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Contact inhibition
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• A tissue culture is often referred to as a colony of cells, thereby implying
that a cell can in some circumstances be regarded as a social organism

- Abercrombie and Heaysman, 1952

• The velocity of the bodily displacement of a cell tends to be affected by its
contacts with other cells – Weiss, 1945

• A mutual restriction of movement…



Cellular traffic rules
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• Movies of single cells moving around other cells
• Statistical measures: maximum path distance, persistence, contact time,

directional autocorrelation, density, etc.

• Pseudopod formation biased by secreted chemicals
• Pseudopod collapse following collisions

therefore has little influence on the positions of new pseudopodia,
whereas high collision rates at high densities lead to constant
randomization of pseudopodia positions and lowϕ. At any density,
straight-moving cells execute this motile behavior because their
lateral pseudopodia are more often suppressed by lateral collisions
with other cells or abruptly changing, large chemokine gradients.
Cells displaying little overall directionality constantly have their
direction of motion cut off, leading to many collisions, whereas
curling cells experience few collisions and/or a clear and slowly
moving chemokine bias. The observed continuum of different
trajectories is therefore a direct consequence of the fluctuating
near-cell environment and is no more surprising than similar
observations of very varied trajectories of many interacting bodies
obeying Newtonian mechanics. The model thus provides a com-
prehensible description of social cell migration that captures all of
the complexity formulated in terms of biophysically well-defined
single-cell quantities and, furthermore, illustrates how very com-
plex biological behavior emerges from simple interaction rules.
Contrary to several other cell types, such as keratocytes (22),

3T3 fibroblast cells do not exhibit large-scale multicellular orga-
nization such as flocking (21). Fibroblasts deviate from these
flocking cell types by not having strong local alignment of the

neighbors, which thereforemust be considered critical in achieving
flocking. We nonetheless hypothesize that the observed effects of
the neighboring cells on single-cell migration is highly relevant at
physiological conditions. Within a population, the high collision
rate continuously randomizes the directionality of the individual
cells, so that on average there will always be cells moving away
from the population. In the presence of an external signal, some of
these boundary cells will be correctly aligned with this signal and
will reliably move up the gradient, with the directional persistence
providing the initial stabilization of the movement away from the
population. This mechanism provides a directionally isotropic and
fast sensor of external signals for the population, even though the
single-cell polarizations vary and single-cell realignment with the
external signal would occur on the time scale of directional per-
sistence (τp). Whereas this social effect is fundamentally different
from flocking and other social effects such as quorum sensing, it is
another example of how nature achieves group-level dynamics of
ignorant individuals for biological function beyond the control of
the individuals by simply modulating the signal at the level of the
individual through increased cell density. This mechanism could
be a general biological principle underlying emerging population
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Fig. 3. Model formulation and predictions (model, red; experiments, blue). Experimental data are the same as in Fig. 2. (A) Single cells move by dynamically
and stochastically forming pseudopodia (red) while they secrete chemokine, with each pseudopod providing a force, and colliding pseudopodia collapse. (B)
Example model trajectories. (C) Average displacement in a 300-min simulation for different relative gradients (the gradient is applied only in the y direction)
illustrate that model cells reliably respond to gradients above 0.002 μm·m−1, as experimentally observed by Melvin et al. (16). The simulation was repeated 20
times for a single cell at each gradient level and error bars indicate SD. (D) Single-cell speed distributions (compare with Fig. 2A). (E) Average single-cell speed
distribution, showing excellent agreement with experiments. (F) Chamber-averaged directional autocorrelation and one single-cell autocorrelation from
a cell moving nominally straight (compare with Fig. 2D; compare with SI Appendix, Fig. S5. (G) Population distribution of maximum path distance (blue,
experiment; red, model). (H and I) Model results across densities with the latter expressed by the average minimum cell-cell distance dmin (red, model; blue,
experiment). (H) Weight ϕ and persistence time τp for the fit to ϕe−τlag=τp . (I) Location parameterm and scale parameter s in fit of average speed distribution to
a GEV distribution. The shape parameter ξ (SI Appendix, Fig. S11), describing the tail of the distribution, is not well captured by the model because it
underpredicts this part of the speed distribution, as seen in E.
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social context on the migration of the individual, even in the
absence of cell–cell linkages (24–26). To fully understand this ef-
fect, including whether it is due to inherent cell–cell motility var-
iations or is an emergent group property, we quantified all aspects
of the migration using a number of cooperating statistical meas-
ures that together fully characterize the migration.
We first focus on an experiment at intermediate cell density

ðdmin = 91:1 μmÞ to introduce our statistical measures and illus-
trate our key findings. The speed of the individual cell fluctuates
substantially as a function of time (Fig. 2A Inset) with similar
single-cell speed distributions (Fig. 2A), and the average single-cell
distribution from one experiment displays a distinct non-Gaussian
tail (Fig. 2B) that has previously been shown to be a general fea-
ture of non-sheet-forming motile cells (37). The existence of
similar non-Gaussian single-cell speed distributions suggests by
the central limit theorem that each cell does not have an inherent
velocity scale, but rather that cell speed is a dependent variable.
The simultaneous observations of fluctuating single-cell speed and
cell velocity being a dependent variable is consistent with pseu-
dopodia-driven motility (SI Appendix).

To quantify the variations in total space sampled by the individ-
uals we introduce the “maximum path distance” (MPD), defined as
the maximum distance between any two points on the trajectory of
the individual cell. This measure, which is equivalent to the span
dimension of polymer physics (38), displayed large variations across
the population, with large and small MPD values corresponding to
cells moving nominally straight and cells that displace themselves
small distances, respectively (MPD is nontrivially related to varia-
tions in single-cell trajectory curvature).
The observed variations in trajectories could be caused by a

relative lack of collisions; however, we observed cells moving
nominally straight even though they were in direct contact with
other cells, as well as cells without direct contact with other cells
displaying little long-term directionality (Movie S1). This indi-
cates that collisions are not solely responsible for the variations
in migratory behavior, and so to further investigate this single-cell
directionality, we compute the directional autocorrelation of the
cellular trajectories using the unit vectors in the direction of in-
stantaneous velocity (SI Appendix, Eq. S3 and Fig. 2D). This
measure describes the average alignment of the direction of mo-
tion of the same cell over time and therefore measures the per-
sistence of the direction of motion. Using the unit vectors in the
direction of instantaneous velocity as opposed to the velocity
vectors themselves removes any bias from the fluctuating speed
and sets the range from 0 (no correlation) to 1 (complete corre-
lation). The chamber-mean directional autocorrelation, which is
representative of the majority of the cells (outliers only nominally
affect the mean because the kurtosis is everywhere low; SI Ap-
pendix, Fig. S5), shows that the instantaneous step taken by each
cell is positively correlated with the previous steps (Fig. 2D). The
first sharp drop-off between the first and second time points occurs
because changes in directionality are measured only every 4–6
min, and the rest of the data are well described by a decaying
exponential ϕe−τlag=τp . Here, the persistence time of directionality
τp and the weight ϕ (varying from 0 to 1) describe, respectively, the
time for the average cell to randomize its direction and the extent
of directional motion in the chamber, with higher values of ϕ in-
dicating a larger fraction of directionally persistent cells. For the
present experiment we found ϕ = 0.46 and τp = 69 min.
Varying the cell density, we continue to observe straight-moving

cells at all densities (Fig. 2E) even though each cell at intermediate
and high densities experiences many collisions (and the ratio of
cell surface area to total available chamber area is around 0.8 at all
times; SI Appendix). The fraction of directionally persistent cells
decreases at higher densities, but the persistence time of the in-
dividual cells remains essentially constant. This is illustrated by the
decrease of the weight ϕ and the constancy of persistence time of
directionality τp in Fig. 2 F and G. The average single-cell speed
distribution is also independent of density, and this is well-fitted by
generalized extreme value (GEV) distribution, which forms a
natural parameterization (Fig. 2H; example fit shown in Fig. 2B).
Both our measurements of speed distribution and the low-density
limit of the directional autocorrelation agree with previous results
for human fibroblasts (11) (the latter indicated by dashed lines in
Fig. 2 F–H; compare with SI Appendix, Fig. S4). These findings
indicate that the observed directionality does not depend on the
fluctuating speed of the single cell, and the small variations in τp
both within and across densities suggests that the directional
persistence of motion, unlike cell speed and trajectory, is an in-
herent property of the cell’s motility apparatus (i.e., internal po-
larization). Furthermore, the convergence of all our statistical
measures to the level of isolated cells at dmin ≈ 120 μm determines
the critical density where the social context becomes important.

Pseudopod Formation and Lifetime Is Affected by Social Context.We
verified that the cell migration in the social context is also medi-
ated by pseudopodia (Fig. 1B and Movie S2), and so to probe the
origin of the diverse cellular migratory behavior we therefore next

Pseudopodia

A

B

Fig. 1. Trajectories of the cells generated during the first 200 min of an
experiment. (A) Trajectories (yellow) displayed on top of the fluorescence
image illustrating the different fusion proteins used for the cytosols (red)
and nuclei (green). (B) Trajectories can be nominally straight, curve, or dis-
play little apparent directionality. The vectorial sum of the pseudopodia of
the cell (marked by red in insets) predicts the observed movement, because
each pseudopod applies nominally the same force (20).

130 | www.pnas.org/cgi/doi/10.1073/pnas.1204291110 Vedel et al.
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Cell-cell adhesion
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• Cells can recognize identical or different cell types
• They can adhere to each other in a selective manner
• Cell adhesion molecules

• Cadherin (E-cadherin, N-cadherin, P-cadherin)

• Adherens junctions link the cytoskeleton of adjacent cells via clusters of
cadherins

• Adherens junctions grow and strengthen when
• an external force is applied (outside-in)
• Actomyosin contraction is enhanced (inside-out)

• Desmosomes are in the same class as adherens junctions: the
cytoskeletal anchor is intermediate filaments

• Other cell junctions: tight junctions, gap junctions



Collective cell migration
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Neural crest
A population of migrating, 
pluripotent cells that appears 
transiently in the dorsal 
neuroectoderm. In the chick 
embryo, neural crest cells 
move as loosely associated 
strands or streams throughout 
the entire embryo and give rise 
to different tissues, including 
craniofacial bones and 
cartilage, the enteric and 
peripheral nervous systems 
and pigment cells.

Stroma
Interstitial tissue consisting  
of extracellular matrix and 
mesenchymal cells. The 
interface between stroma and 
adjacent epithelia and vessels 
is formed by a basement 
membrane layer.

Lateral line
A series of mechanosensory 
hair cell organs along the skin  
in fish and amphibia that detect 
changes in the surrounding 
water. Its precursor consists  
of neurogenic placodes, which 
migrate along defined paths 
and deposit clusters of cells 
behind them. These clusters 
differentiate into sensory hair 
cells that are analogous to those 
of the mammalian inner ear.

Matrigel plug assay
An experiment in which tumour 
cells are suspended in matrigel 
solution and injected into a 
mammal, usually a mouse or 
rat. Because of the avascular 
matrigel barrier, vessels from 
the host sprout into the 
transplant and generate a 
de novo vessel network.

Adherens junction
A punctated or linear cell–cell 
adhesion that contains 
cadherins and nectin, which are 
coupled to the actomyosin 
cytoskeleton by the adaptors 
α-, β- and γ-catenin and afadin 
(also known as AF6), 
respectively. Adherens 
junctions are dynamic 
structures that undergo 
continuous remodelling and 
provide cell–cell adhesion and 
signalling.

Integrin
A heterodimeric protein that 
consists of an α- and a β-chain 
that both mediate extracellular 
ligand binding and intracellular 
engagement of cytoskeletal 
and signalling proteins. 
Integrins provide adhesion and 
mechano transduction as well as 
intracellular signal transduction.

of collective migration modes, the underlying cellular 
and molecular mechanisms of collective migration all 
require cell–cell cohesion, collective cell polarization 
and co ordination of cytoskeletal activity, guidance by 
chemical and physical signals, and a collective position 
change relative to the substrate. This group behaviour 
further requires supracellular cytoskeletal organization; 
that is, the cytoskeletal dynamics is shared between 
multiple cells to function as a single unit to jointly 
generate force, migration tracks and secondary ECM 
remodelling. Last, collective movement often involves 
intimate interaction with accessory stromal cells that 
release polarity-inducing and pro-migratory factors.

Cell–cell cohesion and coupling. Cell–cell adhesion is 
mediated by adherens junction proteins, including cadherins, 
other immunoglobulin superfamily members and integrins, 
all of which directly or indirectly connect to the actin and/or  
intermediate filament cytoskeleton and thereby provide 
mechanically robust but dynamic coupling. Many migrat-
ing cell collectives are derived from, or related to, epithelia 
and thus display cadherin-based interactions, particularly 
adherens junctions27. Cadherin–cadherin binding between 
cells can be rapidly remodelled and thus allow cell sorting 
and a change in cell position in the group28,29. Homophilic 
cell–cell adhesion (that is, symmetrical adhesions com-
posed of the same components in both cell types) and 

Figure 1 | Types and variants of collective cell migration. Cell morphology and cell–cell and cell–extracellular matrix 
(ECM) adhesion in different forms of collective migration. a | A coherent epidermal monolayer moving across a 
two-dimensional ECM substrate. Actin-rich pseudopodia and lamellipodia lead the migration and follower cells  
connect through adherens junctions. Cells interact with the basement membrane, deposited previously by secretory 
vesicles, through integrins in focal contacts. b | Terminal end bud sprouting in the developing mammary gland during 
branching morphogenesis. Induced by stromal signals, the end bud extends from a duct through the protrusive movement 
of tight junction-connected luminal epithelial cells and loosely connected myoepithelial cells. After proteases released 
from the bud have locally degraded the pre-existing ECM, secondary remodelling leads to the deposition of a basement 
membrane around the duct. c | Vascular sprouting in newly forming or regenerating vessels. A tip cell with filopodial 
protrusions leads the migration and a basement membrane deposited by both endothelial calls and pericytes serves as a 
guidance track. d | Invasion of poorly differentiated multicellular masses and elongated strands in cancer. e | Border cell 
cluster consisting of mobile outer cells and two less mobile polar cells migrating along cell–cell junctions of nurse cells in 
the Drosophila melanogaster egg chamber. f | Collective invasion of detached cancer cells that are moving as a small 
cluster. F-actin, filamentous actin; MT1MMP, membrane type 1 matrix metalloproteinase (also known as MMP14);  
UPA, urokinase-type plasminogen activator.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 10 | JULY 2009 | 447

© 2009 Macmillan Publishers Limited. All rights reserved



Collective cell migration
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guidance of the group [24,108–110]. Congruently, the hap-
tokinetic path of the group is predefined in an adhesion
receptor-dependent manner by a few confined trails of least
resistance between the nurse cells of the ovary. Thereby, E-
cadherin mediates interactions within the border cell
group as well as between the border cell group and the
stationary nurse cells, which serve as an adhesion sub-
strate and guiding scaffold for haptokinetic migration of
the group. [37] Because ablation of EGFR signaling is
sufficient to compromise guidance by the leader cell and
deviate the group from its default track [111], the growth
factor signal is likely to dominate leader cell function to
prioritize one of a few available routes.

Hierarchy is further defined by the relative strength of
guidance modalities. Migration of an epithelial monolayer
that is closing a tissue defect follows the interface between
the underlying substrate and cell-free space until the gap is
closed and contact inhibition of migration overrules pro-
migratory signaling [11,30]. However, on additional expo-
sure to an electric field, electrotaxis overrides other guid-
ance principles resulting in either monolayers moving
according to the current flow and in the opposite direction
to open space or cells piling up at a barrier due to a lack of
contact inhibition of migration [102,103]. Similarly, endo-
thelial cells following a haptotactic gradient initiate mi-
gration in the opposite direction when exposed to
countercurrent and sufficiently strong fluid flow, whereas
haptotaxis dominates at low levels of shear stress [78].

In mature tissue comprising ordered collagen architec-
ture bordering functional tissue structures such as muscle
fibers, blood vessels, and nerve tracks, physical guidance
cues are likely to dominate, with fine-tuning by chemical
guidance. Such ordered tissue architecture creates pre-
existing routes permissive for passenger leukocytes or
invading tumor cell groups, which perform 2D and 3D
contact guidance along small tissue interfaces (‘tracks’)
[47,50,56,112,113]. Due to lateral space limitations in
3D environments, the topographic confinement of invading
cell groups leads to ‘jamming’ – the promotion of cell–cell
junction formation and supracellular mechanocoupling –
and thereby reinforces cell-intrinsic collective polarity and
guidance [35,114,115].

When particularly high tissue density or rigidity
impedes or even ablates collective cell movement by physi-
cal constraints, initial leader cell protrusions may initiate
proteolytic tissue remodeling, which enables and rein-
forces migration along the initial direction as well as the
branching of existing strands [49,116]. Thereby, intrinsic
leader cell polarity and primary tissue remodeling cooper-
ate to modify tissue and generate 3D haptokinetic collec-
tive guidance along the newly formed migration track
[49,117]. Such 3D tracks may undergo further widening
by lateral remodeling caused by follower cells, which rein-
forces a once-established collective route [107,114,116]. Ad-
ditionally, release or activation of chemotactic or
haptotactic guidance signals by proteolytic cleavage of
ECM and other proteins may act as a secondary cue
[118,119].

The pathways downstream of the chemical or mechani-
cal inputs discussed here share many common signaling
intermediates. For example PI3K, FAK, Src, MAPKs, Rho
GTPases, and myosin II, which are prime candidates as
major hubs for signal integration [99,101,120–122], may
all contribute to sensing, transmitting, or dampening ex-
ternal guidance signals. However, how such guidance sig-
nals feed into the overall signal transduction networks and
achieve collective cell-kinetic output remains largely unre-
solved.

Concluding remarks
The interdependence of self-organization within cell
groups and their communication with surrounding chemi-
cal, mechanical, electrical, and probably further tissue cues
represent fascinating and challenging examples of multi-
cellular signal processing and decision making in individ-
ual cells as well as the group. To accommodate this
complexity, multiparameter analysis at the intersection
of physics and life sciences will be required. Technological
trends to achieve in-context analysis of the highest-possi-
ble number of molecular and physical parameters through
integration of multiparameter imaging require mechanical
probing and the retrieval of molecular signatures from
the same environmentally controlled sample [123]. This
includes bioinformatic multiscale and meta-analysis of
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Figure 4. Collective processing of multiple guidance signals and response. (A) Cell-intrinsic interactions and directed extracellular cues act simultaneously on the cell
group. (B) Integration and prioritization of synergistic and opposing signals allows prioritization and decision making. (C) As an outcome, altered polarity, cell–cell
cooperation, and additional parameters including growth and differentiation determine persistent or altered direction or migration arrest.

Review Trends in Cell Biology September 2015, Vol. 25, No. 9
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orientation, such as a single collagen fiber or a stripe-like
ligand decorating a surface, which discourages cells to
move next to each other. For 1D migration, cells are
required to align their adhesion sites in a string-like
fashion as narrow as the ligand, resulting in well-defined,
usually chain-like movement along this single cue [53,54]
(Figure 2A and Table 1). A 2D surface, such as the plane of
a cell culture dish in vitro or basement membrane lining a
blood vessel in vivo, provides space for topographically
unrestricted spreading of adhesion sites underneath the
entire cell body and cell group, to perform 2D haptokin-
esis along the surface as a multicellular sheet. Because
the substrate provides lateral space, in contrast to 1D
migration, moving cell sheets typically exhibit lateral
turns and interspersed lateral rotational movements of
cells within the group [34,47,55] (Figure 2B and Table 1).
Collective 3D haptokinesis occurs when cell groups follow
3D topographic cues, which provide both guidance and bi-
or multilateral confinement. Examples of aligned 3D
tissue include continuous sheet-like 2D interfaces present
between muscle fibers or larger nerves and discontinuous
networks formed by ECM fibrils or cell structures, such as
neuronal filaments [50,56] (Figure 2C,D and Table 1). As
a ‘2.5D’ intermediate, a groove or angled surface (e.g.,
along the edge of a cell culture dish) provides bilateral
guidance whereby apical confinement is lacking [57,58]

(Figure 2E). Thus, in 1D, 2D, and 2.5D haptokinesis
adhesion systems guide directionality, whereas 3D guid-
ance additionally follows the path of least resistance
defined by multilateral and space-confining extracellular
structures [49].

Haptotaxis and repulsion
Whereas haptokinesis describes adhesion receptor-de-
pendent migration along an isotropic substrate, hapto-
taxis combines principles of physical and chemical
guidance by directing migration along a gradient of immo-
bilized ligand [59]. Ligand gradients can result from
different levels or distributions of ECM proteins includ-
ing collagens, fibronectin, and laminins, matrix-bound
cytokines and chemoattractants, and/or adhesion mole-
cules present on encountered cells [e.g., cadherins, cell
adhesion molecules (CAMs)] (Box 1). Cells usually orient
their migration toward increasing availability of adhe-
sion sites (Figure 2F and Table 1); however, cell move-
ment may also orient toward decreasing ligand density
depending on the cell type and adhesion receptors in-
volved [60,61].

With haptotaxis as the primary event, leader cells can
reinforce or oppose collective haptotactic guidance at four
levels: (i) sensing and responding to the guidance cue; (ii)
deposition of ECM components and de novo creation of

(A) Strain generated by leader cells
and cryp!c lamellipodia

Pushing by dividing cells(B)

Migra!on Migra!on

Leader cell
Key:

Follower cell

ECM

Forces

Ac!n
cytoskeleton

Cryp!c
lamellipodia

Cell-matrix
adhesion

Cell-cell
junc!on

Pushing force

Trac!on force

TRENDS in Cell Biology 

Figure 1. Cell-intrinsic mechanisms for collective cell guidance. Leader–follower cell polarization and force generation/transduction in a migrating cell group. (A) By
interacting with and exerting pulling forces on the extracellular matrix (ECM), leader cells generate a gradient of traction force toward the substrate and between
neighboring cells (upper panel). Follower cells may form ‘cryptic lamellipodia’ that anchor to the ECM and might contribute additional traction forces in the moving cell
collective (lower panel). (B) Cells undergoing mitosis can exert lateral pushing on neighboring cells, leading to cell displacement and eventually movement through group
expansion, which leads to both forward pushing of leader cells and rearward pushing towards follower cells.

Review Trends in Cell Biology September 2015, Vol. 25, No. 9

559
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• Intercellular contacts can be
• transient interactions that regulate collective migration of

mesenchymal cells
• stable junctions that allow epithelia and endothelia to form tissue

barriers in the body

• Cell adhesion systems resist tensile forces that would otherwise tend to
tear the tissue apart.

• As well as contributing to morphogenesis and tissue integrity,
mechanical forces at junctions may provide a mode of cell–cell
communication
• they can propagate very fast and very far



Viscoelasticity
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• On second-to-minute time-scales, most biological tissues behave as
viscoelastic solids, which signifies that they are elastic-like solids at
minute time-scales but also display viscous properties at shorter time-
scales.

• When strain rates are low, loading is quasi-static, signifying that only the
tissue’s elastic properties are solicited.

• When strain rates are high, the tissue’s viscous properties are solicited
in addition to its elastic properties, leading to additional stress. As a
result, tissues are subjected to transiently higher peak stresses when
deformed at high strain rate and adhesions must be able to withstand
this.



Viscoelasticity
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• The duration of the applied load plays a role in the final steady state.
Indeed, on minute to hour time-scales, tissues behave as viscoelastic
fluids, which can bear stresses at minute time scales but completely
dissipate stress at hour-long time scales.

• When subjected to short pulses of contractility, tissues behave as
elastic solids but, in response to longer pulses of contractility, they
behave as viscous fluids and adopt the imposed shape as their rest
shape.

Box 1. Mechanical terminology.

A

L0
L

F

Initial shape

Deformed shape in
response to normal 
stress  

B

Linear elastic material

σ

ε

C ε σ

t t

Elastic material

Viscoelastic solid

Viscoelastic liquid

Current Biology

E

Deformed shape in
response to shear stress 

∆L

L

F

Tensile force: A force that would tend to tear a tissue apart.
Compressive force: A force that would tend to make a tissue more compacted.
Strain: Strain is a measure of a material’s deformation from a reference shape. For example, in the figure (A, left and middle), the
epithelium originally has a length L0 and it is stretched to a length L by an external force acting perpendicular to its surfaces. The
strain in the direction of extension is defined as ε = (L – L0)/L0. It is known as the normal strain because the forces are acting normal
to the boundaries of the material.
Stress: Stress is ameasure of the tension exerted within amaterial. It is defined as a force per unit area. For example, the stress s at
a junction is the total force F exerted over the junction divided by its area A: s = F/A.
Shear stress: When forces are applied tangential to the material’s boundaries, they give rise to a shear stress (A, right). The shear
strain is defined as the deformation in the direction of the shear force divided by the original length perpendicular to it: g = DL/L.
Compressive/tensile stress: when forces are exerted normal to the material’s boundaries, they give rise to normal stresses
(A, middle). Stress is positive by convention if the force would tend to stretch the material. Thus, tensile stresses are positive
and compressive stresses negative.
Strain rate: The rate at which a given strain ε is applied onto a material is called the strain rate and it is defined as ε/Dt with Dt the
duration of the deformation.
Elastic material: Elastic materials are characterised by a reversible relationship between stress and strain regardless of the rate at
which strain is applied. Rubbers provide good examples of elastic materials. In linear elastic materials, stress is proportional to
strain with the Young’s modulus or elasticity E being the proportionality constant: s = E ε. The stress–strain relationship of an
elastic material is represented in (B). E is the slope of the line.
Viscoelastic material: In viscoelastic materials, the stress depends on the strain rate of the deformation. When deformations are
applied fast, stress reaches higher values than when they are applied slowly.
Viscoelastic solid: A viscoelastic solid presents viscous behaviours at short time scales but behaves as a solid at long time-scales,
meaning that it bears load. When subjected to a step strain (C, left), stress will be maximum immediately after loading (C, right).
Stress will be dissipated during a transitory period and the equilibrium stress will be non-zero. The transition between the two
behaviours occurs over a characteristic time t. If strain is applied sufficiently slowly, viscoelastic solids behave as elastic solids.

(Continued on next page)
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be studied. The function of the zonula occludens proteins of tight
junctions is regulated by tension [131] and desmosomes influ-
ence tissuemechanics [132]. Moreover, many cells bear multiple
cadherins and, while they often show degrees of redundancy,
functional differences between them are emerging. An inter-
esting example was reported for monolayer tension develop-
ment in MCF10A breast epithelial cells, where P-cadherin was
critical for the steady-state level of tension, while E-cadherin
influenced the rate of stress development [8].
Second, we need to understand how mechanical integration

within the cell affects junctions. Regions of the cortex that are
physically separate from cell–cell contacts, such as the medial-
apical domain, can be regulated separately from the junctional
cytoskeleton. Yet, they will exert forces on junctions through
cytoskeletal connections.
Third is the need to elucidate how mechanical properties at

different physical scales relate to one another, and particularly
how complex behaviours of larger scale structures emerge natu-
rally from the interactions of their microscopic components.
Finally, it should be noted that most attention has focused on

circumstances where increases in junctional tension may elicit
mechanotransductory responses. But, tension can also be
reduced, as occurs across VE-cadherin when endothelial
monolayers were exposed to fluid flow [10] and when epithelial
monolayers were treated with hepatocyte growth factor [133].
How junctional forces may be down-regulated, how these
changes may be sensed, and what their functional conse-
quences may be, have yet to be elucidated. Clearly, much re-
mains to be done.
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Figure 5. Cellular and molecular
mechanisms of stress dissipation.
In this thought experiment, a tissue is subjected to
a step deformation at time t1 and is maintained
stretched until t2 at which point the tissue is re-
turned to its initial length (A). This strain regimen
(grey line) results in a stress that peaks immedi-
ately after the deformation step [38,126] before
decaying over time (orange line). (B) Potential
mechanisms of stress dissipation at the cellular
scale. Thesemechanisms tend to occur over time-
scales of tens of minutes to hours. A cell quadru-
plet within the tissue has an initial length L0 and its
stress is low. Immediately after application of the
deformation, its length is L = L0.(1 + ε) and its
stress is high. Oriented cell division [126] and
intercalation [28] both reduce the stress in the
quadruplet by redistributing cell mass: removing it
from the direction perpendicular to the stretch and
adding it in the direction of stretch. Even though
stress is dissipated, the length L of the quadruplet
remains the same as long as deformation is
maintained. When the tissue is returned to its initial
length, the length of the quadruplet Lf is larger than
the initial length L0. However, the quadruplet’s
width has decreased in the direction perpendic-
ular to stretch. (C) Potential mechanism of stress
dissipation at the molecular scale. These mecha-
nisms tend to take place at tens of seconds to
minute time-scales. At the molecular level, the
cytoskeleton in the junction is a membrane asso-
ciated network of F-actin (orange lines), myosins

(light green circles), and crosslinkers (light green circles). Following extension, the actomyosin network is under-stress and its length is L = L0.(1 + ε). Over time,
turnover of the proteins composing the cytoskeletal network dissipates stress by remodelling the junctional network (new actin filaments are shown in brown and
newly bound crosslinkers/myosins in dark grey) such that it adopts the length imposed by the deformation. Even though remodelling dissipates stress, the length
L of the quadruplet remains constant. When the tissue is returned to its initial length, the length of the quadruplet Lf is larger than the initial length L0 and the
organisation of the network has changed substantially compared to its initial configuration.
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tension sensor experiments that could not be revealed by other, maybe simpler methods [11]? In
the following sections, we discuss how calibrated tension sensors have been utilized to study
several mechanobiological research questions that were inaccessible to other technologies
before, and we describe how such experiments have revealed rather surprising insights, for
example into the spatiotemporal dynamics of molecular forces, that challenge our current
understanding of molecular force transduction in cells.

unambiguously assigned to a
mechanical force.
Loading-rate insensitivity: the
extension or unfolding of proteins
often depends on the velocity with
which mechanical forces are applied.
Tension sensor modules should use
mechanosensitive linker elements that
are insensitive to this loading rate
because it is currently unknown how
fast mechanical forces are applied
within distinct subcellular structures.
Reversibility: tension sensor module
reversibility indicates that the probe
quickly returns to its unstretched
state and maximal FRET efficiency
after force subsides. This process
should be significantly faster than the
observed molecular processes,
ideally in the range of ms to ms.

Box 1. Calibrating the Tension Sensor Module by Single-Molecule Force Spectroscopy

It is essential to evaluate the force sensitivity and the folding/unfolding dynamics of newly developed tension sensor
modules before use. Single-molecule force spectroscopy is currently the only method that provides information on pN
sensitivity, reversibility, loading-rate sensitivity, and hysteresis of a tension sensor module (Figure I).

To perform the calibration of a full-length tension sensor module including donor and acceptor fluorophore, the protein is
purified from the cytoplasm of cells and attached via terminal cysteines and DNA strands to two microbeads. Two
focused laser beams allow the application of pN forces with different loading rates and thereby highly sensitive force/
extension–relaxation measurements. The observed protein extensions can be correlated to the expected Förster
resonance energy transfer (FRET) efficiency changes. Reversibility, loading rate sensitivity, as well as the hysteresis
of individual molecules are immediately apparent.
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Figure I. Schematic Illustration of A Single-Molecule Force Spectroscopy-Based Calibration of A Repre-
sentative Tension Sensor Module. The purified tension sensor module containing donor and acceptor fluorophores
as well as the mechanosensitive linker peptide is attached to two microbeads; a dual optical tweezer setup is used to
apply piconewton (pN) forces. The resulting force–extension correlations can be used to calculate the force–FRET
response.

Box 2. Evaluating FRET-Based Tension Sensor Functionality

The insertion of a tension sensor module into the protein of interest may affect the function of the target molecule and also
the properties of the tension sensor module itself. Thus, it is important to evaluate the properties of the tension sensor-
containing protein as well as the integrated tension sensor module. Protein functionality is ideally tested in cell lines or
animals genetically depleted of the endogenous target protein. Reconstitution with the wild-type or the tension sensor
protein allows the evaluation of subcellular localization and protein dynamics at physiological expression levels. To test
whether the photophysical properties of donor and acceptor fluorophore are affected, their emission and absorption
spectra as well as their fluorescence lifetime can be determined.

Additional control constructs are needed to confirm that observed changes in Förster resonance energy transfer (FRET)
efficiency are indeed caused by mechanical tension. A control, in which the tension sensor module is N- or C-terminally
fused to the protein of interest, is useful because it localizes to the same subcellular structure as the targeted molecule
and provides a zero-force FRET efficiency value. Effects of intermolecular FRET (i.e., energy transfer between neighboring
proteins) can be estimated by co-expressing two constructs containing only one functional donor or acceptor
fluorophore. Effects of protein conformation on FRET efficiency changes are more difficult to control and depend on
the target molecule. However, tension sensor modules with distinct force sensitivities can be compared to test whether
the observed differences are conformation or tension dependent.

840 Trends in Cell Biology, November 2016, Vol. 26, No. 11

• Förster resonance energy transfer (FRET): radiation-free energy transfer from a 
fluorescent donor to an acceptor molecule

• Two fluorophores undergoing efficient energy transfer are connected by a spring-
like linker peptide that stretches or unfolds in response to mechanical forces. 

• The increase in fluorophore separation distance leads to a decrease in energy 
transfer rates so that mechanical tension can be determined by measuring FRET
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• Requirements for precise force measurements
• the linker peptide has to respond to very small forces, such as those 

experienced by individual molecules in cells (pN force sensitivity)
• the sensor element must quickly return to its original conformation once 

forces decrease (reversibility)
• the peptide unfolding should be insensitive to the velocity at which mechanical 

force is applied (loading-rate insensitivity)
• the linker must display similar stretch/relaxation transitions (absence of 

hysteresis)
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Mechanics of Cell Adhesion: Context Dependency of Force Propagation
Cell adhesion to the extracellular matrix (ECM) is mainly mediated by subcellular structures called
FAs, which usually grow when forces are high and disassemble when forces are low [7,24]
(Figure 1, Key Figure). FAs have been extensively studied over the past three decades [7,25], but
it has been difficult to determine the mechanisms underlying their mechanosensitivity because
integrin receptors, which are at the core of these adhesion complexes, do not directly bind to the
actomyosin network, but instead recruit numerous cytoplasmic molecules that mediate the
binding to filamentous (f)-actin stress fibers [26,27]. Since FAs are also highly dynamic and
undergo constant turnover, it was unclear which adapter molecules bear cell adhesion forces

Key Figure

Schematic Representation of Subcellular Tension Sensor
Measurements

Cadherin

α-cateninβ-catenin

Vinculin

f-ac!n

Plasma membrane

Cell–cell adhesion

Spectrin

Transmembrane anchors

Spectrin cortex

Integrin
Plasma membrane

Extracellular matrix
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f-ac!n

Cell–matrix
adhesion

MT

DNA

CCAN/inner
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Figure 1. Genetically encoded tension sensor modules have been integrated into a range of proteins to study molecular
force transduction in various subcellular compartments, such as intercellular junctions, cell–matrix adhesions, the spectrin
cortex, and kinetochores. To evaluate molecular mechanics in cell–cell junctions (blue), tension sensors have been
introduced into E-cadherin, VE-cadherin, and vinculin. Force propagation in cell–matrix adhesions (red) has been evaluated
by vinculin and talin tension sensors. While the mechanisms of vinculin force transduction appear to be complex and highly
context dependent, talin linkages are essential for the mechanical connection of integrins with the f-actin cytoskeleton and
extracellular rigidity sensing. Tension sensor experiment at the cell cortex (green) revealed that spectrin bears constitutive
tension in distinct neurons of Caenorhabditis elegans, which is critical for touch sensation. A recent study in yeast suggested
that mechanical forces during mitosis (orange) can be measured by targeting Ndc80, an evolutionary conserved molecule
which connects chromosomes with microtubules during cell division.

Trends in Cell Biology, November 2016, Vol. 26, No. 11 841

• E-cadherin, VE-cadherin, and vinculin

• F40 was derived from spider silk protein
• Sensitive to forces of about 1-6 pN
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• Vinculin connects integrins to actin filaments
• Tension across vinculin in stable focal adhesions 2.5 pN
• High force leads to adhesion assembly and enlargement

LETTERS

Measuring mechanical tension across vinculin reveals
regulation of focal adhesion dynamics
Carsten Grashoff1,2*, Brenton D. Hoffman1,2*, Michael D. Brenner3,4, Ruobo Zhou3, Maddy Parsons5,
Michael T. Yang6, Mark A. McLean7, Stephen G. Sligar7, Christopher S. Chen6, Taekjip Ha3,4,8

& Martin A. Schwartz1,2,9

Mechanical forces are central to developmental, physiological and
pathological processes1. However, limited understanding of force
transmission within sub-cellular structures is a major obstacle to
unravelling molecular mechanisms. Here we describe the develop-
ment of a calibrated biosensor that measures forces across specific
proteins in cells with piconewton (pN) sensitivity, as demonstrated
by single molecule fluorescence force spectroscopy2. The method is
applied to vinculin, a protein that connects integrins to actin fila-
ments and whose recruitment to focal adhesions (FAs) is force-
dependent3. We show that tension across vinculin in stable FAs is

2.5 pN and that vinculin recruitment to FAs and force transmis-
sion across vinculin are regulated separately. Highest tension
across vinculin is associated with adhesion assembly and enlarge-
ment. Conversely, vinculin is under low force in disassembling or
sliding FAs at the trailing edge of migrating cells. Furthermore,
vinculin is required for stabilizing adhesions under force.
Together, these data reveal that FA stabilization under force
requires both vinculin recruitment and force transmission, and
that, surprisingly, these processes can be controlled independently.

Focal adhesions (FAs) are complex intracellular linkages between
integrins and the F-actin cytoskeleton that both transmit and
respond to mechanical forces. FAs show complex mechanosensitivity
such that they form or enlarge when force increases, and shrink or
disassemble when force decreases3. However, mechanical forces can
also induce FA disassembly, including sliding, a form of controlled
disassembly4. In the absence of a method to measure forces across
proteins in cells, these distinct processes have been difficult to elu-
cidate and are poorly understood.

Vinculin is an intracellular FA protein comprised of a head domain
(Vh) and a tail domain (Vt) separated by a flexible linker5. Binding of
Vh to talin recruits vinculin to FAs, whereas Vt binds to F-actin and
paxillin6. Interestingly, vinculin seems intimately linked to FA
mechanosensitivity. Its recruitment to FAs is regulated by externally
or internally generated mechanical forces7,8; vinculin-deficient cells
display impaired cell spreading and cell migration, are less stiff than
normal cells and exert lower traction forces9–11. Furthermore, vincu-
lin seems to be a key element in the molecular ‘clutch’ that links the
actin cytoskeleton and extracellular matrix12, and colocalizes with
areas of high force during leading edge protrusion13. These and other
data have led to the concept of adhesion strengthening, in which
adhesions under force recruit additional vinculin and enlarge to keep
force per area constant14,15. However, where and when forces across

vinculin occur on the sub-cellular level is unknown. Indeed, direct
evidence that vinculin bears mechanical force is absent. Estimates
from traction force microscopy suggest that tension across molecules
in FAs is in the piconewton range14,16, a factor of 10–50 below the
resolution of existing methods to measure forces across proteins
within cells17. We therefore developed a genetically encoded vinculin
tension sensor with single piconewton sensitivity for use in living
cells.

We designed a tension sensor module (TSMod) in which a
40-amino-acid-long elastic domain was inserted between two fluor-
ophores (mTFP1 and venus(A206K)) that undergo efficient fluor-
escence resonance energy transfer (FRET) (Fig. 1a)18. The elastic
domain was derived from the spider silk protein flagelliform, which
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Figure 1 | Vinculin tension sensor (VinTS) constructs. a, The tension
sensor module (TSMod) consists of two fluorophores separated by a
flagelliform linker sequence (GPGGA)8. b, When force across TSMod
extends the elastic linker, FRET efficiency decreases (f, force). c, The vinculin
tension sensor (VinTS) consists of TSMod inserted after amino acid 883 of
vinculin. d, Vinculin–venus control (VinV). e, Vinculin tail-less control
(VinTL). f, Localization of VinTS and VinV in vinculin2/2 cells. Scale bar,
20 mm. g, Normalized average fluorescence recovery rates of VinTS (open
circles, n 5 10) and VinV (closed circles, n 5 8). Error bars represent
standard error of the mean (s.e.m.). (Recovery half-time VinTS: 87.6 6 6.6 s,
VinV: 68.3 6 13.1 s; mean 6 s.e.m., P 5 0.205).
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Mechanical forces are central to developmental, physiological and
pathological processes1. However, limited understanding of force
transmission within sub-cellular structures is a major obstacle to
unravelling molecular mechanisms. Here we describe the develop-
ment of a calibrated biosensor that measures forces across specific
proteins in cells with piconewton (pN) sensitivity, as demonstrated
by single molecule fluorescence force spectroscopy2. The method is
applied to vinculin, a protein that connects integrins to actin fila-
ments and whose recruitment to focal adhesions (FAs) is force-
dependent3. We show that tension across vinculin in stable FAs is

2.5 pN and that vinculin recruitment to FAs and force transmis-
sion across vinculin are regulated separately. Highest tension
across vinculin is associated with adhesion assembly and enlarge-
ment. Conversely, vinculin is under low force in disassembling or
sliding FAs at the trailing edge of migrating cells. Furthermore,
vinculin is required for stabilizing adhesions under force.
Together, these data reveal that FA stabilization under force
requires both vinculin recruitment and force transmission, and
that, surprisingly, these processes can be controlled independently.

Focal adhesions (FAs) are complex intracellular linkages between
integrins and the F-actin cytoskeleton that both transmit and
respond to mechanical forces. FAs show complex mechanosensitivity
such that they form or enlarge when force increases, and shrink or
disassemble when force decreases3. However, mechanical forces can
also induce FA disassembly, including sliding, a form of controlled
disassembly4. In the absence of a method to measure forces across
proteins in cells, these distinct processes have been difficult to elu-
cidate and are poorly understood.

Vinculin is an intracellular FA protein comprised of a head domain
(Vh) and a tail domain (Vt) separated by a flexible linker5. Binding of
Vh to talin recruits vinculin to FAs, whereas Vt binds to F-actin and
paxillin6. Interestingly, vinculin seems intimately linked to FA
mechanosensitivity. Its recruitment to FAs is regulated by externally
or internally generated mechanical forces7,8; vinculin-deficient cells
display impaired cell spreading and cell migration, are less stiff than
normal cells and exert lower traction forces9–11. Furthermore, vincu-
lin seems to be a key element in the molecular ‘clutch’ that links the
actin cytoskeleton and extracellular matrix12, and colocalizes with
areas of high force during leading edge protrusion13. These and other
data have led to the concept of adhesion strengthening, in which
adhesions under force recruit additional vinculin and enlarge to keep
force per area constant14,15. However, where and when forces across

vinculin occur on the sub-cellular level is unknown. Indeed, direct
evidence that vinculin bears mechanical force is absent. Estimates
from traction force microscopy suggest that tension across molecules
in FAs is in the piconewton range14,16, a factor of 10–50 below the
resolution of existing methods to measure forces across proteins
within cells17. We therefore developed a genetically encoded vinculin
tension sensor with single piconewton sensitivity for use in living
cells.

We designed a tension sensor module (TSMod) in which a
40-amino-acid-long elastic domain was inserted between two fluor-
ophores (mTFP1 and venus(A206K)) that undergo efficient fluor-
escence resonance energy transfer (FRET) (Fig. 1a)18. The elastic
domain was derived from the spider silk protein flagelliform, which
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Figure 1 | Vinculin tension sensor (VinTS) constructs. a, The tension
sensor module (TSMod) consists of two fluorophores separated by a
flagelliform linker sequence (GPGGA)8. b, When force across TSMod
extends the elastic linker, FRET efficiency decreases (f, force). c, The vinculin
tension sensor (VinTS) consists of TSMod inserted after amino acid 883 of
vinculin. d, Vinculin–venus control (VinV). e, Vinculin tail-less control
(VinTL). f, Localization of VinTS and VinV in vinculin2/2 cells. Scale bar,
20 mm. g, Normalized average fluorescence recovery rates of VinTS (open
circles, n 5 10) and VinV (closed circles, n 5 8). Error bars represent
standard error of the mean (s.e.m.). (Recovery half-time VinTS: 87.6 6 6.6 s,
VinV: 68.3 6 13.1 s; mean 6 s.e.m., P 5 0.205).
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is composed of repetitive amino-acid motifs that form entropic
nanosprings suitable for measuring piconewton forces19. Since
FRET is highly sensitive to the distance between the fluorophores,
FRET efficiency should decrease under tension (Fig. 1b). The vincu-
lin tension sensor contains the sensor module between the Vh and Vt
domain of vinculin after amino acid 883 (VinTS, Fig. 1c). Controls
include a carboxy-terminally tagged vinculin–venus (VinV, Fig. 1d)
and a tail-less mutant, which cannot bind F-actin or paxillin (VinTL,
Fig. 1e). Thus, tension cannot be applied to the VinTL construct.

In transiently transfected vinculin2/2 cells, VinTS was properly
recruited to FAs. FA shape and size, and F-actin organization were
indistinguishable from cells expressing VinV (Fig. 1f and Supplemen-
tary Fig. 1a, b, e). Cells expressing VinTL had significantly enlarged
FAs, consistent with previous studies20 (Supplementary Fig. 1c, e).
TSMod localized to the cytoplasm and the nucleus (Supplementary
Fig. 1d). All constructs produced stable proteins with the expected
molecular size (Supplementary Fig. 2a). Expression of VinTS in vin-
culin2/2 cells was comparable to the level of endogenous vinculin in
murine embryonic fibroblasts (MEFs) or bovine aortic endothelial
cells (BAECs) (Supplementary Fig. 2b).

Next, we probed the activation state of VinTS. In solution, binding
of Vh to Vt induces a closed, auto-inhibited conformation that does
not bind F-actin. However, F-actin and the bacterial protein IpaA bind
cooperatively to vinculin to induce its activation21. High-speed cent-
rifugation of hypotonic cell lysates from cells expressing VinTS or
VinV to sediment F-actin co-sedimented only a small amount of either
vinculin construct, even when actin was supplemented. Addition of
IpaA alone modestly increased sedimentation, presumably due to vin-
culin binding to endogenous actin in cell lysates. IpaA and actin
together induced nearly complete sedimentation of both vinculin con-
structs (Supplementary Fig. 2c). Furthermore, fluorescence recovery
after photobleaching (FRAP) in live cells showed that recovery rates in
FAs were similar between VinTS and VinV, indicating normal vinculin
dynamics22 (Fig. 1g). Thus, insertion of TSMod does not significantly
affect vinculin’s localization to FAs, its activation state, actin binding,
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We next tested for two potential confounding factors, intermolecular
FRET and effects of vinculin conformation on FRET (FRET metrics
are explained in Supplementary Note 2). When cells were transfected
with both vinculin–mTFP1 and vinculin–venus(A206K) (fluorophore
insertion after amino acid 883), the FRET index in FAs was very low
compared to cells expressing VinTS, indicating that intermolecular
FRET is negligible (Supplementary Fig. 3a–c). To examine effects of
conformational changes during vinculin activation, we used IpaA and
actin to activate vinculin. As a positive control, we generated a mTFP1–
venus(A206K) version of a previously described vinculin conformation
FRET probe21 (VinCS, Supplementary Fig. 3d). Spectrofluorometric
analysis of hypotonic cell lysates containing these constructs showed
that, as expected, adding neither actin nor IpaA alone affected FRET
efficiency of VinCS, whereas IpaA plus actin decreased FRET efficiency.
In contrast, VinTS showed no change in FRET efficiency under iden-
tical conditions (Supplementary Fig. 3e). Thus, vinculin’s conforma-
tional changes do not affect FRET efficiency of VinTS.

To evaluate responses to cellular forces, vinculin2/2 cells expres-
sing VinTS or VinTL were seeded on fibronectin- or poly-L-lysine-
coated coverslips. Cells on fibronectin rapidly spread and formed
FAs, whereas cells on poly-L-lysine remained round, with the con-
structs diffusely distributed in the cytoplasm. FRET was high for both
constructs on poly-L-lysine (Fig. 2a). Spectrofluorometry of hypo-
tonic cell lysates, another zero-force state, also showed no difference
between VinTS, VinTL and TSMod in solution (Fig. 2b). In contrast,
VinTS, but not VinTL, displayed reduced FRET index in FAs on fibro-
nectin, indicating increased mechanical tension (Fig. 2a). These results
were confirmed by fluorescence lifetime microscopy (FLIM)23. In
adherent cells, VinTS had significantly longer lifetimes (corresponding
to lower FRET efficiency, see Supplementary Note 2). Lifetimes were

also distributed over a much wider range than VinTL, indicating that
individual molecules are subject to a range of forces (Fig. 2c, d).

To calibrate the tension sensor, we used single-molecule fluor-
escence force spectroscopy, which combines confocal scanning fluor-
escence microscopy with optical tweezers2. Because fluorescent
proteins’ low photostability precludes single-molecule FRET mea-
surements, we generated a version of TSMod using the organic fluor-
ophores Cy3 and Cy5 (TSModCy, Supplementary Fig. 4a). The
flagelliform linker (F40) was connected to a polymer-coated glass
surface via 18 base pair long double-stranded (ds) DNA and to a
microsphere held in tweezers through ,50 kilobase dsDNA. DNA
tethers presented the fluorophores in close proximity to terminal
cysteine residues of F40, allowing estimation of the linker end-to-
end distance as a function of force from FRET measurements
(Supplementary Fig. 4a). Changes in FRET efficiency over multiple
force cycles showed that TSModCy reached conformational equilib-
rium rapidly and displayed no hysteresis, indicating reversibility
(Fig. 2e–g). The zero-force FRET efficiency of ,50% determined
separately (Fig. 2h) matched the FRET value at the lowest force
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Cell clusters as active nematics
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• Liquid crystals are made up of anisotropic molecules
• Flow like particles in liquid but can orient in a crystal-like way
• Long range orientation order
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ACTIVE NEMATICS

Living proof of e!ective defects
A class of biological matter including elongated cells and filaments can be understood in the framework of active 
nematic liquid crystals. Within these systems, topological defects emerge and give rise to remarkable collective 
behaviours.

M.-A. Fardin and B. Ladoux

Multidisciplinary research often 
resembles the parable of the blind 
men and the elephant: there’s 

a lot of stumbling in the dark, trying to 
distinguish a tusk from a tail. When the 
blind men are biologists, chemists, physicists 
and engineers, each person brings a different 
perspective on the elephant in the room, 
which may be a single cell, an organism 
or even a population. It’s impractical to 
expect everyone to speak the same scientific 
language, so instead one must identify and 
translate the most important concepts. By 
interpreting the ideas of non-equilibrium 
physics in terms of the active properties 
of a biological system, physicists have 
shown that these properties lead to the 
emergence of non-intuitive collective 
behaviours that play key roles in cell shape 
changes, cell migration and invasion1. Now, 
writing in Nature Physics, three different 
studies demonstrate that a similar physical 
framework based on active nematics can 
be used to understand diverse biological 
systems — from the way that actin fibres 
are organized during morphogenesis2 to the 
collective dynamics of bacteria3,4.

Active nematics form a well-studied 
class of material made up of elongated 
particles such as cytoskeleton filaments5, 
but also bacteria and cells in a tissue6,7. 
Like passive nematic liquid crystals, the 
local orientation of active nematics can 
fluctuate, but on average, it points along a 
direction described as the ‘director’. In the 
passive case, small distortions usually relax 
back to the long-range orientational order 
minimizing its free energy. But topological 
defects, or singularities in the orientation 
field, can be generated through boundary 
conditions or externally applied fields. Like 
phonons in crystals, which are crucial to the 
understanding of the propagation of sound 
or heat, topological defects illustrate the 
emergence of mesoscopic structures that are 
smaller than the whole system, but larger 
than its microscopic constituents.

Topological defects are everywhere — 
they are literally at the tips of your fingers 
(Fig. 1a). In 1965, Lionel Penrose classified 
the patterns on one’s fingerprints and palm 

as either comet-like or trefoil-like8. Using 
topological arguments, Penrose showed 
that the number of defects was connected 
to the number of fingers. Such topological 
relationships are now usually expressed 
in terms of the ‘charges’ associated with 

different defect types. For a two-dimensional 
nematic liquid crystal, comet-like and 
trefoil-like defects are associated with 
charges of +1/2 and −1/2, respectively. 
Integer (±1) defects can also be observed 
(Fig. 1b). Topological charge is the change 
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Defect interaction

2 × (+1/2) = +1

Defect motion

Friction anisotropy

+1 defect on a sphere
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Fig. 1 | Topological defects in living systems. a, Topological defects can be seen at the tips of the fingers 
or on the palm. b, Orientation and director field, n, of a nematic liquid crystal. Typical director fields near 
the topological defects in a two-dimensional nematic liquid crystal can be classified according to the 
value of the integral of the director field along an imaginary loop enclosing the defect: m = +1, m = +1/2  
and m = +1/2. c, Example of +1 topological defect on a sphere as shown in Hydra2. d, Defect–defect 
interaction through defect motion leading to the formation of +1 defect in Hydra and bacterial colonies2,3. 
e, Friction anisotropy and defect motion. Cells at the back aligned parallel to the flow experience less 
friction than cells at the front4.
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Figure 1 | Orientation field in a NIH 3T3 monolayer. a, Phase contrast image 40 h post-confluence. b, Line integral convolution (LIC) representation
showing the field lines of the orientation field. Defects are outlined with coloured circles (−1/2= cyan,+1/2= orange). c, Complex velocity flows
developing in the monolayer in the vicinity of the+1/2 defects. d, The r.m.s. velocity decreases with time until reaching very low values (red curve, coloured
area is the standard deviation, N= 17). At the same time, the velocity correlation length ξvv increases (green curves).

by a directed motion with their ‘comet tail’ forward (Fig. 2c), which
is the signature of an active contractile system23,24. In contractile
systems, pairs of defects can in principle be created via a splay
instability25,27. However, in practice, we did not observe the creation
of defects in our experiments; their high number at confluence
resulted from local ordering at the isotropic–nematic transition1,28.
This observation suggests that the system is dominated by a large
cell–substrate friction21, which is consistent with our estimate of
the hydrodynamic screening length of approximately one cell size
(Supplementary Note 1).

This active migration of the +1/2 defects was accompanied by
large-scale collective displacements around the defect itself in the
monolayer (Fig. 1c). Since the system is dominated by friction,
these flows are attributed to the gradients of active stress. The
situation is therefore different from other active nematic systems
characterized by a high activity and a low friction, and resulting
in more unstable systems exhibiting complex chaotic flows and the
creation of many defects4,5.

Very interestingly, the directed movement of the +1/2 defects
took place along lines of ‘kinks’ that separated perfectly ordered
domains (Supplementary Fig. 3). Similar lines have previously
been observed in numerical simulations for nematics in a
regime dominated by friction25,29. The local order parameter

therefore mirrors an effective energy landscape where the
lines of kinks correspond to valleys confining the migration of
the disclinations.

The microscopic origin of the decrease in the number of
defects could be traced to pairwise annihilations between defects
of opposite topological charges (Supplementary Fig. 4A)10. When
+1/2 and −1/2 defects came closer than typically 150 µm, they
moved towards each other with symmetrical trajectories until they
merged and annihilated at time ta. Their separation d close to
their annihilation point was compatible with a law d ∝ √

ta − t
(Supplementary Fig. 4B), as predicted in the case where activity
is secondary to pairwise topological attraction22–24,30. Of note, the
ratio of the cell–substrate friction to the activity defines a time
τ ∼ 1 − 10 h (Supplementary Note 1) that compares well with
the experimentally measured annihilation time of 4 h for defects
initially separated by 150 µm (Supplementary Fig. 4B).

To model our system, we relied on liquid crystal theory. Dealing
with a two-dimensional nematic system, and using the classical
one-constant approximation, the Frank–Oseen elastic free energy
F reads:

F= K
2

∫

FOV
|∇n|2dxdy= K

2

∫

FOV

[(dϕ
dx

)2

+
(dϕ
dy

)2
]

dxdy (1)
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To test our theory, we obtained stress gradients within mounds 
from volume changes of cell nuclei37,38 (Methods) and found them 
to match our theoretical results (Fig. 4g). In the centre of the 

mounds, both density and compressive stresses increased with 
time (Fig. 4e,g). We found that in the absence of orientational 
order, the experimental density and stress profiles cannot be 
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that most of the stresses contributing to pillar compression in 
mounds were independent of actin or multicellular rings (Fig. 5d,e 
and Supplementary Note 6).

Finally, to better evidence stress gradients, we positioned pillars 
off centre (Fig. 5f). After the formation of mounds, these pillars 
appeared strongly bent towards the confinement centres (Fig. 5g,h 
and Extended Data Fig. 7h–i). These deformations are qualitatively 
captured by the theory of elastic rods subjected to stress gradients as 
generated by our cellular mounds (Supplementary Note 7).

Integer topological defects in mounds localize 
differentiation of myoblasts
Further evolution of mounds depended on whether myoblasts 
could differentiate or not. In the first case, myoblasts differentiated 
and fused into globular multinucleated structures that expressed 
the muscle-specific protein myosin heavy chain (MyHC) (Fig. 6a 
and Extended Data Fig. 8a). These differentiated syncytia localized  

preferentially at the centre of mounds, suggesting that the com-
pressive stress patterns generated by integer defects in mounds 
can localize differentiation (Fig. 6a, right panel and Extended Data  
Fig. 8b). When differentiation was biochemically induced by serum 
deprivation, myotubes exhibited a broader spatial distribution in 
spite of a similar distribution of mechanical stress (Extended Data 
Fig. 8c–e and Methods). Besides, in this case, myotubes mainly pre-
sented canonical elongated morphologies (Extended Data Fig. 8c). 
These findings indicate that biochemical signalling is a stronger 
trigger of differentiation than mechanical cues. However, it does not 
lead to spatially patterned differentiation and thus further supports 
the importance of mechanics for localizing differentiation.

Cellular protrusions organized by integer topological defects
During morphogenesis, however, proliferating cells usually do not 
differentiate41. Accordingly, we sought to inhibit differentiation 
to promote further proliferation of mounds and study their 3D 
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that most of the stresses contributing to pillar compression in 
mounds were independent of actin or multicellular rings (Fig. 5d,e 
and Supplementary Note 6).
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off centre (Fig. 5f). After the formation of mounds, these pillars 
appeared strongly bent towards the confinement centres (Fig. 5g,h 
and Extended Data Fig. 7h–i). These deformations are qualitatively 
captured by the theory of elastic rods subjected to stress gradients as 
generated by our cellular mounds (Supplementary Note 7).
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Further evolution of mounds depended on whether myoblasts 
could differentiate or not. In the first case, myoblasts differentiated 
and fused into globular multinucleated structures that expressed 
the muscle-specific protein myosin heavy chain (MyHC) (Fig. 6a 
and Extended Data Fig. 8a). These differentiated syncytia localized  

preferentially at the centre of mounds, suggesting that the com-
pressive stress patterns generated by integer defects in mounds 
can localize differentiation (Fig. 6a, right panel and Extended Data  
Fig. 8b). When differentiation was biochemically induced by serum 
deprivation, myotubes exhibited a broader spatial distribution in 
spite of a similar distribution of mechanical stress (Extended Data 
Fig. 8c–e and Methods). Besides, in this case, myotubes mainly pre-
sented canonical elongated morphologies (Extended Data Fig. 8c). 
These findings indicate that biochemical signalling is a stronger 
trigger of differentiation than mechanical cues. However, it does not 
lead to spatially patterned differentiation and thus further supports 
the importance of mechanics for localizing differentiation.
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shape evolution. As previously observed42, C2C12 cells cultured 
at high-passage numbers were unable to differentiate (Extended 
Data Fig. 9a). In this case, cellular mounds grew further in height, 
forming cylindrical protrusions up to hundreds of micrometres 
(Fig. 6b and Extended Data Figs. 9b and 10a).

The stability of these large multicellular structures was strictly 
dependent on confinement as degradation of the surrounding  

non-adhesive coating induced the protrusions to collapse 
(Supplementary Video 10). Other confinement geometries, namely 
squares and triangles, topologically equivalent to a disc, also led to 
the growth of cylindrical protrusions (Fig. 6c). After 6 days, larger 
confinement sizes also led to the formation of mounds, which were 
flatter for bigger confinements and organized around integer topo-
logical defects (Extended Data Fig. 10b–d). Furthermore, in our 
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Tissue-level Forces
Forces acting at the tissue level have been best characterized in
epithelia (Figure 1A). Stresses in vivo have primarily been studied
using laser ablation techniques where tensile stresses were re-
vealed by the rapid opening of wound edges following cutting
[16–20]. More recently, analyses of the spatial pattern of junc-
tional morphology using Bayesian inference techniques have
also reported predominantly tensile stresses within epithelial
tissues [21–23]. In vitro, stress distributions in epithelial mono-
layers can be inferred from traction force microscopy measure-
ments [24,25] and here, again, stresses are generally tensile.

As noted above, tensile stresses on tissues may arise from
intrinsic or extrinsic sources. In early embryonic epithelia where
little or no ECM is present, stresses generated by actomyosin
contraction of the cells in one tissue are transmitted over long
ranges via intercellular adhesions to other tissues. Thus, intrinsic
tension generated in some embryonic tissues acts as an extrinsic
stress on other tissues. For example, in theDrosophilawing disk,
contraction of the wing hinge applies tension on the wing blade
[26,27]. During dorsal extension, stresses exerted by the invagi-
natingdorsalmidgutplay a role in orienting junction elongation af-
ter intercalation [28]. During epiboly in zebrafish, an actin belt in
the yolk cell applies tension on the enveloping layer [29].

When a stiff ECM is present, however, spatial stress dis-
tributions vary more rapidly [24,30,31], indicating that stress

Ftissue = σ.(h.ltissue)

fcell =  σ.(h.lcell)

fmolecular = fcell/NAJ
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Figure 1. Hierarchical loading of tissues,
cell junctions, and adhesion complexes.
(A) At the tissue level, a force Ftissue applied onto
a tissue of width ltissue and height h will lead to the
emergence of a stress s = Ftissue/(h.ltissue). This
stress can also be computed from the strain ε in the
tissue and its elastic modulus E: s = E.ε, if these
parameters are known. (B) As experimental work
suggests that stress and strain are homogenous
within tissues [38,126], the stress on a junction
should be the same as the stress in the tissue.
Therefore, we can compute the force applied onto
this junction as fcell = s(h.lcell). (C) If the number of
adhesive complexes Nadherens junction in an inter-
cellular junction is known, then the force on a single
adhesive complex is fmolecular = fcell/Nadherens junction.
E-cadherin is shown in light green,a- andb-catenin
in dark green and the cell membrane in purple.

transmission operates over shorter
ranges (!5–10 cell diameters) [31–33].
Interestingly, recent work examining tis-
sues on ECM revealed that they can
transmit long-range stresses on hour-
long time-scales [31,33]. The origin of
such long-range transmission is not fully
understood and it likely involves complex
processes operating on second-to-min-
ute time scales. These may involve multi-
ple cellular-scale phenomena such as
cellular contraction, mechanotransduc-
tory responses, and contact inhibition.
Later in life, extrinsic loads arise from
systemic functions (such as respiration,
digestion, or pulsatile fluid flow) and

from loads due to interaction with the outside world, in addition
to contractions intrinsic to the tissue.
It is important tonote that the rate atwhich tissuesaredeformed

(the strain rate; see Box 1) influences the peak stresses to which
cells are subjected. In embryonic epithelia, strain rates are
low (!0.04% per second during Drosophila germ band exten-
sion [34]), whereas in adult tissues, strain rates can be very high
(>10% per second [35–37]). On second-to-minute time-scales,
most biological tissues behave as viscoelastic solids, which sig-
nifies that they are elastic-like solids at minute time-scales but
also display viscous properties at shorter time-scales (Box 1).
When strain rates are low, loading is quasi-static, signifying that
only the tissue’s elastic properties are solicited. In contrast,
when strain rates are high, the tissue’s viscousproperties are soli-
cited in addition to its elastic properties, leading to additional
stress. As a result, tissues are subjected to transiently higher
peak stresses when deformed at high strain rate and adhesions
must beable towithstand this. Thedurationof suchpeakstresses
is complex to evaluate in vivo but in vitro measurements on cell
monolayers show that they last on the order of a minute [38,39].
Adding further complexity, the duration of the applied load

plays a role in the final steady state. Indeed, on minute to hour
time-scales, tissues behave as viscoelastic fluids, which can
bear stresses at minute time scales but completely dissipate
stress at hour-long time scales (Box 1). When subjected to short
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contraction of the cells in one tissue are transmitted over long
ranges via intercellular adhesions to other tissues. Thus, intrinsic
tension generated in some embryonic tissues acts as an extrinsic
stress on other tissues. For example, in theDrosophilawing disk,
contraction of the wing hinge applies tension on the wing blade
[26,27]. During dorsal extension, stresses exerted by the invagi-
natingdorsalmidgutplay a role in orienting junction elongation af-
ter intercalation [28]. During epiboly in zebrafish, an actin belt in
the yolk cell applies tension on the enveloping layer [29].

When a stiff ECM is present, however, spatial stress dis-
tributions vary more rapidly [24,30,31], indicating that stress
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Figure 1. Hierarchical loading of tissues,
cell junctions, and adhesion complexes.
(A) At the tissue level, a force Ftissue applied onto
a tissue of width ltissue and height h will lead to the
emergence of a stress s = Ftissue/(h.ltissue). This
stress can also be computed from the strain ε in the
tissue and its elastic modulus E: s = E.ε, if these
parameters are known. (B) As experimental work
suggests that stress and strain are homogenous
within tissues [38,126], the stress on a junction
should be the same as the stress in the tissue.
Therefore, we can compute the force applied onto
this junction as fcell = s(h.lcell). (C) If the number of
adhesive complexes Nadherens junction in an inter-
cellular junction is known, then the force on a single
adhesive complex is fmolecular = fcell/Nadherens junction.
E-cadherin is shown in light green,a- andb-catenin
in dark green and the cell membrane in purple.

transmission operates over shorter
ranges (!5–10 cell diameters) [31–33].
Interestingly, recent work examining tis-
sues on ECM revealed that they can
transmit long-range stresses on hour-
long time-scales [31,33]. The origin of
such long-range transmission is not fully
understood and it likely involves complex
processes operating on second-to-min-
ute time scales. These may involve multi-
ple cellular-scale phenomena such as
cellular contraction, mechanotransduc-
tory responses, and contact inhibition.
Later in life, extrinsic loads arise from
systemic functions (such as respiration,
digestion, or pulsatile fluid flow) and

from loads due to interaction with the outside world, in addition
to contractions intrinsic to the tissue.
It is important tonote that the rate atwhich tissuesaredeformed

(the strain rate; see Box 1) influences the peak stresses to which
cells are subjected. In embryonic epithelia, strain rates are
low (!0.04% per second during Drosophila germ band exten-
sion [34]), whereas in adult tissues, strain rates can be very high
(>10% per second [35–37]). On second-to-minute time-scales,
most biological tissues behave as viscoelastic solids, which sig-
nifies that they are elastic-like solids at minute time-scales but
also display viscous properties at shorter time-scales (Box 1).
When strain rates are low, loading is quasi-static, signifying that
only the tissue’s elastic properties are solicited. In contrast,
when strain rates are high, the tissue’s viscousproperties are soli-
cited in addition to its elastic properties, leading to additional
stress. As a result, tissues are subjected to transiently higher
peak stresses when deformed at high strain rate and adhesions
must beable towithstand this. Thedurationof suchpeakstresses
is complex to evaluate in vivo but in vitro measurements on cell
monolayers show that they last on the order of a minute [38,39].
Adding further complexity, the duration of the applied load

plays a role in the final steady state. Indeed, on minute to hour
time-scales, tissues behave as viscoelastic fluids, which can
bear stresses at minute time scales but completely dissipate
stress at hour-long time scales (Box 1). When subjected to short

R446 Current Biology 28, R445–R457, April 23, 2018

Current Biology

Review

Tissue-level Forces
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parameters are known. (B) As experimental work
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within tissues [38,126], the stress on a junction
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Therefore, we can compute the force applied onto
this junction as fcell = s(h.lcell). (C) If the number of
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transmission operates over shorter
ranges (!5–10 cell diameters) [31–33].
Interestingly, recent work examining tis-
sues on ECM revealed that they can
transmit long-range stresses on hour-
long time-scales [31,33]. The origin of
such long-range transmission is not fully
understood and it likely involves complex
processes operating on second-to-min-
ute time scales. These may involve multi-
ple cellular-scale phenomena such as
cellular contraction, mechanotransduc-
tory responses, and contact inhibition.
Later in life, extrinsic loads arise from
systemic functions (such as respiration,
digestion, or pulsatile fluid flow) and

from loads due to interaction with the outside world, in addition
to contractions intrinsic to the tissue.
It is important tonote that the rate atwhich tissuesaredeformed

(the strain rate; see Box 1) influences the peak stresses to which
cells are subjected. In embryonic epithelia, strain rates are
low (!0.04% per second during Drosophila germ band exten-
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only the tissue’s elastic properties are solicited. In contrast,
when strain rates are high, the tissue’s viscousproperties are soli-
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(A) At the tissue level, a force Ftissue applied onto
a tissue of width ltissue and height h will lead to the
emergence of a stress s = Ftissue/(h.ltissue). This
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Therefore, we can compute the force applied onto
this junction as fcell = s(h.lcell). (C) If the number of
adhesive complexes Nadherens junction in an inter-
cellular junction is known, then the force on a single
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nifies that they are elastic-like solids at minute time-scales but
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only the tissue’s elastic properties are solicited. In contrast,
when strain rates are high, the tissue’s viscousproperties are soli-
cited in addition to its elastic properties, leading to additional
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is complex to evaluate in vivo but in vitro measurements on cell
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• Both solid-like and fluid-like behavior
• Cells continuously die or divide

• Removal of junctions and cells by extrusion
• Formation of new contacts during division

• Cells can change shape or intercalate
• Neighbor exchange
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Jamming transitions
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• During collective migration within confluent monolayers, cell sheets flow
like a fluid yet remain fixed and solid-like at short timescales, with the
motion of each cell constrained by the cell crowding due to its
neighbours.

• As cell density rises, neighbouring cells restrict the motion of each cell,
forcing them to move in groups
• jamming or rigidity transition at large density

• Material parameters that encode cell properties such as cell–cell
adhesion and cortical tension, rather than density alone, have been
proposed to govern the rigidity transition in cell monolayers
• Cell shape as an index
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Cell movements from single cell to collective dynamics
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• Cadherin and cell-cell coupling at adherens junctions
• Forces higher than 5pN drive a conformational switch on catenin



Cell movements from single cell to collective dynamics
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• Laminar flows, swirling motions, vortices
• Strain and velocity waves driven by mechanochemical signals
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• Laminar flows, swirling motions, vortices
• Strain and velocity waves driven by mechanochemical signals
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Curvature
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Mechanical waves
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• Change in boundary conditions
• Tissue expansion and collective cell migration



Mechanical waves
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• Maps of cell velocity and cell substrate tractions (Tx)
• Initiated at the leading edge and progressively propagate towards the

center



Mechanical waves (movie)
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Forces during collective cell migration
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• Large tractions are applied by cells many cell rows behind the edge
• Stresses within the cell sheet on a plane perpendicular to the substrate
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Figure 3 | The state of stress of the whole expanding colony is set by a global tug-of-war. a, Radial component of tractions along a diameter of the
expanding cell colony (bar= 200 µm). b, Phase contrast image. Note the presence of multicellular protrusions on the left margin of the colony. This
particular shape is reminiscent of that caused by fingering instabilities in fluids9. c, Tug-of-war model. A small portion of the traction that each cell
generates is transmitted to the cell behind. As such, tension in the cytoskeleton and cell–cell junctions increases towards the centre of the cell colony (red
arrows). d, Once integrated over many cell rows, this small portion becomes dominant over traction fluctuations (see Fig. 2). Dotted lines indicate mean±
standard error. Inset: Representative measurement of σxx over the whole diameter of a colony. σxx reaches a maximum roughly at the centre of the colony.
The fact that σxx does not decrease exactly to zero at the end of the monolayer points to the existence of weak shear stresses that also contribute to the
force balance. e, The ratio between radial stress and cell density across the monolayer was roughly constant. Error bars indicate standard errors.

forces are balanced locally, as if each cell were self-propelled, or
whether they are transmitted from cell to cell in a cooperative
manner. We note that no amount of kinematic data or structural
data, no matter how detailed, and no molecular manipulation, no
matter how sophisticated, can ever suffice to resolve this question.
Instead, we provide here a conclusive answer based solely on the
application of Newton’s laws. We begin by computing the spatial
averages (denoted by 〈 〉) of T⊥ and T‖ (Fig. 2c). As expected
by symmetry, 〈T‖〉 was near zero. 〈T⊥〉 was maximum at the
leading edge and progressively decayed with distance from the
edge before changing sign in the opposite half of the sheet. In
contrast to 〈T‖〉, however, the spatial average 〈T⊥〉 far away from
the edge remained weakly but systematically greater than zero, with
typical tugging tractions of the order of 5 Pa. In the context of cell
mechanics, a regional stress of magnitude in this range is often
regarded as being small, and is certainly small compared with the
fluctuations that we observed. One might therefore conclude that
its effects are essentially negligible; we come to a quite different
conclusion, however.

Within the field of measurement—here spanning less than half
the sheet diameter—the average stress at the interface between
the cell base and the cell substrate, 〈T⊥〉, was regionally positive
everywhere. This stress acts systematically in a direction that pulls

the sheet towards the leading edge. The question then arises, how
are these stresses balanced, as is required by Newton’s laws? The
simple and inescapable answer is this: at any arbitrary given distance
L remote from the leading edge, the sum of the traction stresses
perpendicular to the edge from x = 0 up to x = Lmust be balanced
by forces carried within the cell sheet at position L (Fig. 2e). At
every position within the sheet, therefore, the accumulated traction
must be balanced by local cell-borne stresses that are transmitted
along the cell sheet by the cytoskeleton within cells and by cell–cell
junctions between cells. Using σxx to denote stresses within the cell
sheet on a plane perpendicular to the substrate and parallel to the
edge, as distinct from cell tractions T at the cell–substrate interface,
force balance demands that these be related by

〈σxx(x)〉=
1

hzhy

∫ x

0

∫ hy

0
Tx(x ′,y ′) dx ′ dy ′

where we take cell height, hz , to be roughly 5 µm (ref. 33), and hy is
the length of the field of view.

We note, first, that if each cell were entirely self-propelled, then
〈σxx〉 would be identically zero everywhere. This possibility can
now be ruled out (Fig. 2d). Instead, 〈σxx〉 increased steadily with
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• Large tractions are applied by cells many cell rows behind the edge
• Stresses within the cell sheet on a plane perpendicular to the substrate
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The fact that σxx does not decrease exactly to zero at the end of the monolayer points to the existence of weak shear stresses that also contribute to the
force balance. e, The ratio between radial stress and cell density across the monolayer was roughly constant. Error bars indicate standard errors.

forces are balanced locally, as if each cell were self-propelled, or
whether they are transmitted from cell to cell in a cooperative
manner. We note that no amount of kinematic data or structural
data, no matter how detailed, and no molecular manipulation, no
matter how sophisticated, can ever suffice to resolve this question.
Instead, we provide here a conclusive answer based solely on the
application of Newton’s laws. We begin by computing the spatial
averages (denoted by 〈 〉) of T⊥ and T‖ (Fig. 2c). As expected
by symmetry, 〈T‖〉 was near zero. 〈T⊥〉 was maximum at the
leading edge and progressively decayed with distance from the
edge before changing sign in the opposite half of the sheet. In
contrast to 〈T‖〉, however, the spatial average 〈T⊥〉 far away from
the edge remained weakly but systematically greater than zero, with
typical tugging tractions of the order of 5 Pa. In the context of cell
mechanics, a regional stress of magnitude in this range is often
regarded as being small, and is certainly small compared with the
fluctuations that we observed. One might therefore conclude that
its effects are essentially negligible; we come to a quite different
conclusion, however.

Within the field of measurement—here spanning less than half
the sheet diameter—the average stress at the interface between
the cell base and the cell substrate, 〈T⊥〉, was regionally positive
everywhere. This stress acts systematically in a direction that pulls

the sheet towards the leading edge. The question then arises, how
are these stresses balanced, as is required by Newton’s laws? The
simple and inescapable answer is this: at any arbitrary given distance
L remote from the leading edge, the sum of the traction stresses
perpendicular to the edge from x = 0 up to x = Lmust be balanced
by forces carried within the cell sheet at position L (Fig. 2e). At
every position within the sheet, therefore, the accumulated traction
must be balanced by local cell-borne stresses that are transmitted
along the cell sheet by the cytoskeleton within cells and by cell–cell
junctions between cells. Using σxx to denote stresses within the cell
sheet on a plane perpendicular to the substrate and parallel to the
edge, as distinct from cell tractions T at the cell–substrate interface,
force balance demands that these be related by

〈σxx(x)〉=
1
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0
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0
Tx(x ′,y ′) dx ′ dy ′

where we take cell height, hz , to be roughly 5 µm (ref. 33), and hy is
the length of the field of view.

We note, first, that if each cell were entirely self-propelled, then
〈σxx〉 would be identically zero everywhere. This possibility can
now be ruled out (Fig. 2d). Instead, 〈σxx〉 increased steadily with

428 NATURE PHYSICS | VOL 5 | JUNE 2009 | www.nature.com/naturephysics



Forces during collective cell migration

49

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS1269

0
0 200 400 600 800 1,000 1,200

2,000

4,000

6,000

8,000

10,000

a

b

c

d e

Distance from the edge (mm)

0
0 0.5 1.0 1.5 2.0

200

400

600

800

1000

1,200

Distance (mm)

0
0 1 2 3 4 5

400

800

1,200

1,600

100

80

60

40

20

0

¬20

¬40

¬60

¬80

¬100

σ xx
 (

Pa
)

σxx (Pa)

σ xx
 (

Pa
)

 C
el

l d
en

si
ty

 (
m

m
¬2

)

(Pa)

Figure 3 | The state of stress of the whole expanding colony is set by a global tug-of-war. a, Radial component of tractions along a diameter of the
expanding cell colony (bar= 200 µm). b, Phase contrast image. Note the presence of multicellular protrusions on the left margin of the colony. This
particular shape is reminiscent of that caused by fingering instabilities in fluids9. c, Tug-of-war model. A small portion of the traction that each cell
generates is transmitted to the cell behind. As such, tension in the cytoskeleton and cell–cell junctions increases towards the centre of the cell colony (red
arrows). d, Once integrated over many cell rows, this small portion becomes dominant over traction fluctuations (see Fig. 2). Dotted lines indicate mean±
standard error. Inset: Representative measurement of σxx over the whole diameter of a colony. σxx reaches a maximum roughly at the centre of the colony.
The fact that σxx does not decrease exactly to zero at the end of the monolayer points to the existence of weak shear stresses that also contribute to the
force balance. e, The ratio between radial stress and cell density across the monolayer was roughly constant. Error bars indicate standard errors.

forces are balanced locally, as if each cell were self-propelled, or
whether they are transmitted from cell to cell in a cooperative
manner. We note that no amount of kinematic data or structural
data, no matter how detailed, and no molecular manipulation, no
matter how sophisticated, can ever suffice to resolve this question.
Instead, we provide here a conclusive answer based solely on the
application of Newton’s laws. We begin by computing the spatial
averages (denoted by 〈 〉) of T⊥ and T‖ (Fig. 2c). As expected
by symmetry, 〈T‖〉 was near zero. 〈T⊥〉 was maximum at the
leading edge and progressively decayed with distance from the
edge before changing sign in the opposite half of the sheet. In
contrast to 〈T‖〉, however, the spatial average 〈T⊥〉 far away from
the edge remained weakly but systematically greater than zero, with
typical tugging tractions of the order of 5 Pa. In the context of cell
mechanics, a regional stress of magnitude in this range is often
regarded as being small, and is certainly small compared with the
fluctuations that we observed. One might therefore conclude that
its effects are essentially negligible; we come to a quite different
conclusion, however.

Within the field of measurement—here spanning less than half
the sheet diameter—the average stress at the interface between
the cell base and the cell substrate, 〈T⊥〉, was regionally positive
everywhere. This stress acts systematically in a direction that pulls

the sheet towards the leading edge. The question then arises, how
are these stresses balanced, as is required by Newton’s laws? The
simple and inescapable answer is this: at any arbitrary given distance
L remote from the leading edge, the sum of the traction stresses
perpendicular to the edge from x = 0 up to x = Lmust be balanced
by forces carried within the cell sheet at position L (Fig. 2e). At
every position within the sheet, therefore, the accumulated traction
must be balanced by local cell-borne stresses that are transmitted
along the cell sheet by the cytoskeleton within cells and by cell–cell
junctions between cells. Using σxx to denote stresses within the cell
sheet on a plane perpendicular to the substrate and parallel to the
edge, as distinct from cell tractions T at the cell–substrate interface,
force balance demands that these be related by

〈σxx(x)〉=
1

hzhy

∫ x

0

∫ hy

0
Tx(x ′,y ′) dx ′ dy ′

where we take cell height, hz , to be roughly 5 µm (ref. 33), and hy is
the length of the field of view.

We note, first, that if each cell were entirely self-propelled, then
〈σxx〉 would be identically zero everywhere. This possibility can
now be ruled out (Fig. 2d). Instead, 〈σxx〉 increased steadily with
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isolated cells depleted of a-cateninmigrated faster
on stiffer regions but did not durotax (fig. S5, A
to D, and movie S3). Unlike control clusters,
however, close-packed clusters depleted of a-
catenin expanded nearly symmetrically (Fig. 2,
F to I; fig. S5, E to M; and movie S4), thereby
indicating that cell-cell adhesions are required
for collective cell durotaxis. These findings rule
out mechanisms solely based on local stiffness
sensing and point to a long-range mechanism
involving cell-cell adhesion.
Wenext studiedwhether this long-rangemech-

anism involves transmission of physical forces
across the cluster. To this end, we implemented
a generalized traction force microscopy algorithm
tomap forces exerted by cells on substrates with
arbitrary stiffness profiles (supplementary text
1). Clusters migrating on uniform gels (Fig. 3, A
and C, and movie S5) and on gradient gels (Fig.
3, B and D, and movie S6) exhibited similar trac-
tion force maps. The highest tractions were lo-
calized at the edges and pointed toward the
midline of the cluster, whereas relatively lower
tractions in the bulk showed no particular ori-
entation. To average out fluctuations and re-
tain systematic traction patterns, we computed
x-t kymographs of traction component Tx (Fig. 3,
I to J). Kymographs on uniform and gradient gels
revealed two traction layers of similar magnitude
and opposite sign at both edges of the clusters
and negligible average tractions in the bulk. In-
terestingly, soft edges had cell-substrate forces
similar to those of stiff edges but smaller and
denser cell-matrix adhesions, consistent with pre-
vious findings that force levels are not necessarily
linked to a specific adhesion size (fig. S6, A and
B) (23). Unlike traction forces, substrate dis-
placements on gradient gels were nearly one
order of magnitude higher on the soft edge than
on the stiff one (Fig. 3, E, F, K, and L, and movies
S5 and S6).
To compute force transmission within the

monolayer, we usedmonolayer stress microscopy
and focused on the normal component of the
stress tensor in the direction of expansion sxx
(24, 25), which we hereafter refer to as inter-
cellular tension (Fig. 3, G and H, and movies S5
and S6). Kymographs showed that intercellular
tension increased up to a plateau within the first
few cells at the monolayer edges and remained
roughly constant in the monolayer bulk there-
after (Fig. 3, M and N).
Our force measurements establish that the

monolayer expands by generating contractile
traction forces of equal magnitude at both edges
and that these forces are transmitted across the
cluster. To explore how this physical scenario
might lead to collective durotaxis, we developed
a model that integrates clutchlike cell-ECM dy-
namics at focal adhesions (23, 26–28), long-range
force transmission through cell-cell junctions,
and actin polymerization at monolayer edges
(Fig. 4, A and B, and supplementary text 2). For
a monolayer attached to a substrate of uniform
stiffness, the model predicts symmetric expan-
sion; actin polymerization exceeds acto-myosin
contraction to the same extent on both edges.

SCIENCE sciencemag.org 9 SEPTEMBER 2016 • VOL 353 ISSUE 6304 1159

Fig. 3. Traction force microscopy on gradient gels shows long-range intercellular force transmis-
sion within the clusters. (A and B) Phase-contrast images of clusters migrating on a uniform gel (A) and
on a gradient gel (B). (C and D) Maps of the traction component Tx. (E and F) Maps of the substrate
displacement component ux. (G and H) Maps of the intercellular tension component sxx for the clusters
depicted in (A) and (B). (I and J) Kymographs of the traction component Tx for a uniform gel (I) and for
a gradient gel (J). (K and L) Kymographs of the substrate displacement component ux. (M and N)
Kymographs of intercellular tension component sxx. See fig. S14 for all other components of tractions,
intercellular stress tensor, and substrate displacements.
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instantaneously upon this perturbation. Consequently, Laplace’s law 
requires that tension relaxation be paralleled by a pressure drop. This 
prediction was confirmed by our measurements (Fig. 2c–g, Extended 
Data Fig. 2a–c, Supplementary Video 1). We also examined water trans-
port by subjecting domes to hyper-osmotic shocks (Supplementary 
Note 2). Volume dynamics under osmotic perturbations were consist-
ent with a simple physical picture in which the epithelium behaves in 
a manner similar to a semi-permeable membrane actively pumping 
osmolites at nearly constant rate.

Constitutive relation between dome tension and strain
In the absence of pharmacological or osmotic perturbations and over 
timescales of hours, epithelial domes exhibited large volume fluctu-
ations (Fig. 3a, Supplementary Video 2). These fluctuations involved 
periods of slow swelling and de-swelling combined with sudden vol-
ume drops, often up to total dome collapse and subsequent rebirth. 
The magnitude of collapse events, presumably caused by localized 
disruptions of epithelial integrity, and the duration of swelling phases 
exhibited high variability (Fig. 3a, b, Extended Data Fig. 3). During 
these spontaneous fluctuations, we tracked luminal pressure and 
dome geometry, which provided a measurement of epithelial tension 
at different degrees of swelling (Fig. 3c–e, Supplementary Video 2). 
To examine these data, we represented tension in the free-standing 
tissue as a function of nominal areal strain of the dome εd = (h/a)2, 
which is defined as the difference between the actual area of the dome 
π(h2 + a2) and the area of the non-adhesive region πa2, normalized 
by the latter (see Fig. 2b for a definition of h and a). All domes exhib-
ited tensions of about 1 mN m−1 at small strains. At moderate strains 
(below 100%), tension progressively increased according to a highly 
reproducible law. Beyond this point, tension exhibited larger scatter 
but reached a plateau at about 2 mN m−1 for areal strains up to 300% 
(Fig. 3e, Extended Data Fig. 4a). The existence of this plateau is nota-
ble, as it reveals that epithelial domes maintain tensional homeosta-
sis while undergoing deformations that change their area by up to 
fourfold. Human epithelial colorectal adenocarcinoma (Caco-2) cells 
showed a plateau at similar tension but lower strain (Extended Data 
Fig. 4b, c; see Supplementary Table 1 for a list of cell lines known to 
form domes).

A number of mechanisms could contribute to such tensional homeo-
stasis, including directed12 or accelerated13 cell division, junctional 
network rearrangements14, and cell exchange between domes and 
the adjacent adhered tissue. Visual examination of the domes showed 
that cell division and extrusion were rare (Supplementary Videos 3, 
4). Moreover, the number of cells in the dome remained constant  
during the several-fold increases in dome area (Extended Data Fig. 1f). 

Fig. 1 | Generation of epithelial domes of controlled size and shape. 
a, Scheme of the process of dome formation. b, Top view of an array of 
15 × 15 epithelial domes (n = 10). Scale bar, 1 mm. c–e, Confocal x–y, y–z 

and x–z sections of MDCK–LifeAct epithelial domes (see ‘Cell culture’ in 
Methods) with a circular basal shape and varying spacing (n = 10). Scale 
bar, 100 µm.
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Fig. 2 | Measurement of luminal pressure and dome tension. a, Scheme 
of dome mechanics. The lumen is under uniform pressure ∆P (black 
arrows) and the free-standing monolayer is under surface tension σ 
(yellow arrows). b, Traction vectors of a dome of MDCK–LifeAct cells. 
Top, lateral view. Bottom, 3D traction maps overlaid on a top view of the 
dome. Yellow arrows represent in-plane components and the colour map 
represents the vertical component. Scale bar, 50 µm. Scale arrows, 150 Pa 
(representative of n = 13 domes). c, d, Tractions exerted by MDCK–
LifeAct cells before (control) and after a 5-min incubation with 30 µM 
of Y-27632. Scale bar, 50 µm. Scale arrows, 75 Pa. e–g, Time evolution 
of dome volume and curvature (e), pressure (f) and tension (g) before 
(control) and after adding Y-27632. The time points corresponding to c, d 
are labelled in e–g (representative of n = 3 domes).
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instantaneously upon this perturbation. Consequently, Laplace’s law 
requires that tension relaxation be paralleled by a pressure drop. This 
prediction was confirmed by our measurements (Fig. 2c–g, Extended 
Data Fig. 2a–c, Supplementary Video 1). We also examined water trans-
port by subjecting domes to hyper-osmotic shocks (Supplementary 
Note 2). Volume dynamics under osmotic perturbations were consist-
ent with a simple physical picture in which the epithelium behaves in 
a manner similar to a semi-permeable membrane actively pumping 
osmolites at nearly constant rate.

Constitutive relation between dome tension and strain
In the absence of pharmacological or osmotic perturbations and over 
timescales of hours, epithelial domes exhibited large volume fluctu-
ations (Fig. 3a, Supplementary Video 2). These fluctuations involved 
periods of slow swelling and de-swelling combined with sudden vol-
ume drops, often up to total dome collapse and subsequent rebirth. 
The magnitude of collapse events, presumably caused by localized 
disruptions of epithelial integrity, and the duration of swelling phases 
exhibited high variability (Fig. 3a, b, Extended Data Fig. 3). During 
these spontaneous fluctuations, we tracked luminal pressure and 
dome geometry, which provided a measurement of epithelial tension 
at different degrees of swelling (Fig. 3c–e, Supplementary Video 2). 
To examine these data, we represented tension in the free-standing 
tissue as a function of nominal areal strain of the dome εd = (h/a)2, 
which is defined as the difference between the actual area of the dome 
π(h2 + a2) and the area of the non-adhesive region πa2, normalized 
by the latter (see Fig. 2b for a definition of h and a). All domes exhib-
ited tensions of about 1 mN m−1 at small strains. At moderate strains 
(below 100%), tension progressively increased according to a highly 
reproducible law. Beyond this point, tension exhibited larger scatter 
but reached a plateau at about 2 mN m−1 for areal strains up to 300% 
(Fig. 3e, Extended Data Fig. 4a). The existence of this plateau is nota-
ble, as it reveals that epithelial domes maintain tensional homeosta-
sis while undergoing deformations that change their area by up to 
fourfold. Human epithelial colorectal adenocarcinoma (Caco-2) cells 
showed a plateau at similar tension but lower strain (Extended Data 
Fig. 4b, c; see Supplementary Table 1 for a list of cell lines known to 
form domes).

A number of mechanisms could contribute to such tensional homeo-
stasis, including directed12 or accelerated13 cell division, junctional 
network rearrangements14, and cell exchange between domes and 
the adjacent adhered tissue. Visual examination of the domes showed 
that cell division and extrusion were rare (Supplementary Videos 3, 
4). Moreover, the number of cells in the dome remained constant  
during the several-fold increases in dome area (Extended Data Fig. 1f). 

Fig. 1 | Generation of epithelial domes of controlled size and shape. 
a, Scheme of the process of dome formation. b, Top view of an array of 
15 × 15 epithelial domes (n = 10). Scale bar, 1 mm. c–e, Confocal x–y, y–z 

and x–z sections of MDCK–LifeAct epithelial domes (see ‘Cell culture’ in 
Methods) with a circular basal shape and varying spacing (n = 10). Scale 
bar, 100 µm.
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arrows) and the free-standing monolayer is under surface tension σ 
(yellow arrows). b, Traction vectors of a dome of MDCK–LifeAct cells. 
Top, lateral view. Bottom, 3D traction maps overlaid on a top view of the 
dome. Yellow arrows represent in-plane components and the colour map 
represents the vertical component. Scale bar, 50 µm. Scale arrows, 150 Pa 
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LifeAct cells before (control) and after a 5-min incubation with 30 µM 
of Y-27632. Scale bar, 50 µm. Scale arrows, 75 Pa. e–g, Time evolution 
of dome volume and curvature (e), pressure (f) and tension (g) before 
(control) and after adding Y-27632. The time points corresponding to c, d 
are labelled in e–g (representative of n = 3 domes).
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We thus concluded that the tension–strain response of the tissue had 
to depend on the mechanics of cell stretching.

To understand the tension–strain relation of the dome monolayer, 
we developed a theoretical vertex model in 3D15,16. The model is 
based on the well-established observation that the major determi-
nant of epithelial-cell mechanics is the actin cortex17. In the timescales  
of our experiments, this thin cytoskeletal network behaves in a manner  
similar to a fluid gel, and is capable of developing contractile  
tension owing to myosin motors17. In 3D vertex models, these  
active tensions act along lateral (γl) and apico-basal (γab) faces of pol-
yhedral cells (Fig. 3g, Supplementary Note 3). Assuming constant cell 
volume5 and idealizing cells as regular hexagonal prisms of uniform 
thickness under uniform equibiaxial strain, this model predicts that 
the effective surface tension of the tissue depends on cellular areal 
strain εc as

σ γ
γ

ε
= −

+ /
k

(1 ) (1)ab
l

c
3 2

where k is a non-dimensional constant. This active constitutive relation 
recapitulates the initial increase in tension and the subsequent plateau 
at larger areal strain that are observed experimentally (Fig. 3e, f). The 
tendency of tension to plateau at large strains emerges naturally from 
the fact that the area of lateral faces decreases with cell stretching and, 
hence, tissue tension converges to apico-basal tension. To theoretically 
examine tissue stretching by dome swelling, we developed a compu-
tational version of the vertex model shown in Fig. 3g (Supplementary 
Note 3). The tension–strain law evaluated using this computational 
approach closely matched the analytical constitutive relation in equa-
tion (1) (Fig. 3f).

Although this simple theoretical framework captured the tension–
strain relationship, it missed a notable experimental feature: during 
swelling and de-swelling, we systematically observed cells that barely 
changed area coexisting with cells that reached cellular areal strains of 
up to 1,000%, which is five times greater than the average dome strain 
(Fig. 4a, b, Extended Data Fig. 5a–e, Supplementary Videos 5–7). This 
extreme heterogeneity in strain is reminiscent of that observed in highly 
stretched epithelia in vivo, such as the trophoblast in human and mouse 
blastocysts18,19 (Extended Data Fig. 5f, g). In both epithelial domes and 
blastocysts, strain heterogeneity would seem to be in contradiction 
with their spherical shape, which implies tensional uniformity. The 
heterogeneity of cellular strain increased sharply beyond areal strains 
of approximately 100% (Fig. 4a, Extended Data Fig. 5). This strain 
threshold coincides with the onset of the tensional plateau and with 
the increase in the scatter of tissue tension (Fig. 3e).

Epithelial domes exhibit superelastic behaviour
Taken together, our experiments show that epithelial domes exhibit 
large reversible deformations and a tensional plateau during which 
superstretched constitutive elements coexist with barely stretched 
ones. These uncommon material features are defining hallmarks of 
superelasticity, a behaviour that is observed in some inert materials 
such as nickel–titanium alloys20. These materials are able to undergo 
large and reversible deformations at constant stress by heterogeneously 
switching between low- and high-strain phases20. The microscopic 
trigger of superelasticity is a mechanical instability that results from a 
decreasing branch in the stress–strain relation of the material (strain 
softening). We reasoned that, by analogy with this behaviour, cell 
monolayers might behave as superelastic materials by switching from 
barely stretched to superstretched cellular states at constant tension.  

Fig. 3 | Constitutive relation between dome tension and strain.  
a, Spontaneous time evolution of tractions in a MDCK–LifeAct dome 
(y–z section). Scale bar, 50 µm. Scale arrows, 150 Pa. Regions in the dome 
monolayer that lack fluorescence signal correspond to unlabelled cells, 
not to gaps. b–d, Time evolution of spontaneous fluctuations in dome 
volume (b), pressure ∆P (c) and surface tension σ (d) (representative of 
n = 9 domes). e, Surface tension in the free-standing sheet as a function 
of nominal areal strain of the dome εd (n = 9 domes, each sampled over 
various time points). The solid line and shaded area indicate mean ± s.d. 
obtained by binning the data (n = 14 points per bin). f, Normalized dome 

surface tension as a function of areal strain calculated with the vertex 
model. The dashed blue line represents the cellular constitutive relation 
in equation (1), based on a sheet of identical hexagonal cells under 
uniform strain (εd = εc). The solid red line is the result of a multicellular 
computational vertex model for a dome with an initial geometry that was 
obtained experimentally. Insets show the computed dome shape at 50% 
(left) and 300% (right) nominal areal strain. g, Scheme of an idealized 
monolayer undergoing uniform equibiaxial stretching, representing model 
assumptions leading to equation (1).
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Fig. 4 | Epithelial domes exhibit superelasticity. a, Cell strain εc versus 
dome strain εd during a deflation event for a subset of cells. Coloured 
curves correspond to cells labelled in b. Dashed line, εc = εd. Inset shows 
variance (Var) of εc versus εd. b, Deflating dome of MDCK–CAAX cells 
(see ‘Cell culture’ in Methods). Scale bar, 50 µm. c, Model prediction 
of stretch-induced cortical dilution. d, Sum of intensity projection and 
confocal section of a dome stained with phalloidin for F-actin. Scale bar, 
50 µm. e, Zoom of representative cells. Scale bar, 10 µm. f, F-actin intensity 
along the bands marked in e. AU, arbitrary units. g, Normalized density 
of cortical F-actin (stained with phalloidin) versus cellular strain (n = 68 
cells from 5 domes). h, Normalized density of cortical F-actin (SiR–actin) 
versus cellular strain during swelling (upward triangles) and de-swelling 
(downward triangles). n = 26 cells from 7 domes. Solid line and shaded 
area in g, h indicate mean ± s.d. i, Live imaging of the cortex (SiR–actin) at 
two instants during swelling. j, Intensity profiles along bands shown in i.  
k, Non-monotonic cellular constitutive relation predicted by the vertex 

model, accounting for softening by cortical depletion and re-stiffening 
at extreme cellular strains (blue line). Dome tension–strain relationship 
for the multicellular computational version of the same model (red line). 
Labels R1 to R4 correspond to panels shown in q and r. l–n, Dome of 
MDCK cells expressing keratin-18–GFP (green) stained for F-actin 
(phalloidin, red), and nuclei (Hoechst, blue) (n = 3). Scale bar, 10 µm  
(l, n), 50 µm (m). o, p, Changes in cell area after laser cuts of keratin 
bundles for weakly stretched (blue, n = 8) and superstretched cells  
(red, n = 7), represented as cell area before and after cuts (o) and as 
normalized cell-area increment (p). **P = 0.0023, ***P < 0.0003, NS, not 
significant (o, P = 0.3282). Two-tailed Mann–Whitney tests. Mean ± s.d.  
q, εc versus εd from the vertex model. Inset, variance of εc versus εd.  
r, Bottom, computed geometries during deflation. Top, effective potential 
energy landscape of active origin. Tilted by tissue tension, this landscape 
exhibits two wells at sufficiently high tension, corresponding to barely 
stretched and superstretched cellular states.
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Fig. 4 | Epithelial domes exhibit superelasticity. a, Cell strain εc versus 
dome strain εd during a deflation event for a subset of cells. Coloured 
curves correspond to cells labelled in b. Dashed line, εc = εd. Inset shows 
variance (Var) of εc versus εd. b, Deflating dome of MDCK–CAAX cells 
(see ‘Cell culture’ in Methods). Scale bar, 50 µm. c, Model prediction 
of stretch-induced cortical dilution. d, Sum of intensity projection and 
confocal section of a dome stained with phalloidin for F-actin. Scale bar, 
50 µm. e, Zoom of representative cells. Scale bar, 10 µm. f, F-actin intensity 
along the bands marked in e. AU, arbitrary units. g, Normalized density 
of cortical F-actin (stained with phalloidin) versus cellular strain (n = 68 
cells from 5 domes). h, Normalized density of cortical F-actin (SiR–actin) 
versus cellular strain during swelling (upward triangles) and de-swelling 
(downward triangles). n = 26 cells from 7 domes. Solid line and shaded 
area in g, h indicate mean ± s.d. i, Live imaging of the cortex (SiR–actin) at 
two instants during swelling. j, Intensity profiles along bands shown in i.  
k, Non-monotonic cellular constitutive relation predicted by the vertex 

model, accounting for softening by cortical depletion and re-stiffening 
at extreme cellular strains (blue line). Dome tension–strain relationship 
for the multicellular computational version of the same model (red line). 
Labels R1 to R4 correspond to panels shown in q and r. l–n, Dome of 
MDCK cells expressing keratin-18–GFP (green) stained for F-actin 
(phalloidin, red), and nuclei (Hoechst, blue) (n = 3). Scale bar, 10 µm  
(l, n), 50 µm (m). o, p, Changes in cell area after laser cuts of keratin 
bundles for weakly stretched (blue, n = 8) and superstretched cells  
(red, n = 7), represented as cell area before and after cuts (o) and as 
normalized cell-area increment (p). **P = 0.0023, ***P < 0.0003, NS, not 
significant (o, P = 0.3282). Two-tailed Mann–Whitney tests. Mean ± s.d.  
q, εc versus εd from the vertex model. Inset, variance of εc versus εd.  
r, Bottom, computed geometries during deflation. Top, effective potential 
energy landscape of active origin. Tilted by tissue tension, this landscape 
exhibits two wells at sufficiently high tension, corresponding to barely 
stretched and superstretched cellular states.
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Particle Models
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Lattice Models
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Vertex Models
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2D Vertex Models
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Equation of Motion

Energy Function



Continuum approach by coarse graining vertex model
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Continuum approach by parametrization (elastica)
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Models of cells and tissues at different scales
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• Focal adhesions, actin, clutch model, surface tension, and continuum
mechanics


