, s)i + D(u, s)i±1

2

)
(16)

where D(u, s)i = D(u(i!x, j!t), s(i!x, j!t)). When the concentration of s is not
uniform, the left and right transition probabilities will reflect different levels of
s, producing a bias to the transition probabilities (in addition to any bias caused
by cell–cell interactions). If, for example, s inhibits motility, that is D(u, s) de-
creases with s, gradients of s will cause individuals to be biased to move towards a
lower concentration of s, giving an effective repulsion. A similar observation can
be made if s induces motility and D(u, s) increases with s, except that now the in-
dividuals will be attracted to s. Hence, sensing the local averaged concentration of
the signalling molecule has the potential to produce both motility regulation and
direction guidance effects.

2.2.3. The neighbour-based model
For completeness we include in our study a model of Othmer and Stevens
(1997), and Painter and Sherratt (2003) based on the partial differential
equation

∂u
∂t

= ∂

∂x

(
D(u)I(s)

∂u
∂x

− D(u)u
∂ I(s)
∂x

)
. (17)

D(u,s) : cell diffusivity depends on local signaling molecule, s 
concentration (FGF) and local cell density, u

= Transition probability for the cell in position i to 
move in position i+1 or i-1
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and interpret P j
i as the probability that a cell is situated at lattice site i after j time

steps. It will later be seen that
∑∞

−∞ P j
i = 1 for all j , and therefore the discretised

system conserves probability. To obtain the probability P j+1
i from the previous

time step P j
i , the diffusion equation for u (or equivalently, the diffusion equation

for P) is discretised in space using a standard central difference scheme. The tech-
nique gives rise to an equation in terms of transition probabilities. A transition
probability T(m|l) is the probability that a cell moves from site l to site m. This
procedure gives, for constant diffusivity,

P j+1
i = T(i |i + 1)P j

i+1 + T(i |i − 1)P j
i−1 + T(i |i)P j

i , (4)

where

T(i ± 1|i) = !t
(!x)2 D. (5)

With equal left and right transition probabilities, individual cells are unbiased in
their choice of direction. The probability of a cell making a transition out of its
current site is just the sum of the left and right transition probabilities, that is,

Pr(leaving the current site i) = T(i + 1|i) + T(i − 1|i) . (6)

This probability can be interpreted as the motility of a cell. Furthermore, the prob-
ability that the cell remains at the same site is

T(i |i) = 1 − T(i + 1|i) − T(i − 1|i) = 1 − 2!t
(!x)2 D. (7)

We can see from the transition probabilities that cell motility is a constant and
proportional to the diffusivity D. Such a model is applicable when cell–cell inter-
actions are negligible, for example when the cells are spaced far enough apart.

When cell–cell interactions become important, we expect the cell motility to de-
pend on the local cell density and therefore the diffusivity would take the form
D(u). With a non-constant D in Eq. (1), the discretisation is carried out with a
centred differencing scheme at the mid-points between the lattice points (out-
lined for a general case in Appendix). With D(u)i = D(u(i!x, j!t)) the discre-
tised P j+1

i again satisfies (4), with the transition probabilities now generalised
to

T(i ± 1|i) = !t
(!x)2

(
D(u)i + D(u)i±1

2

)
, (8)

T(i |i) = 1 − T(i + 1|i) − T(i − 1|i). (9)

For brevity, we suppress the index j in the expressions of the transitions prob-
abilities. The transition probabilities are all evaluated at the current time step j ;
hence the time stepping algorithm (4) is fully explicit.

i i+1i-1

T(i+1/i)T(i-1/i)

Cai et al. Bull Math Biol. 68:25. 2006
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2014). It first performs two rounds of longitudinal divisions at right
angles to one another to produce four cells of equal size. This is
followed by a transverse division that separates the two tiers,
generating the octant stage embryo (Fig. 1). At this stage, the upper
tier is slightly, but significantly, smaller than the lower tier (Yoshida
et al., 2014). All cells in both tiers then undergo a tangential division,
giving rise to eight inner cells and eight outer cells (dermatogen
stage). This division separates the protoderm (the precursor of the
epidermis) from the inner tissues (the precursors of the ground and
vascular tissues) (Fig. 1). Recent work shows that the outer cells of the
dermatogen stage embryo are more than twice the volume of the inner
cells, a feature that had been impossible to detect in 2D sections
(Yoshida et al., 2014). In the following stages, both the orientation of
cell division and volumetric asymmetry are very regular in the lower
half of the embryo, whereas they are less constrained in the upper half.
The next round of divisions that forms the early globular stage is a

central formative event. The outer, protodermal cells divide
anticlinally, only to extend the outer layer. By contrast, the inner
cells divide longitudinally. Here, the four basal cells form larger,
outer ground tissue precursors and smaller, inner vascular
precursors. At about the same time, the uppermost cell of the
suspensor is specified as the hypophysis and divides asymmetrically
to form a smaller lens-shaped cell that is the precursor of the
quiescent centre (QC) and a larger basal cell that is the precursor of
the distal stem cells of the root meristem (Fig. 1).
The specification of different cell identities during embryogenesis

is tightly controlled by specific molecular pathways and is often
marked by the onset of specific gene expression patterns. In the
following sections, we discuss our current understanding of the
cellular and molecular events that take place during the formation of
outer (protoderm) versus inner layers, the specification of vascular
and ground tissues, the determination of shoot and root domains, and
the establishment of the first stem cells.

The separation of inner and outer fates
At the octant stage, all cells of the embryo proper divide along a
tangential plane, aligned along the apical-basal axis, giving rise to
two cell populations with very different identities: the protoderm
and the inner cells (Fig. 1). What dictates this tangential division
plane is not clear. The WUSCHEL-RELATED HOMEOBOX
(WOX) transcription factors, together with auxin signalling
(Box 1), have been implicated in this process. Tangential division
is perturbed in wox2 mutants (Haecker et al., 2004, Breuninger

Upper tier
Lower tier

Embryonic
Extra-embryonic

Protoderm
Inner
Hypophysis

Vascular tissue
Ground tissue

QC
Columella

Initial
Daughter

Zygote Octant Dermatogen Globular
Early Late

HeartTransition
Late

2-cell 4-cell1-cell
Mid Early

Outer view

Cross-section

Seedling

Key

Fig. 1. Arabidopsis embryo development. Surface view and longitudinal cross-sections of a developing Arabidopsis embryo. Cells are coloured according to
their lineage, as indicated in the key. Based on data from Yoshida et al. (2014).

Box 1. Auxin: a versatile patterning molecule
Auxin is a versatile plant signalling molecule that plays a central role in
nearly all aspects of growth and development (Zhao, 2010). Auxin is
interpreted through a short nuclear signalling pathway. When auxin
levels are low, AUXIN RESPONSE FACTORs (ARFs), which are
transcription factors, are bound and inhibited by unstable, nuclear
AUX/IAA proteins (Reed, 2001; Guilfoyle and Hagen, 2007). When
levels increase, auxin binds to the SCFTIR1/AFB ubiquitin ligase complex
and increases the affinity of this enzyme for its substrates, the AUX/IAAs
(Gray et al., 2001; Dharmasiri et al., 2005; Kepinski and Leyser, 2005).
The ubiquitylation and subsequent degradation of AUX/IAAs by the 26S
proteasome releases ARFs from inhibition, thereby allowing them to
modulate the expression of their target genes, which in turn mediate
auxin-dependent growth and development.
The active form of auxin is indole-3-acetic acid (IAA), a tryptophan-like

molecule. An obvious question is how such a structurally simple
molecule can elicit such a wide variety of cellular responses. Part of
the answer probably lies in the large size of the TIR1/AFB receptor, AUX/
IAA and ARF families (Remington et al., 2004; Dharmasiri et al., 2005);
the mixing and matching of different members within these families
provides each cell with a unique response machinery, thus enabling a
tailored auxin response. In the embryo, for example, ARF expression
patterns are dynamic and divergent, forming a prepattern that enables
specific auxin responses in each cell type (Rademacher et al., 2011).
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Development commonly involves the generation of complex
shapes from simpler ones. One way of following this process is
to use landmarks to track the fate of particular points in a
developing organ1–7, but this is limited by the time over which
it can be monitored. Here we use an alternative method, clonal
analysis8, whereby dividing cells are genetically marked and their
descendants identified visually, to observe the development of
Antirrhinum (snapdragon) petals. Clonal analysis has previously
been used to estimate growth parameters of leaves9–11 and
Drosophilawings12–14 but these results were not integrated within
a dynamic growth model. Here we develop such a model and use
it to show that a key aspect of shape—petal asymmetry—in the
petal lobe of Antirrhinum depends on the direction of growth
rather than regional differences in growth rate. The direction of
growth is maintained parallel to the proximodistal axis of the
flower, irrespective of changes in shape, implying that long-range
signals orient growth along the petal as a whole. Such signals may
provide a general mechanism for orienting growth in other
growing structures.

The transformations in shape of a growing structure depend on
the growth properties of its component regions. For each region and
time point, these properties can be conveniently captured by three

types of parameter: the rate of increase in size (growth rate), the
degree to which growth occurs preferentially in any direction
(anisotropy) and the angle at which the principal direction of
growth is oriented relative to an underlying coordinate system
(direction) (Fig. 1a). These parameters can vary both in space
(that is, between regions) and time, so there are potentially many
different ways, with varying degrees of complexity, by which one
shape can be transformed into another. Describing the growth of
any structure therefore requires parameters to be determined
experimentally. Because growth is a complex spatiotemporal pro-
blem, the quantitative contribution of these parameters can only be
evaluated effectively by incorporating them within a dynamic
growth model. This can establish whether the parameters are
sufficient to account for the observed shape changes and allows
the contribution of each parameter to be explored.
One problem when using clonal analysis to measure growth

parameters is that the orientation of growth cannot be inferred
simply from the final clone shape15 because the internal coordinate
system of the organ will often be deformed by growth. Relating a
mature clone to its growth orientation at the time of initiation can
only be done when this deformation is known. We have compared
clones induced at successive times during development to deter-
mine growth parameters together with the sequence of defor-
mations of a superimposed grid. The method is applied by
working backward from the final shape. The organ is subdivided
into a grid of regions interconnected by ‘springs’ with resting
lengths initially set according to the shape of the mature organ.
Growth parameters just before cell divisions stop are then calculated
for each region, on the basis of comparisons of clones induced late
in development (Fig. 1b–e). The resting lengths of the springs are
then adjusted according to these parameters, allowing each region
to shrink, as the springs ‘relax’, to generate a revised grid and the

Figure 1 Determining growth parameters. a, Growth parameters responsible for regional
shape changes, illustrated by the deformations of a growing circle. Growth rate affects

area, anisotropy affects stretch and direction determines the angle of the stretch.

b–e, Estimating growth parameters from clones. Clones are induced in a growing organ at

two different developmental times, t 1 (top) and t 2 (bottom), in parallel experiments. By

comparing the average characteristics (areas, shapes, directions) of the clones resulting

from the two experiments (that is, by comparing the top and bottom of e), growth
parameters for each region can be estimated for the (t 1, t 2) time interval. f–h, Gathering
clonal data from Antirrhinum petals. Top and bottom show information from clones

induced at P44 and P46 respectively. Clones were generated using an unstable PALLIDA

(PAL) allele that carries a temperature-sensitive transposon29. Transposon excision can be

induced at specific times in a proportion of cells by switching plants grown at 25 8C to

15 8C for a short period30. This treatment has no obvious effect on petal shape. Excision

restores PAL gene function, resulting in clones of red epidermal cells in mature petals (f).
For each induction time, clones from 23 flattened dorsal petal lobes on average were

imaged and mapped onto an average petal shape (g) (A.-G. R.-L., S. J. Impey, E.C. and
J.A.B., manuscript in preparation). Colour reflects clone size (blue is smaller than green).

Average clone characteristics for different regions were computed for inductive time

points separated by two plastochrons (h). For clarity, ellipse areas are scaled up by a
factor of 20 relative to the petal size. Data from abaxial and adaxial lobe surfaces were

treated separately. i–j, Antirrhinum flower, side (i), and face ( j) view. Petals are colour-
coded blue for dorsal (D), red for lateral (L) and yellow for ventral (V). The most dorsal half

of the dorsal petal is shown in darker blue.
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shape of the organ shortly before growth arrest. By repeating this
procedure for earlier and earlier intervals, while aligning growth
directions with respect to the revised grids, corresponding organ
shapes and grids can be computed for earlier stages. The method
assumes that clones are not dispersed during growth by cell move-
ment, a reasonable assumption in the case of plants, where cells are
usually fixed relative to each other.
This method was applied to petal development in Antirrhinum, a

well-characterized molecular genetic system for which a key ques-
tion is how petal asymmetry emerges16–19. Antirrhinum flowers have
five petals, which are united in their proximal regions to form a tube
while their distal regions form five distinct lobes (Fig. 1i, j). Dorsal
and lateral petals are asymmetric, whereas the ventral petal is
bilaterally symmetric. Petals are about seven cells thick, and the
epidermal layer has been shown to make a major contribution to
overall shape20–22. Most epidermal cell divisions give daughter cells
in the same layer23. Floral meristems are generated from the apex at
regular time intervals (10 h in this study), termed plastochrons24.
Petal primordia first emerge around P18 (plastochron 18) and reach
maturity at P57 (Vincent, C. et al., manuscript in preparation). Cell
divisions mostly stop after P46 and further growth, resulting from
cell expansion, has little impact on changes in petal shape (A.-G.R.-
L. et al., manuscript in preparation). In this study we computed
growth of the dorsal petal lobe from P32 to P46 on the basis of the
analysis of epidermal clones at maturity (Fig. 1f–h and Fig. 2a–c).

The growth rate was relatively constant, with an average doubling
time of 21 h over about seven rounds of cell division. The average
anisotropy was 1.15 (that is, 15% more cell divisions along the
principal than in the minor direction of growth per doubling time).
Although it is close to isotropic growth (1.0), the anisotropy is
continuously maintained and therefore accumulates to generate a
stretch in overall shape. The main growth direction was relatively
uniform between regions at each stage but gradually rotated during
development relative to the base of the lobe. The resulting defor-
mation meant that clones growing at 2768 (positive ¼ clockwise)
to the base of the lobe at P32 ended up with an orientation of2358
at maturity.

The results were validated in various ways. First, similar changes
in shape were obtained for abaxial and adaxial surfaces, representing
two independent data sets (Fig. 2b, c). Second, comparison of the
shape inferred from the model with SEM (scanning electron
micrographs) of a P32 lobe showed that the overall shapes were
similar (Fig. 2d). Third, the changes in petal area calculated from the
model were consistent with those obtained by directly measuring
areas (Fig. 2e).

The pattern of cell shapes at P32 was also examined, using three-
dimensional (3D) reconstructions to account for any effects of
curvature6 (Fig. 2f). Cells were mainly elongated perpendicular to
the base of the lobes (Fig. 2g). Cell wall orientations, which reflect
the history of cell division planes25, were most frequently perpen-
dicular or at right angles to the base of the lobe (Fig. 2g). Thus, cells
were axialized in a direction similar to the growth direction at P32
inferred from clonal analysis (Fig. 2b). This suggests that the
directionality of growth depends on cell populations expanding
and dividing preferentially in a given direction. By contrast, cell
divisions in Drosophila wing development are thought to be

Figure 2 Results and validation of growth analysis. a, Changes in the shape, size and grid
of the dorsal petal lobe from P46 to P32 based on abaxial clones (not all stages are

shown). Growth directions are computed relative to AB. b, c, Shapes as in a but scaled to
the same size showing results for abaxial (b) and adaxial (c) data. The mature shape (P46)
is shown in lilac. In b, the main growth direction is shown at the centre of each region and
colour-coding refers to growth rate, which ranges from a doubling time of 15 h (orange) to

45 h (dark blue). In c, colour-coding refers to anisotropy (ratio of the increase along the
main growth direction to the increase along the direction perpendicular to this, each

time cell number doubles), which ranges from 1.04 (blue) to 1.5 ($1.3 is red).

d, Scanning electron micrograph (SEM) of a dorsal petal at P32. Scale bar, 500 mm.
e, Change in area from P32 to P46 based on the growth model compared to that based on

direct measurements of petal lobes. f, Cell outlines on an SEM of a petal lobe at P32.

Scale bar, 50mm. g, Distribution of angles of the main cell axis (bars) or cell walls (closed
circles) relative to the base of the lobe, based on ten SEMs.

Figure 3 Petal lobe shapes at P46 resulting from growth simulations run forwards in

developmental time from P32. a, Simulation incorporates observed (Obs.) growth
parameters. b, Growth rate is set to its average over space and time. c, Growth rate and
anisotropy are set to their average. d, All three growth parameters are set to their average.
e, Anisotropy is set to 1.3. f, Growth direction is set parallel to AB in Fig. 2a.

letters to nature

NATURE | VOL 422 | 13 MARCH 2003 | www.nature.com/nature162 © 2003        Nature  Publishing Group

Simulations of growth

..............................................................

Growth dynamics underlying
petal shape and asymmetry
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Development commonly involves the generation of complex
shapes from simpler ones. One way of following this process is
to use landmarks to track the fate of particular points in a
developing organ1–7, but this is limited by the time over which
it can be monitored. Here we use an alternative method, clonal
analysis8, whereby dividing cells are genetically marked and their
descendants identified visually, to observe the development of
Antirrhinum (snapdragon) petals. Clonal analysis has previously
been used to estimate growth parameters of leaves9–11 and
Drosophilawings12–14 but these results were not integrated within
a dynamic growth model. Here we develop such a model and use
it to show that a key aspect of shape—petal asymmetry—in the
petal lobe of Antirrhinum depends on the direction of growth
rather than regional differences in growth rate. The direction of
growth is maintained parallel to the proximodistal axis of the
flower, irrespective of changes in shape, implying that long-range
signals orient growth along the petal as a whole. Such signals may
provide a general mechanism for orienting growth in other
growing structures.

The transformations in shape of a growing structure depend on
the growth properties of its component regions. For each region and
time point, these properties can be conveniently captured by three

types of parameter: the rate of increase in size (growth rate), the
degree to which growth occurs preferentially in any direction
(anisotropy) and the angle at which the principal direction of
growth is oriented relative to an underlying coordinate system
(direction) (Fig. 1a). These parameters can vary both in space
(that is, between regions) and time, so there are potentially many
different ways, with varying degrees of complexity, by which one
shape can be transformed into another. Describing the growth of
any structure therefore requires parameters to be determined
experimentally. Because growth is a complex spatiotemporal pro-
blem, the quantitative contribution of these parameters can only be
evaluated effectively by incorporating them within a dynamic
growth model. This can establish whether the parameters are
sufficient to account for the observed shape changes and allows
the contribution of each parameter to be explored.
One problem when using clonal analysis to measure growth

parameters is that the orientation of growth cannot be inferred
simply from the final clone shape15 because the internal coordinate
system of the organ will often be deformed by growth. Relating a
mature clone to its growth orientation at the time of initiation can
only be done when this deformation is known. We have compared
clones induced at successive times during development to deter-
mine growth parameters together with the sequence of defor-
mations of a superimposed grid. The method is applied by
working backward from the final shape. The organ is subdivided
into a grid of regions interconnected by ‘springs’ with resting
lengths initially set according to the shape of the mature organ.
Growth parameters just before cell divisions stop are then calculated
for each region, on the basis of comparisons of clones induced late
in development (Fig. 1b–e). The resting lengths of the springs are
then adjusted according to these parameters, allowing each region
to shrink, as the springs ‘relax’, to generate a revised grid and the

Figure 1 Determining growth parameters. a, Growth parameters responsible for regional
shape changes, illustrated by the deformations of a growing circle. Growth rate affects

area, anisotropy affects stretch and direction determines the angle of the stretch.

b–e, Estimating growth parameters from clones. Clones are induced in a growing organ at

two different developmental times, t 1 (top) and t 2 (bottom), in parallel experiments. By

comparing the average characteristics (areas, shapes, directions) of the clones resulting

from the two experiments (that is, by comparing the top and bottom of e), growth
parameters for each region can be estimated for the (t 1, t 2) time interval. f–h, Gathering
clonal data from Antirrhinum petals. Top and bottom show information from clones

induced at P44 and P46 respectively. Clones were generated using an unstable PALLIDA

(PAL) allele that carries a temperature-sensitive transposon29. Transposon excision can be

induced at specific times in a proportion of cells by switching plants grown at 25 8C to

15 8C for a short period30. This treatment has no obvious effect on petal shape. Excision

restores PAL gene function, resulting in clones of red epidermal cells in mature petals (f).
For each induction time, clones from 23 flattened dorsal petal lobes on average were

imaged and mapped onto an average petal shape (g) (A.-G. R.-L., S. J. Impey, E.C. and
J.A.B., manuscript in preparation). Colour reflects clone size (blue is smaller than green).

Average clone characteristics for different regions were computed for inductive time

points separated by two plastochrons (h). For clarity, ellipse areas are scaled up by a
factor of 20 relative to the petal size. Data from abaxial and adaxial lobe surfaces were

treated separately. i–j, Antirrhinum flower, side (i), and face ( j) view. Petals are colour-
coded blue for dorsal (D), red for lateral (L) and yellow for ventral (V). The most dorsal half

of the dorsal petal is shown in darker blue.
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plant epidermal tissues and animal epithelia leads to uncontrolled
proliferation and spontaneous tumour development (Ahn et al.,
2004; Krupková et al., 2007; Wodarz and Nathke, 2007).

Epidermal integrity and cell fate establishment: a chicken
and egg story?
As highlighted above, a fundamental feature of the plant epidermis
is its integrity. A damaged epidermis is detrimental for plant
development as well as for protection against both biotic and abiotic
stresses (Javelle et al., 2011a). Interestingly, the establishment and
maintenance of this crucial feature have been linked to the
establishment and maintenance of epidermal fate. Plant epidermal
specification, differentiation and maintenance have all been linked
to the activity of a specific subfamily (IV) of homeodomain-leucine
zipper (HD-ZIP) transcription factors (TFs). The expression of these
TFs is mainly restricted to the epidermis, both in Arabidopsis

(Javelle et al., 2011b; Peterson et al., 2013; San-Bento et al., 2013)
and in other plant species (Peterson et al., 2013). In Arabidopsis,
HD-ZIP family IV includes 16 members, many of which have been
implicated in epidermis-specific processes. Epidermis specification
relies on the activity of two redundantly acting family members:
PROTODERMAL FACTOR 2 (PDF2) and Arabidopsis thaliana
MERISTEM LAYER 1 (AtML1) (Abe et al., 2003). The
simultaneous loss of function of these TFs leads to early embryo
lethality (San-Bento et al., 2013). In Arabidopsis seedlings, the
expression of PDF2 and AtML1, and thus epidermis identity, is
maintained through a feedback loop that involves the receptor-like
kinase Arabidopsis CRINKLY4 (ACR4) (San-Bento et al., 2013),
and it has been hypothesized that ACR4-mediated intracellular
signalling could be affected by cell wall modifications (Moussu
et al., 2013). Consistent with this idea, it has recently been shown
that defects in epidermis integrity are tightly associated with defects
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• Turgor Pressure: 0.4-0.8 MPa
(in animal cells, hydrostatic pressure 50-150 Pa)

plant epidermal tissues and animal epithelia leads to uncontrolled
proliferation and spontaneous tumour development (Ahn et al.,
2004; Krupková et al., 2007; Wodarz and Nathke, 2007).

Epidermal integrity and cell fate establishment: a chicken
and egg story?
As highlighted above, a fundamental feature of the plant epidermis
is its integrity. A damaged epidermis is detrimental for plant
development as well as for protection against both biotic and abiotic
stresses (Javelle et al., 2011a). Interestingly, the establishment and
maintenance of this crucial feature have been linked to the
establishment and maintenance of epidermal fate. Plant epidermal
specification, differentiation and maintenance have all been linked
to the activity of a specific subfamily (IV) of homeodomain-leucine
zipper (HD-ZIP) transcription factors (TFs). The expression of these
TFs is mainly restricted to the epidermis, both in Arabidopsis

(Javelle et al., 2011b; Peterson et al., 2013; San-Bento et al., 2013)
and in other plant species (Peterson et al., 2013). In Arabidopsis,
HD-ZIP family IV includes 16 members, many of which have been
implicated in epidermis-specific processes. Epidermis specification
relies on the activity of two redundantly acting family members:
PROTODERMAL FACTOR 2 (PDF2) and Arabidopsis thaliana
MERISTEM LAYER 1 (AtML1) (Abe et al., 2003). The
simultaneous loss of function of these TFs leads to early embryo
lethality (San-Bento et al., 2013). In Arabidopsis seedlings, the
expression of PDF2 and AtML1, and thus epidermis identity, is
maintained through a feedback loop that involves the receptor-like
kinase Arabidopsis CRINKLY4 (ACR4) (San-Bento et al., 2013),
and it has been hypothesized that ACR4-mediated intracellular
signalling could be affected by cell wall modifications (Moussu
et al., 2013). Consistent with this idea, it has recently been shown
that defects in epidermis integrity are tightly associated with defects
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plant epidermal tissues and animal epithelia leads to uncontrolled
proliferation and spontaneous tumour development (Ahn et al.,
2004; Krupková et al., 2007; Wodarz and Nathke, 2007).

Epidermal integrity and cell fate establishment: a chicken
and egg story?
As highlighted above, a fundamental feature of the plant epidermis
is its integrity. A damaged epidermis is detrimental for plant
development as well as for protection against both biotic and abiotic
stresses (Javelle et al., 2011a). Interestingly, the establishment and
maintenance of this crucial feature have been linked to the
establishment and maintenance of epidermal fate. Plant epidermal
specification, differentiation and maintenance have all been linked
to the activity of a specific subfamily (IV) of homeodomain-leucine
zipper (HD-ZIP) transcription factors (TFs). The expression of these
TFs is mainly restricted to the epidermis, both in Arabidopsis

(Javelle et al., 2011b; Peterson et al., 2013; San-Bento et al., 2013)
and in other plant species (Peterson et al., 2013). In Arabidopsis,
HD-ZIP family IV includes 16 members, many of which have been
implicated in epidermis-specific processes. Epidermis specification
relies on the activity of two redundantly acting family members:
PROTODERMAL FACTOR 2 (PDF2) and Arabidopsis thaliana
MERISTEM LAYER 1 (AtML1) (Abe et al., 2003). The
simultaneous loss of function of these TFs leads to early embryo
lethality (San-Bento et al., 2013). In Arabidopsis seedlings, the
expression of PDF2 and AtML1, and thus epidermis identity, is
maintained through a feedback loop that involves the receptor-like
kinase Arabidopsis CRINKLY4 (ACR4) (San-Bento et al., 2013),
and it has been hypothesized that ACR4-mediated intracellular
signalling could be affected by cell wall modifications (Moussu
et al., 2013). Consistent with this idea, it has recently been shown
that defects in epidermis integrity are tightly associated with defects
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• Wall stiffness opposes and balances turgor 
     pressure.

(in animal cells, actomyosin cortex has a similar, 
albeit intracellular function: see blebs)
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Figure 3. Shape changes rely on the coupling between microtubule and CESA. (a) Cell and organ shape changes in the shoot apical meristem (SAM) expressing the GFP-
LTI6b marker after microtubule depolymerization: cell growth becomes isotropic and tissue folding is reduced. Differential growth between the organ (fast growing) and the
center of the meristem (growing more slowly) is maintained. A red star points at the same cell in two successive time points. Scale bar: 50 mm. (b) Microtubule orientation
generally defines the main direction of cell growth anisotropy through the guided deposition of cellulose microfibrils in the cell wall. (c) The subcellular heterogeneity in
microtubule bundling is correlated with the presence of neck and lobes in pavement cells. (d) The presence of coherent microtubule alignments in files of cells at the
boundary domain of the SAM is correlated with tissue folding. (e) Side view and top view of a SAM expressing a GFP-MBD marker. Assuming that the epidermis is stiffer
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Epithelial tissues are visco-elastic

• Time-dependency of responses to stress
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Elastic properties of epithelia

• Elasticity on short time scales (<10-20s)

layer extension (Fig. S1). Our mechanical characterization setup
addresses four key requirements: (i) monolayers must be free
from their substrate such that only the monolayer is load-bearing
to allow for simple interpretation of the stress–strain response
(Fig. 1), (ii) attachment of the samples to the test rods must re-
quire minimal manipulation, (iii) live microscopy imaging at the
cellular and subcellular level must be possible during mechanical
stimulus, and (iv) measurements must be quantitative to enable
comparison between treatments.

To generate cell monolayers free from a substrate with minimal
manipulation, we cultured cells on a temporary sacrificial sub-
strate created by polymerizing a drop of collagen between the two
rods. Cells were seeded onto this scaffold and cultured until the
monolayer extended from one test rod to the other, covering the
whole collagen substrate and part of each test rod (Fig. 1A). Prior
to mechanical testing, the collagen was removed by enzymatic
digestion, leaving the monolayer attached to the test rods by cell–
substrate adhesion but devoid of substrate and freely suspended in
between (Fig. 1B). In the absence of substrate, monolayers stayed
healthy and maintained their characteristic epithelial apico-basal
polarization for at least 3 h (Fig. 1C and Fig. S2).

The mechanical testing equipment (Fig. S1A) consisted of two
micromanipulators and a top-down macroscope to image-test rod
positions. A manual micromanipulator kept one rod stationary,
while a motorized micromanipulator controlled the displacement
of the other. To generate quantitative measurements of mono-
layer mechanical properties, we developed our culture system to
allow for force measurements. Devices consisted of two main
components (Fig. S1B): (i) a U-shaped glass capillary with one
long arm that acts as a rigid reference rod and a short arm that
connects to the flexible test rod, and (ii) a flexible test rod made
of NiTi metal wire with a small enough bending rigidity for sub
milli-Newton forces to induce a deflection precisely measurable
by the macroscope. Forces applied onto the monolayer during
extension were determined by measuring the deflection d of
the wire relative to its predicted unstressed position (dotted line,
Fig. S1B) and fitting dðyÞ with a simple cantilevered beam model
(SI Materials and Methods and Fig. S3).

Tissue-Level Mechanics. Using our experimental setup, we charac-
terized the mechanical properties of monolayers of Madine–

Darby Canine Kidney (MDCK-II) cells, a classic epithelial cell
model. In the following, unless otherwise noted, we report the
engineering strain: ε ¼ ΔL∕L0, with ΔL the monolayer length
change and L0 its original length (Fig. S4).

Living tissues are intrinsically viscoelastic with both physical
and biological phenomena contributing to their time-dependent
mechanical properties. Measured physiological strain rates in
monolayer covered tissues range from approximately 0.04% · s−1
in developing drosophila embryos (18) and tens to hundreds of
% · s−1 in alveolar epithelium and mitral valve tissue (19, 20). To
investigate the time-dependent mechanical properties of mono-
layers, we characterized their creep response to two distinct step
increases in stress, respectively with high (3 kPa) and low stress
(0.7 kPa). When the monolayers were subjected to low stress
loading, strain increased rapidly in response to stress application
before reaching a plateau that subsisted over 200 s (Fig. 2A, grey
line). In contrast, when high stress loading was applied, no pla-
teau was reached and strain increased continually with time
(Fig. 2A, black line). Plotting these response curves in log–log
scale revealed that monolayer creep followed a power law in re-
sponse to high-stress step loading but not following low-stress
step loading (Fig. 2A, inset), suggesting that monolayers behave
as viscoelastic solids below a certain critical stress and as complex
fluids above. Power law creep responses had an exponent
β ¼ 0.15$ 0.03, slightly less than generally reported for single
cells [β ∼ 0.3–0.5 (21)]. Consistent with the observations upon
low-stress loading, stress relaxation of monolayers also reached
a plateau after approximately 50 s (Fig. S5E), suggesting a limit
for elastic behavior. Estimates of relaxation rates for computa-
tional models and comparative studies could be obtained by fit-
ting stress relaxations with appropriate rheological models (SI
Materials and Methods and Fig. S5 G–H). The time scales needed

Fig. 1. Experimental setup for measuring the mechanical properties of cell
monolayers. (A) (Left) Line drawing and (Right) microscopy image. Cell layers
(green) were cultured on a sacrificial collagen scaffold gelled between the
test rods (red in line drawing and immunostain, scale bar s:b ¼ 100 μm).
(B) After enzymatic digestion, the collagen layer was completely removed,
leaving the monolayer freely suspended between the two test rods as
evidenced by the loss of collagen immunostaining (red). (C) ZX profile of a
suspended monolayer 3 h after collagen digestion. F-actin is shown in red,
gp135 (a classic apical polarity marker) is shown in green, nuclei are shown
in blue. Suspended monolayers retained their characteristic polarization
despite removal of the substrate. (s:b ¼ 100 μm)

Fig. 2. Mechanical properties of cell monolayers. (A) Creep response follow-
ing step application of low (0.7 kPa, grey) and high (3 kPa, black) stress. The
plotted responses are averaged over at least six experiments each. At low
stress, following a rapid increase in strain, monolayers reached a plateau that
lasted for the remainder of the experiment. At high stress, no plateau was
reached and strain increased continually with time. (Inset) Creep response
curves plotted in log–log scales. The creep response at high stress (black) was
well fitted by a linear function with slope β ¼ 0.15$ 0.03; whereas at low
stress the creep response was not linear. (B) Stress-extension curves shown
for 12 different monolayers. All curves displayed three distinct regimes of
loading: (i) an initial “toe” region (blue box) as the monolayer becomes
loaded under tension, (ii) a linear extension regime (green box) from which
an elastic modulus can be calculated, and (iii) a plateau (red box) which cor-
responds to plastic deformation and eventual failure. (C) Deformation of a
monolayer under stretch. Images acquired by bright-field microscopy for a
monolayer at 0 and >80% extension. At >80% extension, the monolayer
delaminated from the test rods (arrows) suggesting that cell–cell adhesion
is stronger than cell–substrate adhesion for this geometry. (s:b ¼ 1 mm)
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layer extension (Fig. S1). Our mechanical characterization setup
addresses four key requirements: (i) monolayers must be free
from their substrate such that only the monolayer is load-bearing
to allow for simple interpretation of the stress–strain response
(Fig. 1), (ii) attachment of the samples to the test rods must re-
quire minimal manipulation, (iii) live microscopy imaging at the
cellular and subcellular level must be possible during mechanical
stimulus, and (iv) measurements must be quantitative to enable
comparison between treatments.

To generate cell monolayers free from a substrate with minimal
manipulation, we cultured cells on a temporary sacrificial sub-
strate created by polymerizing a drop of collagen between the two
rods. Cells were seeded onto this scaffold and cultured until the
monolayer extended from one test rod to the other, covering the
whole collagen substrate and part of each test rod (Fig. 1A). Prior
to mechanical testing, the collagen was removed by enzymatic
digestion, leaving the monolayer attached to the test rods by cell–
substrate adhesion but devoid of substrate and freely suspended in
between (Fig. 1B). In the absence of substrate, monolayers stayed
healthy and maintained their characteristic epithelial apico-basal
polarization for at least 3 h (Fig. 1C and Fig. S2).

The mechanical testing equipment (Fig. S1A) consisted of two
micromanipulators and a top-down macroscope to image-test rod
positions. A manual micromanipulator kept one rod stationary,
while a motorized micromanipulator controlled the displacement
of the other. To generate quantitative measurements of mono-
layer mechanical properties, we developed our culture system to
allow for force measurements. Devices consisted of two main
components (Fig. S1B): (i) a U-shaped glass capillary with one
long arm that acts as a rigid reference rod and a short arm that
connects to the flexible test rod, and (ii) a flexible test rod made
of NiTi metal wire with a small enough bending rigidity for sub
milli-Newton forces to induce a deflection precisely measurable
by the macroscope. Forces applied onto the monolayer during
extension were determined by measuring the deflection d of
the wire relative to its predicted unstressed position (dotted line,
Fig. S1B) and fitting dðyÞ with a simple cantilevered beam model
(SI Materials and Methods and Fig. S3).

Tissue-Level Mechanics. Using our experimental setup, we charac-
terized the mechanical properties of monolayers of Madine–

Darby Canine Kidney (MDCK-II) cells, a classic epithelial cell
model. In the following, unless otherwise noted, we report the
engineering strain: ε ¼ ΔL∕L0, with ΔL the monolayer length
change and L0 its original length (Fig. S4).

Living tissues are intrinsically viscoelastic with both physical
and biological phenomena contributing to their time-dependent
mechanical properties. Measured physiological strain rates in
monolayer covered tissues range from approximately 0.04% · s−1
in developing drosophila embryos (18) and tens to hundreds of
% · s−1 in alveolar epithelium and mitral valve tissue (19, 20). To
investigate the time-dependent mechanical properties of mono-
layers, we characterized their creep response to two distinct step
increases in stress, respectively with high (3 kPa) and low stress
(0.7 kPa). When the monolayers were subjected to low stress
loading, strain increased rapidly in response to stress application
before reaching a plateau that subsisted over 200 s (Fig. 2A, grey
line). In contrast, when high stress loading was applied, no pla-
teau was reached and strain increased continually with time
(Fig. 2A, black line). Plotting these response curves in log–log
scale revealed that monolayer creep followed a power law in re-
sponse to high-stress step loading but not following low-stress
step loading (Fig. 2A, inset), suggesting that monolayers behave
as viscoelastic solids below a certain critical stress and as complex
fluids above. Power law creep responses had an exponent
β ¼ 0.15$ 0.03, slightly less than generally reported for single
cells [β ∼ 0.3–0.5 (21)]. Consistent with the observations upon
low-stress loading, stress relaxation of monolayers also reached
a plateau after approximately 50 s (Fig. S5E), suggesting a limit
for elastic behavior. Estimates of relaxation rates for computa-
tional models and comparative studies could be obtained by fit-
ting stress relaxations with appropriate rheological models (SI
Materials and Methods and Fig. S5 G–H). The time scales needed

Fig. 1. Experimental setup for measuring the mechanical properties of cell
monolayers. (A) (Left) Line drawing and (Right) microscopy image. Cell layers
(green) were cultured on a sacrificial collagen scaffold gelled between the
test rods (red in line drawing and immunostain, scale bar s:b ¼ 100 μm).
(B) After enzymatic digestion, the collagen layer was completely removed,
leaving the monolayer freely suspended between the two test rods as
evidenced by the loss of collagen immunostaining (red). (C) ZX profile of a
suspended monolayer 3 h after collagen digestion. F-actin is shown in red,
gp135 (a classic apical polarity marker) is shown in green, nuclei are shown
in blue. Suspended monolayers retained their characteristic polarization
despite removal of the substrate. (s:b ¼ 100 μm)

Fig. 2. Mechanical properties of cell monolayers. (A) Creep response follow-
ing step application of low (0.7 kPa, grey) and high (3 kPa, black) stress. The
plotted responses are averaged over at least six experiments each. At low
stress, following a rapid increase in strain, monolayers reached a plateau that
lasted for the remainder of the experiment. At high stress, no plateau was
reached and strain increased continually with time. (Inset) Creep response
curves plotted in log–log scales. The creep response at high stress (black) was
well fitted by a linear function with slope β ¼ 0.15$ 0.03; whereas at low
stress the creep response was not linear. (B) Stress-extension curves shown
for 12 different monolayers. All curves displayed three distinct regimes of
loading: (i) an initial “toe” region (blue box) as the monolayer becomes
loaded under tension, (ii) a linear extension regime (green box) from which
an elastic modulus can be calculated, and (iii) a plateau (red box) which cor-
responds to plastic deformation and eventual failure. (C) Deformation of a
monolayer under stretch. Images acquired by bright-field microscopy for a
monolayer at 0 and >80% extension. At >80% extension, the monolayer
delaminated from the test rods (arrows) suggesting that cell–cell adhesion
is stronger than cell–substrate adhesion for this geometry. (s:b ¼ 1 mm)
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layer extension (Fig. S1). Our mechanical characterization setup
addresses four key requirements: (i) monolayers must be free
from their substrate such that only the monolayer is load-bearing
to allow for simple interpretation of the stress–strain response
(Fig. 1), (ii) attachment of the samples to the test rods must re-
quire minimal manipulation, (iii) live microscopy imaging at the
cellular and subcellular level must be possible during mechanical
stimulus, and (iv) measurements must be quantitative to enable
comparison between treatments.

To generate cell monolayers free from a substrate with minimal
manipulation, we cultured cells on a temporary sacrificial sub-
strate created by polymerizing a drop of collagen between the two
rods. Cells were seeded onto this scaffold and cultured until the
monolayer extended from one test rod to the other, covering the
whole collagen substrate and part of each test rod (Fig. 1A). Prior
to mechanical testing, the collagen was removed by enzymatic
digestion, leaving the monolayer attached to the test rods by cell–
substrate adhesion but devoid of substrate and freely suspended in
between (Fig. 1B). In the absence of substrate, monolayers stayed
healthy and maintained their characteristic epithelial apico-basal
polarization for at least 3 h (Fig. 1C and Fig. S2).

The mechanical testing equipment (Fig. S1A) consisted of two
micromanipulators and a top-down macroscope to image-test rod
positions. A manual micromanipulator kept one rod stationary,
while a motorized micromanipulator controlled the displacement
of the other. To generate quantitative measurements of mono-
layer mechanical properties, we developed our culture system to
allow for force measurements. Devices consisted of two main
components (Fig. S1B): (i) a U-shaped glass capillary with one
long arm that acts as a rigid reference rod and a short arm that
connects to the flexible test rod, and (ii) a flexible test rod made
of NiTi metal wire with a small enough bending rigidity for sub
milli-Newton forces to induce a deflection precisely measurable
by the macroscope. Forces applied onto the monolayer during
extension were determined by measuring the deflection d of
the wire relative to its predicted unstressed position (dotted line,
Fig. S1B) and fitting dðyÞ with a simple cantilevered beam model
(SI Materials and Methods and Fig. S3).

Tissue-Level Mechanics. Using our experimental setup, we charac-
terized the mechanical properties of monolayers of Madine–

Darby Canine Kidney (MDCK-II) cells, a classic epithelial cell
model. In the following, unless otherwise noted, we report the
engineering strain: ε ¼ ΔL∕L0, with ΔL the monolayer length
change and L0 its original length (Fig. S4).

Living tissues are intrinsically viscoelastic with both physical
and biological phenomena contributing to their time-dependent
mechanical properties. Measured physiological strain rates in
monolayer covered tissues range from approximately 0.04% · s−1
in developing drosophila embryos (18) and tens to hundreds of
% · s−1 in alveolar epithelium and mitral valve tissue (19, 20). To
investigate the time-dependent mechanical properties of mono-
layers, we characterized their creep response to two distinct step
increases in stress, respectively with high (3 kPa) and low stress
(0.7 kPa). When the monolayers were subjected to low stress
loading, strain increased rapidly in response to stress application
before reaching a plateau that subsisted over 200 s (Fig. 2A, grey
line). In contrast, when high stress loading was applied, no pla-
teau was reached and strain increased continually with time
(Fig. 2A, black line). Plotting these response curves in log–log
scale revealed that monolayer creep followed a power law in re-
sponse to high-stress step loading but not following low-stress
step loading (Fig. 2A, inset), suggesting that monolayers behave
as viscoelastic solids below a certain critical stress and as complex
fluids above. Power law creep responses had an exponent
β ¼ 0.15$ 0.03, slightly less than generally reported for single
cells [β ∼ 0.3–0.5 (21)]. Consistent with the observations upon
low-stress loading, stress relaxation of monolayers also reached
a plateau after approximately 50 s (Fig. S5E), suggesting a limit
for elastic behavior. Estimates of relaxation rates for computa-
tional models and comparative studies could be obtained by fit-
ting stress relaxations with appropriate rheological models (SI
Materials and Methods and Fig. S5 G–H). The time scales needed

Fig. 1. Experimental setup for measuring the mechanical properties of cell
monolayers. (A) (Left) Line drawing and (Right) microscopy image. Cell layers
(green) were cultured on a sacrificial collagen scaffold gelled between the
test rods (red in line drawing and immunostain, scale bar s:b ¼ 100 μm).
(B) After enzymatic digestion, the collagen layer was completely removed,
leaving the monolayer freely suspended between the two test rods as
evidenced by the loss of collagen immunostaining (red). (C) ZX profile of a
suspended monolayer 3 h after collagen digestion. F-actin is shown in red,
gp135 (a classic apical polarity marker) is shown in green, nuclei are shown
in blue. Suspended monolayers retained their characteristic polarization
despite removal of the substrate. (s:b ¼ 100 μm)

Fig. 2. Mechanical properties of cell monolayers. (A) Creep response follow-
ing step application of low (0.7 kPa, grey) and high (3 kPa, black) stress. The
plotted responses are averaged over at least six experiments each. At low
stress, following a rapid increase in strain, monolayers reached a plateau that
lasted for the remainder of the experiment. At high stress, no plateau was
reached and strain increased continually with time. (Inset) Creep response
curves plotted in log–log scales. The creep response at high stress (black) was
well fitted by a linear function with slope β ¼ 0.15$ 0.03; whereas at low
stress the creep response was not linear. (B) Stress-extension curves shown
for 12 different monolayers. All curves displayed three distinct regimes of
loading: (i) an initial “toe” region (blue box) as the monolayer becomes
loaded under tension, (ii) a linear extension regime (green box) from which
an elastic modulus can be calculated, and (iii) a plateau (red box) which cor-
responds to plastic deformation and eventual failure. (C) Deformation of a
monolayer under stretch. Images acquired by bright-field microscopy for a
monolayer at 0 and >80% extension. At >80% extension, the monolayer
delaminated from the test rods (arrows) suggesting that cell–cell adhesion
is stronger than cell–substrate adhesion for this geometry. (s:b ¼ 1 mm)
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the lowest strain amplitude (approximately 3%), the elastic modulus remained constant with increasing cycle number. At higher amplitudes (10% and 20%),
the elastic modulus showed a significant decrease with increasing cycle number. (E) Stress relaxation in monolayers. After initial extension with a strain rate of
75% · s−1, stress relaxed to approximately 40% of its initial value over about 50 s. At longer timescales, a plateau was reached and stress remained constant for
up to 400 s. (F) Percentage relaxation as a function of time for monolayers stretched fast and slowly. Curves averaged over n ¼ 4 measurements show that for
slow strain rates (dark grey) stress relaxation is reduced from 68% to 34% in the initial 30 s of relaxation compared to fast strain rates (light grey). (G and H)
Stress relaxation in monolayers loaded at high (75% · s−1, G) and low (1% · s−1, H) strain rates. (G) Representative monolayer stress relaxation after high strain
rate loading. Monolayers loaded at high strain rates (75% · s−1) had biphasic stress relaxations with a high-amplitude fast initial phase followed by a lower-
amplitude slower phase. After the first five seconds following loading, the relaxation of monolayers loaded at high strain rates could be well fitted with the
standard linear solid model and yielded an apparent viscosity η ∼ 0.3" 0.1 MPa·s (N ¼ 6, blue). (H) Representative stress relaxation after low strain-rate load-
ing. Monolayers loaded at low strain rates (1% · s−1) had largely monophasic stress relaxations and the fast response observed in response to high strain-rate
loadingwas absent. After the first five seconds following loading, the relaxation of monolayers loaded at low rates could be well fitted with the standard linear
solid model and yielded an apparent viscosity similar to that of the fast loading rates (p ¼ 0.78 when compared to one another).

Fig. S6. Segmentation of monolayers. (A) Using a Hessian-based approach, we identify ridges of intensity in images of E-cadherin-GFP-labeled cells. By treat-
ing pixels independently we can identify the cell edges but do not always obtain an entirely closed mesh (red). (B) Dead ends (blue dots) are identified at the
extremity of unclosed lines and are evolved according to a selection rule. (C) For each dead end, we look for edge pixels (shown in red) in the semicircle of radius
rmax oriented according to ~v. If none are found, d and the line it belongs to are deleted. A score fdðaÞ is computed for each of the pixels within the semicircle
(for example, the green pixel) and d linked to the pixel a having the highest score. For the case shown in C, d will be linked vertically to the closest pixel because
it maximizes both the distance and direction criteria. (D) The final segmentation result shows the original pixels identified using the Hessian approach in green,
pixels that are added by the restoration are shown in red, and pixels that are removed by the restoration are shown in blue.

Fig. S7. Estimating the adhesion energy density from experiments. We derive an estimate of the adhesion energy density in MDCK monolayers by using a
standard fracture-mechanics approach. It consists of comparing the variations of elastic and surface energies when the length a of a crack increases by δx. The
elastic energy released by the crack growth can be calculated from the tissue strain and the tissue stiffness (for simplicity, linearity here is assumed). The increase
in adhesion energy is Γδx. At failure, the released elastic energy becomes greater than the cost in adhesion energy, causing catastrophic crack growth and
failure. In an epithelium, the average cell length is chosen as the characteristic length scale a for the initial mechanical defects (or internal crack size).
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the lowest strain amplitude (approximately 3%), the elastic modulus remained constant with increasing cycle number. At higher amplitudes (10% and 20%),
the elastic modulus showed a significant decrease with increasing cycle number. (E) Stress relaxation in monolayers. After initial extension with a strain rate of
75% · s−1, stress relaxed to approximately 40% of its initial value over about 50 s. At longer timescales, a plateau was reached and stress remained constant for
up to 400 s. (F) Percentage relaxation as a function of time for monolayers stretched fast and slowly. Curves averaged over n ¼ 4 measurements show that for
slow strain rates (dark grey) stress relaxation is reduced from 68% to 34% in the initial 30 s of relaxation compared to fast strain rates (light grey). (G and H)
Stress relaxation in monolayers loaded at high (75% · s−1, G) and low (1% · s−1, H) strain rates. (G) Representative monolayer stress relaxation after high strain
rate loading. Monolayers loaded at high strain rates (75% · s−1) had biphasic stress relaxations with a high-amplitude fast initial phase followed by a lower-
amplitude slower phase. After the first five seconds following loading, the relaxation of monolayers loaded at high strain rates could be well fitted with the
standard linear solid model and yielded an apparent viscosity η ∼ 0.3" 0.1 MPa·s (N ¼ 6, blue). (H) Representative stress relaxation after low strain-rate load-
ing. Monolayers loaded at low strain rates (1% · s−1) had largely monophasic stress relaxations and the fast response observed in response to high strain-rate
loadingwas absent. After the first five seconds following loading, the relaxation of monolayers loaded at low rates could be well fitted with the standard linear
solid model and yielded an apparent viscosity similar to that of the fast loading rates (p ¼ 0.78 when compared to one another).

Fig. S6. Segmentation of monolayers. (A) Using a Hessian-based approach, we identify ridges of intensity in images of E-cadherin-GFP-labeled cells. By treat-
ing pixels independently we can identify the cell edges but do not always obtain an entirely closed mesh (red). (B) Dead ends (blue dots) are identified at the
extremity of unclosed lines and are evolved according to a selection rule. (C) For each dead end, we look for edge pixels (shown in red) in the semicircle of radius
rmax oriented according to ~v. If none are found, d and the line it belongs to are deleted. A score fdðaÞ is computed for each of the pixels within the semicircle
(for example, the green pixel) and d linked to the pixel a having the highest score. For the case shown in C, d will be linked vertically to the closest pixel because
it maximizes both the distance and direction criteria. (D) The final segmentation result shows the original pixels identified using the Hessian approach in green,
pixels that are added by the restoration are shown in red, and pixels that are removed by the restoration are shown in blue.

Fig. S7. Estimating the adhesion energy density from experiments. We derive an estimate of the adhesion energy density in MDCK monolayers by using a
standard fracture-mechanics approach. It consists of comparing the variations of elastic and surface energies when the length a of a crack increases by δx. The
elastic energy released by the crack growth can be calculated from the tissue strain and the tissue stiffness (for simplicity, linearity here is assumed). The increase
in adhesion energy is Γδx. At failure, the released elastic energy becomes greater than the cost in adhesion energy, causing catastrophic crack growth and
failure. In an epithelium, the average cell length is chosen as the characteristic length scale a for the initial mechanical defects (or internal crack size).

Harris et al. www.pnas.org/cgi/doi/10.1073/pnas.1213301109 9 of 10

the lowest strain amplitude (approximately 3%), the elastic modulus remained constant with increasing cycle number. At higher amplitudes (10% and 20%),
the elastic modulus showed a significant decrease with increasing cycle number. (E) Stress relaxation in monolayers. After initial extension with a strain rate of
75% · s−1, stress relaxed to approximately 40% of its initial value over about 50 s. At longer timescales, a plateau was reached and stress remained constant for
up to 400 s. (F) Percentage relaxation as a function of time for monolayers stretched fast and slowly. Curves averaged over n ¼ 4 measurements show that for
slow strain rates (dark grey) stress relaxation is reduced from 68% to 34% in the initial 30 s of relaxation compared to fast strain rates (light grey). (G and H)
Stress relaxation in monolayers loaded at high (75% · s−1, G) and low (1% · s−1, H) strain rates. (G) Representative monolayer stress relaxation after high strain
rate loading. Monolayers loaded at high strain rates (75% · s−1) had biphasic stress relaxations with a high-amplitude fast initial phase followed by a lower-
amplitude slower phase. After the first five seconds following loading, the relaxation of monolayers loaded at high strain rates could be well fitted with the
standard linear solid model and yielded an apparent viscosity η ∼ 0.3" 0.1 MPa·s (N ¼ 6, blue). (H) Representative stress relaxation after low strain-rate load-
ing. Monolayers loaded at low strain rates (1% · s−1) had largely monophasic stress relaxations and the fast response observed in response to high strain-rate
loadingwas absent. After the first five seconds following loading, the relaxation of monolayers loaded at low rates could be well fitted with the standard linear
solid model and yielded an apparent viscosity similar to that of the fast loading rates (p ¼ 0.78 when compared to one another).

Fig. S6. Segmentation of monolayers. (A) Using a Hessian-based approach, we identify ridges of intensity in images of E-cadherin-GFP-labeled cells. By treat-
ing pixels independently we can identify the cell edges but do not always obtain an entirely closed mesh (red). (B) Dead ends (blue dots) are identified at the
extremity of unclosed lines and are evolved according to a selection rule. (C) For each dead end, we look for edge pixels (shown in red) in the semicircle of radius
rmax oriented according to ~v. If none are found, d and the line it belongs to are deleted. A score fdðaÞ is computed for each of the pixels within the semicircle
(for example, the green pixel) and d linked to the pixel a having the highest score. For the case shown in C, d will be linked vertically to the closest pixel because
it maximizes both the distance and direction criteria. (D) The final segmentation result shows the original pixels identified using the Hessian approach in green,
pixels that are added by the restoration are shown in red, and pixels that are removed by the restoration are shown in blue.

Fig. S7. Estimating the adhesion energy density from experiments. We derive an estimate of the adhesion energy density in MDCK monolayers by using a
standard fracture-mechanics approach. It consists of comparing the variations of elastic and surface energies when the length a of a crack increases by δx. The
elastic energy released by the crack growth can be calculated from the tissue strain and the tissue stiffness (for simplicity, linearity here is assumed). The increase
in adhesion energy is Γδx. At failure, the released elastic energy becomes greater than the cost in adhesion energy, causing catastrophic crack growth and
failure. In an epithelium, the average cell length is chosen as the characteristic length scale a for the initial mechanical defects (or internal crack size).
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Epithelial tissues are viscous fluids

Title

Epiblast of quail embryo
J. Gros Institut Pasteur

membrane-GFP

• Tissue fluid 
flow on long 
time scales 

(24h)



Thomas LECUIT   2017-2018

E-cadherin::GFP Drosophila embryo

• Tissue fluid flow on long time scale(45 min)

Epithelial tissues are viscous fluids
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Epithelia are viscoelastic 

Elongation by cell rearrangement

Elongation by stretching

Elastic deformation
(few min)

Viscous flow
(10s of min to 

hrs)

>>junction dynamics

Guillot C. and Lecuit T. Science.  340:1185. 2013
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Junctions are sites of adhesion and cortical tension

Vertex

Edge/Junction

A

β-catenin

α-catenin

vinculin

actin

myosin II

E-cadherin
cis complexes

membrane

E-cadherin
clusters

E-cadherin
trans complexes

Guillot C. and Lecuit T. Science.  340:1185. 2013

Epithelia are viscoelastic 
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Epithelial visco-elasticity - Impact of Topological transitionsto externally applied stress (e.g., coming from
another tissue), but also generate their own in-
ternal stress through the regulation of subcellular
actomyosin networks.

The source of epithelial plasticity and fluid
behavior thus resides in the ability to actively
remodel cell junctions. We review three main types
of remodeling and extract general principles un-
derlying these diverse processes (F2 Fig. 2). First, cell
division produces new cell junctions (11). Sec-
ond, live cell extrusion and cell death remove cell
junctions (12). Last, cell movement by intercala-
tion changes the position of junctions (13, 14).
Remarkably, in all cases, junction dynamics is
an active and multicellular process.

Formation of New Contacts During Division
Cell division profoundly affects the organization
of epithelial tissues (F3 Fig. 3A). Cell division is re-
sponsible for the rapid emergence of a robust
equilibrium pattern of cell topologies (11). This
results from simple empirical rules of cell divi-
sion, shared among animals and plants, in par-
ticular the fact that a division produces a new
edge and two new vertices with minimal cell re-
arrangement. In turn, the cell topology affects
the shape of its neighbors and thereby affects
the orientation of cell division in this cell. If all
cells are hexagonal, then cell shapes are similar
and isotropic and cell divisions are randomly
oriented. However, a hexagonal cell that contacts
a four-sided cell will elongate parallel to the
contact between the two cells. In turn, the cleav-
age plane of this elongated cell will be biased
perpendicular to the contact between the two
cells (15). The interplay among cell topology, cell
shape, and cell division orientation is a striking
manifestation of how cell proliferation partici-
pates in the steady-state organization of an epi-
thelium by controlling how cell contacts are
distributed locally and globally.

It has remained unclear how cell division oc-
curs in an epithelium—in particular, what en-
ables a new adhesive interface to form during
division (Fig. 3B). This is a fundamental prob-
lem because division must preserve the integrity
of an epithelium, in particular its barrier func-
tion. Do cells lose their adhesive contacts with
neighbors as they divide? What is the link be-
tween junction formation and cell cleavage during
cytokinesis? Cytokinesis requires the formation
of a contractile actomyosin ring that deforms the
dividing cells (16). If cells remain adhesive dur-
ing division, such deformations will be resisted
by cell adhesion with neighbors and the effec-
tive tension exerted by neighbors via cell junc-
tions on the dividing cell. Madin-Darby canine
kidney (MDCK) epithelial cells have been re-
ported to maintain adhesion and apico-basal po-
larity as they divide (17). This is also observed
in Drosophila epithelial cells at different stages
of development and in the mouse neuroepithe-
lium, so it is likely to be a general mechanism
(18–20). Partitioning of the polarized cell pro-
gresses from basal to apical, and requires apical
anchoring of the cytokinetic ring to cell junc-
tions (Fig. 2B).

In most cases reported so far, dividing cells
remain in contact during and immediately after
division, although one cell may later exchange
neighbors (see below). As a consequence, the
clonal descendants of an epithelial cell are not
scattered and tend to form a cohesive clone, as
seen in early zebrafish (21) and Drosophila tis-
sues (22). Further investigations in other sys-
tems will be useful in determining whether this
is always the case, especially when cell polarity
and a columnar epithelial organization are not
evident.

Recent studies in Drosophila provide a sim-
ple model for understanding how formation of
the new junction is coupled to cleavage in the

plane of junctions (Fig. 3C) (18–20). Contrac-
tion of the ring deforms the cell junctions during
cleavage up to a point where local disengage-
ment of E-cadherin complexes in the cleavage
furrow causes the separation of the membranes
of the dividing cell and its neighbors (Fig. 3C
and movie S1). A new membrane interface forms
between the two daughter cells, which restores
E-cadherin clusters, thereby maintaining adhe-
sion. The length of the membrane interface re-
quires nonautonomous actomyosin tension in
the Drosophila pupa, which forces annealing
between the surfaces of the two daughter cells
(18, 20). Local adhesion disengagement is also
an active process. It requires tension exerted by
the ring (which depends on septin and anillin)
together with the tension exerted by neighboring
cells pulling orthogonally to the junction (18, 19).
However, it is possible that adhesion disengage-
ment is also the result of local biochemical reg-
ulation. E-cadherin clusters transmit and integrate
intrinsic and extrinsic tension. In pupal epithelia,
another remarkable active process is involved:
Arp2/3-dependent actin polymerization causes
maintenance of the newly formed interface (20),
although the exact mechanism is still unclear.
When these active processes are perturbed, either
new junction formation is strongly delayed and
ultimately fails, or the new junction is short and
not stabilized, sometimes causing intercalation
with neighbors.

During epithelial cell division, the addition of
new junctions and the control of junction length
is thus an active and multicellular process that
preserves the tissue barrier function. It will be
interesting to investigate these mechanisms in
other organisms and see whether cells can es-
cape this mechanism during tumor progression,
and if so, how this is accomplished.

Removal of Junctions and Cells by Extrusion
Cell division increases the number of cells and
cell contacts in a tissue. When division is asso-
ciated with cell growth, the tissue expands, such
as in developing embryos and organs or during
regeneration. Once the tissue has attainted its
final adult size, however, the epithelium reaches
a steady state (homeostasis) where cell divisions
are balanced by cell death or live cell extrusion.
A striking example is the mammalian gut. Cell
divisions are concentrated in the crypt where
stem cells produce progenitors (23). Cells then
migrate along the side of microvilli and reach
their tip ( F4Fig. 4A). Remarkably, at the tips of
microvilli, the majority of cells that extrude
from the epithelium are nonapoptotic. Live cell
extrusion was observed in other systems, such
as in MDCK cell monolayers, developing fins
in the zebrafish (24), or the midline of the de-
veloping dorsal adult Drosophila epithelium,
called the notum (Fig. 4B) (25). In all but the
Drosophila notum, extrusion is apical (24, 25).
Recent studies have shed light on the mecha-

A B

!-tubulin    Myosin II     Phosphorylated Moesin

Cytokinetic ring

Supracellular
cable

Myosin II

Supracellular ring

Fig. 2. Plasticity of epithelia is due to cell division, extrusion, and intercalation. (A) Immuno-
staining shows microtubule (green), myosin II (pink), and phosphorylated moesin marking the cell
cortex (orange) of a Drosophila embryo. (B) Schematic of (A) showing cell division (pink), cell extrusion
(green), and intercalation (blue) events in the tissue. Cell boundaries are in gray; myosin II is in orange.
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nisms of cell junction removal during live cell
extrusion. They reveal interesting differences
with apoptotic extrusion but also show evidence
of conserved pathways.

The trigger for nonapoptotic cell extrusion
appears to be a buildup of tissue compression
due to tissue growth and/or active cell movements.
Although tissue pressure is difficult to measure
directly, a series of observations support this view.
Reducing or increasing proliferation respective-
ly inhibits or induces cell extrusion in the Dro-
sophila notum (25). Cell extrusion also happens in
regions where cells converge, such as in zebrafish
fins (24). In addition, as MDCK cells are grown
on a stretched elastic matrix, when the substra-

tum is released and relaxes back, cell density in-
creases within the first 30 min; after a few hours,
cells extrude and restore the original cell den-
sity (24).

Because a whole cell disappears during ex-
trusion, an average of six junctions must be re-
moved. Cell extrusion proceeds in two main
steps. First, two to three junctions disappear as
neighbors are pushed away from the extruding
cell by local cell intercalation events called T1
swaps (Fig. 4C). This step is most likely depen-
dent on tissue compression and resultant differ-
ential junction tension: In Drosophila, cell-cell
junctions relaxed more slowly after focal laser
ablation in the dorsal midline than away from it

(25). Once cells have about three junctions, an
actomyosin supracellular ring is assembled in
surrounding cells (Fig. 2B) and its contraction
completes cell extrusion by a so-called T2 process
as reported in apoptotic cell extrusion or during
wound closure (26). In zebrafish, cell extrusion
requires stress-activated ion channels (Piezo) and
sphingosine-1-phosphate signaling, which could
control the final step of the process through reg-
ulation of the Rho1–myosin II pathway (24).

Junction removal thus allows cell extru-
sion when tissue compression is too high. This
contributes to maintaining a steady state in the
epithelium. The inhibition of growth by con-
tact inhibition is also a major component of
homeostasis (27). Junction removal is an ac-
tive and collective process that requires non-
local forces emerging from a buildup in tissue
pressure, as well as local forces produced by
immediate neighbors.

Moving Cells by Intercalation
and Junction Exchange
Local neighbor exchange or cell intercalation
is a driving force during convergent extension
movements in different organisms (1, 28–32)
and enables stress dissipation in a growing tis-
sue (Fig. 1). During morphogenesis, it also par-
ticipates in the extensive tissue remodeling as
epithelia acquire their complex three-dimensional
(3D) shapes. As imaging methods become more
powerful to track cells in complex 3D environ-
ments (33), the cellular bases of tissue morpho-
genesis are gradually emerging in a variety of
systems. A striking example of tissue morpho-
genesis is the elongation of an epithelium ( F5Fig. 5,
A and B). Cell intercalation allows cells to re-
arrange their positions, such as in the mouse
visceral endoderm (34), in the Xenopus (30) and
chick neural tube (35), and in the Drosophila
germ band (36, 37) (Fig. 5C and movie S2).

In essence, cell intercalation enables cell move-
ment by changing the position of cell junctions
in the tissue (Fig. 5C). In a first step, cell junc-
tions are removed. This brings four or more
cells together, producing a high-order vertex in
a tetrad (36) or a rosette (37). Tetrads and ro-
settes have been described in a variety of sys-
tems (34–37). They are transient (and possibly
unstable) structures that resolve through the
formation of new junctions orthogonal to those
that were removed. Intercalation is an irrevers-
ible process that is also planar-polarized when
it drives tissue extension: The set of junctions
that is removed is dependent on its orientation
with respect to the tissue. For instance, in the
Drosophila germ band, contacts between an-
teroposterior neighbors disappear selectively.
The new junctions are formed at the interface
between dorsal-ventral neighbors. As a result,
the tissue elongates along the anteroposterior
axis (36, 37). In the chick neural tube, similar
cell rearrangements have been described (35).

B

C

A

Tissue growth

New 
junction

New 
junction

Cell before division Cell division

Formation of the new contact in Drosophila notum

Formation of the new contact in Drosophila embryo

Disengagement New contact formation

Ring

E-cad
complexes

Myosin II

Tissue
tension 

Arp2/3-dependent
actin polymerization

Fig. 3. Cell division in an epithelial layer. (A) Expansion of an epithelium by cell division. (B)
Cell division produces a new cell junction (green) and two new vertices (red). (C) Successive stages
of cell division in the Drosophila notum (top) and embryo (bottom), showing how intrinsic tension
(due to ring contraction, red arrow) and extrinsic tension (red arrows) control disengagement of
E-cadherin complexes and annealing of cell surfaces (top). Arp2/3-dependent polymerization controls
new contact formation and/or stability (purple arrow, top).
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Formation of a new junction is an active multicellular process
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Once stretched, a-catenin exposes a cryptic site that interacts
with the actin-binding protein Vinculin and that might also
interact with other actin regulators, such as a-actinin and
Afadin and the actin nucleator Formin 1 [28]. Importantly,
application of force to Cadherin molecules leads to an increase
in actomyosin tension accompanied by junction stiffening
[31,32]. This AJ response to force has been shown to require
the recruitment of Vinculin to a-catenin in a tension-depen-
dent manner [30,32,33]. Therefore, it will be interesting to
address whether E-Cadherin-mediated mechanotransduc-
tion is involved in the neighboring cell response.

Together, these findings suggest that epithelial cytokin-
esis could be a novel system in which to study mechano-
transduction in vivo. Therefore, future studies of epithelial
cytokinesis could provide insights into general force-depen-
dent mechanisms used to maintain tissue homeostasis.

Asymmetric furrowing in epithelial cells: does it matter?
A commonly observed feature of epithelial cytokinesis is
that furrowing occurs asymmetrically. Asymmetric

furrowing is characterized by unilateral ingression of the
cleavage furrow, from the basal to the apical domain of
epithelial cells, resulting in apical midbody formation. This
has been observed in several epithelial tissues, such as the
mouse intestine [18,34], polarized monolayers of MDCK
cells [19], cultured mouse hepatocytes [35], and, more
recently, the Drosophila pupal notum [12,14], embryonic
ectoderm [13], and follicular epithelium [15], suggesting it
could be a conserved feature of epithelial cell division. The
recent studies performed in Drosophila epithelial tissues
not only provided insights into the mechanisms controlling
asymmetric furrowing, but also highlighted that other
modes of cytokinesis also occur in epithelia [12–15]. Strik-
ingly, regardless of the mode of furrowing, the midbody is
systematically formed at the apical part of the daughter
cell interface, suggesting that midbody positioning, rather
than asymmetric furrowing, is the conserved aspect of
epithelial cytokinesis. So far, four modes of cytokinesis
leading to apical midbody positioning have been identified
in epithelia (Figure 3): (i) asymmetric furrowing controlled
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Key:

Cortex/membrane
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TRENDS in Cell Biology 

Figure 1. Two models for the organization of the membranes of the dividing cell and its neighbors during cytokinesis. (A,B) Schematic representation of a dividing cell and
its neighbors during early furrow ingression. The zones highlighted in (A) are enlarged in (B). (B) In both models, Septins are required to induce downregulation of E-
Cadherin levels at the furrow zone. In a first model, proposed in the Drosophila embryonic ectoderm [13], the application of opposing forces at the cell–cell interface – one
exerted by the contractile ring and the other by the neighboring cells (black arrows) – overcomes the adhesive strength of the E-Cadherin complexes and leads to E-
Cadherin disengagement and to the formation of a gap between the dividing cell and its neighbors (left). In a second model, proposed in the Drosophila pupal notum [12,14]
and mouse intestine [18] (right), the dividing cell remains connected to its neighbors and no gap is formed. A possible way of relieving the tension exerted by neighboring
cells in this case is through cortex–membrane detachment, which has been observed in the Drosophila notum [12,14]. E-Cad, E-Cadherin; MyoII, non-muscle Myosin II.
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by a symmetric contractile ring harboring a homogeneous
distribution of MyoII that is anchored to the AJs [13,15];
(ii) asymmetric furrowing controlled by an asymmetric
contractile ring harboring a polarized distribution of MyoII
[12,14]; (iii) symmetric furrowing coupled to apical cell
extrusion [14,15]; and (iv) symmetric furrowing followed
by upward lifting of the midbody [15].

Apical midbody positioning through asymmetric
furrowing
Asymmetric furrowing has been observed not only in epithe-
lial tissues, but also in the vertebrate neuroepithelium,
where it also occurs in a basal-to-apical direction [36–39],
and in early embryos, where the direction of furrowing is
random [40,41]. In the Caenorhabditis elegans zygote, asym-
metric furrowing is driven by an asymmetric contractile
ring, where the distributions of MyoII and Septins are
polarized, being enriched at the pole that constricts the
most [40]. In this system, stochastic symmetry-breaking
events, dependent on Anillin and Septins, are proposed to
be sufficient to polarize MyoII distribution and thereby lead
to asymmetric furrow ingression [40]. However, in the
epithelial tissues studied so far, neither Anillin nor Septins

are required for asymmetric furrowing [12,13,15], suggest-
ing that asymmetric furrowing in epithelial tissues does not
rely on an asymmetric distribution of Septins and Anillin.

In the Drosophila embryonic ectoderm and follicular
epithelium, the distributions of Septins and MyoII in the
contractile ring are fairly uniform. Despite this, asym-
metric furrowing is still observed [13,15]. Notably, in both
epithelia, the apical side of the contractile ring remains in
close contact with the AJs. Loss of b-catenin function [15]
or depletion of E-Cadherin or a-catenin [13] abolishes
asymmetric furrow ingression, supporting the view that
AJ integrity is essential for polarizing furrow ingression in
these systems. Furthermore, polarization of the E-Cad-
herin intracellular domain in cultured Drosophila S2 cells
by the use of an Echinoid–E-Cadherin fusion protein [42] is
sufficient to recruit the midbody to sites of E-Cadherin
enrichment [15]. Taken together, these observations sup-
port a model in which the anchoring of a symmetric con-
tractile ring to the AJs should lead to its upward lifting,
thereby polarizing furrow ingression and ultimately posi-
tioning the midbody apically (Figure 3).

In contrast to the aforementioned Drosophila tissues, in
the Drosophila pupal notum the contractile ring is
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TRENDS in Cell Biology 

Figure 2. Cytokinesis and mechanotransduction. (A,B) Schematic representation of a dividing cell and its neighbors during cytokinesis. The zones highlighted in (A) are
enlarged in (B). Left: During early furrow ingression, the pulling of the neighboring cells by the contractile ring leads to Rho-kinase activation and non-muscle Myosin II
(MyoII) accumulation in the neighboring cells, at the edges of the furrow. This MyoII accumulation allows neighbors to exert tension on the furrow (black arrows), which
comprises the connected membranes of the dividing cell and the neighboring cell. Right: As the furrow ingresses and the midbody forms, the tension exerted by MyoII
accumulation (black arrows) induces the juxtaposition of the furrow, bringing the two daughter cells into close proximity. Note that the neighboring membrane is still
inserted between the daughter cell membranes at the moment of membrane juxtaposition. E-Cad, E-Cadherin; Rok, Rho-kinase.
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• Cell emergence

Sedzinski et al, Wallingford JB. Dev Cell 36:24. 2016
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basal constriction or apicobasal shortening, these findings argue
that apical emergence is accomplished through action within the
emerging apical domain of the MCC itself.
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Figure 3. MCC-Generated Pushing Forces
Majorly Drive Apical Expansion Process
(A) Schematic of the theoretical model of forces

acting on an apical domain of an MCC. Apical

domain-expanding forces: effective 2D pressure,

dP (black arrows) and neighboring junctional pulling

forces, L (red arrows) acting against MCC cortical

tension, g (blue arrows) and elasticity from the

surrounding cells, E.

(B and C) (B) Simulation of the MCC apical domain

shape upon dominant pushing forces or (C) domi-

nant junctional pulling forces.

(D) Image sequence of an apically expanding MCC

(visualized by a-tubulin UtrCH-GFP, green) within

goblet cells (visualized by nectin UtrCH-RFP,

magenta). Scale bar, 10 mm.

(E) Experimental (black) and theoretical (red) cur-

vature changes, defined by kurtosis, in time of the

cell shown in (D).

(F) Kurtosis values for the consecutive apical

domain sizes, categorized by binned mean radius,

in control cells. Boxes extend from the 25th to 75th

percentiles, with a line at the median. Mann-Whit-

ney U test (number of embryos, n > 5), ***p < 0.001;

n.s., not significant.

(G) Schematic of laser ablation of junctions

perpendicular to MCC. Red bolt and circle repre-

sents the ablation region.

(H) Initial recoil velocities upon laser ablation of

junctions described in (G). Black circles, experi-

mental data; solid red line indicates fit.

(I) Shape simulation of the MCC apical domain

based on the theoretical model.

(J) Inferred neighboring junctional tension, L

and pressure, dP (K) from the simulated shape

shown in (D).

See also Figure S4.

Theory and Experiment Suggest
that MCC Apical Emergence Is
Driven Cell-Autonomously by an
Effective 2D Pressure in the Apical
Cell Surface
Cell motile behaviors emerge in vivo from
a complex tug-of-war influenced by the
mechanical properties of both the moving
cell and its neighbors (Guillot and Lecuit,
2013; Heisenberg and Bellaiche, 2013;
Mao and Baum, 2015). Because our ex-
periments ruled out three simple models
that might explain apical emergence, we
turned to quantitative modeling to gain
new insights into this cell behavior. We
developed a minimal theoretical model in
which we assume that apical surface
area is the product of the force balance
exerted on an apical cell membrane by
intrinsic and extrinsic forces (Figure 3A;
see Data S1). Because apical emergence

in Xenopus MCCs is slow (hours) (Chung et al., 2014; Stubbs
et al., 2006), we assume that viscosity plays a negligible role,
and that the dynamics of the expansion are dictated by the

Developmental Cell 36, 24–35, January 11, 2016 ª2016 Elsevier Inc. 27

basal constriction or apicobasal shortening, these findings argue
that apical emergence is accomplished through action within the
emerging apical domain of the MCC itself.
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Figure 3. MCC-Generated Pushing Forces
Majorly Drive Apical Expansion Process
(A) Schematic of the theoretical model of forces

acting on an apical domain of an MCC. Apical

domain-expanding forces: effective 2D pressure,

dP (black arrows) and neighboring junctional pulling

forces, L (red arrows) acting against MCC cortical

tension, g (blue arrows) and elasticity from the

surrounding cells, E.

(B and C) (B) Simulation of the MCC apical domain

shape upon dominant pushing forces or (C) domi-

nant junctional pulling forces.

(D) Image sequence of an apically expanding MCC

(visualized by a-tubulin UtrCH-GFP, green) within

goblet cells (visualized by nectin UtrCH-RFP,

magenta). Scale bar, 10 mm.

(E) Experimental (black) and theoretical (red) cur-

vature changes, defined by kurtosis, in time of the

cell shown in (D).

(F) Kurtosis values for the consecutive apical

domain sizes, categorized by binned mean radius,

in control cells. Boxes extend from the 25th to 75th

percentiles, with a line at the median. Mann-Whit-

ney U test (number of embryos, n > 5), ***p < 0.001;

n.s., not significant.

(G) Schematic of laser ablation of junctions

perpendicular to MCC. Red bolt and circle repre-

sents the ablation region.

(H) Initial recoil velocities upon laser ablation of

junctions described in (G). Black circles, experi-

mental data; solid red line indicates fit.

(I) Shape simulation of the MCC apical domain

based on the theoretical model.

(J) Inferred neighboring junctional tension, L

and pressure, dP (K) from the simulated shape

shown in (D).

See also Figure S4.

Theory and Experiment Suggest
that MCC Apical Emergence Is
Driven Cell-Autonomously by an
Effective 2D Pressure in the Apical
Cell Surface
Cell motile behaviors emerge in vivo from
a complex tug-of-war influenced by the
mechanical properties of both the moving
cell and its neighbors (Guillot and Lecuit,
2013; Heisenberg and Bellaiche, 2013;
Mao and Baum, 2015). Because our ex-
periments ruled out three simple models
that might explain apical emergence, we
turned to quantitative modeling to gain
new insights into this cell behavior. We
developed a minimal theoretical model in
which we assume that apical surface
area is the product of the force balance
exerted on an apical cell membrane by
intrinsic and extrinsic forces (Figure 3A;
see Data S1). Because apical emergence

in Xenopus MCCs is slow (hours) (Chung et al., 2014; Stubbs
et al., 2006), we assume that viscosity plays a negligible role,
and that the dynamics of the expansion are dictated by the
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Figure 5. Actin Polymerization and Subsequent Actin Network Formation Drive Apical Expansion of MCCs
(A) Phase diagram of possible apical domain expansion dynamics, as a function of target MCC cortical tension g and pressure dP. Blue and orange lines indicate

the transition zones between different phases. Insets represent simulations of the apical area in time for the three regimes.

(B) Image sequence of apically collapsingMCC (4 out of 4 cells) (visualized by a-tubulin UtrCH-GFP, green) uponmosaic co-injection of FMN1morpholino (FMN1

MO with UtrCH-RFP mRNA, magenta). Note that FMN1 MO is present only in MCC, as indicated by UtrCH-RFP mRNA expression.

(C) Image sequence of apically expanding MCC (visualized by a-tubulin UtrCH-GFP, green) upon mosaic co-injection of FMN1 morpholino (FMN1 MO with

UtrCH-RFP mRNA, magenta). Note that FMN1 MO is present only in goblet cells and that MCC expands normally (4 out of 4 cells).

(legend continued on next page)
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• Active removal of junctions during cell extrusion and delimitation

In principle, cell junction remodeling and
intercalation could be controlled by external
constraints acting on the tissue. In the Drosoph-
ila pupal wing, this is likely to be the case, as
hinge contraction drives cell rearrangements
(38). However, in several systems, cells locally
produce the energy used to remodel contacts by
forming planar-polarized actomyosin cables con-
necting two or more vertices together (Fig. 5, A
and B). This process is both active and to a cer-
tain degree collective, as it involves a minimum
of four cells, and as many as seven or eight
cells, connected by supracellular contractile ca-
bles (Fig. 2B).

Studies in Drosophila and chicken delineate
a similar pathway for polarized regulation of
actomyosin contractility by the Rho1 pathway
(Fig. 5D). RhoGEFs (35, 39), ROCK (40, 41),
and myosin II regulatory light chain (35–37) are
recruited and activated in a planar-polarized
manner by surface receptors. Although these re-
main unknown in Drosophila, in the chick, PDZ-
RhoGEF is activated by the planar cell polarity

pathway, namely Celsr2, the ortholog of Dro-
sophila Fmi (35). The increased bond tension
at cell interfaces (42, 43) could explain cell con-
tact remodeling as shown using computational
methods (35, 43). Adhesion is also likely lower
in anteroposterior contacts of the Drosophila
germ band, because there are fewer and smaller
E-cadherin adhesion clusters in these contacts
(37, 39). Cell intercalation was recently shown
to depend on interfacial tension controlled by
another myosin called Dachs, which is involved
in planar cell polarization (44).

Cell intercalation drives tissue extension when
the process is planar-polarized. The polarity is
imposed by the orientation of interfacial stresses
controlled by actomyosin networks. It is unclear
how extension of the new junction occurs and
whether this is an active or a passive process.

Toward a Multiscale Model of
Tissue Dynamics
General principles of tissue homeostasis and
morphogenesis emerge from the comparison of

how junctions are formed, removed, or exchanged
in epithelia. Junction dynamics is not a passive
response to external and internal forces; it is an
active process at cell contacts whereby cells act
collectively to remodel the junctions. On long
time scales, junction dynamics confer fluid be-
havior through the dissipation of active stresses
propagating in the tissue from its boundaries
or internally controlled. This fluid behavior may
explain how large-scale deformations, such as
morphogenesis, arise. In some cases, junction
remodeling is prevented and cells are stretched
by multicellular actomyosin cables. This is the
case at compartment boundaries, which prevent
miscibility between two large groups of cells
(45, 46). In the chick neural tube, similar large-
scale supracellular cables may allow tissue buck-
ling by accumulating stress in the tissue as it
closes (35). It will be important to investigate
the cellular mechanisms controlling whether a
cell can or cannot remodel cell contacts in re-
sponse to internal stresses and the compressive
forces acting from the tissue boundaries into
the whole tissue. The adaptive response of E-
cadherin adhesive complexes to actomyosin
stresses, namely their ability to remodel or to
reinforce, is likely an important area of future
study. Cell junction dynamics requires dynamics
of vertices where interplay occurs between acto-
myosin tension and adhesive clusters. Whether
vertices are subject to a specific regulation rela-
tive to junctions will be an important consider-
ation in determining how cell mechanics drives
tissue dynamics.

Cell division, cell death, and cell intercalation
modify the distribution of cell stresses in an epi-
thelium. It is unclear how these local phenomena
affect the global properties of the tissue (such
as its global stress pattern), or how changes in
global properties may in turn affect these local
processes (47, 48). For instance, polarized cell
division would result in an effective polarized
growth and stress that could potentially affect
tissue organization. Whether cells can dissipate
this stress by live cell extrusion or intercalation
will have a profound impact on tissue organiza-
tion and morphogenesis. Likewise, an overgrowth
could affect the accumulation of stress in a tis-
sue depending on whether cells can extrude. We
are just beginning to see what sort of mechan-
ical interplay exists between local and tissue
scales in epithelia, and this will be an important
avenue of investigation.

As we have seen, cell and tissue behaviors
are also controlled by biochemical signals that
control, for instance, actomyosin network dynam-
ics and contractility. Biomechanical feedbacks
operate on two different scales. At the cellular
scale, cell deformation and actomyosin flows in
cells transport polarity proteins and regulators
of actomyosin contractility, thereby explaining
to some extent how cell deformations and po-
larization are self-organized (49). At the tissue
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Fig. 4. Cell extrusion in epithelia can be mechanically induced. (A) In the mammalian gut,
cells divide in the crypt and move to the top of microvilli, where they die or extrude while alive. (B)
In Drosophila, cell compression due to tissue growth changes cell shape (red) and causes live cell
extrusion. (C) Live cell extrusion requires displacement of two or three cell neighbors by junction
removal using T1 swaps (see Fig. 4C). This is followed by accumulation of myosin II in a ring in
neighboring cells (orange), producing T2 events and complete cell extrusion.
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• Cell delamination balances cell division
a consequence of cell proliferation have been proposed to have a func-
tion1,4. Several lines of evidence suggest that cells across the developing
notum are subject to regional differences in forces that could, through
mechanical feedback, lead to local differences in cell behaviour. First, at
14 h AP, nuclei in the midline region are found at variable depths
along the z axis (Fig. 1d, e), whereas nuclei outside the midline lie in
the same confocal plane (Fig. 1d, e). At the same time, cell–cell junc-
tions within the midline region seem convoluted, whereas those out-
side the midline seem taut (Supplementary Fig. 1a). Furthermore,
when junctions are cut with a diffraction limited laser, there is a
threefold difference in the initial velocity of the junctional recoil in
these two regions. Thus, the vertices of severed junctions outside the
midline open with an initial velocity of 0.06 6 0.02mm s21, whereas
vertices in the midline remain relatively unmoved (0.02 6 0.03mm s21;
Fig. 1f and Supplementary Fig. 2a). In contrast, by 26 h AP, when
nuclear and junctional morphology seem homogeneous across the
tissue (Supplementary Fig. 1b), rates of vertex displacement are
similar within the midline (0.12 6 0.06mm s21) and outside it
(0.12 6 0.05mm s21; Fig. 1g and Supplementary Fig. 2a). These differ-
ences in tissue mechanics were confirmed by using different patterns of
laser-induced dissection (Supplementary Figs 3 and 4). Because local
delamination rates correlate with local differences in mechanics across
the tissue, delamination could relieve local overcrowding to help
generate the regular cell packing and uniform tissue mechanics seen
at the end of development.

To test this hypothesis, we used RNA-mediated interference (RNAi)
to determine whether rates of cell delamination are sensitive to
changes in cell crowding. We began by silencing components of the
phosphatidylinositol-3-OH kinase (PI(3)K) and Hippo pathways
(Fig. 2a, b and Supplementary Fig. 5). These treatments increased cell
growth without significantly increasing tissue area, resulting in an
increase in epithelial height and a corresponding increase in the rate
of tissue-wide cell delamination (Fig. 2a–d and Supplementary
Movie 2). Rates of epithelial cell delamination were highest in the
midline and in crowded epithelial folds that formed as the result of
tissue buckling (Fig. 2g). Conversely, rates of midline cell delamination
were significantly decreased when growth and crowding were inhibited
(Fig. 2a–d, f and Supplementary Movies 3 and 4). Moreover, in tissue
expressing high levels of Tsc1 and Tsc2 the decrease in growth was
accompanied by a corresponding increase in junctional tension across
the tissue, measured by vertex displacement after cutting (Fig. 2e), as
expected if crowding affects tissue mechanics. This marked decrease in
the rate of delamination seen in tissues with decreased growth was not
a simple consequence of the accompanying decrease in cell division,
because delamination continued unabated when cell division was
directly inhibited through the depletion of Cdc25/String (Supplemen-
tary Fig. 6 and Supplementary Movie 5). Furthermore, differences in
the rate of delamination could not be explained by growth-induced
changes in developmental timing, because similar results were seen
when we normalized on the basis of the timing of P1 cell divisions
(Supplementary Fig. 7). These data suggest that local tissue mechanics
influence the tendency of cells to delaminate.

To gain insight into the potential role of mechanics in driving cell
delamination within a crowded epithelium, we developed a computa-
tional model of the notum (details in Supplementary Information) in
which the topological organization of cells changed over time as the
result of junctional rearrangements while overall tissue area remained
fixed (Figs 3a and 4a). First, we used the model to test the likely effects
of tissue growth on dynamic cell organization, through the introduc-
tion of a variable crowding parameter c, equal to the ratio of the area
that cells would naturally prefer to occupy relative to the fixed tissue
area (details in Supplementary Information). In simulations, delami-
nation was directly correlated with crowding, such that high c favoured
delamination by forcing cells to compete for limited space (Fig. 3b).
We then examined the effects of cell geometry on delamination by
running simulations in which cells either had an isotropic shape or an

average initial aspect ratio of 2.7:1, to model cells of the notum midline.
This showed that cellular anisotropy promoted delamination (Fig. 3c),
which in turn homogenized cell packing (Figs 1a and 3c). Significantly,
by combining the two factors, crowding and geometry, we were able to
accurately replicate the behaviours of cells within the midline (with
anisotropic geometry and increased crowding) and outside the midline
(isotropic geometry and no growth-induced crowding) using a single
set of fixed parameters (Fig. 3d).

A closer examination of simulations revealed the typical path of cell
delamination. Spontaneous fluctuations in the length of individual
cell–cell junctions cause a subset of cells to suffer a stochastic serial
loss of junctions through neighbour exchange events10,11 (Fig. 3e). The
concomitant progressive loss in apical area results in the removal of
these cells from the simulated tissue. In view of this computational
analysis, when we examined the precise path of cell delamination in the
developing fly notum we identified two mechanistically distinct paths
of delamination. First, we identified a population of cells that leave the
tissue over an extended and variable period of time as they undergo a
consecutive series of neighbour exchange events10,11, accompanied by a
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Figure 2 | Delamination counter-balances tissue growth. a, Average rates of
delamination (n 5 3 pupae) for cells in the midline and outside midline in
control animals, in tissues where growth was increased (p110 PI(3)K, PTEN
RNAi) and in nota with decreased growth (p110 PI(3)K RNAi, Tsc1 and Tsc2).
b, Cells delaminating were coloured according to their behaviour (see inset).
c, xz axis of tissues stained with 49,6-diamidino-2-phenylindole and labelled
phalloidin. d, Average tissue height (n 5 20 different regions from 4 different
pupae). e, Quantification of average initial velocity of vertex displacement after
laser dissection of single junctions in early pupae for tissues expressing Tsc1
and Tsc2, with n representing 15 cuts from 5 pupae. f, Midline geometry for
nota at 14 h AP. g, xy image planes for different z-slices. Delamination is most
prevalent in tissue folds after p110 PI(3)K overexpression (coloured white in
the z projection). All error bars indicate s.d. P values were calculated relative to
the control. Scale bars, 10mm.
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a consequence of cell proliferation have been proposed to have a func-
tion1,4. Several lines of evidence suggest that cells across the developing
notum are subject to regional differences in forces that could, through
mechanical feedback, lead to local differences in cell behaviour. First, at
14 h AP, nuclei in the midline region are found at variable depths
along the z axis (Fig. 1d, e), whereas nuclei outside the midline lie in
the same confocal plane (Fig. 1d, e). At the same time, cell–cell junc-
tions within the midline region seem convoluted, whereas those out-
side the midline seem taut (Supplementary Fig. 1a). Furthermore,
when junctions are cut with a diffraction limited laser, there is a
threefold difference in the initial velocity of the junctional recoil in
these two regions. Thus, the vertices of severed junctions outside the
midline open with an initial velocity of 0.06 6 0.02mm s21, whereas
vertices in the midline remain relatively unmoved (0.02 6 0.03mm s21;
Fig. 1f and Supplementary Fig. 2a). In contrast, by 26 h AP, when
nuclear and junctional morphology seem homogeneous across the
tissue (Supplementary Fig. 1b), rates of vertex displacement are
similar within the midline (0.12 6 0.06mm s21) and outside it
(0.12 6 0.05mm s21; Fig. 1g and Supplementary Fig. 2a). These differ-
ences in tissue mechanics were confirmed by using different patterns of
laser-induced dissection (Supplementary Figs 3 and 4). Because local
delamination rates correlate with local differences in mechanics across
the tissue, delamination could relieve local overcrowding to help
generate the regular cell packing and uniform tissue mechanics seen
at the end of development.

To test this hypothesis, we used RNA-mediated interference (RNAi)
to determine whether rates of cell delamination are sensitive to
changes in cell crowding. We began by silencing components of the
phosphatidylinositol-3-OH kinase (PI(3)K) and Hippo pathways
(Fig. 2a, b and Supplementary Fig. 5). These treatments increased cell
growth without significantly increasing tissue area, resulting in an
increase in epithelial height and a corresponding increase in the rate
of tissue-wide cell delamination (Fig. 2a–d and Supplementary
Movie 2). Rates of epithelial cell delamination were highest in the
midline and in crowded epithelial folds that formed as the result of
tissue buckling (Fig. 2g). Conversely, rates of midline cell delamination
were significantly decreased when growth and crowding were inhibited
(Fig. 2a–d, f and Supplementary Movies 3 and 4). Moreover, in tissue
expressing high levels of Tsc1 and Tsc2 the decrease in growth was
accompanied by a corresponding increase in junctional tension across
the tissue, measured by vertex displacement after cutting (Fig. 2e), as
expected if crowding affects tissue mechanics. This marked decrease in
the rate of delamination seen in tissues with decreased growth was not
a simple consequence of the accompanying decrease in cell division,
because delamination continued unabated when cell division was
directly inhibited through the depletion of Cdc25/String (Supplemen-
tary Fig. 6 and Supplementary Movie 5). Furthermore, differences in
the rate of delamination could not be explained by growth-induced
changes in developmental timing, because similar results were seen
when we normalized on the basis of the timing of P1 cell divisions
(Supplementary Fig. 7). These data suggest that local tissue mechanics
influence the tendency of cells to delaminate.

To gain insight into the potential role of mechanics in driving cell
delamination within a crowded epithelium, we developed a computa-
tional model of the notum (details in Supplementary Information) in
which the topological organization of cells changed over time as the
result of junctional rearrangements while overall tissue area remained
fixed (Figs 3a and 4a). First, we used the model to test the likely effects
of tissue growth on dynamic cell organization, through the introduc-
tion of a variable crowding parameter c, equal to the ratio of the area
that cells would naturally prefer to occupy relative to the fixed tissue
area (details in Supplementary Information). In simulations, delami-
nation was directly correlated with crowding, such that high c favoured
delamination by forcing cells to compete for limited space (Fig. 3b).
We then examined the effects of cell geometry on delamination by
running simulations in which cells either had an isotropic shape or an

average initial aspect ratio of 2.7:1, to model cells of the notum midline.
This showed that cellular anisotropy promoted delamination (Fig. 3c),
which in turn homogenized cell packing (Figs 1a and 3c). Significantly,
by combining the two factors, crowding and geometry, we were able to
accurately replicate the behaviours of cells within the midline (with
anisotropic geometry and increased crowding) and outside the midline
(isotropic geometry and no growth-induced crowding) using a single
set of fixed parameters (Fig. 3d).

A closer examination of simulations revealed the typical path of cell
delamination. Spontaneous fluctuations in the length of individual
cell–cell junctions cause a subset of cells to suffer a stochastic serial
loss of junctions through neighbour exchange events10,11 (Fig. 3e). The
concomitant progressive loss in apical area results in the removal of
these cells from the simulated tissue. In view of this computational
analysis, when we examined the precise path of cell delamination in the
developing fly notum we identified two mechanistically distinct paths
of delamination. First, we identified a population of cells that leave the
tissue over an extended and variable period of time as they undergo a
consecutive series of neighbour exchange events10,11, accompanied by a
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Figure 2 | Delamination counter-balances tissue growth. a, Average rates of
delamination (n 5 3 pupae) for cells in the midline and outside midline in
control animals, in tissues where growth was increased (p110 PI(3)K, PTEN
RNAi) and in nota with decreased growth (p110 PI(3)K RNAi, Tsc1 and Tsc2).
b, Cells delaminating were coloured according to their behaviour (see inset).
c, xz axis of tissues stained with 49,6-diamidino-2-phenylindole and labelled
phalloidin. d, Average tissue height (n 5 20 different regions from 4 different
pupae). e, Quantification of average initial velocity of vertex displacement after
laser dissection of single junctions in early pupae for tissues expressing Tsc1
and Tsc2, with n representing 15 cuts from 5 pupae. f, Midline geometry for
nota at 14 h AP. g, xy image planes for different z-slices. Delamination is most
prevalent in tissue folds after p110 PI(3)K overexpression (coloured white in
the z projection). All error bars indicate s.d. P values were calculated relative to
the control. Scale bars, 10mm.
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progressive loss of junctions and apical area (Fig. 4a, b). We term this
type of delamination a D1 process. Once these cells had fewer than five
neighbours and less than ,25% of their initial area, they were forced
out of the tissue within a short and reproducible timescale (about
10 min). This final push was associated with the recruitment of a
contractile myosin II ring that formed within neighbouring cells
(Fig. 4g). When the actomyosin cable was cut, both cell delamination
and delamination-induced cell death were prevented (Supplementary
Fig. 8). In addition, we identified a second pathway, which we term a
D2 process, by which cells delaminated from the epithelium over a
period of about 50 min, as the result of a progressive loss of apical area,
without a concomitant change in neighbour relationships (Fig. 4c).
This D2 process resembled apoptotic cell extrusion as described previ-
ously6 in that it was associated with the formation of rosette-like
intermediates and the loss of junctional E-cadherin (Fig. 4g and

Supplementary Fig. 9). Moreover, this D2 process was actively induced
by ultraviolet irradiation (Fig. 4d, f, g). To test whether D1 and/or D2
processes were triggered by dying cells in the wild-type notum, we then
monitored cell behaviour in nota that overexpressed an inhibitor of
apoptosis, DIAP1 (ref. 12). This led to a small but reproducible
decrease in the overall rate of delamination as the result of a selective
inhibition of D2-type delamination events (Fig. 4e, f and Supplemen-
tary Movie 6). Therefore, although a subset of cells are extruded from
the notum as a direct consequence of cell death13 by means of a D2-type
process, the vast majority of cells leave crowded regions of the tissue
while alive, by means of a series of stochastic neighbour exchange
events (D1). These live delaminated cells then die in a process akin to
anoikis, their nuclei becoming visibly condensed and pyknotic
(Supplementary Fig. 10a) before they are cleared from underneath
the epithelium by circulating macrophages (Supplementary Fig. 10b).
We confirmed that death is a consequence not the cause of D1-type
delamination events14 by showing that midline cell delamina-
tion continued unabated in nota expressing RNAi targeting JNK, p53
or Flower (Supplementary Fig. 11) and after p35 expression (data not
shown). Finally, we verified that only a subset of cells delaminated from
the midline during the entire course of normal development, as
expected for a stochastic process (Supplementary Fig. 12).

Taken together, these data identify a previously unknown two-step
process of live-cell delamination, which contributes to the refinement
of epithelial cell packing at the end of development. We show that this
process of crowding-induced delamination can be recapitulated by
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one junction in the case of five-sided cells) as a fraction of their initial area (Ai).
Cells above the dotted line delaminate by losing junctions; cells below the
dotted line delaminate through the formation of rosette-like intermediates.
g, Control and ultraviolet-irradiated tissues marked with E-cadherin–GFP and
MyoII–Cherry (mCh). The cytoplasmic myosin II ring is indicated with arrows.
In the ultraviolet-irradiated tissue the arrowheads indicate E-cadherin loss and
junctional myosin II accumulation. Numbers refer to the time in minutes
before delamination. Scale bars, 10mm.
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• Increased cell division/growth 
induces delamination

• Removal of cell junctions and 
reduction of apical cell surface

Marinari E. et al, Baum B. Nature 484:542. 2016
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Crowding induces live cell extrusion to maintain
homeostatic cell numbers in epithelia
George T. Eisenhoffer1*, Patrick D. Loftus1*, Masaaki Yoshigi2, Hideo Otsuna3, Chi-Bin Chien3, Paul A. Morcos4 & Jody Rosenblatt1

For an epithelium to provide a protective barrier, it must maintain
homeostatic cell numbers by matching the number of dividing cells
with the number of dying cells. Although compensatory cell division
can be triggered by dying cells1–3, it is unknown how cell death might
relieve overcrowding due to proliferation. When we trigger apoptosis
in epithelia, dying cells are extruded to preserve a functional barrier4.
Extrusion occurs by cells destined to die signalling to surrounding
epithelial cells to contract an actomyosin ring that squeezes the dying
cell out4–6. However, it is not clear what drives cell death during
normal homeostasis. Here we show in human, canine and zebrafish
cells that overcrowding due to proliferation and migration induces
extrusion of live cells to control epithelial cell numbers. Extrusion of
live cells occurs at sites where the highest crowding occurs in vivo and
can be induced by experimentally overcrowding monolayers in vitro.
Like apoptotic cell extrusion, live cell extrusion resulting from
overcrowding also requires sphingosine 1-phosphate signalling
and Rho-kinase-dependent myosin contraction, but is distinguished
by signalling through stretch-activated channels. Moreover, disrup-
tion of a stretch-activated channel, Piezo1, in zebrafish prevents
extrusion and leads to the formation of epithelial cell masses. Our
findings reveal that during homeostatic turnover, growth and
division of epithelial cells on a confined substratum cause over-
crowding that leads to their extrusion and consequent death owing
to the loss of survival factors. These results suggest that live cell
extrusion could be a tumour-suppressive mechanism that prevents
the accumulation of excess epithelial cells.

To examine how cells are eliminated during homeostasis, we
immunostained human colon tissues, developing zebrafish epidermises,
and cultured Madin–Darby canine kidney (MDCK) epithelial cells for
active caspase-3 to identify apoptotic cells, and actin and DNA to
highlight cell borders and extrusion4,6. Surprisingly, we found that
predominantly caspase-negative cells extrude from the surfaces of
colon epithelia (80%, n 5 46 extruding cells), from zebrafish epidermis
(88%, n 5 160 extruding cells in three experiments), and from over-
grown monolayers in culture (67%, n 5 300 extruding cells in three
experiments; Fig. 1a, b, d, e, g, h). By contrast, extrusions resulting from
inducing apoptosis in zebrafish with G418 or cultured monolayers
with ultraviolet-C were almost exclusively caspase-3 positive6. These
findings suggest that during homeostasis and development, live rather
than dead cells are eliminated by extrusion. Similar live cell extrusions
have been observed during mammary gland involution7. Because these
non-apoptotic in vivo extrusions looked identical to apoptotic extru-
sion, we hypothesized that the extrusion pathway operates in two
diverging manners: one to maintain homeostatic cell numbers in
epithelia and the other to remove apoptotic/damaged cells.

When quantifying extrusion in both adult human colon and
developing zebrafish epidermis, we noticed that extrusions occurred
predominantly at the fin edges and colon surfaces, where cell densities
were highest (1.7- and 1.8-fold higher than fin centre or crypt side

(Supplementary Fig. 1a, b), respectively, indicated by yellow cells in
Fig. 1c, f). Extrusion zones were also more curved in vivo; yet, because
they occurred most frequently in regions with higher cell density (1.8-
fold) compared to proliferative regions in flat cell culture monolayers
(Fig. 1i and Supplementary Fig. 1c), we decided to experimentally test
if overcrowding strain could induce cells to extrude.

To simulate overcrowding observed in vivo, we grew MDCK cells to
confluence on a silicone membrane stretched to 28% of its original
length and then released it from stretch (Fig. 2a). Within 30 min after
release, the number of cells per 100mm2 increased 1.3-fold, from
112 6 5 to 144 6 4 (Fig. 2b–f). ZO-1 and b-catenin staining confirmed
that tight and adherens junctions were still intact and that the average
cell diameter had decreased by 30 min after crowding (Fig. 2g–i and
Supplementary Fig. 2). Moreover, crowded monolayers maintained
adhesion to Cy-5-labelled fibronectin-coated membranes (Fig. 2j). By
6 h after crowding, the number of cells per field equilibrated to pre-
release levels (110 6 10 cells per 100mm2, see Fig. 2e, f), indicating that
MDCK epithelia eliminate cells to achieve homeostatic cell numbers.

1Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah, 2000 Circle of Hope Drive, Salt Lake City, Utah 84112, USA. 2Department of Pediatrics, University of Utah, 295 Chipeta
Way RM 2S010, Salt Lake City, Utah 84108, USA. 3Department of Neurobiology and Anatomy, University of Utah, 401 MREB, 20N 1900E, Salt Lake City, Utah 84132, USA. 4Gene Tools, LLC, 1001
Summerton Way, Philmath, Oregon 97370, USA.
*These authors contributed equally to this work.
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Figure 1 | Both apoptotic and non-apoptotic epithelial cells extrude at
locations of high crowding during homeostasis and development.
a, b, d, e, g, h, Non-apoptotic (caspase-negative, arrowheads) and apoptotic
(caspase-positive, arrows) extrusions at the surface of human colon epithelia
(a, b), zebrafish epidermis (d, e), and confluent MDCK monolayers
(g, h). c, f, i, Extrusions typically occur at sites of high crowding (indicated by
yellow cells). Arrows indicate direction of force from mitoses and migration.
Scale bars, 10mm.
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• Cells extrude in region of high cellular crowding

Eisenhoffer GT. et al, Rosenblatt J. Nature 484:546. 2012
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Homeostatic cell extrusion
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Figure 2 | Characterization of experimental overcrowding. a, Experimental
design for overcrowding monolayers grown on stretched matrix. Only cells in
the grey area (right) were analysed to ensure a homogeneous strain field.
b–f, Images of the nuclei of control unstretched monolayers and monolayers
0.5–6 h after overcrowding (b–e) were quantified in f. f, Mean number of nuclei
per field are plotted, error bars represent s.e.m. g–i, Monolayers at 0.5 and 2 h

after release show that adherens and tight junctions maintain integrity after
overcrowding, as compared to control. b-cat, b-catenin. j, Monolayer stained
for actin and DNA at 2 h after release on Cy5-labelled fibronectin shows that
contacts to substratum are maintained. Scale bars, 10mm. ***P , 0.0005,
**P , 0.005, *P , 0.05.
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Figure 3 | Overcrowding MDCK monolayers promotes extrusion of non-
apoptotic cells. a, Quantification of live and apoptotic extruding cells 2 h after
overcrowding. b, Live cell extrusion requires ROCK, sphingosine kinase (SK)
and S1P2. c, Cell viability 2 or 24 h after extrusion. UV, ultraviolet. d, Growth of
extruded cells collected at 2 h post-crowding after 24 h and 5 days (d5).

e–g, Gd31 inhibits both overcrowding-induced extrusion (e) and homeostatic
extrusion (g) whereas BCL2 overexpression and JNK inhibition only affect
ultraviolet-C-induced apoptotic extrusion (f). n # 7 independent experiments,
mean 6 s.e.m. Scale bars, 100mm. ***P , 0.0005, **P , 0.005, *P , 0.05.
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• Induced crowding with tissue 
stretcher promotes extrusion

Eisenhoffer GT. et al, Rosenblatt J. Nature 484:546. 2012
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Figure 2 | Characterization of experimental overcrowding. a, Experimental
design for overcrowding monolayers grown on stretched matrix. Only cells in
the grey area (right) were analysed to ensure a homogeneous strain field.
b–f, Images of the nuclei of control unstretched monolayers and monolayers
0.5–6 h after overcrowding (b–e) were quantified in f. f, Mean number of nuclei
per field are plotted, error bars represent s.e.m. g–i, Monolayers at 0.5 and 2 h

after release show that adherens and tight junctions maintain integrity after
overcrowding, as compared to control. b-cat, b-catenin. j, Monolayer stained
for actin and DNA at 2 h after release on Cy5-labelled fibronectin shows that
contacts to substratum are maintained. Scale bars, 10mm. ***P , 0.0005,
**P , 0.005, *P , 0.05.
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Figure 3 | Overcrowding MDCK monolayers promotes extrusion of non-
apoptotic cells. a, Quantification of live and apoptotic extruding cells 2 h after
overcrowding. b, Live cell extrusion requires ROCK, sphingosine kinase (SK)
and S1P2. c, Cell viability 2 or 24 h after extrusion. UV, ultraviolet. d, Growth of
extruded cells collected at 2 h post-crowding after 24 h and 5 days (d5).

e–g, Gd31 inhibits both overcrowding-induced extrusion (e) and homeostatic
extrusion (g) whereas BCL2 overexpression and JNK inhibition only affect
ultraviolet-C-induced apoptotic extrusion (f). n # 7 independent experiments,
mean 6 s.e.m. Scale bars, 100mm. ***P , 0.0005, **P , 0.005, *P , 0.05.
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Immunostaining for actin and active caspase-3 showed that over-
crowding induced predominantly non-apoptotic extrusion, as seen dur-
ing homeostasis (Fig. 3a). Filming crowded MDCK monolayers
expressing Lifeact–green fluorescent protein (GFP)8 to highlight
F-actin, or the active caspase-3 indicator NucView, confirmed that live
cells are extruded by contracting actin rings (Supplementary Movie 1 and
Supplementary Fig. 4). The numbers of live extruding cells eventually
decreased by 6 h after overcrowding, concordantly with the decrease
in cell densities. The percentage of non-apoptotic extrusion also
correlated to the percentage of crowding (Supplementary Fig. 3).

To determine whether live cell extrusion required the same factors
that control apoptotic cell extrusion, we blocked signals required for
extrusion during experimental overcrowding. We previously iden-
tified sphingosine-1-phosphate (S1P) as the signal apoptotic cells
produce to activate the S1P receptor 2 (S1P2), which triggers Rho-
mediated contraction to squeeze the dying cells out5. Inhibiting Rho
kinase (ROCK) or S1P signalling markedly decreased the percentages
of both non-apoptotic and apoptotic cell extrusions (Fig. 3b).
Although it was not possible to score non-apoptotic cells blocked from
extrusion, as they look like any other cells within the monolayer, the
significant decreases in the percentages of non-apoptotic cell extrusion
indicated that live cell extrusion, like apoptotic cell extrusion, requires
S1P signalling through ROCK-mediated actomyosin contraction.

To assess the fate of overcrowding-induced extruded cells, we
analysed their viability using flow cytometry and their ability to survive
and proliferate by plating them on new substrata. After collecting
extruded cells from the medium 2 h after crowding, 45.3 6 2.1% were
alive, whereas only 21.3 6 2.7% were alive after ultraviolet-induced
apoptotic extrusion (Fig. 3c and Supplementary Fig. 5a). Over-
crowding and homeostatically extruded cells were able to proliferate
into confluent monolayers, whereas those collected from apoptosis-
induced extrusion were not (Fig. 3d). If, however, cells extruded from
homeostatic or post-crowded monolayers were collected after 24 h,
most cells died instead of proliferating after re-plating (Supplemen-
tary Fig. 5b), suggesting that extruded cells typically die unless a new
substratum is provided. Presumably, during in vivo homeostasis most
extruded cells die from anoikis, apoptosis due to loss of survival signals
from engagement with the underlying matrix9–11.

We next investigated which signals trigger live cell extrusion during
homeostasis or overcrowding. We previously found that overexpres-
sion of BCL2 inhibits both apoptosis and extrusion in response to
apoptotic stimuli12 (Fig. 3f); however, BCL2 overexpression did not
block live cell extrusion during homeostasis or after overcrowding
(Figs 3e, g). To investigate signals that might regulate live cell extrusion
after overcrowding, we tested two candidates that are activated by cell
stress: the carboxy-terminal JUN kinase (JNK; also known as
MAPK8)13 and stretch-activated channels14,15. JNK inhibitor blocked
apoptotic extrusion in response to ultraviolet-C but not live cell extru-
sion after overcrowding or homeostatic cell turnover (Figs 3e–g). In
contrast, we found that inhibiting stretch-activated ion channels with
gadolinium (Gd31)16,17 significantly reduced the percentage of both
apoptotic and non-apoptotic extrusion events after overcrowding or
during epithelial homeostasis, yet had no effect on apoptotic cell extru-
sion in response to ultraviolet light (Fig. 3e–g). When cell extrusion
is blocked by Gd31, the number of cells per 100mm2 remains high at
2 h after crowding (167 6 12) compared to control crowded cells
(112 6 5), demonstrating that extrusion relieves overcrowded cell
densities. Thus, whereas BCL2 and JNK control apoptosis-induced
extrusion, stretch-activated signalling controls live cell extrusion dur-
ing homeostasis that is induced by overcrowding, presumably
upstream of S1P signalling (Fig. 4l).

If stretch-activated signalling controls extrusion-mediated
homeostatic cell turnover, blocking this pathway in vivo should lead
to accumulation of excess epithelial cells. By immunostaining and film-
ing the epidermis of developing zebrafish with Tg(cldnb:lynGFP)18, we
found that cells proliferate at 37 h post-fertilization (hpf) and migrate

to the fin edges between 48–59 hpf, where they extrude at 56–60 hpf
(Fig. 4a, c–e, Supplementary Fig. 6 and Supplementary Movie 2).
Treating 32-hpf zebrafish with Gd31 blocked homeostatic cell extru-
sion and resulted in epidermal cell mass formation at the fin edges, the
number of which was dependent on Gd31 concentration (Fig. 4b, f–h,
Supplementary Fig. 7 and Supplementary Movie 3). Live imaging of
Gd31-treated Tg(cldnb:lynGFP) zebrafish revealed that the cell masses
formed at zones of convergence, where cells failed to extrude (Fig. 4h
and Supplementary Movie 4).

By knocking down candidate stretch-activated channels in zebrafish
with morpholino oligonucleotides, we found that live cell extrusion
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Figure 4 | Disrupting the stretch-activated channel Piezo1 in vivo blocks
live cell extrusion and causes epithelial mass formation. a, Proliferation and
extrusion rates during zebrafish tail fin development. H3P, phospho-histone
3. b, Gd31 treatment and piezo1 photo-morpholino (photo-MO) block
extrusion (n 5 15–17 embryos from three independent experiments,
mean 6 s.e.m.). c, d, f, g, i, j, Bright-field and confocal projections of
untreated (c, d), Gd31-treated (f, g), and piezo1 photo-morpholino
knockdown (i, j) in 60 hpf developing zebrafish. DIC, differential interference
contrast. e, h, Tracks from red circle mark the movement of individual
epithelial cells in control and Gd31-treated Tg(cldnb:lynGFP) developing
zebrafish. k, Epidermal cell mass from a piezo1 photo-morpholino
knockdown in Kaede zebrafish, where yellow cells are photo-converted.
l, Model of induced cell death versus homeostatic cell death. Arrowheads
denote cell accumulations and asterisk an extrusion. Scale bars in
c, f, i, 100 mm; in d, g, j, 10mm. ***P , 0.0005, **P , 0.005, *P , 0.05.
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• Extrusion requires 
contractility and and stretch 
activated signals
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Cell intercalation and tissue elongation

of cell junctions may affect the flow of infor-
mation through the tissue; whether this informa-
tion is in the form of polarity complexes that
interact locally and propagate by proxy (38, 50)
and/or whether it is in the form of long-range
morphogens (51) remains to be elucidated.

We are entering an exciting time when inter-
disciplinary research enables us to understand
the fundamental properties of tissue functional

homeostasis and morphogenesis by considering
the interplay between biochemical and mechanical
signals across different scales of organization.
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Figure 1 Light-sheet microscopy set-up to study gastrulation in chicken
embryos. (a) Schematics of the LSM for large flat samples; the illumination
and imaging objectives are positioned at 45� to the embryo’s surface.
Successive 45� cross-sections are collected by moving the embryo through
the light sheet. (b) Sample plate designed to keep the early embryo flat
and isolated from the external environment. (c) Schematic representations
of acquisition geometry (images marked with blue rectangles) and the
transformed data for analysis. (d) Single z plane (red rectangle in c) overlaid
with the cell tracks of 5% of all cells over a 180min time interval shown as red
lines with green dots indicating their final positions (7,950 ⇥ 2,560 pixels,

5.17mm ⇥ 1.66mm; Supplementary Video 1). (e) Four frames 5min apart
showing a dividing cell (red dots) and its local neighbourhood (blue and green
dots) shown at full recorded resolution (Supplementary Video 4). (f) Cross-
section through the dividing cell (red dots) seen in e. (g) Three frames 10min
apart showing an ingressing cell (red dot) and immediate neighbour cells
(other coloured dots; Supplementary Video 3). (h) Three frames 20min apart
showing embryo expansion driven by area opaca boundary cells making active
protrusions (red arrows). The AP arrow in d indicates the direction of the
anterior–posterior axis. The white scale bar in d is 200 µm; the white scale
bars in e–h are 25 µm in length.

RESULTS
LSM imaging of streak formation
To image most cells in the early chick embryo we have designed and
constructed a LSM (Fig. 1a), and devised a dedicated liquid culture

method (Fig. 1b) optimized for recording the early development
of chick embryos at cellular resolution at 2–3min time intervals
(Fig. 1d,e,g,h). A key feature of the LSM is an automatic height
adjustment that continuously calculates the position of the surface
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small, disorganized streaks formed side-by-side in the posterior
epiblast (see Supplementary Fig. 6). Targeting as few as one-third
to one-half of cells within the future primitive streak domain is

sufficient to cause these defects, even though the construct should
act cell-autonomously. This suggests that effective medio-lateral
intercalation requires activation of the Wnt-PCP pathway in all
neighbouring intercalating cells. The effect cannot be caused by
activation of the canonical Wnt pathway, because embryos electro-
porated with stabilized b-catenin22 were indistinguishable from
EGFP-electroporated controls (Fig. 3b). To confirm this conclusion
and to test the role of the three Wnt-PCP genes that show localized
expression, we co-electroporated morpholinos against FMI1,
VANGL2 and PRICKLE1. In 16 of 35 cases, this also resulted in a
marginal crescent of thickened epiblast, expressing the streak mar-
kers BRA and SLUG (snail homologue 2, also known as SNAI2)
(Fig. 3e, f, i, j). Electroporation of these morpholinos individually
or in pairs did not produce defects, nor did a control morpholino
(Fig. 3d; n 5 18 for each). An important observation from both loss-
of-function experiments is that ingression of the targeted cells is not
affected (Fig. 3g–j); about half of them ingress (as in controls).

What mechanisms are responsible for positioning the site of cell
intercalation? The hypoblast (an amniote-specific extra-embryonic
tissue, equivalent to the mouse anterior visceral endoderm23,24)
underlying the ectoderm has long been known to influence axis
formation. It does this in two separate ways. It restricts the site and
timing of mesendoderm induction by modulating Nodal activity24. It
also influences epiblast cell movements: 90u rotation of the hypoblast
induces a new set of polonaise movements, leading to bending of the
streak23,25 (Fig. 3k). Could the hypoblast regulate cell movements by
controlling the expression of Wnt-PCP genes? Rotation of the hypo-
blast by 90u quickly (,6 h) induces a new expression domain of FMI1
and PRICKLE1 in the epiblast adjacent to the rotated hypoblast
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Figure 3 | The Wnt-PCP pathway controls primitive streak morphogenesis.
a–j, Inhibiting the Wnt-PCP pathway blocks cell intercalation, but not
mesendoderm formation. a, Experimental setup. Electroporation of
stabilized b-catenin has no effect (b), whereas inhibition of the Wnt-PCP
pathway by Dsh-DDEP prevents formation of a radial streak; gastrulation
now occurs in a peripheral crescent (c). Morpholino (MO)-mediated knock-
down of chick FMI1, VANGL2 and PRICKLE1 has the same effect, revealed by
SLUG (d, e) and BRA (f). Transverse sections from Dsh-DDEP embryos show
normal ingression of mesendoderm (g, h). Longitudinal sections from MO-
embryos (i, j) show normal ingression of electroporated cells. k–o, Hypoblast
rotation induces ectopic expression of Wnt-PCP genes. k, Experimental
design. FMI1 (m, purple) is induced, but not BRA (l; same embryo as in
m). PRICKLE1 (o) is induced, but not BRA (n; same embryo as o). p–s, Fgf8
induces both FMI1 and PRICKLE1. p, Experimental design. q, r, Within 6 h,
Fgf8-soaked beads induce PRICKLE1 (purple) (q, r) and FMI1 (s). Scale bars,
100mm (g, h, j, s); 200mm (i, r).

a b

c d e

f g h i

Figure 4 | Early medio-lateral intercalation as an evolutionary step that
shapes the primitive streak. a–e, Cell rearrangements driving streak
formation. Medio-lateral intercalation changes the shape of the streak-
forming region, shown at stage XII (green in a), stage 2 (red in a and b) and
stage 3 (grey in b). Intercalation displaces lateral epiblast cells towards the
streak (green arrows in a; red arrows in b) and forwards in front of it (red
arrows in a; black arrows in b). c–e, The regions shown in a and b at higher
magnification, showing the intercalating cells. f–i, Evolution of the
ingression site (blue), showing embryos of Xenopus (stage 10) viewed from
the animal pole (f), zebrafish (50% epiboly) viewed from the animal pole
(g), chick in dorsal view (h) and mouse (embryonic day 6.75) viewed from
the proximal end (i).
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Figure 2 Tissue dynamics using PIV analysis. (a) Three time points illustrating
the formation of the primitive streak. Cells contained within the red and
blue dotted boundary were marked at the streak stage (11.5 h) and tracked
backwards to reveal their origin at 0 h. The white arrow indicates the direction
of the anterior–posterior axis from posterior to anterior. (b) Three panels
illustrating the contraction expansion fate map calculated using the velocity
fields as described in Methods. (c) The cell flow pattern midway during
streak formation. Red lines indicate cell tracks of 5% of randomly selected
cells over a 150min time interval with green dots indicating their final
positions. The blue square indicates the location used to analyse the onset of
motion. (d) Each panel is a maximum-intensity projection of 5 consecutive

frames (10min) 5min apart highlighting actively moving cells. Red arrows
indicate direction of the tissue flow. Red lines mark the area of moving
cells at the current time, whereas the blue line shows the area moving
cells at the previous time point. The area of actively moving cells expands
from medial to lateral. The schematic drawing illustrates possible scenarios
for cell motion and velocity propagation depending on the type of active
force. In the case of a pulling force (upper schematic) the onset of motion
propagates in a direction opposite to the direction of motion, whereas in
the case of a pushing force (lower schematic) onset of cell motion and
movement are oriented in the same direction. The white scale bars are 200 µm
in length.

region cells rearrange by directional sequential contraction of aligned
apical junctions involving 2–6 cells (Fig. 4f and Supplementary
Videos 10 and 11). These junctional contraction events result in local
cell rearrangements and are aligned towards the midline, thereby
contributing to the initial mesendoderm tissue contraction and
expansion of the forming streak (Fig. 4g).

A marked alignment of mesendoderm cells in the direction of
motion is already detectable before the onset of tissue motion. This
alignment increases during the early stages of sickle contraction but
then dissipates (Supplementary Fig. 5a,b). Cell divisions are also seen
to align in the mesendoderm in the direction of motion especially in
the early phases of streak formation (Supplementary Fig. 4c).

We have used recently developed statistical techniques to quantify
the di�erent cell behaviour changes over time20,28. Calculation of
the cell-based analogue of the isotropic and anisotropic tissue strain
rate components (Fig. 4g, panels 1 and 3, Supplementary Video 12)
shows them to be in excellent quantitative agreement with the PIV-
based strain rates (Fig. 3a and Supplementary Video 9). These
calculations also show that the onset of motion of the mesendoderm
is accompanied by an increasing contraction rate of cells in the
anterior mesendoderm (Fig. 4g, blue circles in the first and third
panels, Supplementary Fig. 5b) as well as a strong increase in
magnitude and alignment of the shear strain rate in the direction
of contraction of the mesendoderm (Fig. 4g, blue bars in first and
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Figure 3 Analysis of strain rates during streak formation. (a) Evolution of the
expansion/compression strain rate of the strain rate tensor and the shear strain
rate of the strain rate tensor, calculated as described in Methods, during
streak formation. The expansion/contraction rates of the strain tensor are
shown as circles; blue indicates contraction, red expansion. The anisotropic
part indicating the shear strain rate is shown as a blue line in the direction
of contraction. (b) Velocity field at t=600min. Green and red lines indicate
the location of the velocity field vectors used for analysis. Black scale bar is
200 µm. (c) Velocity components as a function of distance along the green
and red lines in a. Red and green dots indicate velocity components from the
red and green areas. Blue dots mark the fitting range used to determine the
strain rate (spatial velocity gradients). Slopes of fitted magenta lines are tissue

strain rates. (d) Mean tissue strain rates and standard errors as a function of
developmental time of 4 experiments. The red and green lines indicate tissue
strain rate perpendicular and parallel to the streak respectively. (e) Cellular
events driving deformation of epithelial tissue. Contraction/ingression (blue
square), cell intercalation (green) and cell growth (magenta). Arrows indicate
the direction of the tissue flows generated by these processes. (f,g) Tissue
strain rate (red lines) for: wild-type embryos (f), and an embryo treated
with 50 µM H1152 (g). The tissue strain rates are decomposed into the
isotropic part (apical contraction/ingression and cell growth, blue lines) and
the anisotropic part (intercalation, green lines). The white scale bar in a is a
200 µm size marker; the red scale bar in a indicates a strain rate of 10�4 s�1

and a tissue domain velocity of 4 µmmin�1.

third panels). The anisotropic strain rate can be decomposed into
the contributions made by the cell deformation rate (shape change)
and the cell rearrangement rate (intercalation; Fig. 4g, panels 2 and 4,

Supplementary Video 12). Before the onset of motion the cell shape
changes (Fig. 4g green bars, second and fourth panels) and directional
cell rearrangements (Fig. 4g blue bars, second and fourth panels) are of

NATURE CELL BIOLOGY VOLUME 17 | NUMBER 4 | APRIL 2015 401

ART ICLES

c

i

d

e

b

0 200 400 600

Time (min)

f g

0 200 400 600
–2.5

–2.0

–1.5

–1.0

–0.5

0

0.5

1.0

1.5

–2.5

–2.0

–1.5

–1.0

–0.5

0

0.5

1.0

1.5

Time (min)

S
tr

ai
n 

ra
te

 (×
10

–4
 s

–1
)

S
tr

ai
n 

ra
te

 (×
10

–4
 s

–1
)

0 200 400 600

Time (min)

–2.5

–2.0

–1.5

–1.0

–0.5

0

0.5

1.0

1.5

S
tr

ai
n 

ra
te

 (×
10

–4
 s

–1
)

dc

–400 0 400 800

–0.04

–0.02

0

0.02

0.04

Distance (µm)

V
el

oc
ity

 (µ
m

 s
–1

)

–800

a 1.0 h 3.5 h 9.5 h 15 h

Figure 3 Analysis of strain rates during streak formation. (a) Evolution of the
expansion/compression strain rate of the strain rate tensor and the shear strain
rate of the strain rate tensor, calculated as described in Methods, during
streak formation. The expansion/contraction rates of the strain tensor are
shown as circles; blue indicates contraction, red expansion. The anisotropic
part indicating the shear strain rate is shown as a blue line in the direction
of contraction. (b) Velocity field at t=600min. Green and red lines indicate
the location of the velocity field vectors used for analysis. Black scale bar is
200 µm. (c) Velocity components as a function of distance along the green
and red lines in a. Red and green dots indicate velocity components from the
red and green areas. Blue dots mark the fitting range used to determine the
strain rate (spatial velocity gradients). Slopes of fitted magenta lines are tissue

strain rates. (d) Mean tissue strain rates and standard errors as a function of
developmental time of 4 experiments. The red and green lines indicate tissue
strain rate perpendicular and parallel to the streak respectively. (e) Cellular
events driving deformation of epithelial tissue. Contraction/ingression (blue
square), cell intercalation (green) and cell growth (magenta). Arrows indicate
the direction of the tissue flows generated by these processes. (f,g) Tissue
strain rate (red lines) for: wild-type embryos (f), and an embryo treated
with 50 µM H1152 (g). The tissue strain rates are decomposed into the
isotropic part (apical contraction/ingression and cell growth, blue lines) and
the anisotropic part (intercalation, green lines). The white scale bar in a is a
200 µm size marker; the red scale bar in a indicates a strain rate of 10�4 s�1

and a tissue domain velocity of 4 µmmin�1.

third panels). The anisotropic strain rate can be decomposed into
the contributions made by the cell deformation rate (shape change)
and the cell rearrangement rate (intercalation; Fig. 4g, panels 2 and 4,

Supplementary Video 12). Before the onset of motion the cell shape
changes (Fig. 4g green bars, second and fourth panels) and directional
cell rearrangements (Fig. 4g blue bars, second and fourth panels) are of
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of the embryo and through dynamic feedback to the microscope
stage keeps it at the focus of the light sheet during the scanning
process, resulting in images with optimal resolution. The LSM enables
us to see all of the cells in a 1.66mm stripe across the embryo
as a three-dimensional data stack (typically ⇠8,000 ⇥ 2,560 ⇥ 500
voxels) at excellent cellular resolution (Fig. 1d and Supplementary
Videos 1 and 2). Image series at full spatial and temporal resolution
are available atDOI http://dx.doi.org/10.15132/10000100 to be viewed
using an Omero dataviewer21. A major challenge is to analyse these
large data sets. We analyse tissue behaviour using particle image
velocimetry7,11,22,23 (PIV) and automated segmentation and tracking
algorithms to analyse detailed cell behaviours of epiblast cells. PIV
provides information about the local velocity of small approximately
cell-sized tissue regions (10 ⇥ 10 µm) and allows calculation of
detailed local spatiotemporal behaviours of these domains, such as
movement and deformation over time.

We have used the LSM to obtain a detailed characterization of
cell and tissue behaviours during primitive streak formation in Myr-
GFP embryos. From the start of development, the behaviour
of cells in the epiblast is highly dynamic and characterized
by frequent cell divisions, cell shape changes and ingressions
(Fig. 1e–h and Supplementary Videos 3 and 4). Cells at the area
opaca boundary extend active lamellipodia and filopodia while
actively moving outward over the vitelline membrane, keeping the
growing embryo under tension (Fig. 1h)24. Tracking of epiblast cells
over time confirms the existence of large-scale vortex cell flows during
streak formation (Figs 1d and 2c)7–9. We have used PIV to fate map
the tissue regions that give rise to the streak, by marking the streak
outline at the extended streak stage and following the tissue backward
in time to the start of the experiment (Fig. 2a and Supplementary
Video 5 and Supplementary Fig. 1A). This procedure identified a
sickle-shaped area in the posterior area pellucida epiblast as the
precursor region to the streak, a domain essentially congruent with
known expression domains of mesoderm-specific genes25,26.

Tissue deformations during streak formation
To analyse the deformations of the mesendoderm tissue over time
we have used the PIV-derived velocity fields to calculate the changes
in shape of initially square tissue domains. Contracting domains are
coloured blue and expanding domains are coloured red (Fig. 2b and
Supplementary Fig. 1b and Supplementary Videos 6 and 7). Contrary
to expectation the mesendoderm is strongly contracting (Fig. 2b and
Supplementary Fig. 1b), while undergoing a characteristic biphasic
deformation during streak formation. Domains located in front of the
extending streak are also seen to contract, while elongating perpen-
dicular to the direction of streak extension (Fig. 2b). Averaging of the
deformations of 9 embryos shows the consistency of these deformation
patterns (Supplementary Fig. 2 and Supplementary Video 8). The
onset of tissuemotion reveals that it starts in the centralmesendoderm
region and then rapidly spreads lateral, while the motion of the tissue
(red arrows) is in the opposite direction, that is, towards the streak
(Fig. 2d), implying that the mesendoderm tissue is pulled from the
centre, rather than being pushed from the lateral sides (Fig. 2d).

To further characterize the mesendoderm deformation we have
calculated the spatiotemporal distribution of the isotropic and
anisotropic strain rate components from the PIV-derived velocity

fields. The isotropic strain rate component describes the uniform
tissue expansion or contraction rate; the anisotropic strain rate
component describes the shearing rate. At the onset of the tissue
motion the mesendoderm starts to contract (blue circles) and the
shear strain rate in the direction of contraction increases in the
direction towards the midline (blue lines). Both processes increase
during development (Fig. 3a and Supplementary Fig. 1C and
Supplementary Videos 7 and 9).

To analyse this behaviour in several embryos we calculated the
average strain rate in 4 embryos in the direction perpendicular to the
streak axis (@Vx/@x) and along the streak (@Vy/@y) as a function of
time (Fig. 3b,c). The strain rate perpendicular to the streak (red curve)
is always larger than the strain rate along the streak (green curve;
Fig. 3d). Figure 3e explains how isotropic processes, such as uniform
tissue contraction and uniform expansion, and anisotropic processes
contribute to the overall deformation of the tissue20,27. Separation of
the strain rate into its isotropic and anisotropic components shows that
the anisotropic strain rate increases continuously over time, while the
isotropic strain rate increases only slowly at first, but then increases
more rapidly at around ⇠6 h of development, the onset of streak
extension (Fig. 3f). The isotropic contraction processes accelerate the
movement in the direction of the streak and counteract the expansion
of the streak (Fig. 3b,d,f).

Cellular behaviours driving tissue deformations
To visualize local cell behaviours, the images are segmented and
specific groups of cells are visualized in a moving frame of reference,
allowing investigation of their behaviours for extended periods of
time. Manual verification of the automatic segmentation and tracking
data, in four selected regions in the embryo, has provided us with
gold-standard data (Fig. 4a–c). The regions analysed include a region
initially close to the centre of the mesendoderm (blue; Fig. 4b), a
region in the lateral mesendoderm (black) moving towards the streak,
a region in the posterior area opaca (red) and a region in front of the
streak (green; Fig. 4c). To understandwhich cell behaviours contribute
to the observed tissue flows we have analysed the following cell
behaviours: apical contraction and ingression; division, intercalation;
and alignment.

The apical cross-sectional area of cells in all areas decreased
significantly over time (40–65% depending on position; Fig. 4b,d,
Supplementary Fig. 3a); however measurement of the radii of the
mitotically rounded cells showed that cell volumes changed only
slightly (<10%) during streak formation (Supplementary Fig. 3b,c).
This implies that mesendoderm cells elongate along their apical–basal
axis, a process that continues until they start to ingress in the streak at
around 6–7 h after the start of the experiment (Fig. 4e).

Cells divide on average every 6 h everywhere in the embryo
(Supplementary Fig. 4a), but the cell division rates are not constant
in time (Supplementary Fig. 4b). We note a rise in the number of
cell divisions at the time of the initiation of streak elongation in all
experiments, the significance of which is unknown (Supplementary
Fig. 4a,b).

Cells in di�erent domains showed marked di�erences in their
local neighbourhood dynamics. Cells in the streak-forming region
showed extensive directional rearrangements (Fig. 4b), whereas cells
outside the mesendoderm did not (Fig. 4c). Within the sickle
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of the embryo and through dynamic feedback to the microscope
stage keeps it at the focus of the light sheet during the scanning
process, resulting in images with optimal resolution. The LSM enables
us to see all of the cells in a 1.66mm stripe across the embryo
as a three-dimensional data stack (typically ⇠8,000 ⇥ 2,560 ⇥ 500
voxels) at excellent cellular resolution (Fig. 1d and Supplementary
Videos 1 and 2). Image series at full spatial and temporal resolution
are available atDOI http://dx.doi.org/10.15132/10000100 to be viewed
using an Omero dataviewer21. A major challenge is to analyse these
large data sets. We analyse tissue behaviour using particle image
velocimetry7,11,22,23 (PIV) and automated segmentation and tracking
algorithms to analyse detailed cell behaviours of epiblast cells. PIV
provides information about the local velocity of small approximately
cell-sized tissue regions (10 ⇥ 10 µm) and allows calculation of
detailed local spatiotemporal behaviours of these domains, such as
movement and deformation over time.

We have used the LSM to obtain a detailed characterization of
cell and tissue behaviours during primitive streak formation in Myr-
GFP embryos. From the start of development, the behaviour
of cells in the epiblast is highly dynamic and characterized
by frequent cell divisions, cell shape changes and ingressions
(Fig. 1e–h and Supplementary Videos 3 and 4). Cells at the area
opaca boundary extend active lamellipodia and filopodia while
actively moving outward over the vitelline membrane, keeping the
growing embryo under tension (Fig. 1h)24. Tracking of epiblast cells
over time confirms the existence of large-scale vortex cell flows during
streak formation (Figs 1d and 2c)7–9. We have used PIV to fate map
the tissue regions that give rise to the streak, by marking the streak
outline at the extended streak stage and following the tissue backward
in time to the start of the experiment (Fig. 2a and Supplementary
Video 5 and Supplementary Fig. 1A). This procedure identified a
sickle-shaped area in the posterior area pellucida epiblast as the
precursor region to the streak, a domain essentially congruent with
known expression domains of mesoderm-specific genes25,26.

Tissue deformations during streak formation
To analyse the deformations of the mesendoderm tissue over time
we have used the PIV-derived velocity fields to calculate the changes
in shape of initially square tissue domains. Contracting domains are
coloured blue and expanding domains are coloured red (Fig. 2b and
Supplementary Fig. 1b and Supplementary Videos 6 and 7). Contrary
to expectation the mesendoderm is strongly contracting (Fig. 2b and
Supplementary Fig. 1b), while undergoing a characteristic biphasic
deformation during streak formation. Domains located in front of the
extending streak are also seen to contract, while elongating perpen-
dicular to the direction of streak extension (Fig. 2b). Averaging of the
deformations of 9 embryos shows the consistency of these deformation
patterns (Supplementary Fig. 2 and Supplementary Video 8). The
onset of tissuemotion reveals that it starts in the centralmesendoderm
region and then rapidly spreads lateral, while the motion of the tissue
(red arrows) is in the opposite direction, that is, towards the streak
(Fig. 2d), implying that the mesendoderm tissue is pulled from the
centre, rather than being pushed from the lateral sides (Fig. 2d).

To further characterize the mesendoderm deformation we have
calculated the spatiotemporal distribution of the isotropic and
anisotropic strain rate components from the PIV-derived velocity

fields. The isotropic strain rate component describes the uniform
tissue expansion or contraction rate; the anisotropic strain rate
component describes the shearing rate. At the onset of the tissue
motion the mesendoderm starts to contract (blue circles) and the
shear strain rate in the direction of contraction increases in the
direction towards the midline (blue lines). Both processes increase
during development (Fig. 3a and Supplementary Fig. 1C and
Supplementary Videos 7 and 9).

To analyse this behaviour in several embryos we calculated the
average strain rate in 4 embryos in the direction perpendicular to the
streak axis (@Vx/@x) and along the streak (@Vy/@y) as a function of
time (Fig. 3b,c). The strain rate perpendicular to the streak (red curve)
is always larger than the strain rate along the streak (green curve;
Fig. 3d). Figure 3e explains how isotropic processes, such as uniform
tissue contraction and uniform expansion, and anisotropic processes
contribute to the overall deformation of the tissue20,27. Separation of
the strain rate into its isotropic and anisotropic components shows that
the anisotropic strain rate increases continuously over time, while the
isotropic strain rate increases only slowly at first, but then increases
more rapidly at around ⇠6 h of development, the onset of streak
extension (Fig. 3f). The isotropic contraction processes accelerate the
movement in the direction of the streak and counteract the expansion
of the streak (Fig. 3b,d,f).

Cellular behaviours driving tissue deformations
To visualize local cell behaviours, the images are segmented and
specific groups of cells are visualized in a moving frame of reference,
allowing investigation of their behaviours for extended periods of
time. Manual verification of the automatic segmentation and tracking
data, in four selected regions in the embryo, has provided us with
gold-standard data (Fig. 4a–c). The regions analysed include a region
initially close to the centre of the mesendoderm (blue; Fig. 4b), a
region in the lateral mesendoderm (black) moving towards the streak,
a region in the posterior area opaca (red) and a region in front of the
streak (green; Fig. 4c). To understandwhich cell behaviours contribute
to the observed tissue flows we have analysed the following cell
behaviours: apical contraction and ingression; division, intercalation;
and alignment.

The apical cross-sectional area of cells in all areas decreased
significantly over time (40–65% depending on position; Fig. 4b,d,
Supplementary Fig. 3a); however measurement of the radii of the
mitotically rounded cells showed that cell volumes changed only
slightly (<10%) during streak formation (Supplementary Fig. 3b,c).
This implies that mesendoderm cells elongate along their apical–basal
axis, a process that continues until they start to ingress in the streak at
around 6–7 h after the start of the experiment (Fig. 4e).

Cells divide on average every 6 h everywhere in the embryo
(Supplementary Fig. 4a), but the cell division rates are not constant
in time (Supplementary Fig. 4b). We note a rise in the number of
cell divisions at the time of the initiation of streak elongation in all
experiments, the significance of which is unknown (Supplementary
Fig. 4a,b).

Cells in di�erent domains showed marked di�erences in their
local neighbourhood dynamics. Cells in the streak-forming region
showed extensive directional rearrangements (Fig. 4b), whereas cells
outside the mesendoderm did not (Fig. 4c). Within the sickle
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of the embryo and through dynamic feedback to the microscope
stage keeps it at the focus of the light sheet during the scanning
process, resulting in images with optimal resolution. The LSM enables
us to see all of the cells in a 1.66mm stripe across the embryo
as a three-dimensional data stack (typically ⇠8,000 ⇥ 2,560 ⇥ 500
voxels) at excellent cellular resolution (Fig. 1d and Supplementary
Videos 1 and 2). Image series at full spatial and temporal resolution
are available atDOI http://dx.doi.org/10.15132/10000100 to be viewed
using an Omero dataviewer21. A major challenge is to analyse these
large data sets. We analyse tissue behaviour using particle image
velocimetry7,11,22,23 (PIV) and automated segmentation and tracking
algorithms to analyse detailed cell behaviours of epiblast cells. PIV
provides information about the local velocity of small approximately
cell-sized tissue regions (10 ⇥ 10 µm) and allows calculation of
detailed local spatiotemporal behaviours of these domains, such as
movement and deformation over time.

We have used the LSM to obtain a detailed characterization of
cell and tissue behaviours during primitive streak formation in Myr-
GFP embryos. From the start of development, the behaviour
of cells in the epiblast is highly dynamic and characterized
by frequent cell divisions, cell shape changes and ingressions
(Fig. 1e–h and Supplementary Videos 3 and 4). Cells at the area
opaca boundary extend active lamellipodia and filopodia while
actively moving outward over the vitelline membrane, keeping the
growing embryo under tension (Fig. 1h)24. Tracking of epiblast cells
over time confirms the existence of large-scale vortex cell flows during
streak formation (Figs 1d and 2c)7–9. We have used PIV to fate map
the tissue regions that give rise to the streak, by marking the streak
outline at the extended streak stage and following the tissue backward
in time to the start of the experiment (Fig. 2a and Supplementary
Video 5 and Supplementary Fig. 1A). This procedure identified a
sickle-shaped area in the posterior area pellucida epiblast as the
precursor region to the streak, a domain essentially congruent with
known expression domains of mesoderm-specific genes25,26.

Tissue deformations during streak formation
To analyse the deformations of the mesendoderm tissue over time
we have used the PIV-derived velocity fields to calculate the changes
in shape of initially square tissue domains. Contracting domains are
coloured blue and expanding domains are coloured red (Fig. 2b and
Supplementary Fig. 1b and Supplementary Videos 6 and 7). Contrary
to expectation the mesendoderm is strongly contracting (Fig. 2b and
Supplementary Fig. 1b), while undergoing a characteristic biphasic
deformation during streak formation. Domains located in front of the
extending streak are also seen to contract, while elongating perpen-
dicular to the direction of streak extension (Fig. 2b). Averaging of the
deformations of 9 embryos shows the consistency of these deformation
patterns (Supplementary Fig. 2 and Supplementary Video 8). The
onset of tissuemotion reveals that it starts in the centralmesendoderm
region and then rapidly spreads lateral, while the motion of the tissue
(red arrows) is in the opposite direction, that is, towards the streak
(Fig. 2d), implying that the mesendoderm tissue is pulled from the
centre, rather than being pushed from the lateral sides (Fig. 2d).

To further characterize the mesendoderm deformation we have
calculated the spatiotemporal distribution of the isotropic and
anisotropic strain rate components from the PIV-derived velocity

fields. The isotropic strain rate component describes the uniform
tissue expansion or contraction rate; the anisotropic strain rate
component describes the shearing rate. At the onset of the tissue
motion the mesendoderm starts to contract (blue circles) and the
shear strain rate in the direction of contraction increases in the
direction towards the midline (blue lines). Both processes increase
during development (Fig. 3a and Supplementary Fig. 1C and
Supplementary Videos 7 and 9).

To analyse this behaviour in several embryos we calculated the
average strain rate in 4 embryos in the direction perpendicular to the
streak axis (@Vx/@x) and along the streak (@Vy/@y) as a function of
time (Fig. 3b,c). The strain rate perpendicular to the streak (red curve)
is always larger than the strain rate along the streak (green curve;
Fig. 3d). Figure 3e explains how isotropic processes, such as uniform
tissue contraction and uniform expansion, and anisotropic processes
contribute to the overall deformation of the tissue20,27. Separation of
the strain rate into its isotropic and anisotropic components shows that
the anisotropic strain rate increases continuously over time, while the
isotropic strain rate increases only slowly at first, but then increases
more rapidly at around ⇠6 h of development, the onset of streak
extension (Fig. 3f). The isotropic contraction processes accelerate the
movement in the direction of the streak and counteract the expansion
of the streak (Fig. 3b,d,f).

Cellular behaviours driving tissue deformations
To visualize local cell behaviours, the images are segmented and
specific groups of cells are visualized in a moving frame of reference,
allowing investigation of their behaviours for extended periods of
time. Manual verification of the automatic segmentation and tracking
data, in four selected regions in the embryo, has provided us with
gold-standard data (Fig. 4a–c). The regions analysed include a region
initially close to the centre of the mesendoderm (blue; Fig. 4b), a
region in the lateral mesendoderm (black) moving towards the streak,
a region in the posterior area opaca (red) and a region in front of the
streak (green; Fig. 4c). To understandwhich cell behaviours contribute
to the observed tissue flows we have analysed the following cell
behaviours: apical contraction and ingression; division, intercalation;
and alignment.

The apical cross-sectional area of cells in all areas decreased
significantly over time (40–65% depending on position; Fig. 4b,d,
Supplementary Fig. 3a); however measurement of the radii of the
mitotically rounded cells showed that cell volumes changed only
slightly (<10%) during streak formation (Supplementary Fig. 3b,c).
This implies that mesendoderm cells elongate along their apical–basal
axis, a process that continues until they start to ingress in the streak at
around 6–7 h after the start of the experiment (Fig. 4e).

Cells divide on average every 6 h everywhere in the embryo
(Supplementary Fig. 4a), but the cell division rates are not constant
in time (Supplementary Fig. 4b). We note a rise in the number of
cell divisions at the time of the initiation of streak elongation in all
experiments, the significance of which is unknown (Supplementary
Fig. 4a,b).

Cells in di�erent domains showed marked di�erences in their
local neighbourhood dynamics. Cells in the streak-forming region
showed extensive directional rearrangements (Fig. 4b), whereas cells
outside the mesendoderm did not (Fig. 4c). Within the sickle
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of the embryo and through dynamic feedback to the microscope
stage keeps it at the focus of the light sheet during the scanning
process, resulting in images with optimal resolution. The LSM enables
us to see all of the cells in a 1.66mm stripe across the embryo
as a three-dimensional data stack (typically ⇠8,000 ⇥ 2,560 ⇥ 500
voxels) at excellent cellular resolution (Fig. 1d and Supplementary
Videos 1 and 2). Image series at full spatial and temporal resolution
are available atDOI http://dx.doi.org/10.15132/10000100 to be viewed
using an Omero dataviewer21. A major challenge is to analyse these
large data sets. We analyse tissue behaviour using particle image
velocimetry7,11,22,23 (PIV) and automated segmentation and tracking
algorithms to analyse detailed cell behaviours of epiblast cells. PIV
provides information about the local velocity of small approximately
cell-sized tissue regions (10 ⇥ 10 µm) and allows calculation of
detailed local spatiotemporal behaviours of these domains, such as
movement and deformation over time.

We have used the LSM to obtain a detailed characterization of
cell and tissue behaviours during primitive streak formation in Myr-
GFP embryos. From the start of development, the behaviour
of cells in the epiblast is highly dynamic and characterized
by frequent cell divisions, cell shape changes and ingressions
(Fig. 1e–h and Supplementary Videos 3 and 4). Cells at the area
opaca boundary extend active lamellipodia and filopodia while
actively moving outward over the vitelline membrane, keeping the
growing embryo under tension (Fig. 1h)24. Tracking of epiblast cells
over time confirms the existence of large-scale vortex cell flows during
streak formation (Figs 1d and 2c)7–9. We have used PIV to fate map
the tissue regions that give rise to the streak, by marking the streak
outline at the extended streak stage and following the tissue backward
in time to the start of the experiment (Fig. 2a and Supplementary
Video 5 and Supplementary Fig. 1A). This procedure identified a
sickle-shaped area in the posterior area pellucida epiblast as the
precursor region to the streak, a domain essentially congruent with
known expression domains of mesoderm-specific genes25,26.

Tissue deformations during streak formation
To analyse the deformations of the mesendoderm tissue over time
we have used the PIV-derived velocity fields to calculate the changes
in shape of initially square tissue domains. Contracting domains are
coloured blue and expanding domains are coloured red (Fig. 2b and
Supplementary Fig. 1b and Supplementary Videos 6 and 7). Contrary
to expectation the mesendoderm is strongly contracting (Fig. 2b and
Supplementary Fig. 1b), while undergoing a characteristic biphasic
deformation during streak formation. Domains located in front of the
extending streak are also seen to contract, while elongating perpen-
dicular to the direction of streak extension (Fig. 2b). Averaging of the
deformations of 9 embryos shows the consistency of these deformation
patterns (Supplementary Fig. 2 and Supplementary Video 8). The
onset of tissuemotion reveals that it starts in the centralmesendoderm
region and then rapidly spreads lateral, while the motion of the tissue
(red arrows) is in the opposite direction, that is, towards the streak
(Fig. 2d), implying that the mesendoderm tissue is pulled from the
centre, rather than being pushed from the lateral sides (Fig. 2d).

To further characterize the mesendoderm deformation we have
calculated the spatiotemporal distribution of the isotropic and
anisotropic strain rate components from the PIV-derived velocity

fields. The isotropic strain rate component describes the uniform
tissue expansion or contraction rate; the anisotropic strain rate
component describes the shearing rate. At the onset of the tissue
motion the mesendoderm starts to contract (blue circles) and the
shear strain rate in the direction of contraction increases in the
direction towards the midline (blue lines). Both processes increase
during development (Fig. 3a and Supplementary Fig. 1C and
Supplementary Videos 7 and 9).

To analyse this behaviour in several embryos we calculated the
average strain rate in 4 embryos in the direction perpendicular to the
streak axis (@Vx/@x) and along the streak (@Vy/@y) as a function of
time (Fig. 3b,c). The strain rate perpendicular to the streak (red curve)
is always larger than the strain rate along the streak (green curve;
Fig. 3d). Figure 3e explains how isotropic processes, such as uniform
tissue contraction and uniform expansion, and anisotropic processes
contribute to the overall deformation of the tissue20,27. Separation of
the strain rate into its isotropic and anisotropic components shows that
the anisotropic strain rate increases continuously over time, while the
isotropic strain rate increases only slowly at first, but then increases
more rapidly at around ⇠6 h of development, the onset of streak
extension (Fig. 3f). The isotropic contraction processes accelerate the
movement in the direction of the streak and counteract the expansion
of the streak (Fig. 3b,d,f).

Cellular behaviours driving tissue deformations
To visualize local cell behaviours, the images are segmented and
specific groups of cells are visualized in a moving frame of reference,
allowing investigation of their behaviours for extended periods of
time. Manual verification of the automatic segmentation and tracking
data, in four selected regions in the embryo, has provided us with
gold-standard data (Fig. 4a–c). The regions analysed include a region
initially close to the centre of the mesendoderm (blue; Fig. 4b), a
region in the lateral mesendoderm (black) moving towards the streak,
a region in the posterior area opaca (red) and a region in front of the
streak (green; Fig. 4c). To understandwhich cell behaviours contribute
to the observed tissue flows we have analysed the following cell
behaviours: apical contraction and ingression; division, intercalation;
and alignment.

The apical cross-sectional area of cells in all areas decreased
significantly over time (40–65% depending on position; Fig. 4b,d,
Supplementary Fig. 3a); however measurement of the radii of the
mitotically rounded cells showed that cell volumes changed only
slightly (<10%) during streak formation (Supplementary Fig. 3b,c).
This implies that mesendoderm cells elongate along their apical–basal
axis, a process that continues until they start to ingress in the streak at
around 6–7 h after the start of the experiment (Fig. 4e).

Cells divide on average every 6 h everywhere in the embryo
(Supplementary Fig. 4a), but the cell division rates are not constant
in time (Supplementary Fig. 4b). We note a rise in the number of
cell divisions at the time of the initiation of streak elongation in all
experiments, the significance of which is unknown (Supplementary
Fig. 4a,b).

Cells in di�erent domains showed marked di�erences in their
local neighbourhood dynamics. Cells in the streak-forming region
showed extensive directional rearrangements (Fig. 4b), whereas cells
outside the mesendoderm did not (Fig. 4c). Within the sickle
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Figure 3 Analysis of strain rates during streak formation. (a) Evolution of the
expansion/compression strain rate of the strain rate tensor and the shear strain
rate of the strain rate tensor, calculated as described in Methods, during
streak formation. The expansion/contraction rates of the strain tensor are
shown as circles; blue indicates contraction, red expansion. The anisotropic
part indicating the shear strain rate is shown as a blue line in the direction
of contraction. (b) Velocity field at t=600min. Green and red lines indicate
the location of the velocity field vectors used for analysis. Black scale bar is
200 µm. (c) Velocity components as a function of distance along the green
and red lines in a. Red and green dots indicate velocity components from the
red and green areas. Blue dots mark the fitting range used to determine the
strain rate (spatial velocity gradients). Slopes of fitted magenta lines are tissue

strain rates. (d) Mean tissue strain rates and standard errors as a function of
developmental time of 4 experiments. The red and green lines indicate tissue
strain rate perpendicular and parallel to the streak respectively. (e) Cellular
events driving deformation of epithelial tissue. Contraction/ingression (blue
square), cell intercalation (green) and cell growth (magenta). Arrows indicate
the direction of the tissue flows generated by these processes. (f,g) Tissue
strain rate (red lines) for: wild-type embryos (f), and an embryo treated
with 50 µM H1152 (g). The tissue strain rates are decomposed into the
isotropic part (apical contraction/ingression and cell growth, blue lines) and
the anisotropic part (intercalation, green lines). The white scale bar in a is a
200 µm size marker; the red scale bar in a indicates a strain rate of 10�4 s�1

and a tissue domain velocity of 4 µmmin�1.

third panels). The anisotropic strain rate can be decomposed into
the contributions made by the cell deformation rate (shape change)
and the cell rearrangement rate (intercalation; Fig. 4g, panels 2 and 4,

Supplementary Video 12). Before the onset of motion the cell shape
changes (Fig. 4g green bars, second and fourth panels) and directional
cell rearrangements (Fig. 4g blue bars, second and fourth panels) are of
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Figure 3 Analysis of strain rates during streak formation. (a) Evolution of the
expansion/compression strain rate of the strain rate tensor and the shear strain
rate of the strain rate tensor, calculated as described in Methods, during
streak formation. The expansion/contraction rates of the strain tensor are
shown as circles; blue indicates contraction, red expansion. The anisotropic
part indicating the shear strain rate is shown as a blue line in the direction
of contraction. (b) Velocity field at t=600min. Green and red lines indicate
the location of the velocity field vectors used for analysis. Black scale bar is
200 µm. (c) Velocity components as a function of distance along the green
and red lines in a. Red and green dots indicate velocity components from the
red and green areas. Blue dots mark the fitting range used to determine the
strain rate (spatial velocity gradients). Slopes of fitted magenta lines are tissue

strain rates. (d) Mean tissue strain rates and standard errors as a function of
developmental time of 4 experiments. The red and green lines indicate tissue
strain rate perpendicular and parallel to the streak respectively. (e) Cellular
events driving deformation of epithelial tissue. Contraction/ingression (blue
square), cell intercalation (green) and cell growth (magenta). Arrows indicate
the direction of the tissue flows generated by these processes. (f,g) Tissue
strain rate (red lines) for: wild-type embryos (f), and an embryo treated
with 50 µM H1152 (g). The tissue strain rates are decomposed into the
isotropic part (apical contraction/ingression and cell growth, blue lines) and
the anisotropic part (intercalation, green lines). The white scale bar in a is a
200 µm size marker; the red scale bar in a indicates a strain rate of 10�4 s�1

and a tissue domain velocity of 4 µmmin�1.

third panels). The anisotropic strain rate can be decomposed into
the contributions made by the cell deformation rate (shape change)
and the cell rearrangement rate (intercalation; Fig. 4g, panels 2 and 4,

Supplementary Video 12). Before the onset of motion the cell shape
changes (Fig. 4g green bars, second and fourth panels) and directional
cell rearrangements (Fig. 4g blue bars, second and fourth panels) are of
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Figure 8 Model of the forces and cell behaviours controlling streak formation.
(a) Diagrams depicting forces generating the tissue flows during streak
formation. The active pulling forces, yellow arrows; the passive pushing
forces, red arrows; the direction of tissue flows, green arrows. The sickle region
is indicated in black; the area pellucida outline in blue. Light blue squares
indicate scattered events of junctional contraction, whereas dark blue shapes
indicate regions of ingression. (b) Schematic of sequential junctional contrac-
tion (in a region marked by the blue squares in a). The sequentially contracting
junctions are indicated with different colours (red, grey, green, magenta).
(c) Schematic of cells showing apical contraction (blue arrows), coupled to
elongation (red arrows) along the apical axis followed by ingression (green
arrow). (d,e) Propagation of the force generated by contracting/ingressing

cells between symmetrically (d) and asymmetrically (e) shaped cells. In the
case of symmetrical cells the magnitude of the force decreases strongly
and symmetrically at every successive junction bifurcation. However, for
asymmetric cells, the broken symmetry favours force transmission along the
aligned junctions (red lines), while damping transmission in perpendicular
directions (green lines). (f) Image of randomly oriented cells outside the sickle
region, showing a lack of junctional alignment. (g) Image of cells inside the
sickle, showing many aligned junctions in neighbouring cells forming long
chains (red line). The alignment of asymmetrically shaped cells inside the
sickle region (Supplementary Fig. 5) enables anisotropic force propagation
by apical contraction and directional junctional shortening resulting in large-
scale directed motion. Scale bar in f,g, 25 µm.
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Figure 5 Spatiotemporal localization of phosphorylated Mlc (pMlc) cables.
(a) pMlc (green) and actin (red) staining reveals the existence of supercellular
active myosin cables in the posterior area pellucida (PAP; sickle region)
aligned perpendicular to the axis of streak elongation. pMlc cables
are absent in the anterior area pellucida (AAP). The red arrows link
the areas in the overview image of the embryo with the two high-
magnification images of pMlc staining in the right panels of a. AO, area

opaca; MZ, marginal zone. (b) pMlc staining (green) and actin staining
(red) in the posterior area pellucida for embryos at different stages of
development (2 h, 4 h and 6h). Appearance of the pMlc cables coincides
with initiation of cell motion. The data shown are representative for results
obtained in 3 experiments with 12–20 embryos in each experiment. Scale
bar in first panel is 1mm; the white scale bars in all other panels
are 25 µm.

on streak formation at concentrations up to 50 µM and little e�ect
on Mlc phosphorylation (Supplementary Fig. 6a,b)7. In Drosophila,
the asymmetric apical accumulation of myosin II is dependent on
the segment polarity genes and controlled by interactions with the
PAR3 system in a RhoGef2- and Rho-kinase-dependent manner34–36.
We found no detectable asymmetry in apical junctional localization
of Par3 or the PDZ RhoGef (AHRGef11), the RhoGef2 homologue
in the chick embryo (Supplementary Fig. 7a–c). The Rho kinase
inhibitor H1152 (ref. 37) reduced Mlc phosphorylation in apical cell
junctions and partially impaired tissue flows, resulting in embryos
with short fat streaks (Supplementary Fig. 6a,b). Quantitative analysis
showed that H1152 partially inhibited both the anisotropic and
the isotropic strain rate (Fig. 3g). These results could suggest the
involvement of other signalling pathways or other myosins. A global
analysis of myosin expression in an RNA-seq experiment showed
that several members of the myosin I, myosin II and myosin V
families were expressed at detectable levels during early development
(Table 1). To investigate the possible involvement of members of
the myosin I, myosin II and myosin V families in streak formation
we used two potent inhibitors, pentachloropseudilin (PCP) and
pentabromopseudilin (PCB). PCB inhibits myosin V family members
and to a lesser extent myosin II family members (half-maximum
inhibitory concentration (IC50) 1.2 µM and 28 µM respectively)38,39,
whereas PCP very specifically inhibits members of the myosin I
family (IC50 1–5 µM, IC50 for class II and class 5 myosins >95 µM;
ref. 40). PCB at 5 µM showed a very strong inhibitory e�ect on
streak formation, and resulted in a significant decrease in myosin
II light chain phosphorylation and cable formation (Fig. 6a). PCP
showed an immediate inhibition of tissue motion as well as very
strong inhibition of Mlc phosphorylation (Fig. 6a and Supplementary
Video 13). It strongly inhibited the association ofmyosin Ibwith apical
junctions, but had only little e�ect on the association of myosin Va
with apical junctions in the mesendoderm (Supplementary Fig. 6c,d).
PCP completely blocked apical contraction, intercalation and streak

formation and resulted in a complete block of tissue flow (Fig. 6d,e and
Supplementary Videos 13–15).

We downregulated the expressed myosins using a directed siRNA
approach to independently verify their e�ects on streak formation
(Fig. 7). Simultaneous downregulation of myosin IIa/IIb blocked
streak formation and led to a strong reduction ofMlc phosphorylation
in apical junctions in the mesoderm cells without a significant e�ect
on myosin I localization (Fig. 7a). Myosin IIa and/or IIb are evidently
key mediators of streak formation. Observation of cell behaviours
in the LSM showed that 5–10 h after siRNA transfection the tissue
flows stopped and the embryos started to contract (Supplementary
Video 16). Simultaneous downregulation of myosin Ia/Ib also strongly
inhibited streak formation and resulted in strong inhibition of Mlc
phosphorylation (Fig. 7b). Knockdown of myosin Ia/Ib resulted in
the formation of large actin-rich protrusions and hair-like structures
especially at the cell boundaries (Fig. 7b). Knockdown of myosin
Va/b was less e�ective as judged by myosin Va antibody staining, but
still resulted in a significant loss of Mlc phosphorylation, whereas
myosin Va/b knockdown has little e�ect on myosin Ib localization
(Fig. 7c). Together the results of the knockdown of myosin Ia/Ib
and myosin Va/Vb are in line with the observations obtained using
their chemical inhibitors PCP and PCB respectively. The experiments
highlight unexpected roles for unconventional myosins in controlling
cell behaviours resulting in streak formation and suggest that these
unconventional myosins most likely act through e�ects on Mlc
phosphorylation.

DISCUSSION
The development of the LSM enabled us to visualize the large-scale
tissue flows during streak formation in the chick embryo, while at
the same time providing enough resolution to quantify individual cell
behaviours underlying these flows. The streak forms in an essentially
biphasic process; the mesendoderm initially contracts in the direction
of the midline and then extends along the anterior posterior axis
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transitions 13%; Figures 2D, 2D0, 2F, and Movie S3). Thus, cell
division-mediated intercalations account for the vast majority
of junctional remodeling events occurring in the highly prolifer-
ating epiblast, away from the primitive streak and as gastrulation
movements take place.

Cell Division-Mediated Intercalations Are Necessary for
the Spatial Patterning of Gastrulation Movements
We next investigated the potential role of cell division-mediated
intercalations in contributing to the spatial patterning of gastrula-
tion movements. Previous studies have shown that inhibition of
cell division strongly affects cell movements during chick gastru-
lation, a phenotype attributed to a failure of the embryonic tissue
to expand through an increase in cell number (Cui et al., 2005). In
light of our findings, we decided to re-investigate the effect of
the inhibition of cell division on the gastrulation movements
and, importantly, on cell rearrangements. In control GFP electro-
porated embryos, the two counter-rotational flows of cells
continuously take place (Figures 2A–2C and 2A0–2C0; Movie
S1). However, upon aphidicolin exposure, a potent DNA poly-
merase inhibitor that indirectly prevents cell division uniformly
within the epithelial embryo, movements still occurred but the
typical circular pattern was rapidly impaired. At the concentra-
tion we used, aphidicolin induced an 80% decrease in cell divi-

sion compared with control embryos (as counted per number
of dividing cells/mm2 per hour, n = 2,140 cells, 4 embryos; see
Experimental Procedures for details). Importantly, cells did
not display symmetrical rotational movements but instead
converged toward the primitive streak (Figures 2G–2I and 2G0–
2I0; Movie S4), confirming previous observations (Cui et al.,
2005). These results suggest that cell division does not act as
a driving force of gastrulation movements but rather appears
to be important for their spatial patterning. We therefore
analyzed cell-cell junctions over time in aphidicolin-treated
memGFP transgenic embryos to gain insights into the cell rear-
rangements taking place when cell division is abrogated. Not
surprisingly, in this condition cell division-mediated intercalation
events were almost completely abrogated (1%) (Figures 2J, 2J0,
and 2F; Movie S3). Importantly, 89% of epithelial junctions were
stable while only 10% of junctions exhibited cell division-inde-
pendent rearrangements (T processes) (n = 832 junctions, 4 em-
bryos). Thus, inhibition of cell division ‘‘stabilized’’ epithelial
organization over time, which resulted in few cell rearrangements
compared with control embryos (Figures 2E, 2E0, 2K, and 2K0;
Movie S3). Of note, very similar results were obtained using
aminopterin, a different compound causing cell division inhibi-
tion (89% decrease in cell division, as counted per number of
dividing cells/mm2 per hour; n = 1,500 cells, 3 embryos) through

Figure 1. Cell Division Drives Epithelial Cell
Intercalation
(A) Maximum projection of time series from a 3-hr

time-lapse experiment of a chick embryo electro-

porated with a GFP reporter gene, showing the

counter-rotational movements of epiblast cells at

stage 3+. The primitive streak is indicated by a red

dotted line.

(B) Time series in a region away from the primitive

streak equivalent to the boxed region in (A)

showing that upon cell division, daughter cells

(white arrows) separate away from each other (red

arrows).

(C) Dorsal view of a stage 3 memGFP transgenic

chicken embryo acquired at 103 with the tiling/

stitching module of the confocal microscope.

The dotted white boxes depict the regions

analyzed in (D); the primitive streak is indicated by

a red dotted line.

(D) Percentage of daughter cell separation

following cell division between stage X and 3+. Cell

separation was scored every 2 hr; n = 2,997;

7 embryos. Error bars represent SEM.

(E and F) Time series of a stage X (E) and stage 3 (F)

memGFP transgenic chick embryo highlighting the

fate of a dividing cell (in red) and its immediate

neighbors (in blue). At stage X (E), daughter cells do

not rearrange.

(G) Image of a memGFP transgenic chick em-

bryo from a time-lapse experiment highlighting

daughter cells (colored cells) that have rearranged

within 30 min after cell division.

Scale bar represents 200 mm in (A), 500 mm in (C),

and 10 mm in (B), (E), (F) and (G). See also Movies

S1 and S2.
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thymidylate depletion (Figures 2F and S1). Taken together, these
data demonstrate that cell division acts as a powerful and major
epithelial cell remodeling driver that enables the continuous cell
rearrangements necessary to spatially pattern movements dur-
ing gastrulation.

Cell Division Actively Promotes Epithelial
Rearrangements
It has recently been described that primitive streak formation
that is driven by cell intercalation and ingression is accompanied
by the appearance of local directed strains within the epiblast
(Rozbicki et al., 2015). Because in other systems directed strains
have been shown to orient cell division to relieve tension within
epithelial tissue (Campinho et al., 2013; LeGoff et al., 2013;

Mao et al., 2013; Wyatt et al., 2015), we sought to determine
whether daughter cell separation could also be a tension-
relieving mechanism and, therefore, a passive consequence of
external forces arising from the primitive streak-forming region.
First, we determined the timing of daughter cell separation rela-
tive to initiation of gastrulation movements. We found that the
onset of daughter cell separation preceded by a few hours the
appearance of local movements within the epiblast (Figure 1D).
Therefore it is very unlikely that local directed strains induced
by the primitive streak-forming region could account for the
initiation of daughter cell separation. Second, if daughter cell
separation is a consequence of external forces at work within
the epiblast, then orientation of cell division (and subsequent in-
tercalations) should be aligned with local tissue movements, as

Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements
(A–C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudo-

colored in red. (A0–C0) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line.

(D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D0). (D0) Cartoon

schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ‘‘Stable’’ junctions, CMI transitions, DCAI, transitions, and ‘‘T’’

transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state

assignment); cells that will divide are colored in red.

(E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes

in cell organization between t0 (E) and t + 100 min (E0). Note that in wild-type embryos the cells disperse widely.

(F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos.

Error bars represent SEM.

(G–I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)–(C).

(G0–I0) Cartoon depicting the trajectories of a few cells. Color scheme as in (A0)–(C0).

(J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J0). (J0)

Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied.

(K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to

reveal changes in cell organization between t0 (K) and t + 100 min (K0). Note that the cellular organization remains almost unchanged.

Error bars represent SEMwith c2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)–(C) and (G)–(I), and 10 mm in (D)–(E) and (J)–(K). See

also Figure S1, and Movies S3 and S4.
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thymidylate depletion (Figures 2F and S1). Taken together, these
data demonstrate that cell division acts as a powerful and major
epithelial cell remodeling driver that enables the continuous cell
rearrangements necessary to spatially pattern movements dur-
ing gastrulation.

Cell Division Actively Promotes Epithelial
Rearrangements
It has recently been described that primitive streak formation
that is driven by cell intercalation and ingression is accompanied
by the appearance of local directed strains within the epiblast
(Rozbicki et al., 2015). Because in other systems directed strains
have been shown to orient cell division to relieve tension within
epithelial tissue (Campinho et al., 2013; LeGoff et al., 2013;

Mao et al., 2013; Wyatt et al., 2015), we sought to determine
whether daughter cell separation could also be a tension-
relieving mechanism and, therefore, a passive consequence of
external forces arising from the primitive streak-forming region.
First, we determined the timing of daughter cell separation rela-
tive to initiation of gastrulation movements. We found that the
onset of daughter cell separation preceded by a few hours the
appearance of local movements within the epiblast (Figure 1D).
Therefore it is very unlikely that local directed strains induced
by the primitive streak-forming region could account for the
initiation of daughter cell separation. Second, if daughter cell
separation is a consequence of external forces at work within
the epiblast, then orientation of cell division (and subsequent in-
tercalations) should be aligned with local tissue movements, as

Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements
(A–C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudo-

colored in red. (A0–C0) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line.

(D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D0). (D0) Cartoon

schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ‘‘Stable’’ junctions, CMI transitions, DCAI, transitions, and ‘‘T’’

transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state

assignment); cells that will divide are colored in red.

(E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes

in cell organization between t0 (E) and t + 100 min (E0). Note that in wild-type embryos the cells disperse widely.

(F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos.

Error bars represent SEM.

(G–I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)–(C).

(G0–I0) Cartoon depicting the trajectories of a few cells. Color scheme as in (A0)–(C0).

(J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J0). (J0)

Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied.

(K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to

reveal changes in cell organization between t0 (K) and t + 100 min (K0). Note that the cellular organization remains almost unchanged.

Error bars represent SEMwith c2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)–(C) and (G)–(I), and 10 mm in (D)–(E) and (J)–(K). See

also Figure S1, and Movies S3 and S4.
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thymidylate depletion (Figures 2F and S1). Taken together, these
data demonstrate that cell division acts as a powerful and major
epithelial cell remodeling driver that enables the continuous cell
rearrangements necessary to spatially pattern movements dur-
ing gastrulation.

Cell Division Actively Promotes Epithelial
Rearrangements
It has recently been described that primitive streak formation
that is driven by cell intercalation and ingression is accompanied
by the appearance of local directed strains within the epiblast
(Rozbicki et al., 2015). Because in other systems directed strains
have been shown to orient cell division to relieve tension within
epithelial tissue (Campinho et al., 2013; LeGoff et al., 2013;

Mao et al., 2013; Wyatt et al., 2015), we sought to determine
whether daughter cell separation could also be a tension-
relieving mechanism and, therefore, a passive consequence of
external forces arising from the primitive streak-forming region.
First, we determined the timing of daughter cell separation rela-
tive to initiation of gastrulation movements. We found that the
onset of daughter cell separation preceded by a few hours the
appearance of local movements within the epiblast (Figure 1D).
Therefore it is very unlikely that local directed strains induced
by the primitive streak-forming region could account for the
initiation of daughter cell separation. Second, if daughter cell
separation is a consequence of external forces at work within
the epiblast, then orientation of cell division (and subsequent in-
tercalations) should be aligned with local tissue movements, as

Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements
(A–C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudo-

colored in red. (A0–C0) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line.

(D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D0). (D0) Cartoon

schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ‘‘Stable’’ junctions, CMI transitions, DCAI, transitions, and ‘‘T’’

transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state

assignment); cells that will divide are colored in red.

(E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes

in cell organization between t0 (E) and t + 100 min (E0). Note that in wild-type embryos the cells disperse widely.

(F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos.

Error bars represent SEM.

(G–I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)–(C).

(G0–I0) Cartoon depicting the trajectories of a few cells. Color scheme as in (A0)–(C0).

(J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J0). (J0)

Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied.

(K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to

reveal changes in cell organization between t0 (K) and t + 100 min (K0). Note that the cellular organization remains almost unchanged.

Error bars represent SEMwith c2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)–(C) and (G)–(I), and 10 mm in (D)–(E) and (J)–(K). See

also Figure S1, and Movies S3 and S4.
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thymidylate depletion (Figures 2F and S1). Taken together, these
data demonstrate that cell division acts as a powerful and major
epithelial cell remodeling driver that enables the continuous cell
rearrangements necessary to spatially pattern movements dur-
ing gastrulation.

Cell Division Actively Promotes Epithelial
Rearrangements
It has recently been described that primitive streak formation
that is driven by cell intercalation and ingression is accompanied
by the appearance of local directed strains within the epiblast
(Rozbicki et al., 2015). Because in other systems directed strains
have been shown to orient cell division to relieve tension within
epithelial tissue (Campinho et al., 2013; LeGoff et al., 2013;

Mao et al., 2013; Wyatt et al., 2015), we sought to determine
whether daughter cell separation could also be a tension-
relieving mechanism and, therefore, a passive consequence of
external forces arising from the primitive streak-forming region.
First, we determined the timing of daughter cell separation rela-
tive to initiation of gastrulation movements. We found that the
onset of daughter cell separation preceded by a few hours the
appearance of local movements within the epiblast (Figure 1D).
Therefore it is very unlikely that local directed strains induced
by the primitive streak-forming region could account for the
initiation of daughter cell separation. Second, if daughter cell
separation is a consequence of external forces at work within
the epiblast, then orientation of cell division (and subsequent in-
tercalations) should be aligned with local tissue movements, as

Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements
(A–C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudo-

colored in red. (A0–C0) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line.

(D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D0). (D0) Cartoon

schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ‘‘Stable’’ junctions, CMI transitions, DCAI, transitions, and ‘‘T’’

transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state

assignment); cells that will divide are colored in red.

(E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes

in cell organization between t0 (E) and t + 100 min (E0). Note that in wild-type embryos the cells disperse widely.

(F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos.

Error bars represent SEM.

(G–I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)–(C).

(G0–I0) Cartoon depicting the trajectories of a few cells. Color scheme as in (A0)–(C0).

(J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J0). (J0)

Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied.

(K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to

reveal changes in cell organization between t0 (K) and t + 100 min (K0). Note that the cellular organization remains almost unchanged.

Error bars represent SEMwith c2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)–(C) and (G)–(I), and 10 mm in (D)–(E) and (J)–(K). See
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Contribution of oriented cell divisions to energy dissipation
of a tissue under stress

>Tissue fluidisation. 

ones, thereby adding one new cell. As this process repeats, the
tissue grows (see Fig. 1).

Neighboring cells interact with each other via a short-range
repulsive and a long-range attractive potential. Furthermore,
dissipative particle dynamics (DPD) (34, 35) is used to describe
effects of internal friction and fluctuations. The DPD method
can locally conserve momentum as required for hydrodynamic
behavior. Finally, to mimic apoptosis, cells are randomly removed
at a rate independent of time and pressure. An example of growth
described by this model is provided in Movie S1.

Viscosity. In our simulations, we measure the shear viscosity of a
tissue grown between two walls until reaching the homeostatic
state (by using periodic boundary conditions in the plane). We
shear the tissue by moving the top wall with a prescribed velocity
relative to the bottom wall while keeping their distance fixed. The
boundary conditions at the wall are described in SI Text, Boundary
conditions and measurement procedures. We determine the shear
rate from the measured velocity profile in the tissue, and we mea-
sure the stress exerted on the walls.

We first perform these simulations for a reference system with
parameters given in SI Text, Standard tissue and units, and
Table S1. Parameters used in the other simulations are specified
relative to this reference system. For most values of the imposed
velocity gradient, the stress is a nonlinear function of shear rate
and the tissue shows shear thinning. At small shear rates, how-
ever, the viscosity is given by the ratio of stress to shear rate
in linear response. Fig. 2 shows the variation of the viscosity η
as a function of the division rate kd for different parameter
choices. For large values of kd, the viscosity decreases as a func-
tion of the division rate with a power law η ∝ k−1.2d close to our
prediction η ∝ k−1d . Nonlinearities that are at the origin of the
nonlinear rheology observed in our simulations are introduced
in SI Text, Nonlinearities. Shear thinning will be discussed in a
future publication.

On short time scales, the tissue behaves as a solid. However, if
the imposed stress is larger than a critical yield stress, the tissue
starts to flow.

Diffusion. In order to determine the diffusion coefficient of cells
in the simulations, we let a tissue grow in a cubic compartment
with periodic boundary conditions until it reaches the homeo-
static state. Subsequently, we track cells individually and calculate
their mean squared displacement (MSD). In the absence of cell
turnover (no division or apoptosis), the displacement increases
initially with time but saturates at a finite value. This saturation
indicates caging and solid-like behavior. In the presence of cell
division and apoptosis, the displacement shows diffusive beha-
vior. We determine the diffusion coefficient by a linear fit to
the MSD. The resulting diffusion coefficients displayed in Fig. 3
are proportional to kd as expected from our theory. Note that the
MSD of a cell over its lifetime remains the same for different
values of the cell division rate.

Discussion
The first important result of this work is that cell division and
apoptosis introduce a dynamic reorganization of elastic tissues

that leads to liquid-like behavior with well-defined shear and bulk
viscosities on long time scales and in the vicinity of the homeo-
static state. A unique consequence of these cellular reorganiza-
tions in the vicinity of the homeostatic state is the absence of a
compression modulus. As a result, imposing cell pressures either
slightly larger or slightly smaller than the homeostatic pressure
leads either to the complete disappearance of the tissue or, on
the contrary, to a complete invasion of space by the growing
tissue. Our analytical calculation of the shear viscosity can well
describe simulations capturing the essence of cell duplication
and apoptosis. The relaxation of the stress in the tissue is because
of a bias of the axis of cell rearrangements by local stress. Such a
bias on the axis of cell division has been demonstrated in spec-
tacular experiments for single cells in elastic environments
(27, 36). However, it does not exist for all cell types. Whether
or not these effects can be observed in practical situations de-
pends on the actual values of τ and τa compared to the observa-

Fig. 1. Tissue growth simulation. The figure shows the first cell division and
the early stages of tissue growth. Each cell is represented by two spheres.
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• Cell divisions lower shear viscosity

Theory and computer simulations
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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: Shear viscosity (dynamic viscosity)

kd: cell division rate

The ratio uy  is called the rate of shear deformation or

shear velocity, and is the derivative of the fluid speed in
the direction perpendicular to the plates . Isaac Newton
expressed the viscous forces by the differential equation

where τ = F
A , and ∂u

∂y  is the local shear velocity. This

formula assumes that the flow is moving along parallel
lines to x-axis. Furthermore, it assumes that the y-axis,
perpendicular to the flow, points in the direction of
maximum shear velocity. This equation can be used
where the velocity does not vary linearly with y, such as
in fluid flowing through a pipe.

Use of the Greek letter mu (μ) for the dynamic stress
viscosity is common among mechanical and chemical
engineers, as well as physicists.[4][5][6] However, the
Greek letter eta (η) is also used by chemists, physicists,
and the IUPAC.[7]

Kinematic viscosity

The kinematic viscosity (also called "momentum diffusivity") is the ratio of the dynamic viscosity μ to the
density of the fluid ρ. It is usually denoted by the Greek letter nu (ν) and has units .

It is a convenient concept when analyzing the Reynolds number, which expresses the ratio of the inertial forces
to the viscous forces:

where L is a typical length scale in the system.

Bulk viscosity

When a compressible fluid is compressed or expanded evenly, without shear, it may still exhibit a form of
internal friction that resists its flow. These forces are related to the rate of compression or expansion by a factor
called the volume viscosity, bulk viscosity or second viscosity.

The bulk viscosity is important only when the fluid is being rapidly compressed or expanded, such as in sound
and shock waves. Bulk viscosity explains the loss of energy in those waves, as described by Stokes' law of
sound attenuation.

Viscosity tensor

In general, the stresses within a flow can be attributed partly to the deformation of the material from some rest
state (elastic stress), and partly to the rate of change of the deformation over time (viscous stress). In a fluid, by
definition, the elastic stress includes only the hydrostatic pressure.

In a general parallel flow (such as could occur in a straight
pipe), the shear stress is proportional to the gradient of the
velocity

The ratio uy  is called the rate of shear deformation or

shear velocity, and is the derivative of the fluid speed in
the direction perpendicular to the plates . Isaac Newton
expressed the viscous forces by the differential equation

where τ = F
A , and ∂u

∂y  is the local shear velocity. This

formula assumes that the flow is moving along parallel
lines to x-axis. Furthermore, it assumes that the y-axis,
perpendicular to the flow, points in the direction of
maximum shear velocity. This equation can be used
where the velocity does not vary linearly with y, such as
in fluid flowing through a pipe.

Use of the Greek letter mu (μ) for the dynamic stress
viscosity is common among mechanical and chemical
engineers, as well as physicists.[4][5][6] However, the
Greek letter eta (η) is also used by chemists, physicists,
and the IUPAC.[7]

Kinematic viscosity

The kinematic viscosity (also called "momentum diffusivity") is the ratio of the dynamic viscosity μ to the
density of the fluid ρ. It is usually denoted by the Greek letter nu (ν) and has units .

It is a convenient concept when analyzing the Reynolds number, which expresses the ratio of the inertial forces
to the viscous forces:

where L is a typical length scale in the system.

Bulk viscosity

When a compressible fluid is compressed or expanded evenly, without shear, it may still exhibit a form of
internal friction that resists its flow. These forces are related to the rate of compression or expansion by a factor
called the volume viscosity, bulk viscosity or second viscosity.

The bulk viscosity is important only when the fluid is being rapidly compressed or expanded, such as in sound
and shock waves. Bulk viscosity explains the loss of energy in those waves, as described by Stokes' law of
sound attenuation.

Viscosity tensor

In general, the stresses within a flow can be attributed partly to the deformation of the material from some rest
state (elastic stress), and partly to the rate of change of the deformation over time (viscous stress). In a fluid, by
definition, the elastic stress includes only the hydrostatic pressure.

In a general parallel flow (such as could occur in a straight
pipe), the shear stress is proportional to the gradient of the
velocity
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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The ratio uy  is called the rate of shear deformation or

shear velocity, and is the derivative of the fluid speed in
the direction perpendicular to the plates . Isaac Newton
expressed the viscous forces by the differential equation

where τ = F
A , and ∂u

∂y  is the local shear velocity. This

formula assumes that the flow is moving along parallel
lines to x-axis. Furthermore, it assumes that the y-axis,
perpendicular to the flow, points in the direction of
maximum shear velocity. This equation can be used
where the velocity does not vary linearly with y, such as
in fluid flowing through a pipe.

Use of the Greek letter mu (μ) for the dynamic stress
viscosity is common among mechanical and chemical
engineers, as well as physicists.[4][5][6] However, the
Greek letter eta (η) is also used by chemists, physicists,
and the IUPAC.[7]

Kinematic viscosity

The kinematic viscosity (also called "momentum diffusivity") is the ratio of the dynamic viscosity μ to the
density of the fluid ρ. It is usually denoted by the Greek letter nu (ν) and has units .

It is a convenient concept when analyzing the Reynolds number, which expresses the ratio of the inertial forces
to the viscous forces:

where L is a typical length scale in the system.

Bulk viscosity

When a compressible fluid is compressed or expanded evenly, without shear, it may still exhibit a form of
internal friction that resists its flow. These forces are related to the rate of compression or expansion by a factor
called the volume viscosity, bulk viscosity or second viscosity.

The bulk viscosity is important only when the fluid is being rapidly compressed or expanded, such as in sound
and shock waves. Bulk viscosity explains the loss of energy in those waves, as described by Stokes' law of
sound attenuation.

Viscosity tensor

In general, the stresses within a flow can be attributed partly to the deformation of the material from some rest
state (elastic stress), and partly to the rate of change of the deformation over time (viscous stress). In a fluid, by
definition, the elastic stress includes only the hydrostatic pressure.

In a general parallel flow (such as could occur in a straight
pipe), the shear stress is proportional to the gradient of the
velocity
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these

4 NATURE CELL BIOLOGY ADVANCE ONLINE PUBLICATION

ART I C L E S

A

V

Yolk

Animal Perpendicular Parallel

EVL

M
yl

12
.1

-e
G

FP
A A

V V

0
40–50%

n 
= 

18

n 
= 

16

n 
= 

24

n 
= 

26

n 
= 

29

n 
= 

45

n 
= 

25

n 
= 

21

n 
= 

23

n 
= 

22

n 
= 

25

n 
= 

35

50–60% 60–70% 70–80%

1

2

3

In
iti

al
 re

co
il 

ve
lo

ci
ty

 (µ
m

 m
in

–1
)

4

Animal
Perpendicular
Parallel

5

Myl12.1–mCherry Tau–GFP

Spindle axis (º)

Fr
eq

ue
nc

y

Fr
eq

ue
nc

y

Ectopic tensionControl
n = 14 n = 17

t = 420 st = 240 st = 30 st = 0 s

0

0.2

0.4

0.6

0 15 30 45 60 75 90
Spindle axis (º)

0 15 30 45 60 75 90
0

0.2

0.4

0.6

a b

c

t = 0 s t = 0 s t = 0 s

t = 4 s t = 4 s t = 4 s

t = 7 s t = 7 s t = 7 s

Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these

4 NATURE CELL BIOLOGY ADVANCE ONLINE PUBLICATION

ART I C L E S

S
eg

m
en

ta
tio

n

N
or

m
al

iz
ed

 v
al

ue
s

Apical area
Cell height

Volume

G
P

I–
R

FP

Cell divisions

2.0

1.5

1.0

0.5

0

N
or

m
al

iz
ed

 v
al

ue
s

Time (min)

I
II
III

30% 
epiboly

P
er

ce
nt

ag
e 

of
 d

iv
id

in
g 

ce
lls

I
II
III

Sphere 55% 
epiboly

I
II
III
IV
V

0º

90º
A

180º

V

Cell-division orientation
0º

90º

180º

EV
L 

ce
ll 

nu
m

be
r

0 50 100 150 200

Time (min)
0 50 100 150 200

1.2

1.0

0.8

0.6

0.4

0.2

0

0

2

4

6

8

10

12

I II III I II III I II III IV V

0
200
400
600
800

1,000
1,200

Sphere 30% 55%
5% 15%

a

b

d

e
f

c

t = 0 min t = 17 min t = 92 min t = 167 min

Figure 1 EVL cell-shape changes and divisions. (a) Exemplary images of
the EVL in an embryo expressing GPI–RFP to outline EVL cells (upper
panel) and respective segmented cell boundaries (lower panel) with
cell divisions marked in yellow; t = 0 min corresponds to sphere stage
(4 hpf). (b) Apical cell area and apical–basal cell height of individual
EVL cells as a function of time after sphere stage (4 hpf); plotted
values, mean ± s.e.m. normalized to the average values at t = 120min
(area120 min =838±9 µm2, height120 min =9±0.29 µm); n, number of cells
per time point (for details, see Supplementary Table 1). (c) Volume of
individual EVL cells both before and after cell division as a function
of time after sphere stage (4 hpf). Vertical lines (dashed) indicate cell
divisions; plotted values, mean ± s.e.m. normalized to the average value
at t =120 min (volume120 min =6,536±600 µm3); n, number of cells per
time point (for details, see Supplementary Table 1). (d) Average percentage
of EVL cells undergoing divisions as a function of their position along the
animal–vegetal axis for sequential stages of early epiboly; note that EVL

cell divisions become very rare after 55% epiboly stage25 (for 60% epiboly
stage <0.26% of all EVL cells, n=10 embryos), and have therefore not been
spatiotemporally analysed. For sphere and 30% epiboly stage embryos (4
and 4.66hpf, respectively), the EVL was subdivided along its animal–vegetal
axis into three bins (I, II and III), whereas for 55% epiboly stage embryos
(5.66hpf), the EVL was subdivided into five bins (I, II, III, IV and V); plotted
values, mean ± s.e.m. normalized to the number of EVL cells per bin; see
e for number of analysed cells and embryos. (e) The total number of EVL
cells per stage was on average 496, 660 and 1,072 for sphere (4 hpf;
n = 12 embryos), 30% (4.66hpf; n = 10 embryos) and 55% (5.66hpf;
n=10 embryos) epiboly stage, respectively; plotted values, mean ± s.e.m.
(calculated by using embryo numbers). (f) Rose diagram of the cell-division
axes at cytokinesis (yellow; n = 524 divisions, 6 embryos) for EVL cells
dividing during the course of gastrulation; p (division orientation) =0.0067
(calculated by using division numbers). A, animal; V, vegetal. Number of
independent experiments: 6 (area) and 5 (height) (b), 5 (c), 1 (d,e), 6 (f).

flattening, as recognized by an increase in apical surface area and
concomitant decrease in cell height along the apical–basal axis of
individual EVL cells (Fig. 1b and Supplementary Fig. 1a,b). In contrast,
EVL cell volume remained largely constant during flattening and
was cut in half once these cells underwent division (Fig. 1c and
Supplementary Fig. 1c). EVL cells exclusively divided within the
plane of the epithelium with higher frequency at early stages of EVL
epiboly and at central/animal compared with marginal regions of
the EVL (Fig. 1d). Moreover, our observation that the total number
of EVL cells more than doubles during the early stages of epiboly

(Fig. 1e) suggests that every EVL cell on average divides at least
once within this period. Taken together, these observations suggest
that the EVL tissue spreads by cell flattening without significant
increase in tissue volume.
Oriented cell divisions have been proposed to facilitate tissue

spreading10. To investigate their role in EVL spreading, we first analysed
division orientation of individual EVL cells during the course of epiboly.
We found that EVL cells preferentially divided along the axis of EVL
tissue spreading (animal–vegetal axis of the embryo) during all stages
of epiboly (Fig. 1f and Supplementary Video 1). This stereotypical
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Figure 1 EVL cell-shape changes and divisions. (a) Exemplary images of
the EVL in an embryo expressing GPI–RFP to outline EVL cells (upper
panel) and respective segmented cell boundaries (lower panel) with
cell divisions marked in yellow; t = 0 min corresponds to sphere stage
(4 hpf). (b) Apical cell area and apical–basal cell height of individual
EVL cells as a function of time after sphere stage (4 hpf); plotted
values, mean ± s.e.m. normalized to the average values at t = 120min
(area120 min =838±9 µm2, height120 min =9±0.29 µm); n, number of cells
per time point (for details, see Supplementary Table 1). (c) Volume of
individual EVL cells both before and after cell division as a function
of time after sphere stage (4 hpf). Vertical lines (dashed) indicate cell
divisions; plotted values, mean ± s.e.m. normalized to the average value
at t =120 min (volume120 min =6,536±600 µm3); n, number of cells per
time point (for details, see Supplementary Table 1). (d) Average percentage
of EVL cells undergoing divisions as a function of their position along the
animal–vegetal axis for sequential stages of early epiboly; note that EVL

cell divisions become very rare after 55% epiboly stage25 (for 60% epiboly
stage <0.26% of all EVL cells, n=10 embryos), and have therefore not been
spatiotemporally analysed. For sphere and 30% epiboly stage embryos (4
and 4.66hpf, respectively), the EVL was subdivided along its animal–vegetal
axis into three bins (I, II and III), whereas for 55% epiboly stage embryos
(5.66hpf), the EVL was subdivided into five bins (I, II, III, IV and V); plotted
values, mean ± s.e.m. normalized to the number of EVL cells per bin; see
e for number of analysed cells and embryos. (e) The total number of EVL
cells per stage was on average 496, 660 and 1,072 for sphere (4 hpf;
n = 12 embryos), 30% (4.66hpf; n = 10 embryos) and 55% (5.66hpf;
n=10 embryos) epiboly stage, respectively; plotted values, mean ± s.e.m.
(calculated by using embryo numbers). (f) Rose diagram of the cell-division
axes at cytokinesis (yellow; n = 524 divisions, 6 embryos) for EVL cells
dividing during the course of gastrulation; p (division orientation) =0.0067
(calculated by using division numbers). A, animal; V, vegetal. Number of
independent experiments: 6 (area) and 5 (height) (b), 5 (c), 1 (d,e), 6 (f).

flattening, as recognized by an increase in apical surface area and
concomitant decrease in cell height along the apical–basal axis of
individual EVL cells (Fig. 1b and Supplementary Fig. 1a,b). In contrast,
EVL cell volume remained largely constant during flattening and
was cut in half once these cells underwent division (Fig. 1c and
Supplementary Fig. 1c). EVL cells exclusively divided within the
plane of the epithelium with higher frequency at early stages of EVL
epiboly and at central/animal compared with marginal regions of
the EVL (Fig. 1d). Moreover, our observation that the total number
of EVL cells more than doubles during the early stages of epiboly

(Fig. 1e) suggests that every EVL cell on average divides at least
once within this period. Taken together, these observations suggest
that the EVL tissue spreads by cell flattening without significant
increase in tissue volume.
Oriented cell divisions have been proposed to facilitate tissue

spreading10. To investigate their role in EVL spreading, we first analysed
division orientation of individual EVL cells during the course of epiboly.
We found that EVL cells preferentially divided along the axis of EVL
tissue spreading (animal–vegetal axis of the embryo) during all stages
of epiboly (Fig. 1f and Supplementary Video 1). This stereotypical
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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Figure 2 EVL tissue tension and cell-division orientation. (a) Exemplary
images of embryos at 65% epiboly stage (7 hpf) for ultraviolet laser cuts of
the apical actomyosin cortex at the animal pole (A, blue) or perpendicular
(red) and parallel (green) to the EVL margin in Tg(actb2:myl12.1–eGFP)
embryos. V, vegetal. Cuts were 100 µm long and placed 3–6 cell rows away
from the EVL margin (for parallel and perpendicular cuts); scale bar, 20 µm.
(b) Average initial recoil velocities for ultraviolet laser cuts throughout the
course of epiboly; error bars, s.e.m.; n, number of cuts; note that only one
cut per embryo was performed; P for perpendicular versus parallel recoil
velocities (40–50%, 5–5.25hpf) = 0.97; P (50–60%, 5.25–6.5 hpf) =
0.11; P (60–70%, 6.5–7.5 hpf) <0.0001; P (70–80%, 7.5–8.5 hpf) =
0.17. (c) Alignment of the cell-division axis with the axis of induced tension
in a Tg(actb2:myl12.1–mCherry) embryo at 40% epiboly stage (5 hpf)

injected with tau–GFP mRNA to mark spindle microtubules. Tension was
induced orthogonally to the initial axis of the spindle (yellow) by creating
two constricting wounds in the EVL (red crosses). The resulting spindle
alignment (spindle axis) was determined by measuring the angle between
the final spindle axis directly before cytokinesis and the induced tension
axis. For controls, no wounds were induced and the endogenous rotation of
the spindle from its initial axis was quantified in the same manner, that is,
with the initial spindle axis orthogonal to the control axis (Supplementary
Methods). Histograms show the frequency distributions of the observed
angles for both control and induced tension cases; P <0.0001; n, number
of divisions; note that only one division per embryo was analysed; cell
contour, white; scale bar, 20 µm. Number of independent experiments = 29
(b), 14 (c).

anisotropy in cases where a cell division oriented along the axis of
induced tension occurred between the ablation sites, with cases where
no such cell division was observed. We found that tension anisotropy
was significantly diminished in the presence of tension-oriented cell
divisions (Fig. 4a right and Supplementary Video 6), indicating that
EVL cell divisions reduce tissue tension along their axis of division.
We then determined whether the reduction of tissue tension along the
axis of cell division also facilitates EVL tissue spreading by comparing
the degree of tissue spreading in cases where a tension-oriented cell
division occurred between the ablation sites, with cases without such
division. Theoretically, the displacement field following a cell division
shows maximum displacement along the division axis (Supplementary
Note). To monitor tissue spreading in our ectopic tension assay, we
analysed the degree by which the EVL extends along the ectopic
tension axis between the two ablation sites (Fig. 4b, left). We found
that EVL spreading was significantly increased in the presence of
tension-oriented cell divisions (Fig. 4b, right; Supplementary Video
7), indicating that the reduction of tissue tension along the axis of cell
division facilitates tissue spreading within the EVL.

Tension-oriented EVL cell divisions prevent ectopic cell fusions
To investigate the consequences of these findings made at the level
of individual or small groups of cells for overall EVL spreading, we
developed a model of the EVL that is based on our observations
described so far, namely that external tensions can bias the orientation
of the EVL cell-division axis, and that cell divisions release tissue
tension and facilitate tissue spreading along the axis of division. We
describe the EVL tissue as a continuous material on length scales
that are large compared with that of individual cells, with a rheology
that incorporates the effect of tension-oriented cell divisions in an
effective shear viscosity (Fig. 5a and Supplementary Note). With these
ingredients, our model predicts an anisotropic tension profile along
the animal–vegetal axis of the EVL and, as a result of this, a global
pattern of cell-division orientation within the EVL (Supplementary
Fig. 2). This prediction fits with the experimental observations reported
above (Figs 2b and 1f, respectively). Furthermore, our model predicts
a decrease in tissue flow and an increase in tissue tension anisotropy
when the mechanism of tension-oriented cell divisions is defective
(Fig. 5b and Supplementary Note and Fig. 2). To address these
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Figure 4 Oriented cell divisions and EVL tissue tension. (a) Exemplary
images and average initial recoil velocities for ultraviolet laser cuts of the
apical actomyosin cortex perpendicular (blue) or parallel (orange) to the
division axis in Tg(actb2:myl12.1–eGFP) embryos at 30–40% epiboly stage
(4.66–5hpf) after induction of tension either in the presence (bottom left;
bar plot—right) or absence (top left; bar plot—left) of an EVL cell division
(white cell contour) oriented along the axis of tension. Cuts (blue or orange
lines) were 50 µm long; error bars, s.e.m.; n, number of cuts; note that only
one cut per embryo was performed; P perpendicular recoil velocities (no
division) versus (division) = 0.0112; P perpendicular versus parallel recoil
velocities = 0.0028 (no division) and = 0.7789 (division); red crosses
mark the ablation sites where wounds were induced; scale bar, 20 µm.

(b) Exemplary images of the spreading displacement of an EVL cell (white cell
contour) and average spreading displacement in Tg(actb2:myl12.1–eGFP)
embryos at 30–40% epiboly stage (4.66–5hpf) after induction of tension
either in the presence (bottom left; scatter plot—squares) or absence (top
left; scatter plot—circles) of a cell division (white cell contour) oriented
along the axis of tension. The spreading displacement corresponds to the
change in distance between the edges of the ablated cells (green lines)
before ablation compared with 252 s after ablation; error bars, s.e.m.;
n, number of embryos; note that only one measurement per embryo was
performed; P =0.0165; cell and wound contours, blue; red crosses mark
the ablation sites where wounds were induced; scale bar, 20 µm. Number of
independent experiments: 16 (a), 8 (b).

predictions, we analysed EVL epiboly progression in embryos, in
which we either reduced cell divisions during gastrulation by exposing
them to the cell-division inhibitors aphidicolin and hydroxyurea19,
or interfered with cell-division orientation by injecting them with
an ↵-dynein antibody20 (Supplementary Fig. 3a). Consistent with
the model predictions, embryos with strongly reduced cell divisions
showed slightly reduced EVL epiboly movements at late stages of
epiboly (Fig. 5c). However, EVL tissue tension and flow seemed largely
normal in embryos with no preferred cell-division orientation (Fig. 5d
and Supplementary Fig. 3b), contrary to our model assumptions
that orienting cell divisions by tension constitutes the main adaptive
mechanism for limiting tension anisotropy within the spreading

EVL. Instead, we found EVL cells fusing within the plane of the
epithelium when cell divisions were reduced or misoriented (Fig. 6a,b
and Supplementary Video 8). These fusions occurred with no preferred
orientation, and fused cells remained integrated within the EVL
and expanded their apical area at similar rates as their non-fused
counterparts (Fig. 6c,d). Moreover, cell fusions were not the result of
incomplete cell divisions, as fusions usually did not occur between
sister cells (Supplementary Fig. 4). Importantly, EVL cell fusions
were accompanied by a rapid extension of the collapsing junction
directly before the fusion (Fig. 6e), indicative of tension release along
this junction. These observations led us to reason that EVL cell
fusions might be caused by augmented tissue tension in embryos
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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Figure 5 Oriented cell divisions and EVL epiboly progression.
(a) Illustration of the main components of the theoretical model proposed
to describe the role of oriented cell divisions for EVL tension and
spreading during epiboly (Supplementary Note). A single cell division
redistributes the stresses in the tissue on the timescale of the division
(left) and is itself oriented by local stresses (middle). At the level of the
whole tissue, different stress-relaxation mechanisms lead to an effective
viscous behaviour, to which tension-oriented cell divisions contribute
(right). (b) Schematic representation of the model predictions for tissue
tensions and flow during epiboly. A reduction of tension-oriented cell
divisions would be expected to increase shear viscosity, which in turn
would lead to increased anisotropic tensions and a reduced tissue flow.
(c) Epiboly progression in embryos where cell division was either blocked

by incubating them in cell-division inhibitors or cell-division orientation
randomized by injecting them with ↵-dynein antibodies; control embryos
for the inhibitor and dynein antibody experiments were incubated in
dimethylsulphoxide or injected with the antibody supernatant/ascites,
respectively; plotted values are mean epiboly percentage ± s.e.m.; n,
number of embryos; scale bar, 100 µm. (d) Initial recoil velocities for
ultraviolet laser cuts perpendicular (red) and parallel (green) to the EVL
margin for control and dynein antibody-injected embryos at 50–60%
epiboly stage (5.25–6.5 hpf); error bars, s.e.m.; n, number of cuts; note
that only one cut per embryo was performed; P (control versus ↵-dynein
antibody-injected embryos, perpendicular cuts) = 0.19; P (control versus
↵-dynein antibody-injected embryos, parallel cuts) = 0.51. WT, wild type.
Number of independent experiments: 3 (c), 5 (d).

with reduced or misoriented cell divisions, and that they might lead
to a reduction of tissue tension anisotropy, partially compensating
for the lack of tension-oriented cell divisions in this process. To
experimentally address this hypothesis, we sought to subject the EVL to
augmented tissue tension by deforming the embryos into a cylindrical
shape2 and thereby expanding their surface area, assuming that the
embryo volume is conserved (Fig. 7a). Consistent with our hypothesis

of augmented tissue tension inducing cell fusions, we found EVL
cell fusions to be strongly increased on surface expansion (Fig. 7b,c
and Supplementary Video 9). Moreover, our previous observation
that EVL epiboly movements seem largely unaffected in cylindrical
embryos2 is compatible with the assumption that cell fusions, similar
to tension-oriented cell divisions, promote EVL epiboly movements by
releasing ectopic tissue tension.
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• Tissue stretching induces 
cell strain. 

• Stress relaxes in 2 phases 
(rapid: cytoskeleton; slow: cell 
division?)

redistributes cell mass along the axis of division. Thus, when ori-
ented across a monolayer, divisions act collectively to redistribute
mass along the axis of stretch, helping to return the monolayer to its
resting state. In summary, this analysis shows that the propensity of
cells to divide along their long axis preserves epithelial homeostasis
by facilitating both stress relaxation and isotropic growth without
the need for cells to read or transduce mechanical signals.

Results
Uniaxial Monolayer Extension Results in Sustained Cell Elongation
and Tension Oriented Along the Axis of Stretch. Previously, we used
suspended Madin–Darby canine kidney II (MDCK) monolayers as
a model system with which to study epithelial mechanics (20). For
the study of cell division in monolayers, we modified the device (21)
to allow imaging over several hours (Fig. S1). Following a stretch,
cells in suspended monolayers did not change neighbors (Fig. S2).
Instead, they responded by elongating in the direction of stretch by
an amount roughly equal to the amount applied at the monolayer
level (20). Extension was accompanied by a decrease in monolayer
thickness (20) and a small decrease in width. Cells then remained
elongated until they divided (Fig. 1 A and B and Fig. S3).

We confirmed that suspended monolayers generated through
collagenase treatment (20) were devoid of a continuous load-
bearing ECM but retained apicobasal polarization over the course
of our experiments (Fig. S4). Hence, the transmission of tension
across suspended monolayers depends entirely on intercellular
junctions, which remained stable over the duration of our exper-
iments. To estimate the tension borne by individual cells following
stretch, we monitored monolayer tension over 200 min. Tension
was maximal immediately after deformation before decreasing by
75% within 2 min (Fig. 1C). This initial relaxation was followed by
a slower but steady decrease in tension, which remained at ∼40 nN
per cell for the duration of these experiments (Fig. 1D). When the
mechanical integrity of individual cells was perturbed using a
pulsed 405-nm laser, we observed local recoil as expected for a
tissue under tension. We then analyzed the orientation of this
mechanical recoil to determine the orientation of stresses at the
cellular scale (Fig. 1 E and F and Fig. S5). In all cases, the local
stress field was closely aligned with the axis of stretch, regardless
of the orientation of the long axis of the targeted cell (Fig. 1F).
Taken together, these data show that a 30–35% monolayer

extension induces a significant change in cell shape and orien-
tation, resulting in an average cell aspect ratio of ∼1.4, with 55%
of cells oriented within 20° of the stretch axis (Fig. 1B). Cells
within stretched monolayers were exposed to a sustained local
stress that was closely aligned with the extension axis. This
resulted in a tension of ∼40 nN per cell, which is several-fold
larger than necessary to orient division in adherent cells (17).
Thus, cells in stretched monolayers are both elongated and
subjected to significant tension, both of which are known to
orient cell divisions. Suspended monolayers therefore constitute
an ideal system in which to explore the relative importance of
force and shape in the orientation of cell division.

Effect of Stretch on Cell Division in Suspended Monolayers. Mitotic
progression within suspended monolayers was visualized using
E-cadherin–GFP (Fig. 2A and Movie S1). We first explored the
timing of divisions. A transient inhibition of mitotic entry was
observed following stretch (Fig. S6A); however, mitosis resumed
some 60 min later. Interestingly, the cells that entered mitosis after
this transient delay tended to be those with the largest apical area
(Fig. S6 B and C) rather than the most elongated, as would have
been expected if mitotic entry were triggered by a mechanical cue.
These cells then all divided in the plane of the epithelium, as
observed for monolayers growing on substrates (22) (Fig. 2A and
Fig. S7). Whereas cells in nonstretched monolayers divided with
no orientational bias (Fig. 2B), a 30–35% strain was sufficient to
induce a global bias in the orientation of divisions (Fig. 2B), such
that 56% of cells divided within 20° of the stretch axis.
Although previous work has implicated mechanical forces in

orienting epithelial cell divisions (19), determining the relative

importance of interphase shape and tension is challenging. To
do so, we compared the orientation of the stretch axis, the in-
terphase long cell axis, and the division axis in the presence and
absence of stretch. Cells with a well-defined interphase long cell
axis (measured as an aspect ratio, r > 1.4) reliably divided along
so axis in both stretched and nonstretched monolayers, with
82 ± 2% and 77 ± 4% of divisions, respectively, occurring
within 20° of the interphase long cell axis (Fig. 2C). Moreover,
mitotic cells were polarized in both stretched and nonstretched
monolayers, with their spindles aligned with the long cell axis
and with known cortical regulators of spindle orientation concen-
trated at either pole (Fig. S8). To better separate the influence of
tension from the influence of cell shape, we examined the small
subset (∼5%) of elongated cells whose interphase long axis
was misoriented (>35°) with respect to the axis of stretch [Fig. 2
C (red points), D, and E (red points) and Fig. S3C]. Strikingly,
when these cells divided, their divisions were always better
aligned with the interphase long cell axis than with the axis of
applied stretch (Fig. 2E). This was the case despite these cells
being subjected to significant local forces aligned along the
global stretch axis (Fig. 1 E and F). Taken together, these data
suggest that the alignment of divisions across a stretched
monolayer is the simple result of a stretch-induced global bias in
the orientation of long cell axes combined with the propensity of
cells to divide along their long axis.
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Fig. 1. Uniaxial stretch results in long-term cellular elongation and mono-
layer stress. (A) Monolayers expressing E-cadherin–GFP before and after a
30% stretch. (Scale bars: 10 μm.) (B) Orientation and aspect ratio of cells in
stretched (blue) and nonstretched (red) monolayers, as calculated from the
orientation and major-to-minor axis ratio of the best-fit ellipse to the cell
shape. w.r.t., with respect to. The evolution of strain (gray) and force (black)
in a stretched monolayer for short (C, up to 150 s) and long (D, up to
200 min) time scales is shown. (E) Cells expressing E-cadherin–GFP in a
stretched monolayer before and after perturbation of their mechanical in-
tegrity by a pulsed-UV laser. Cells with shapes oriented ∼0° (Top) and ∼90°
(Bottom) to the direction of stretch were chosen. Red dots indicate the area
where the laser was applied. Yellow outlines mark the region including the
nearest neighbors of the perturbed cell. (Scale bars: 10 μm.) (F) Local orien-
tation of stress, as measured from recoil after laser perturbation, for cells with
shapes oriented ∼0° and ∼90° to the stretch direction. The horizontal line and
top and bottom of boxes represent the median, 75th percentile, and 25th
percentile in all box plots, respectively. The whiskers demarcate the range
(n ≥ 20 cells and n ≥ 12 monolayers for each condition).

Wyatt et al. PNAS | May 5, 2015 | vol. 112 | no. 18 | 5727

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

redistributes cell mass along the axis of division. Thus, when ori-
ented across a monolayer, divisions act collectively to redistribute
mass along the axis of stretch, helping to return the monolayer to its
resting state. In summary, this analysis shows that the propensity of
cells to divide along their long axis preserves epithelial homeostasis
by facilitating both stress relaxation and isotropic growth without
the need for cells to read or transduce mechanical signals.

Results
Uniaxial Monolayer Extension Results in Sustained Cell Elongation
and Tension Oriented Along the Axis of Stretch. Previously, we used
suspended Madin–Darby canine kidney II (MDCK) monolayers as
a model system with which to study epithelial mechanics (20). For
the study of cell division in monolayers, we modified the device (21)
to allow imaging over several hours (Fig. S1). Following a stretch,
cells in suspended monolayers did not change neighbors (Fig. S2).
Instead, they responded by elongating in the direction of stretch by
an amount roughly equal to the amount applied at the monolayer
level (20). Extension was accompanied by a decrease in monolayer
thickness (20) and a small decrease in width. Cells then remained
elongated until they divided (Fig. 1 A and B and Fig. S3).
We confirmed that suspended monolayers generated through

collagenase treatment (20) were devoid of a continuous load-
bearing ECM but retained apicobasal polarization over the course
of our experiments (Fig. S4). Hence, the transmission of tension
across suspended monolayers depends entirely on intercellular
junctions, which remained stable over the duration of our exper-
iments. To estimate the tension borne by individual cells following
stretch, we monitored monolayer tension over 200 min. Tension
was maximal immediately after deformation before decreasing by
75% within 2 min (Fig. 1C). This initial relaxation was followed by
a slower but steady decrease in tension, which remained at ∼40 nN
per cell for the duration of these experiments (Fig. 1D). When the
mechanical integrity of individual cells was perturbed using a
pulsed 405-nm laser, we observed local recoil as expected for a
tissue under tension. We then analyzed the orientation of this
mechanical recoil to determine the orientation of stresses at the
cellular scale (Fig. 1 E and F and Fig. S5). In all cases, the local
stress field was closely aligned with the axis of stretch, regardless
of the orientation of the long axis of the targeted cell (Fig. 1F).
Taken together, these data show that a 30–35% monolayer

extension induces a significant change in cell shape and orien-
tation, resulting in an average cell aspect ratio of ∼1.4, with 55%
of cells oriented within 20° of the stretch axis (Fig. 1B). Cells
within stretched monolayers were exposed to a sustained local
stress that was closely aligned with the extension axis. This
resulted in a tension of ∼40 nN per cell, which is several-fold
larger than necessary to orient division in adherent cells (17).
Thus, cells in stretched monolayers are both elongated and
subjected to significant tension, both of which are known to
orient cell divisions. Suspended monolayers therefore constitute
an ideal system in which to explore the relative importance of
force and shape in the orientation of cell division.

Effect of Stretch on Cell Division in Suspended Monolayers. Mitotic
progression within suspended monolayers was visualized using
E-cadherin–GFP (Fig. 2A and Movie S1). We first explored the
timing of divisions. A transient inhibition of mitotic entry was
observed following stretch (Fig. S6A); however, mitosis resumed
some 60 min later. Interestingly, the cells that entered mitosis after
this transient delay tended to be those with the largest apical area
(Fig. S6 B and C) rather than the most elongated, as would have
been expected if mitotic entry were triggered by a mechanical cue.
These cells then all divided in the plane of the epithelium, as
observed for monolayers growing on substrates (22) (Fig. 2A and
Fig. S7). Whereas cells in nonstretched monolayers divided with
no orientational bias (Fig. 2B), a 30–35% strain was sufficient to
induce a global bias in the orientation of divisions (Fig. 2B), such
that 56% of cells divided within 20° of the stretch axis.
Although previous work has implicated mechanical forces in

orienting epithelial cell divisions (19), determining the relative

importance of interphase shape and tension is challenging. To
do so, we compared the orientation of the stretch axis, the in-
terphase long cell axis, and the division axis in the presence and
absence of stretch. Cells with a well-defined interphase long cell
axis (measured as an aspect ratio, r > 1.4) reliably divided along
so axis in both stretched and nonstretched monolayers, with
82 ± 2% and 77 ± 4% of divisions, respectively, occurring
within 20° of the interphase long cell axis (Fig. 2C). Moreover,
mitotic cells were polarized in both stretched and nonstretched
monolayers, with their spindles aligned with the long cell axis
and with known cortical regulators of spindle orientation concen-
trated at either pole (Fig. S8). To better separate the influence of
tension from the influence of cell shape, we examined the small
subset (∼5%) of elongated cells whose interphase long axis
was misoriented (>35°) with respect to the axis of stretch [Fig. 2
C (red points), D, and E (red points) and Fig. S3C]. Strikingly,
when these cells divided, their divisions were always better
aligned with the interphase long cell axis than with the axis of
applied stretch (Fig. 2E). This was the case despite these cells
being subjected to significant local forces aligned along the
global stretch axis (Fig. 1 E and F). Taken together, these data
suggest that the alignment of divisions across a stretched
monolayer is the simple result of a stretch-induced global bias in
the orientation of long cell axes combined with the propensity of
cells to divide along their long axis.
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Fig. 1. Uniaxial stretch results in long-term cellular elongation and mono-
layer stress. (A) Monolayers expressing E-cadherin–GFP before and after a
30% stretch. (Scale bars: 10 μm.) (B) Orientation and aspect ratio of cells in
stretched (blue) and nonstretched (red) monolayers, as calculated from the
orientation and major-to-minor axis ratio of the best-fit ellipse to the cell
shape. w.r.t., with respect to. The evolution of strain (gray) and force (black)
in a stretched monolayer for short (C, up to 150 s) and long (D, up to
200 min) time scales is shown. (E) Cells expressing E-cadherin–GFP in a
stretched monolayer before and after perturbation of their mechanical in-
tegrity by a pulsed-UV laser. Cells with shapes oriented ∼0° (Top) and ∼90°
(Bottom) to the direction of stretch were chosen. Red dots indicate the area
where the laser was applied. Yellow outlines mark the region including the
nearest neighbors of the perturbed cell. (Scale bars: 10 μm.) (F) Local orien-
tation of stress, as measured from recoil after laser perturbation, for cells with
shapes oriented ∼0° and ∼90° to the stretch direction. The horizontal line and
top and bottom of boxes represent the median, 75th percentile, and 25th
percentile in all box plots, respectively. The whiskers demarcate the range
(n ≥ 20 cells and n ≥ 12 monolayers for each condition).
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redistributes cell mass along the axis of division. Thus, when ori-
ented across a monolayer, divisions act collectively to redistribute
mass along the axis of stretch, helping to return the monolayer to its
resting state. In summary, this analysis shows that the propensity of
cells to divide along their long axis preserves epithelial homeostasis
by facilitating both stress relaxation and isotropic growth without
the need for cells to read or transduce mechanical signals.

Results
Uniaxial Monolayer Extension Results in Sustained Cell Elongation
and Tension Oriented Along the Axis of Stretch. Previously, we used
suspended Madin–Darby canine kidney II (MDCK) monolayers as
a model system with which to study epithelial mechanics (20). For
the study of cell division in monolayers, we modified the device (21)
to allow imaging over several hours (Fig. S1). Following a stretch,
cells in suspended monolayers did not change neighbors (Fig. S2).
Instead, they responded by elongating in the direction of stretch by
an amount roughly equal to the amount applied at the monolayer
level (20). Extension was accompanied by a decrease in monolayer
thickness (20) and a small decrease in width. Cells then remained
elongated until they divided (Fig. 1 A and B and Fig. S3).
We confirmed that suspended monolayers generated through

collagenase treatment (20) were devoid of a continuous load-
bearing ECM but retained apicobasal polarization over the course
of our experiments (Fig. S4). Hence, the transmission of tension
across suspended monolayers depends entirely on intercellular
junctions, which remained stable over the duration of our exper-
iments. To estimate the tension borne by individual cells following
stretch, we monitored monolayer tension over 200 min. Tension
was maximal immediately after deformation before decreasing by
75% within 2 min (Fig. 1C). This initial relaxation was followed by
a slower but steady decrease in tension, which remained at ∼40 nN
per cell for the duration of these experiments (Fig. 1D). When the
mechanical integrity of individual cells was perturbed using a
pulsed 405-nm laser, we observed local recoil as expected for a
tissue under tension. We then analyzed the orientation of this
mechanical recoil to determine the orientation of stresses at the
cellular scale (Fig. 1 E and F and Fig. S5). In all cases, the local
stress field was closely aligned with the axis of stretch, regardless
of the orientation of the long axis of the targeted cell (Fig. 1F).
Taken together, these data show that a 30–35% monolayer

extension induces a significant change in cell shape and orien-
tation, resulting in an average cell aspect ratio of ∼1.4, with 55%
of cells oriented within 20° of the stretch axis (Fig. 1B). Cells
within stretched monolayers were exposed to a sustained local
stress that was closely aligned with the extension axis. This
resulted in a tension of ∼40 nN per cell, which is several-fold
larger than necessary to orient division in adherent cells (17).
Thus, cells in stretched monolayers are both elongated and
subjected to significant tension, both of which are known to
orient cell divisions. Suspended monolayers therefore constitute
an ideal system in which to explore the relative importance of
force and shape in the orientation of cell division.

Effect of Stretch on Cell Division in Suspended Monolayers. Mitotic
progression within suspended monolayers was visualized using
E-cadherin–GFP (Fig. 2A and Movie S1). We first explored the
timing of divisions. A transient inhibition of mitotic entry was
observed following stretch (Fig. S6A); however, mitosis resumed
some 60 min later. Interestingly, the cells that entered mitosis after
this transient delay tended to be those with the largest apical area
(Fig. S6 B and C) rather than the most elongated, as would have
been expected if mitotic entry were triggered by a mechanical cue.
These cells then all divided in the plane of the epithelium, as
observed for monolayers growing on substrates (22) (Fig. 2A and
Fig. S7). Whereas cells in nonstretched monolayers divided with
no orientational bias (Fig. 2B), a 30–35% strain was sufficient to
induce a global bias in the orientation of divisions (Fig. 2B), such
that 56% of cells divided within 20° of the stretch axis.
Although previous work has implicated mechanical forces in

orienting epithelial cell divisions (19), determining the relative

importance of interphase shape and tension is challenging. To
do so, we compared the orientation of the stretch axis, the in-
terphase long cell axis, and the division axis in the presence and
absence of stretch. Cells with a well-defined interphase long cell
axis (measured as an aspect ratio, r > 1.4) reliably divided along
so axis in both stretched and nonstretched monolayers, with
82 ± 2% and 77 ± 4% of divisions, respectively, occurring
within 20° of the interphase long cell axis (Fig. 2C). Moreover,
mitotic cells were polarized in both stretched and nonstretched
monolayers, with their spindles aligned with the long cell axis
and with known cortical regulators of spindle orientation concen-
trated at either pole (Fig. S8). To better separate the influence of
tension from the influence of cell shape, we examined the small
subset (∼5%) of elongated cells whose interphase long axis
was misoriented (>35°) with respect to the axis of stretch [Fig. 2
C (red points), D, and E (red points) and Fig. S3C]. Strikingly,
when these cells divided, their divisions were always better
aligned with the interphase long cell axis than with the axis of
applied stretch (Fig. 2E). This was the case despite these cells
being subjected to significant local forces aligned along the
global stretch axis (Fig. 1 E and F). Taken together, these data
suggest that the alignment of divisions across a stretched
monolayer is the simple result of a stretch-induced global bias in
the orientation of long cell axes combined with the propensity of
cells to divide along their long axis.
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Fig. 1. Uniaxial stretch results in long-term cellular elongation and mono-
layer stress. (A) Monolayers expressing E-cadherin–GFP before and after a
30% stretch. (Scale bars: 10 μm.) (B) Orientation and aspect ratio of cells in
stretched (blue) and nonstretched (red) monolayers, as calculated from the
orientation and major-to-minor axis ratio of the best-fit ellipse to the cell
shape. w.r.t., with respect to. The evolution of strain (gray) and force (black)
in a stretched monolayer for short (C, up to 150 s) and long (D, up to
200 min) time scales is shown. (E) Cells expressing E-cadherin–GFP in a
stretched monolayer before and after perturbation of their mechanical in-
tegrity by a pulsed-UV laser. Cells with shapes oriented ∼0° (Top) and ∼90°
(Bottom) to the direction of stretch were chosen. Red dots indicate the area
where the laser was applied. Yellow outlines mark the region including the
nearest neighbors of the perturbed cell. (Scale bars: 10 μm.) (F) Local orien-
tation of stress, as measured from recoil after laser perturbation, for cells with
shapes oriented ∼0° and ∼90° to the stretch direction. The horizontal line and
top and bottom of boxes represent the median, 75th percentile, and 25th
percentile in all box plots, respectively. The whiskers demarcate the range
(n ≥ 20 cells and n ≥ 12 monolayers for each condition).
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Effect of Monolayer Stress on Mitotic Rounding. Next, we investi-
gated the morphological changes accompanying passage through
mitosis in cells to assess if changes following a stretch might aid
monolayer relaxation (Fig. 2A and Movie S1). Within nonstretched
monolayers, cells entering mitosis assumed a near-isotropic meta-
phase shape in the plane of the epithelium (aspect ratio, r−stretch =
1.16 ± 0.02; Figs. 2A and 3A), as do most primary cells and cell
lines cultured on ECM (23). By contrast, cells within stretched
monolayers were unable to round fully before division (aspect ra-
tio, r+stretch = 1.25 ± 0.02; Figs. 2A and 3A), despite a shortening in
their interphase long axis that was larger than observed in non-
stretched monolayers (Fig. 3B). In vitro measurements show that
individual cells generate a rounding force of ∼80 nN upon entry
into mitosis (24). Therefore, the failure of cells to round com-
pletely in stretched monolayers is likely a simple consequence
of residual monolayer tension (∼40 nN per cell; Fig. 1D).
When we measured the evolution of cell dimensions parallel

and perpendicular to the axis of division at 5-min intervals, we
found clear differences between cells in nonstretched and stretched
monolayers. Cells within nonstretched monolayers retained a
roughly constant aspect ratio until anaphase, when it increased

sharply (Fig. 3 D, ii). At abscission, the aspect ratio was halved
and remained constant over the following 60 min (Fig. 3 D, iii).
This behavior contrasted with the behavior of cells within
stretched monolayers, which displayed a marked decrease in
aspect ratio upon entry into mitosis (Fig. 3 D, i), reflecting their
more elongated initial shape. Cellular aspect ratio then increased
sharply at anaphase before being halved following abscission (Fig.
3 D, ii). Then, in contrast to cells in nonstretched monolayers,
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Fig. 3. Effect of monolayer stress on mitotic rounding. (A) Box-whisker
plots showing the metaphase aspect ratio of dividing cells in nonstretched
and stretched monolayers (*P < 0.002). (Top) Diagrams show the median
shape of rounded cells in each condition. (B) Changes in the long cell axis
length during rounding in nonstretched and stretched monolayers. (Top)
Diagrams show the most frequent direction of shape change during
rounding in each condition (n ≥ 48 cells and n = 3 monolayers for each
condition; *P < 0.001). (C) Change in cell aspect ratio (measured with respect
to the direction of division) between division (t = 0) and t = 25 min (n = 20
cells for each condition; *P < 0.001). (D) Temporal evolution of the mean cell
aspect ratio (measured with respect to the direction of division) of dividing
cells. Data points are averaged over n = 10 cells in both stretched (blue) and
nonstretched (red) monolayers. Division was taken as time 0 (solid vertical
line). Rounding onset (dashed line), anaphase, and daughter cell reinte-
gration are marked by (i), (ii), and (iii), respectively, and are represented by
pictograms. From time 0 onward, the values represent the average over all
individual daughter cells. Error bars indicate SE. (E) Change in cell aspect
ratio (measured with respect to the direction of division) between division
(t = 0) and t = 25 min for cells without a well-defined long axis (r < 1.25) in
stretched monolayers (n ≥ 18 cells were characterized for each condition;
*P < 0.001). (F) Example time series of division in a computer simulation of a
stretched monolayer. The dividing cell and its daughters are highlighted
with red junctions. (G) Temporal evolution of cell stiffness during mitosis
imposed on all dividing cells in simulations. The times marked with (i), (ii),
and (iii) correspond to the times described in D. (H) Temporal evolution of
the mean cell aspect ratio for cells in stretched (blue) and nonstretched (red)
monolayers in numerical simulations. Times marked with (i), (ii), and (iii)
correspond to the times described in C. The SE is <0.02, and so is not shown.
Each data point represents n ≥ 180 divisions.
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Effect of Monolayer Stress on Mitotic Rounding. Next, we investi-
gated the morphological changes accompanying passage through
mitosis in cells to assess if changes following a stretch might aid
monolayer relaxation (Fig. 2A and Movie S1). Within nonstretched
monolayers, cells entering mitosis assumed a near-isotropic meta-
phase shape in the plane of the epithelium (aspect ratio, r−stretch =
1.16 ± 0.02; Figs. 2A and 3A), as do most primary cells and cell
lines cultured on ECM (23). By contrast, cells within stretched
monolayers were unable to round fully before division (aspect ra-
tio, r+stretch = 1.25 ± 0.02; Figs. 2A and 3A), despite a shortening in
their interphase long axis that was larger than observed in non-
stretched monolayers (Fig. 3B). In vitro measurements show that
individual cells generate a rounding force of ∼80 nN upon entry
into mitosis (24). Therefore, the failure of cells to round com-
pletely in stretched monolayers is likely a simple consequence
of residual monolayer tension (∼40 nN per cell; Fig. 1D).
When we measured the evolution of cell dimensions parallel

and perpendicular to the axis of division at 5-min intervals, we
found clear differences between cells in nonstretched and stretched
monolayers. Cells within nonstretched monolayers retained a
roughly constant aspect ratio until anaphase, when it increased

sharply (Fig. 3 D, ii). At abscission, the aspect ratio was halved
and remained constant over the following 60 min (Fig. 3 D, iii).
This behavior contrasted with the behavior of cells within
stretched monolayers, which displayed a marked decrease in
aspect ratio upon entry into mitosis (Fig. 3 D, i), reflecting their
more elongated initial shape. Cellular aspect ratio then increased
sharply at anaphase before being halved following abscission (Fig.
3 D, ii). Then, in contrast to cells in nonstretched monolayers,
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the axis of stretch (stress, Left), to the interphase shape orientation in
stretched monolayers (Middle), and to the interphase orientation in non-
stretched monolayers (Right) for elongated cells (r > 1.4). Cells marked by a
red point correspond to those appearing in red in E. NS, nonstretched; S,
stretched. (D) Dividing cell in a stretched monolayer. The interphase shape is
misaligned with the direction of monolayer stress, and the division follows
the interphase shape rather than the monolayer stress direction. (E) Error in
alignment of division with the monolayer stress axes plotted against the
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Fig. 3. Effect of monolayer stress on mitotic rounding. (A) Box-whisker
plots showing the metaphase aspect ratio of dividing cells in nonstretched
and stretched monolayers (*P < 0.002). (Top) Diagrams show the median
shape of rounded cells in each condition. (B) Changes in the long cell axis
length during rounding in nonstretched and stretched monolayers. (Top)
Diagrams show the most frequent direction of shape change during
rounding in each condition (n ≥ 48 cells and n = 3 monolayers for each
condition; *P < 0.001). (C) Change in cell aspect ratio (measured with respect
to the direction of division) between division (t = 0) and t = 25 min (n = 20
cells for each condition; *P < 0.001). (D) Temporal evolution of the mean cell
aspect ratio (measured with respect to the direction of division) of dividing
cells. Data points are averaged over n = 10 cells in both stretched (blue) and
nonstretched (red) monolayers. Division was taken as time 0 (solid vertical
line). Rounding onset (dashed line), anaphase, and daughter cell reinte-
gration are marked by (i), (ii), and (iii), respectively, and are represented by
pictograms. From time 0 onward, the values represent the average over all
individual daughter cells. Error bars indicate SE. (E) Change in cell aspect
ratio (measured with respect to the direction of division) between division
(t = 0) and t = 25 min for cells without a well-defined long axis (r < 1.25) in
stretched monolayers (n ≥ 18 cells were characterized for each condition;
*P < 0.001). (F) Example time series of division in a computer simulation of a
stretched monolayer. The dividing cell and its daughters are highlighted
with red junctions. (G) Temporal evolution of cell stiffness during mitosis
imposed on all dividing cells in simulations. The times marked with (i), (ii),
and (iii) correspond to the times described in D. (H) Temporal evolution of
the mean cell aspect ratio for cells in stretched (blue) and nonstretched (red)
monolayers in numerical simulations. Times marked with (i), (ii), and (iii)
correspond to the times described in C. The SE is <0.02, and so is not shown.
Each data point represents n ≥ 180 divisions.
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• Cells divide along stretch 
axis.

Effect of Monolayer Stress on Mitotic Rounding. Next, we investi-
gated the morphological changes accompanying passage through
mitosis in cells to assess if changes following a stretch might aid
monolayer relaxation (Fig. 2A and Movie S1). Within nonstretched
monolayers, cells entering mitosis assumed a near-isotropic meta-
phase shape in the plane of the epithelium (aspect ratio, r−stretch =
1.16 ± 0.02; Figs. 2A and 3A), as do most primary cells and cell
lines cultured on ECM (23). By contrast, cells within stretched
monolayers were unable to round fully before division (aspect ra-
tio, r+stretch = 1.25 ± 0.02; Figs. 2A and 3A), despite a shortening in
their interphase long axis that was larger than observed in non-
stretched monolayers (Fig. 3B). In vitro measurements show that
individual cells generate a rounding force of ∼80 nN upon entry
into mitosis (24). Therefore, the failure of cells to round com-
pletely in stretched monolayers is likely a simple consequence
of residual monolayer tension (∼40 nN per cell; Fig. 1D).
When we measured the evolution of cell dimensions parallel

and perpendicular to the axis of division at 5-min intervals, we
found clear differences between cells in nonstretched and stretched
monolayers. Cells within nonstretched monolayers retained a
roughly constant aspect ratio until anaphase, when it increased

sharply (Fig. 3 D, ii). At abscission, the aspect ratio was halved
and remained constant over the following 60 min (Fig. 3 D, iii).
This behavior contrasted with the behavior of cells within
stretched monolayers, which displayed a marked decrease in
aspect ratio upon entry into mitosis (Fig. 3 D, i), reflecting their
more elongated initial shape. Cellular aspect ratio then increased
sharply at anaphase before being halved following abscission (Fig.
3 D, ii). Then, in contrast to cells in nonstretched monolayers,
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Fig. 2. Divisions align along the interphase long cell axis monolayers.
(A) Time series of a dividing cell expressing E-cadherin–GFP to enable
visualization of intercellular junctions in a nonstretched monolayer and a
stretched monolayer. Time is measured from division. Asterisks mark
dividing and daughter cells. (Scale bars: 10 μm.) (B) Orientation of division
with respect to the direction of stretch or with respect to the direction
perpendicular to the test rods in the no-stretch case (n ≥ 72 divisions and n =
3 monolayers for each condition). (C) Orientation of division with respect to
the axis of stretch (stress, Left), to the interphase shape orientation in
stretched monolayers (Middle), and to the interphase orientation in non-
stretched monolayers (Right) for elongated cells (r > 1.4). Cells marked by a
red point correspond to those appearing in red in E. NS, nonstretched; S,
stretched. (D) Dividing cell in a stretched monolayer. The interphase shape is
misaligned with the direction of monolayer stress, and the division follows
the interphase shape rather than the monolayer stress direction. (E) Error in
alignment of division with the monolayer stress axes plotted against the
error in alignment with interphase shape for elongated (r > 1.4) cells in
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Fig. 3. Effect of monolayer stress on mitotic rounding. (A) Box-whisker
plots showing the metaphase aspect ratio of dividing cells in nonstretched
and stretched monolayers (*P < 0.002). (Top) Diagrams show the median
shape of rounded cells in each condition. (B) Changes in the long cell axis
length during rounding in nonstretched and stretched monolayers. (Top)
Diagrams show the most frequent direction of shape change during
rounding in each condition (n ≥ 48 cells and n = 3 monolayers for each
condition; *P < 0.001). (C) Change in cell aspect ratio (measured with respect
to the direction of division) between division (t = 0) and t = 25 min (n = 20
cells for each condition; *P < 0.001). (D) Temporal evolution of the mean cell
aspect ratio (measured with respect to the direction of division) of dividing
cells. Data points are averaged over n = 10 cells in both stretched (blue) and
nonstretched (red) monolayers. Division was taken as time 0 (solid vertical
line). Rounding onset (dashed line), anaphase, and daughter cell reinte-
gration are marked by (i), (ii), and (iii), respectively, and are represented by
pictograms. From time 0 onward, the values represent the average over all
individual daughter cells. Error bars indicate SE. (E) Change in cell aspect
ratio (measured with respect to the direction of division) between division
(t = 0) and t = 25 min for cells without a well-defined long axis (r < 1.25) in
stretched monolayers (n ≥ 18 cells were characterized for each condition;
*P < 0.001). (F) Example time series of division in a computer simulation of a
stretched monolayer. The dividing cell and its daughters are highlighted
with red junctions. (G) Temporal evolution of cell stiffness during mitosis
imposed on all dividing cells in simulations. The times marked with (i), (ii),
and (iii) correspond to the times described in D. (H) Temporal evolution of
the mean cell aspect ratio for cells in stretched (blue) and nonstretched (red)
monolayers in numerical simulations. Times marked with (i), (ii), and (iii)
correspond to the times described in C. The SE is <0.02, and so is not shown.
Each data point represents n ≥ 180 divisions.
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Effect of Monolayer Stress on Mitotic Rounding. Next, we investi-
gated the morphological changes accompanying passage through
mitosis in cells to assess if changes following a stretch might aid
monolayer relaxation (Fig. 2A and Movie S1). Within nonstretched
monolayers, cells entering mitosis assumed a near-isotropic meta-
phase shape in the plane of the epithelium (aspect ratio, r−stretch =
1.16 ± 0.02; Figs. 2A and 3A), as do most primary cells and cell
lines cultured on ECM (23). By contrast, cells within stretched
monolayers were unable to round fully before division (aspect ra-
tio, r+stretch = 1.25 ± 0.02; Figs. 2A and 3A), despite a shortening in
their interphase long axis that was larger than observed in non-
stretched monolayers (Fig. 3B). In vitro measurements show that
individual cells generate a rounding force of ∼80 nN upon entry
into mitosis (24). Therefore, the failure of cells to round com-
pletely in stretched monolayers is likely a simple consequence
of residual monolayer tension (∼40 nN per cell; Fig. 1D).
When we measured the evolution of cell dimensions parallel

and perpendicular to the axis of division at 5-min intervals, we
found clear differences between cells in nonstretched and stretched
monolayers. Cells within nonstretched monolayers retained a
roughly constant aspect ratio until anaphase, when it increased

sharply (Fig. 3 D, ii). At abscission, the aspect ratio was halved
and remained constant over the following 60 min (Fig. 3 D, iii).
This behavior contrasted with the behavior of cells within
stretched monolayers, which displayed a marked decrease in
aspect ratio upon entry into mitosis (Fig. 3 D, i), reflecting their
more elongated initial shape. Cellular aspect ratio then increased
sharply at anaphase before being halved following abscission (Fig.
3 D, ii). Then, in contrast to cells in nonstretched monolayers,
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Fig. 2. Divisions align along the interphase long cell axis monolayers.
(A) Time series of a dividing cell expressing E-cadherin–GFP to enable
visualization of intercellular junctions in a nonstretched monolayer and a
stretched monolayer. Time is measured from division. Asterisks mark
dividing and daughter cells. (Scale bars: 10 μm.) (B) Orientation of division
with respect to the direction of stretch or with respect to the direction
perpendicular to the test rods in the no-stretch case (n ≥ 72 divisions and n =
3 monolayers for each condition). (C) Orientation of division with respect to
the axis of stretch (stress, Left), to the interphase shape orientation in
stretched monolayers (Middle), and to the interphase orientation in non-
stretched monolayers (Right) for elongated cells (r > 1.4). Cells marked by a
red point correspond to those appearing in red in E. NS, nonstretched; S,
stretched. (D) Dividing cell in a stretched monolayer. The interphase shape is
misaligned with the direction of monolayer stress, and the division follows
the interphase shape rather than the monolayer stress direction. (E) Error in
alignment of division with the monolayer stress axes plotted against the
error in alignment with interphase shape for elongated (r > 1.4) cells in
stretched monolayers. The gray shading shows the region in which divisions
align equally well with monolayer stress and interphase shape. Dotted lines
demarcate regions where divisions align significantly better with interphase
shape than stress, and vice versa.
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Fig. 3. Effect of monolayer stress on mitotic rounding. (A) Box-whisker
plots showing the metaphase aspect ratio of dividing cells in nonstretched
and stretched monolayers (*P < 0.002). (Top) Diagrams show the median
shape of rounded cells in each condition. (B) Changes in the long cell axis
length during rounding in nonstretched and stretched monolayers. (Top)
Diagrams show the most frequent direction of shape change during
rounding in each condition (n ≥ 48 cells and n = 3 monolayers for each
condition; *P < 0.001). (C) Change in cell aspect ratio (measured with respect
to the direction of division) between division (t = 0) and t = 25 min (n = 20
cells for each condition; *P < 0.001). (D) Temporal evolution of the mean cell
aspect ratio (measured with respect to the direction of division) of dividing
cells. Data points are averaged over n = 10 cells in both stretched (blue) and
nonstretched (red) monolayers. Division was taken as time 0 (solid vertical
line). Rounding onset (dashed line), anaphase, and daughter cell reinte-
gration are marked by (i), (ii), and (iii), respectively, and are represented by
pictograms. From time 0 onward, the values represent the average over all
individual daughter cells. Error bars indicate SE. (E) Change in cell aspect
ratio (measured with respect to the direction of division) between division
(t = 0) and t = 25 min for cells without a well-defined long axis (r < 1.25) in
stretched monolayers (n ≥ 18 cells were characterized for each condition;
*P < 0.001). (F) Example time series of division in a computer simulation of a
stretched monolayer. The dividing cell and its daughters are highlighted
with red junctions. (G) Temporal evolution of cell stiffness during mitosis
imposed on all dividing cells in simulations. The times marked with (i), (ii),
and (iii) correspond to the times described in D. (H) Temporal evolution of
the mean cell aspect ratio for cells in stretched (blue) and nonstretched (red)
monolayers in numerical simulations. Times marked with (i), (ii), and (iii)
correspond to the times described in C. The SE is <0.02, and so is not shown.
Each data point represents n ≥ 180 divisions.
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Contribution of
Geometry

• The axis of division is 
determined by geometry, not 
stretch per se.
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Contribution of oriented cell divisions to energy dissipation
of a tissue under stress

To determine the effect of division on local epithelial orga-
nization, we compared the position of intercellular junctions
close to dividing cells before (green, Fig. 4C) and after (red, Fig.
4C) division. Division caused an inward movement of neigh-
boring junctions in the direction perpendicular to division, to-
gether with an outward movement in the direction of division
(Fig. 4C). Similar patterns of junctional movement were ob-
served in both stretched and nonstretched conditions (n = 18)
but were absent in control areas of the monolayer, where di-
visions did not occur (Fig. 4C, Inset and Fig. S9). In summary,
each division redistributes mass, which leads to local monolayer
expansion along the axis of division and contraction in the per-
pendicular direction. Because there is a global bias in division
orientation in stretched monolayers, individual cell divisions act
together to expand the monolayer in the direction of stretch and
to contract it in the perpendicular direction, leading to an overall
effect similar to convergent extension.

Effect of Monolayer Stretch on the Orientation of Subsequent
Divisions. To explore how mass redistribution might function
over the course of multiple divisions, we then compared the
aspect ratio of daughter cells with the aspect ratio of their
mothers (Fig. 4D). In nonstretched monolayers, mother cells
with an average aspect ratio of ρ = 1.09 ± 0.03 divided to gen-
erate daughter cells with an aspect ratio of ρ = 0.91 ± 0.02 (Fig.
4D). Thus, the long axes of mother and daughter cells tend to be
perpendicular to one another. By contrast, in stretched mono-
layers, mother cells (ρ = 1.34 ± 0.05) gave rise to daughters that
remained elongated in the same direction (ρ = 1.10 ± 0.03; Fig.
4D). Hence, although division redistributes mass along the di-
vision axis in both conditions, the orientation of daughter cells
relative to their mothers was altered by stretch. Assuming ho-
mogeneous cell growth throughout the monolayer, the second
round of divisions will tend to be oriented with the first round in
stretched monolayers but perpendicular to the first round in
nonstretched monolayers.
Qualitatively and quantitatively, similar results were obtained

in the model (Fig. 4E). In stretched monolayers, daughter cells
retained the same orientation as their mothers (ρ = 1.03 ± 0.03),
whereas in nonstretched monolayers, they tended to be oriented
perpendicular to the mother cell (ρ = 0.84 ± 0.03). Finally, be-
cause the model faithfully replicates the observed cell shape
changes accompanying mitosis, we were able to use it to predict
the impact of divisions on monolayer stress. In nonstretched
monolayers, division had no net effect on monolayer stress (Fig.
4F), as expected under conditions of isotropic monolayer growth.
Conversely, in stretched monolayers, divisions along the cellular
long axis dissipated monolayer stress, whereas divisions per-
pendicular to it did not (Fig. 4F). Taken together, these data
show how isotropic monolayer growth and the restoration of
homeostasis following a stretch can both be understood as
emergent properties resulting from the simple ability of cells to
orient their division along their interphase long axis.

Discussion
Although it is widely accepted that animal tissues are mecha-
nosensitive (9), the physical parameters that cells respond to
have yet to be defined. This is true even for instances in which an
applied force is known to induce a well-defined cellular re-
sponse. One of the most biologically significant examples of this
is oriented cell division, a process that plays a key role in tissue
morphogenesis (27) and tissue relaxation (19). However, many
aspects of the process remain unclear. For example, it is not
known how tissue stress affects the morphological changes
accompanying cell division. In addition, because the applica-
tion of force tends to induce both stress and strain, it is chal-
lenging to determine the extent to which divisions orient in
response to tension and/or cellular deformation. Finally, it is
unclear how individual oriented divisions contribute to stress
relaxation and tissue homeostasis.

Here, we used suspended epithelial monolayers as an experi-
mental model to address each of these questions. Several fea-
tures make suspended monolayers an ideal simplified model.
First, in the absence of a continuous substrate, all monolayer-
level forces are transmitted across cell–cell junctions. Second,
monolayer deformation can be precisely controlled and mono-
layer-level forces can be accurately measured over time. Third,
cells do not change neighbors during the time course of experi-
ments relevant to the study of cell division.
Following a 30–35% strain, cells in suspended monolayers

remained elongated by ∼30% along the stretch axis and, simul-
taneously, experienced a sustained, uniformly oriented tension of
∼40 nN per cell. This is approximately threefold higher than the
tensions found to orient division in isolated adherent cells (17).
After transient inhibition of mitotic entry induced by stretch,
cells with the largest apical areas entered mitosis before dividing
along the stretch axis. These cells were then used to investigate
the relative roles of tension and cell shape in orienting di-
visions, as well as the function of oriented cell division in the
restoration of cell packing and force relaxation following a stretch.
To assess whether the division axis is determined by the stress

axis, as recently suggested (17, 19), or by cell shape, as suggested
by Hertwig (14) and other researchers using nonadherent cells
from early embryos (15), we focused our attention on the subset
of cells whose interphase long axis was misoriented relative to
the tension axis. Strikingly, these cells divided along their in-
terphase long axis (Fig. 2 C–E), even though this axis differed
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Fig. 5. Epithelial monolayer homeostasis is an emergent property of cell
division oriented along the interphase long cell axis. (A) Diagram depicting
the behavior of individual cells undergoing division along their long axis in
nonstretched and stretched monolayers. Mother cells in stretched mono-
layers are initially more elongated and fail to round to same extent as cells in
the nonstretched control. In both stretched and nonstretched cells, the di-
vision orients with cell interphase shape. In nonstretched cells, the division
creates daughter cells that are oriented approximately orthogonal to the
orientation of the mother cell, and there is little or no change in shape af-
terward. The division in stretched cells creates daughter cells oriented along
the same axis as the mother cell. Immediately after abscission, daughter cells
are approximately isotropic, but they then elongate over the following
∼25 min. The arrows marked with (i), (ii), and (iii) correspond to rounding
onset, anaphase, and daughter cell reintegration, respectively. (B) Diagram
depicting the effect of the behavior in A at the monolayer level. The ran-
domly oriented cell shapes in nonstretched monolayers cause divisions to be
oriented with a uniform angular distribution, so there is no net directional
effect. In stretched monolayers, the long cell axes are preferentially aligned
with the direction of stretch. Preferential division of cells along their long
axes therefore results in a global bias in division in this direction, which is
likely to be preserved in consecutive divisions.
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• Cell division redistributes 
cellular mass with respect to 
the axis of division

daughter cells in stretched monolayers underwent a gradual in-
crease in their aspect ratio in the 25 min following abscission
(Fig. 3 C and D, iii). Daughter cells elongated along the stretch
axis regardless of the orientation of division (Fig. 3E), implying
that it is caused by the extrinsic tension. Overall, these data in-
dicate that extrinsic tension impedes cell rounding at mitotic
onset but promotes elongation of daughter cells following division.
Surprisingly, cell elongation at anaphase appeared relatively in-
sensitive to extrinsic tension (Fig. 3 D, ii).

Balance of Cell-Autonomous and Extrinsic Mechanical Forces Explains
Changes in Cell Shape Accompanying Mitotic Progression. To test
how the clear differences in morphological changes accompa-
nying mitosis between cells in stretched and nonstretched mono-
layers (Fig. 3) might arise, we developed a mechanical model that
could be used to determine how extrinsic stresses likely influ-
ence autonomous shape changes accompanying mitotic progres-
sion, the redistribution of cell mass following division, and to as-
sess the likely contribution of oriented divisions to the relaxation
of monolayer stress.
Cells in the model are represented by linear elastic domains

with uniform stiffness calibrated against experimentally mea-
sured values (SI Materials and Methods). Stress is balanced by
treating the monolayer as a continuous elastic material. Al-
though cells can passively slide past each other in response to
shear forces along their junctions, cell–cell friction was set high
to prevent such rearrangements in this particular implementa-
tion to reflect the lack of neighbor exchange in suspended
monolayers (Fig. S2). Using these assumptions, simulations com-
puted the new monolayer-scale mechanical equilibrium at each
time point during division (Fig. 3F). The cell-autonomous changes
in cell stiffness (represented by a shear modulus G) used to sim-
ulate changes in cortical tension accompanying passage through
mitosis were derived from measurements in isolated cells (23, 24).
A change in cortical (surface) tension (ΔΓ) is related to a change in
effective shear modulus (ΔG) by ΔG = ΔΓ/R (where R is the cell
radius) (25). To model mitotic progression, we increased stiffness
abruptly at mitotic entry (Fig. 3G) and kept it constant until di-
vision, before gradually returning it to interphase levels. At di-
vision, cells were forced to divide along their interphase long axis.
Strikingly, although these simulations introduced experimen-

tally measured changes in the mechanics of isolated mitotic cells
into a model epithelium, they yielded changes in the aspect ratios
of cells that were qualitatively and quantitatively similar to those
observed in suspended monolayers. Thus, in simulations, the
sharp increase in stiffness accompanying entry into mitosis
drove complete rounding in control monolayers but only
partial rounding in stretched monolayers (Fig. 3 H, i). In addi-
tion, although daughter cells in nonstretched monolayers main-
tained their shape following division (Fig. 3 H, iii), they gradually
elongated in the direction of applied stress in stretched mono-
layers, concomitant with the return of stiffness to interphase values
(Fig. 3 H, iii and G, iii). This finding suggests that experimentally
observed changes in cell shape during division are the simple
consequence of well-understood autonomous changes in mitotic
cell mechanics, removing the need to invoke additional mechanisms.

Cell Division Leads to a Global Redistribution of Mass Within the
Monolayer. Next, we investigated the impact of individual cell
divisions on local monolayer organization to determine if ori-
ented divisions reduce monolayer stress and/or restore cell pack-
ing, as previously proposed (19, 26). We examined changes in
the shape of dividing cells as well as changes in the organiza-
tion of surrounding cells at set time points during mitotic pro-
gression reflecting passage from late G2 into mitosis (t = −60
and t = −50), division (t = 0), and reintegration into the epi-
thelium (t = 50 and t = 60) (diagrams in Fig. 4 A and B). This
analysis indicated that the net effect of division in both stretched
and nonstretched monolayers is to redistribute cell mass along
the division axis (Fig. 4 A and B; compare 50–60 min before and
after division). At division, the combined daughter cell length

was larger than the mother cell length in late G2 by 35 ± 3% in
stretched monolayers and 37 ± 4% in nonstretched monolayers
(Fig. 4A). At 50–60 min after division, combined daughter cell
lengths had contracted a little but remained significantly longer
than mother cell lengths before division (by 21 ± 3% in
stretched monolayers and 18 ± 3% in nonstretched monolayers;
Fig. 4A). Because width decreased significantly (Fig. 4B), the
overall effect of division was a significant increase in the aspect
ratio of the combined daughter cells compared with their
mothers (+41 ± 5% in stretched monolayers and +42 ± 5% in
nonstretched monolayers; P < 0.01). Qualitatively and quanti-
tatively, similar changes in aspect ratio were obtained from
simulations, with an increase of 29% in stretched monolayers
and 34% in nonstretched monolayers. Thus, individual divisions
lead to the redistribution of mother cell mass along the in-
terphase long axis whether or not the monolayer is under tension.
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Fig. 4. Effects of stress-induced oriented division on local cell packing and
monolayer stress. Temporal evolution of mean cell length (A) and mean cell
width (B) of the mother cell (before division) and of the combined spatial
envelope of the daughters (after division) in stretched (blue) and non-
stretched (red) monolayers showing mass redistribution in the direction of
division. (Top) Diagrams depict the measurements taken. Asterisks denote a
significant difference between medians (*P < 0.01; n ≥ 38 cells from n = 3
monolayers for each condition). Error bars denote SE. (C) Overlays of mitotic
cells 10 min before (green) and 30 min after (red) furrowing onset. Asterisks
mark daughter cells, and dots mark first neighbors. Fluorescence intensity
line profiles taken along the dotted lines show shifts in the position of
junctions in cells neighboring the dividing cell (black arrows in the fluores-
cence profile). Junctions shift away from the dividing cell along the axis of
division (Bottom Right) and toward it in the direction perpendicular to di-
vision (Upper Left). (Bottom Left) No such shifts were observed in overlays of
areas containing no division. (Scale bars: 10 μm.) (D) Aspect ratio (measured
with respect to the direction of division) of stretched and nonstretched cells
at 50 min before division (mothers) and 50 min after division (individual
daughters) (n ≥ 35 cells and n = 3 monolayers for each condition). (Top)
Diagrams depict measurement taken. Asterisks denote a significant differ-
ence between medians (*P < 0.01). (E) Same as D, but in simulated mono-
layers (n ≥ 180 divisions). (F) Change in monolayer stress caused by simulated
divisions in stretched and nonstretched monolayers in cases where the di-
vision is oriented with the cell shape orientation (oriented) or 90° from it
(misoriented) (n ≥ 180 divisions were examined).
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Conclusions
• Organisation: 

• Cells adopt morphologies and configurations that tend to 
approach minimal surface energy

• Reflects balance between:
         -hydrostatic/turgor pressure
         -cortex contractility
         -cell walls/cortex and adhesion system

         
    • Dynamics: 

• Cell connectedness varies so tissues can be modelled as 
gaz, viscoelastic fluids or elastic solids. 

• Reflects differences in adhesion and stiffness
• Cell shape changes and cell movements are driven by 

active contractile systems in animals and regulated wall 
remodelling in plants

• Cell-cell adhesion resists active remodelling and 
maintains tissue cohesion under stress.



Thomas LECUIT   2017-2018

2) Cortical tension

 1) Adhesion

Next
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Conclusions

Prochain cours: 31 October 2017 
Plasticité: suite et fin 

Adhesion 1: du concept d’affinité aux modèles 
thermodynamiques


