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

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

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

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

Figure 7 continued on next page
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Figure 7. Model of the Regulation of FN7-10–
CSK Linkages as a Function of ECM Resis-
tance to Displacement
Binding of FN7-10 and cross-linking of inte-
grins induces their attachment to the rear-
ward moving CSK. Linkage to the CSK is
modeled as a spring element in parallel with
viscous drag. Movement is powered by a
force (small arrow). As the bead movement
is restrained by the laser trap, CSK linkages
are put under tension. Stronger integrin–CSK
links are formed when the CSK overcomes
the trap force to move the particle rearward
(bottom left, reinforcement) with FN7-10
beads or with anti-b1 beads in the presence
of soluble FN7-10. This could occur either by
strengthening of existing links or by recruit-
ment of additional links and associated motor
elements. There is no reinforcement with anti-
b1 beads, or with FN7-10 beads in the pres-
ence of the phosphatase inhibitor PAO (bot-
tom right, no reinforcement). In some cases,
these beads can escape the trap but then
display weak links, suggesting that there can
be a reversal of the stiffening of links. The
linkage breaks and the bead does not escape
the trap when the resistance of the link is too
weak to overcome the trap force.

is reversed within tens of seconds. Similarly, there is a as a function of the elastic properties of the underlying
substrate. Previous studies have shown that cells cantransient reinforcement with FN7-10-coated beads in

the presence of PAO. This argues for the involvement sense and respond to applied forces (Sato et al., 1987;
Wang et al., 1993; Wang and Ingber, 1994; Zhelev andof a protein phosphatase in the stabilization phase of

reinforced links. Hochmuth, 1995). Along this line, the organization of
actin bundles within the cell is favored by rigid versusIn building working models, one must distinguish the

sensing mechanism that detects the traction force on an relaxed substrates (Shirinsky et al., 1989; Halliday and
Tomasek, 1995). Furthermore, it has been recently ob-attachment point and the effector system that reinforces

the attachment. The rearward flow of actin may be pow- served that neutrophils moving in three-dimensional
matrices chose to move along the most rigid fibrils afterered by myosins (Lin et al., 1996), but in some systems

that flow is clearly independent of bipolar myosin (Wes- probing the environment (Mandeville et al., 1996). In our
case, we find additionally that the cell can develop asels et al., 1988). A mechano enzyme could be part of

the link between the integrins and the CSK. Its activation force on fibronectin contacts in proportion to the resis-
tance of those contacts. When the matrix resists move-would be triggered as the site of contact with the ECM

is put under tension and would result in biochemical ment, the linkage to the CSK is strengthened, enabling
the cell to pull itself forward or to generate a traction inmodification or recruitment of new CSK elements lead-

ing to rigidification of the links, for example by allowing the matrix. Biochemical processes responsible for that
strengthening can be modulated, affording the cell con-for the coupling of new cross-linking elements.

Alternatively, we favor a model inwhich local deforma- trolmechanisms for both assembling and disassembling
linkages to the CSK as the force on those linkagestions in the CSK matrix could concentrate CSK-associ-

ated enzymes to the contact site that would reinforce the changes. Thus, the cell can readily sample and respond
to the physical as well as the biochemical nature of itscontact by proximity-dependent modifications, addition

of new elements, or both. Reinforcement can then occur extracellular contacts.
Most models for substrate-based cell guidance haveby biochemical stabilization of inter-CSK protein links.

The antibody experiments show that binding of integrins relied on the biochemical nature of the cues delivered
to the cell. We propose here that the physical character-to the CSK is not enough to trigger this mechanism. We

further suggest that activation of the integrin by FN7- istic, namely the resistance to displacement of the sub-
strate, is an additional cue that cells can use to orient10 stimulates an enzyme, such as a phosphatase, partic-

ipating in the stabilization of the linkages. during migration.

Experimental ProceduresImplications for the Guidance of Cell Movement by
Extracellular Matrix Rigidity: Is Mechanotaxis

Cells, Reagents, and Microscopya Possible Guidance Mechanism?
Experiments were performed on NIH 3T3 mouse fibroblastsAt the cellular level, there are many potential advantages
transfected with the cDNA encoding the chick b1 subunit of integrin

to sensing the resistance of the matrix. By regulating or a truncated subunit lacking the cytoplasmic tail (Hayashi et al.,
forces at individual sites in response to the resistance 1990). Cells were plated on laminin-coated, silanized glass cov-

erslips (Schmidt et al., 1993) and visualized with a 1.3 NA 1003of the extracellular environment, the cell could navigate

Implications: rigidity as a guidance cue
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(a) 
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FIGURE 2 

(b) 

Orientation of traction forces in response to environmental cues. (a) When there are no external cues, traction forces (small arrows) in the front of the cell 
are oriented rearward and traction forces in the back of the cell are oriented forward. For net forward movement to occur (large arrow), the forces in the 
front of the cell must exceed the forces in the rear by an amount equal to the fluid drag, which is the force imposed on the cell by the surrounding media. 
(b) When a migrating cell encounters an appropriate molecular cue in its environment [indicated as fibronectin (FN)], the receptors that recognize the cue 
associate with force-generating components of the cytoskeleton. The increase in traction force generated at that side of the cell (small arrows) causes the 
cell to turn (large arrow) towards the location of the ligand. (c) The stiffness of the extracellular matrix (ECM) in the cellular environment might also orient 
the direction of cell migration. The binding of integrins to pre-stressed ECM fibres (straight lines; relaxed ECM shown as wavy lines) would selectively 
strengthen the linkage between those receptors and the force-generating cytoskeleton at that side of the cell. The localized increase in traction forces 
(small arrows) causes the cell to turn (large arrow) towards the rigid substrate. 

proport ional  s trengthening of adhesive contacts pro- 
vides a set point  for the resting tension in tissues. This 
could be an impor tant  aspect of tissue homeostasis. 

Organization of receptor-mediated force in cell 
migration 

Migrating cells organize ECM-cytoskeleton linkages 
spatially to generate traction forces against the sub- 
strate. The estimated traction force of 3 nN per adhe- 
sive contact  3° generates a force of 10 nN per micron 
of cell length 31 in fibroblasts. The traction forces are 
sufficient to pull cells into wounds  or th rough  tissues 
and are significantly larger than  the fluid drag force 
imposed on cells that  simply swim in their surround- 
ing medium (0.2 pN for a cell moving at 40 pin min-1). 
The rearward direction of these forces in the front of 
the cell is suggested by the retrograde m o v e m e n t  of 
actin in the lamell ipodium of fibroblasts 3z and the 
lamella of growth cones 33. Whether  the actin associ- 
ated with the rigid contacts is stationary or dynamic  
is a matter  of debatel,34,3s; but  only  3-10 actin fila- 
ments  are needed to support  the forces applied to 
individual focal contacts 36. These rearward traction 
forces in the front of fibroblasts are opposed by for- 
ward-directed forces in the rear of the cell 31 (Fig. lc), 
and these forces change direction under  the nuclear 
region 3°. However, in keratocytes, the p redominan t  
inward tractions and the long axis of the cell are or- 
thogonal  to those of fibroblasts 37,38, suggesting that  
the orientat ion of these forces regulates cell shape. 

Although there is increasing evidence for the inter- 
action of actin and myosin  II in the generation of 
traction forces 39,4°, the mechanism by which  this 
interaction is employed in cell movement  is currently 
unclear (see Ref. 5 for review). Recent experiments 
demonstra te  that  the majori ty of ventral actin fila- 
ments  have a graded polarity, with barbed ends ori- 
ented outward at the anterior and posterior regions 
of the cell and mixed polarity in the cell centre 41,42. 
The change in fibre direction along the length of the 
cell, and the m o v e m e n t  of some of the fibres in the 
front of the cell body  with respect to other stationary 
fibres, suggests that  a myos in  transport  mechan i sm 

(Fig. lc) might  operate 4°. This is also supported by 
subcellular measurements  of traction forces on  ven- 
tral contacts, which demonstrate  oscillations in the 
forces, which  increase and change direction in the 
central region of the cell 3° where the polarity of 
actin filaments becomes mixed 41. 

For cell migrat ion to occur, integrin funct ion and 
force generation need to be regulated between the 
front and back of the cell. The forces at the front  and 
back of the cell are oriented in opposing directions 
(Fig. 2a). However, the unit  force integrated over the 
area of the leading lamella is slightly greater in 
magni tude  (by the amount  needed to overcome the 
fluid drag force of the medium) than  the force gen- 
erated by the smaller tail region. This imbalance gives 
rise to a net  forward m o v e m e n t  of the cell. 

After the cell pulls itself forward over an adhesion 
site, adhesion complexes need to be dissolved. Position- 
dependent downregulation of integrin function might 
result from a decrease in integrin affinity for cyto- 
skeleton or ligand. The observation of a preferential 
attachment of integrins to the cytoskeleton at the front 
of the cell is consistent with this model  43. Al though 
some integrins remain bound  to the substrate at the 
back of the cell (and in some cases may  be torn  from 
the cell and left behind  on the substrate15), the re- 
versal of the orientat ion of force under  the nucleus 
raises the possibility that  there could be release of 
force-generating contacts before or near the nuclear 
region. A posi t ion-dependent  biochemical  mecha-  
nism for regulating these interactions is favoured 44, 
a l though force could play a major  role in releasing 
recalcitrant contacts at the back of the cell (Fig. ld). 

Future directions 
Major mysteries surround the basis of reversibility 

of the ECM-receptor-cytoskeleton linkages, which 
may  be positionally dependent  and decrease in 
strength towards the cell rear in migration. We pro- 
pose that  traction forces can cause contact  release 
and facilitate forward m o v e m e n t  of the cell as the 
number  of contacts decreases towards the rear of a 
trigonally shaped fibroblast. We also hypothesize 

trends in CELL BIOLOGY (Vol. 8) February 1998 53 

Sheetz, M. P., D. P. Felsenfeld, and C. G. Galbraith. Trends Cell Biol. 8:51–54. (1998)

Hypothesis: rigidity as a guidance cue

Pre-stressed ECM

Soft ECM
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Durotaxis: cell guidance by the rigidity of substrate


gradient strength, could not be predicted by observing cells on
uniform substrata, where the percentage of polarized cells de-
pended on the absolute modulus and was significantly lower
on substrata with moduli< 50 kPa. The high degree of polar-
ization on gradient gels is even more striking if one considers
that moduli on both 1 kPa/100 mm and 2 kPa/100 mm gels did
not exceed 50 kPa, and that only a small fraction (~10–15%)
of 4 kPa/100 mm gradient gels had moduli > 50 kPa. These
observations imply that the mere presence of a gradient in
stiffness is sufficient to trigger polarization. Although others
have established the effects of gradients in soluble (36,37) and
substrate-bound (38) chemical cues on cell polarization, we
are unaware of any previous reports linking gradients in stiff-
ness to polarization. Further, our novel observation that

increasing the magnitude of the stiffness gradient resulted
in increased cell orientation in the gradient direction
compares favorably with previous studies that reported
increased orientation bias in response to an increasingly
strong gradient of soluble (37,39) or substrate-bound (40)
chemoattractant or substrate-bound extracellular matrix
protein (17).

We applied a TI, a quantitative metric established in
studies of chemotaxis, to describe the strength of biased
cell migration due to durotaxis, with larger values indicating
more biased movement in the direction of increased stiffness.
In similarity to observations for chemotaxis, increasing the
magnitude of a gradient in stiffness increased the average
value for TI, with our observed maximum average TI of

A

B

FIGURE 6 Windrose displays of
typical paths of VSMCs over 20-h

periods on uniform gels (A, top row)

and gradient gels (B, bottom row).
Arrows indicate direction of gradient

from softer to stiffer region.

A B

C D

FIGURE 7 Directional motility, evaluated as the TI, for
cells on uniform gels (A and C) and gradient gels (B and D).

(A and B) Average TI as a function of absolute stiffness

for uniform gels (A) and as a function of stiffness gradient

for gradient gels (B). Data labeled with * correspond to
p < 0.05 compared with uniform gels. (C and D) Histo-

grams of TI for uniform gels (C) and gradient gels (D).

Histograms were not statistically distinguishable. Data for
0 kPa/100 mm were based on pooled data for all uniform

gels.

Biophysical Journal 97(5) 1313–1322

Durotaxis Depends on Gradient Strength 1319

Traction index depends only on gradient strength, not on absolute stiffness

Gradient of ~ 0.5-4 kPa/cell length depending on cell type (L= 25µm-100µm) 

~0.25 matching the maximum observed for macrophages
responding to the chemoattractant C5a (22). Individual
VSMCs, however, exhibited a range of directional migration
over a 20-h period of observation: not all VSMCs migrated in
the direction of increasing stiffness, regardless of the strength
of the gradient (values for TI ranging from approximately
!0.75 to þ0.75 were observed), and the fraction of cells
that ‘‘mis-sensed’’ the gradient (i.e., with negative values
for TI) decreased sharply as the gradient strength increased.
Qualitatively similar behavior has been observed for the
chemotaxis of neutrophils and predicted by a stochastic
model based on statistical imperfection in cell sensing arising
from fluctuations in receptor dynamics (36).

Although the biophysics of durotaxis is not identical to
that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
capable of responding to gradients with nanometer-scale
variations in ligand spacing (42). For example, Giannone
et al. (43) observed that polarized mouse embryonic fibro-
blasts migrating on elastic substrates of uniform stiffness
generated periodic lamellipodial protrusions on the order of
1 mm, followed by contractions on the order of 0.2 mm,
and concluded that these periodic oscillations may be linked
to mechanical probing of the substrate rigidity.

Two other potential influences on cellular sensing of
mechanical gradients during durotaxis arise from interactions
between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
stiffness modulates cell stiffness (46). The cell biology of this
phenomenon is complex, but can now be addressed with the
use of techniques such as optical tweezers (47).

Although this study demonstrates that there are significant
parallels between the phenomenological responses of duro-
taxis and chemotaxis, and hints at broader connections
between these phenomena and how cells respond to gradients
in general, considerable work needs to be done to elucidate
the mechanisms underlying the phenomenon of durotaxis.
For example, although we did not detect an upper limit to
the degree of stiffness (both absolute and gradient) that a
cell is capable of sensing, such limits likely exist (as observed
for chemotaxis). In the cases of chemotaxis and haptotaxis,
both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
provided significant insights into the mechanisms by which
cells respond to chemical cues through accurate predictions
of experimental data. Similar models for durotaxis (48–50),
on the other hand, have been hampered by a lack of experi-
mental data with which these models can be assessed and
refined. The data presented here will provide crucial

A

B

C

FIGURE 8 Scatter plots of TI on gradient gels as a function of tensile

modulus for different gradient strengths: (A) 1 kPa/100 mm, (B) 2 kPa/100 mm,

and (C) 4 kPa/100 mm. The tensile modulus for each cell corresponds to the
modulus for the cell’s starting position upon tracking. Vertical dotted lines

delimit the range of moduli for individual gradients.
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over a 20-h period of observation: not all VSMCs migrated in
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that ‘‘mis-sensed’’ the gradient (i.e., with negative values
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that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
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blasts migrating on elastic substrates of uniform stiffness
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1 mm, followed by contractions on the order of 0.2 mm,
and concluded that these periodic oscillations may be linked
to mechanical probing of the substrate rigidity.

Two other potential influences on cellular sensing of
mechanical gradients during durotaxis arise from interactions
between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
stiffness modulates cell stiffness (46). The cell biology of this
phenomenon is complex, but can now be addressed with the
use of techniques such as optical tweezers (47).

Although this study demonstrates that there are significant
parallels between the phenomenological responses of duro-
taxis and chemotaxis, and hints at broader connections
between these phenomena and how cells respond to gradients
in general, considerable work needs to be done to elucidate
the mechanisms underlying the phenomenon of durotaxis.
For example, although we did not detect an upper limit to
the degree of stiffness (both absolute and gradient) that a
cell is capable of sensing, such limits likely exist (as observed
for chemotaxis). In the cases of chemotaxis and haptotaxis,
both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
provided significant insights into the mechanisms by which
cells respond to chemical cues through accurate predictions
of experimental data. Similar models for durotaxis (48–50),
on the other hand, have been hampered by a lack of experi-
mental data with which these models can be assessed and
refined. The data presented here will provide crucial
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FIGURE 8 Scatter plots of TI on gradient gels as a function of tensile

modulus for different gradient strengths: (A) 1 kPa/100 mm, (B) 2 kPa/100 mm,

and (C) 4 kPa/100 mm. The tensile modulus for each cell corresponds to the
modulus for the cell’s starting position upon tracking. Vertical dotted lines

delimit the range of moduli for individual gradients.
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cell is capable of sensing, such limits likely exist (as observed
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both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
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FIGURES 8 AND9. Electron micrographs of thin vertical sections through the leading edges of 
chick heart fibroblasts. Scale bars, I gm. 

FIGuRF, 8. A focal contact (arrow) showing an electron-dense plaque and associated tracts of 
microfilaments. 

FIGURE9. A ruffle. 
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R E V I E W

The lateral force of retrograde flow has been hypothesized to help 
drive integrin activation by separating α- and β-integrin cytoplasmic 
tails90. Integrin activation can be initiated by the binding of cytoplasmic 
proteins, such as talin, to the�β-integrin tail (‘inside-out’ activation) or 
by the binding of integrins to their extracellular ligand (‘outside-in’ acti-
vation)50,91–93. However, integrin inactivation and constitutive activation 
with small molecules or antibodies both decrease migration speeds94, 
suggesting that a carefully regulated cycle of integrin activation and 
inactivation is required for proper cell migration. Integrin activation 
involves a dramatic conformational change between an inactive low-
affinity conformation with the extracellular domain folded close to the 
plasma membrane and an activated high-affinity conformation with the 
extracellular domain extended away from the plasma membrane50,93,95. 
However, both inside-out and outside-in integrin activation correspond 
to a lateral separation of the α- and β-integrin cytoplasmic tails that 
can be measured by a loss in intermolecular fluorescence resonance 
energy transfer (FRET)96. Furthermore, introducing an artificial 14 nm 
separation between the α5 and β1 cytoplasmic domains is sufficient to 
induce high-affinity binding to fibronectin in vitro, and simulations of 
molecular dynamics suggest that the lateral force of actin retrograde 
flow linked to the β�tail by a clutch molecule could pull the β tail away 
from the α tail to stabilize integrin heterodimers in an open, high-affin-
ity conformation49,90. This force-dependent model of integrin activation 
predicts that integrin cytoplasmic tails would open in the direction of 
retrograde actin flow, resulting in a polarized and oriented population 
of active integrins in FAs.

Actin polymerization also controls the formation of initial macro-
molecular nascent FAs. FA formation and stability in the lamellipodia 
requires active actin polymerization62,86, and loss of Arp2/3 complex 
activity reduces FA assembly and results in disorganized, abnormal 

adhesions that do not support haptotactic migration up a surface-bound 
gradient of ECM97,98. Both FAK and vinculin can bind directly to the 
Arp2/3 complex, suggesting a direct molecular link between Arp2/3 
activity and FAs99,100. Nevertheless, more research is needed to under-
stand precisely how Arp2/3 regulates nascent FA assembly.

Actin also regulates FA growth and maturation. Although most nas-
cent FAs disassemble at the  base of the lamellipodium, a subset stabi-
lize and undergo maturation at the border between the lamellipodium 
and the lamellum62,101. Thus, a row of maturing FAs spatially defines the 
lamellipodium–lamellum border and contributes to the abrupt slowing 
of actin retrograde flow speeds in the lamellum28,84,86. During maturation, 
FAs undergo a compositional change as they grow and elongate in the 
direction of retrograde flow58,61,62,64,102. FAs grow at a rate directly propor-
tional to actin flow, independently of specific molecular perturbations; 
thus, faster retrograde flow results in faster FA elongation103. This sug-
gests that FA growth, and therefore local integrin activation, is limited by 
the distance of actin retrograde movement, in agreement with the lateral-
force model of integrin activation90. FA maturation requires tension to 
be applied across FAs, either from intracellular myosin contractility or 
extracellular pulling104–109, and FA size correlates to the amount of applied 
force85. During FA maturation, α-actinin is recruited to cross-link actin 
filaments62. Mature FAs remain attached to actin stress fibres throughout 
their lifetime, and their maintenance requires association with contrac-
tile F-actin bundles33,64,88. Disruption of dorsal stress fibres generated by 
mDia2 (mammalian diaphanous-related, a member of the formin family 
of proteins) leads to abnormal FA morphology and dynamics33,110, and 
several other formin family members have been found in biochemically 
isolated FAs58. Further work is needed to clarify the role of specific actin 
nucleators and F-actin structures in regulating the different stages of 
FA assembly, growth and disassembly in the lamellipodia and lamella.
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Figure 2 Nano-scale architecture of the focal adhesion clutch. Focal adhesions 
(FAs) are organized into 3D ‘nano-domains’ with unique protein compositions 
and mechanical signatures. The distal tip of the FA facing the leading edge 
is where lamellipodial dendritic actin interacts with the FA, and contains an 
enrichment of phosphorylated paxillin, rapid retrograde flow and high traction 
forces. The proximal tip of the FA interacts with the actin stress fibre and is 
enriched with the actin binding proteins α-actinin, zyxin and VASP, and is 
characterized by slow retrograde flow and low traction forces. Additionally, 
proteins are stratified in the axis perpendicular to the cell plasma membrane 

(PM). Paxillin, FAK and the talin head domain are co-localized with integrin 
cytoplasmic tails near the plasma membrane in the integrin signalling layer. 
Actin and actin-binding proteins are localized >50 nm above the plasma 
membrane in the actin regulatory layer. Talin and vinculin reside in the 
force transduction layer that spans between the integrin signalling and actin 
regulatory layers. Talin is oriented with the N-terminus near the plasma 
membrane and the C-terminus ~30 nm higher and extended towards the FA 
proximal tip. The colour bar shows the vertical distance from the extracellular 
matrix, whereas the scale bar denotes the distance across the xy plane. 
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the core of the receptor module, which binds
ECM components. The cytoplasmic domain
of the β-integrin subunit binds to talin, which
connects integrin with actin. Talin binding
can trigger conformational changes of the α-
integrin/β-integrin dimers to an active state
with strongly increased affinity to ECM ligands
(Tadokoro et al. 2003, Wegener et al. 2007;
Figure 3b,d, f ).

Maturation of focal complexes into focal ad-
hesions relies on the binding of other cyto-
plasmic partners such as vinculin (Chen et al.
2005, Humphries et al. 2007, Izard et al. 2004),
which promote clustering of nascent com-
plexes and reinforce the integrin links to actin
(Figure 3b,d, f ). The signaling module of cell-
ECM adhesions consists of several components
including kinases and phosphatases that are able
to initiate a cascade of events. This results in
local changes in cytoskeleton dynamics and the
generation of mechanical force, which in turn
modify adhesion (see below).

The organization of adhesion molecules in
finitely sized clusters is also a striking feature
of cell-cell adhesion. Similar to integrins, cad-
herins form dense protein clusters connected
to the actin network. E-cadherin clusters
have been observed in cultured epithelial
mammalian cells and in early epithelia of

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 3
Cell-cell and cell-extracellular matrix (ECM)
adhesion clusters and their interaction with
actomyosin networks. Cell-cell and cell-ECM
adhesion initiate by homophilic binding of
E-cadherin (a) and by binding of integrin to ECM
(b), respectively. Actin-dependent protrusions are
important in these processes. Next, E-cadherin
binds actin filaments through adaptor proteins such
as β-catenin, α-catenin, and vinculin (c). Similarly,
integrin binds the actin cytoskeleton through
proteins such as talin and vinculin (d ). Actomyosin
contractility produces pulling forces on adhesion
complexes. These forces can induce conformational
changes in α-catenin and talin, thereby exposing
buried vinculin-binding sites. In turn, vinculin
binding promotes further binding of actin filaments
to adhesion clusters (e,f ). This feedback mechanism
enhances the mechanical coupling between
actomyosin networks and adhesion clusters.

nonvertebrates. In migrating cells undergoing
mesenchymal to epithelial transitions, nascent
adhesions of E-cadherin organize in puncta
(Angres et al. 1996, Kametani & Takeichi
2007). These puncta are thought to represent
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Rigidity sensing by mechanical tugging

• Traction forces at focal adhesion are asymmetric (ie. shifted 
towards distal tip)

of peak traction in stable FAs was not significantly different from
the FA center (skewed distally by 0.27 ± 0.33 mm), whereas for
tugging FAs, the mean position of peak traction was skewed
by 1.24 ± 0.46 mm toward the distal FA tip (Figure 3A). We also
measured the fraction of FAs in which the position of peak
traction was significantly skewed (>0.7 mm) toward the distal
FA tip in 150 randomly selected snapshots frommovies of stable
or tugging FAs. This showed that the traction peak was distally
skewed in 4% ± 1.1% and 91% ± 1.7% of TFM snapshots of
stable and tugging FAs, respectively (Figure 3B). Thus, for a
population of FAs, the more the mean position of peak traction

is shifted toward the distal FA tip, the greater the proportion of
tugging FAs. Conversely, the closer the mean position of peak
traction to the FA center, the greater the proportion of FAs with
stable traction.

FA Traction Dynamics Are Modulated by ROCK-
Dependent ECM-Rigidity Mechanosensing
We next sought to determine whether FA traction dynamics
are modulated by ECM rigidity. Varying ECM rigidity (8.6 to
55 kPa) showed that FAs on average were slightly but signifi-
cantly smaller on softer ECMs, as expected (Figure 3D)

Figure 1. Traction Stresses Are Asymmetrically Distributed across Individual FAs
Analysis of traction stress distribution in FAs in MEF (8.6 kPa ECM).

(A) Immunolocalization of paxillin and fluorescent phalloidin staining of actin. Right panel: Zoom of boxed region on left. Proximal and distal directions aremarked.

(B) Images of eGFP-paxillin (top left, top right: zoomed image of the boxed region) and corresponding maps of reconstructed traction stresses on the ECM with

positions of FA outlined in black (bottom left and bottom right: traction magnitude heatmaps; middle right: stress vector field overlaid on inverted contrast image

of eGFP-paxillin).

(C and D) The center of the FA (position of peak eGFP-paxillin intensity) was set as the origin of the x axis, proximal and distal directions indicated. (C) Above:

Stress vector field overlaid on inverted contrast image of eGFP-paxillin. Below: eGFP-paxillin intensity and traction stress as a function of distance along the FA

shown above. Single-headed arrows: peak values; double-headed arrows: distance between peak values. (D) Histogram of the position of peak traction within

single FAs, with number of FAs with peak traction stress located in each region shown (n = 1,269). Grey rectangle highlights the values that are not significantly

different from the FA center.

See also Figure S1.

Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc. 1515

• On more rigid substrates 
(16-55kPa)
highest traction is more 
centered
This requires actomyosin 
contractility

Figure 3. FA Traction Dynamics Are Modulated by ROCK-Dependent ECM-Rigidity Mechanosensing
In (A) and (G), the FA center (position of peak eGFP-paxillin intensity) was set as the origin; gray rectangle highlights the values that are not significantly different

from the FA center, and distal and proximal directions are indicated. (A–C) TFMmovies of FA in cells plated on 8.6 kPa ECMwere classified according to whether

the FA exhibited tugging or stable traction.

(A) Histogram of the position of peak traction in each frame of time-lapse TFM series for FAs exhibiting tugging (red, n = 302 measurements, n = 9 FAs) or stable

traction (gray, n = 285 measurements, n = 9 FAs).

(legend continued on next page)

1518 Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc.

Fluctuating traction Stable traction

Figure 2. Time-Lapse TFM Reveals Two States of Traction in Individual FA: Stable and Fluctuating
Images of FAs in MEF (8.6 kPa ECM) were captured at 5 s intervals.

(A–C) Images of eGFP-paxillin (top panels, time in min:s shown) and corresponding heatmaps of reconstructed traction stresses with FAs outlined in black

(bottom panels). Red dot: position of peak traction for the FAs analyzed in (D)–(I).

(A, D, and G) FA in which the position of peak traction remains stable near the FA center.

(B, E, and H) FA in which the position of peak traction fluctuates in the distal half of the FA.

(C, F, and I) Neighboring FAs in which position of peak traction is stable (blue box) or fluctuating (green box).

(D–F) Kymographs along the FAsmarked by red dots in (A), (B), and (C), respectively. Red rectangle: Position of peak traction along the FA (y axis) over time (x axis).

(G–I) Plot of the position of peak traction stress along the FA (left axis, red, with the FA center set to zero) and the peak traction magnitude (right axis, black) over

time for the FAs marked in (A), (B), and (C), respectively. Grey rectangle highlights values that are not significantly different from the FA center.

(legend continued on next page)

1516 Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc.

Figure 2. Time-Lapse TFM Reveals Two States of Traction in Individual FA: Stable and Fluctuating
Images of FAs in MEF (8.6 kPa ECM) were captured at 5 s intervals.

(A–C) Images of eGFP-paxillin (top panels, time in min:s shown) and corresponding heatmaps of reconstructed traction stresses with FAs outlined in black

(bottom panels). Red dot: position of peak traction for the FAs analyzed in (D)–(I).

(A, D, and G) FA in which the position of peak traction remains stable near the FA center.

(B, E, and H) FA in which the position of peak traction fluctuates in the distal half of the FA.

(C, F, and I) Neighboring FAs in which position of peak traction is stable (blue box) or fluctuating (green box).

(D–F) Kymographs along the FAsmarked by red dots in (A), (B), and (C), respectively. Red rectangle: Position of peak traction along the FA (y axis) over time (x axis).

(G–I) Plot of the position of peak traction stress along the FA (left axis, red, with the FA center set to zero) and the peak traction magnitude (right axis, black) over

time for the FAs marked in (A), (B), and (C), respectively. Grey rectangle highlights values that are not significantly different from the FA center.

(legend continued on next page)

1516 Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc.

• Two modes of traction at focal 
adhesions:
— stable traction is nearly 
centered and has low values

— fluctuating traction is 
asymmetric: it is shifted towards 
the distal tip and has higher values. 
> Tugging

Figure 3. FA Traction Dynamics Are Modulated by ROCK-Dependent ECM-Rigidity Mechanosensing
In (A) and (G), the FA center (position of peak eGFP-paxillin intensity) was set as the origin; gray rectangle highlights the values that are not significantly different

from the FA center, and distal and proximal directions are indicated. (A–C) TFMmovies of FA in cells plated on 8.6 kPa ECMwere classified according to whether

the FA exhibited tugging or stable traction.

(A) Histogram of the position of peak traction in each frame of time-lapse TFM series for FAs exhibiting tugging (red, n = 302 measurements, n = 9 FAs) or stable

traction (gray, n = 285 measurements, n = 9 FAs).

(legend continued on next page)

1518 Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc.

S. Plotnikov et al and C. Waterman. Cell 151: 1513–1527 (2012)
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that release of tension on FAs either externally (by ECM rigidity)
or internally (by myosin II) is sufficient to induce FA traction
dynamics.

Tugging FA Traction Dynamics Are Dispensable for FA
Maturation, Chemotaxis, and Haptotaxis but Are Critical
to Migration Speed and Durotaxis
To determine the physiological significance of FA traction
dynamics, we assessed rigidity-dependent FA maturation and

random or directed migration in cells in which FA traction
dynamics were controlled by specific combinations of ECM
rigidity and molecular perturbation. We focused on paxillin
mutants defective in either Y31/118 phosphoregulation (paxil-
linY31/118E) or vinculin binding (paxillinE151Q) plated on different
ECM stiffnesses (4.1 or 8.6 kPa) in the presence or absence of
ROCK inhibitor (1 mM). These treatments had no effect on the
fraction of FAs amenable to TFM or the distributions of paxillin
or vinculin within individual FAs (Figures S5 and S6). As shown

Figure 4. Inhibiting FAK or Altering Paxillin Y31/118 Phosphorylation Reduces FA Force Transmission and Depletes Tugging FA Traction
Dynamics
MEFs were cotransfected with nontargeting siRNAs and eGFP-tagged wild-type paxillin (PxnWT) or with paxillin-targeting siRNAs and eGFP-tagged siRNA-

resistant paxillin mutants (phosphomimetic [PxnY31/118E] or nonphosphorylatable [PxnY31/118F]), or they were treated with 10 mMFAK inhibitor (PF-228). Cells were

plated on 8.6 kPa ECMs.

(A) Localization of eGFP-tagged paxillins in FAs (cell edge is outlined in white).

(B) Mean FA size (n > 850 FAs from 7 cells).

(C) Fraction of FAs R 1.5 mm (n > 850 FAs from 7 cells).

(D) Western blot of cell lysates for myosin II regulatory light chain (MLC) and serine 19 phosphorylated MLC (pMLC). MEFs treated with 20 mM ML-7 and 10 mM

Y-27632 for 2 hr (PxnWT ML-7) were used as a control.

(E) Box plot of total cellular traction normalized to total FA area upon inhibiting FAK (n = 6 cells) or altering paxillin phosphorylation (PxnY31/118E, n = 14 cells or

PxnY31/118F, n = 12 cells).

(F) Above: Box plot of peak traction position relative to the FA center within single FAs (PxnWT, n = 150 FAs; PF-228, n = 223 FAs; PxnY31/118E, n = 443 FAs;

PxnY31/118F, n = 153 FAs). Grey rectangle highlights values that are not significantly different from the FA center, with distal and proximal directions indicated.

Bottom: The fraction of TFM snapshots of FAs in which the position of peak traction was significantly skewed (>0.7 mm) toward the distal FA tip.

Values greater than 50% are marked in red. **p < 0.01, ***p < 0.001, NS p > 0.05 as detected by Mann-Whitney test. (B and C) Data shown as mean ± SEM. See

also Figure S4.

1520 Cell 151, 1513–1527, December 21, 2012 ª2012 Elsevier Inc.
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resistant paxillin mutants (phosphomimetic [PxnY31/118E] or nonphosphorylatable [PxnY31/118F]), or they were treated with 10 mMFAK inhibitor (PF-228). Cells were

plated on 8.6 kPa ECMs.

(A) Localization of eGFP-tagged paxillins in FAs (cell edge is outlined in white).

(B) Mean FA size (n > 850 FAs from 7 cells).

(C) Fraction of FAs R 1.5 mm (n > 850 FAs from 7 cells).

(D) Western blot of cell lysates for myosin II regulatory light chain (MLC) and serine 19 phosphorylated MLC (pMLC). MEFs treated with 20 mM ML-7 and 10 mM

Y-27632 for 2 hr (PxnWT ML-7) were used as a control.

(E) Box plot of total cellular traction normalized to total FA area upon inhibiting FAK (n = 6 cells) or altering paxillin phosphorylation (PxnY31/118E, n = 14 cells or

PxnY31/118F, n = 12 cells).

(F) Above: Box plot of peak traction position relative to the FA center within single FAs (PxnWT, n = 150 FAs; PF-228, n = 223 FAs; PxnY31/118E, n = 443 FAs;

PxnY31/118F, n = 153 FAs). Grey rectangle highlights values that are not significantly different from the FA center, with distal and proximal directions indicated.

Bottom: The fraction of TFM snapshots of FAs in which the position of peak traction was significantly skewed (>0.7 mm) toward the distal FA tip.

Values greater than 50% are marked in red. **p < 0.01, ***p < 0.001, NS p > 0.05 as detected by Mann-Whitney test. (B and C) Data shown as mean ± SEM. See

also Figure S4.
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above (Figure 6), expression of these mutants tagged with eGFP
in a paxillin siRNA background inhibited tugging FA traction fluc-
tuations on rigid ECMs (8.6 or 32 kPa), but decreasing ECM
rigidity to 4.1 kPa or inhibiting ROCK activity induced tugging
FA traction dynamics.
To determinewhether FA traction dynamics and FA growth are

mechanistically linked, we analyzed FA size in control and
mutant-expressing cells plated on a range of ECM rigidities.
Increasing ECM stiffness increased FA area in control cells as
expected; however, phosphomimetic or vinculin binding-defi-
cient paxillin mutants abrogated this response (Figure 7A).
Thus, paxillin phosphoregulation and a vinculin-paxillin interac-
tion are required for ECM rigidity-dependent FA growth but

only mediate traction fluctuations at specific ECM rigidities
(Figure 6B).
To determine the role of tugging FA traction dynamics in

cell migration, we measured velocity of control and mutant-
expressing cells undergoing random migration on a range of
ECM rigidities. This showed that conditions that promoted trac-
tion fluctuations within FA corresponded to slower random
migration. Cells expressing either wild-type or mutant paxillins
migrated at similar speeds on 4.1 kPa ECM (Figure 7B), where
all exhibit tugging FA traction dynamics (Figure 6B), whereas
migration velocity was significantly faster on the most rigid
ECM (32 kPa, Figure 7B), where stable FA traction predominates
for all conditions (Figure 6A). On 8.6 kPa ECM, control cells

Figure 5. Depleting Vinculin or Inhibiting Paxillin-Vinculin Interaction Reduces FA Force Transmission and Depletes Tugging FA Traction
Dynamics
MEFs were cotransfected with nontargeting or vinculin-targeting (VclKD) siRNAs and eGFP-tagged wild-type paxillin (PxnWT) or with paxillin-targeting siRNAs

and eGFP-tagged siRNA-resistant paxillin mutant (PxnE151Q).

(A) Western blot (WB) of siRNA-mediated depletion of vinculin (VclKD) in MEFs (72 hr after transfection), with tubulin (Tub) as loading control.

(B) Anti-GFP immunoprecipitations (IP) of mock-, eGFP-, eGFP-paxillin, or eGFP-paxillinE151Q-transfected MEFs, followed by analysis by WB with antibodies to

vinculin and GFP. The top band in the anti-GFP immunoblot is eGFP-paxillin, the lower band a commonly observed degradation product.

In (C)–(H), cells were plated on 8.6 kPa ECMs.

(C) Mean FA size (n > 850 FAs from 7 cells).

(D) Fraction of FAs R 1.5 mm (n > 850 FAs from 7 cells).

(E) WB of cell lysates for MLC and pMLC.

(F) eGFP-tagged paxillins in FAs (cell edge, white outline).

(G) Box plot of total cellular traction normalized to total FA area (n = 6 cells per treatment).

(H) Above: Box plot of peak traction position relative to the FA center within single FAs (PxnWT, n = 150 FAs; VclKD, n = 283 FAs; PxnE151Q, n = 204 FAs). Grey

rectangle highlights values that are not significantly different from the FA center, with distal and proximal directions indicated. Bottom: The fraction of TFM

snapshots of FAs in which the position of peak traction was significantly skewed (>0.7 mm) toward the distal FA tip.

Values greater than 50% are marked in red.*p < 0.05, **p < 0.01, ***p < 0.001, NS p > 0.05 as detected by Mann-Whitney test. (C and D) Data shown as mean ±

SEM. See also Figure S4.
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• The FAK/Paxilin/Vinculin actin 
coupling complex is required for 
fluctuating, asymmetric, high 
traction at focal adhesions

R E V I E W

The lateral force of retrograde flow has been hypothesized to help 
drive integrin activation by separating α- and β-integrin cytoplasmic 
tails90. Integrin activation can be initiated by the binding of cytoplasmic 
proteins, such as talin, to the�β-integrin tail (‘inside-out’ activation) or 
by the binding of integrins to their extracellular ligand (‘outside-in’ acti-
vation)50,91–93. However, integrin inactivation and constitutive activation 
with small molecules or antibodies both decrease migration speeds94, 
suggesting that a carefully regulated cycle of integrin activation and 
inactivation is required for proper cell migration. Integrin activation 
involves a dramatic conformational change between an inactive low-
affinity conformation with the extracellular domain folded close to the 
plasma membrane and an activated high-affinity conformation with the 
extracellular domain extended away from the plasma membrane50,93,95. 
However, both inside-out and outside-in integrin activation correspond 
to a lateral separation of the α- and β-integrin cytoplasmic tails that 
can be measured by a loss in intermolecular fluorescence resonance 
energy transfer (FRET)96. Furthermore, introducing an artificial 14 nm 
separation between the α5 and β1 cytoplasmic domains is sufficient to 
induce high-affinity binding to fibronectin in vitro, and simulations of 
molecular dynamics suggest that the lateral force of actin retrograde 
flow linked to the β�tail by a clutch molecule could pull the β tail away 
from the α tail to stabilize integrin heterodimers in an open, high-affin-
ity conformation49,90. This force-dependent model of integrin activation 
predicts that integrin cytoplasmic tails would open in the direction of 
retrograde actin flow, resulting in a polarized and oriented population 
of active integrins in FAs.

Actin polymerization also controls the formation of initial macro-
molecular nascent FAs. FA formation and stability in the lamellipodia 
requires active actin polymerization62,86, and loss of Arp2/3 complex 
activity reduces FA assembly and results in disorganized, abnormal 

adhesions that do not support haptotactic migration up a surface-bound 
gradient of ECM97,98. Both FAK and vinculin can bind directly to the 
Arp2/3 complex, suggesting a direct molecular link between Arp2/3 
activity and FAs99,100. Nevertheless, more research is needed to under-
stand precisely how Arp2/3 regulates nascent FA assembly.

Actin also regulates FA growth and maturation. Although most nas-
cent FAs disassemble at the  base of the lamellipodium, a subset stabi-
lize and undergo maturation at the border between the lamellipodium 
and the lamellum62,101. Thus, a row of maturing FAs spatially defines the 
lamellipodium–lamellum border and contributes to the abrupt slowing 
of actin retrograde flow speeds in the lamellum28,84,86. During maturation, 
FAs undergo a compositional change as they grow and elongate in the 
direction of retrograde flow58,61,62,64,102. FAs grow at a rate directly propor-
tional to actin flow, independently of specific molecular perturbations; 
thus, faster retrograde flow results in faster FA elongation103. This sug-
gests that FA growth, and therefore local integrin activation, is limited by 
the distance of actin retrograde movement, in agreement with the lateral-
force model of integrin activation90. FA maturation requires tension to 
be applied across FAs, either from intracellular myosin contractility or 
extracellular pulling104–109, and FA size correlates to the amount of applied 
force85. During FA maturation, α-actinin is recruited to cross-link actin 
filaments62. Mature FAs remain attached to actin stress fibres throughout 
their lifetime, and their maintenance requires association with contrac-
tile F-actin bundles33,64,88. Disruption of dorsal stress fibres generated by 
mDia2 (mammalian diaphanous-related, a member of the formin family 
of proteins) leads to abnormal FA morphology and dynamics33,110, and 
several other formin family members have been found in biochemically 
isolated FAs58. Further work is needed to clarify the role of specific actin 
nucleators and F-actin structures in regulating the different stages of 
FA assembly, growth and disassembly in the lamellipodia and lamella.
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Figure 2 Nano-scale architecture of the focal adhesion clutch. Focal adhesions 
(FAs) are organized into 3D ‘nano-domains’ with unique protein compositions 
and mechanical signatures. The distal tip of the FA facing the leading edge 
is where lamellipodial dendritic actin interacts with the FA, and contains an 
enrichment of phosphorylated paxillin, rapid retrograde flow and high traction 
forces. The proximal tip of the FA interacts with the actin stress fibre and is 
enriched with the actin binding proteins α-actinin, zyxin and VASP, and is 
characterized by slow retrograde flow and low traction forces. Additionally, 
proteins are stratified in the axis perpendicular to the cell plasma membrane 

(PM). Paxillin, FAK and the talin head domain are co-localized with integrin 
cytoplasmic tails near the plasma membrane in the integrin signalling layer. 
Actin and actin-binding proteins are localized >50 nm above the plasma 
membrane in the actin regulatory layer. Talin and vinculin reside in the 
force transduction layer that spans between the integrin signalling and actin 
regulatory layers. Talin is oriented with the N-terminus near the plasma 
membrane and the C-terminus ~30 nm higher and extended towards the FA 
proximal tip. The colour bar shows the vertical distance from the extracellular 
matrix, whereas the scale bar denotes the distance across the xy plane. 
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Dynamic range of rigidity sensing
Figure 6. A FAK/Paxillin/Vinculin Signaling
Module Regulates the Range of the ECM
Rigidities over which FAs Exhibit Traction
Dynamics
MEFs were plated on 4.1 (blue), 8.6 (green), or

32 kPa (orange) ECMs. Cells were cotransfected

with nontargeting siRNAs and eGFP-tagged wild-

type paxillin (PxnWT) or with paxillin-targeting

siRNAs and eGFP-tagged siRNA-resistant paxillin

mutants (phosphomimetic [PxnY31/118E], non-

phosphorylatable [PxnY31/118F], or vinculin-binding

deficient [PxnE151Q]), or they were treated with

vinculin-targeting siRNAs and eGFP-paxillin

(VclKD). Cells were additionally treated with 10 mM

PF-228 to inhibit FAK (PF-228) or 1 mMY-27632 to

inhibit ROCK (light green bars in C and D).

(A–C) Top panels: Box plots of the position of peak

traction within FAs in cells plated on ECMs of

various stiffness. Grey rectangle highlights the

values that are not significantly different from the

FA center, with distal and proximal directions

indicated. Bottom panels: The fraction of TFM

snapshots of FAs in which the position of peak

tractionwas significantly skewed (>0.7 mm) toward

the distal FA tip measured at the same experi-

mental condition as in the panels directly above.

n > 200 FA for each experimental condition. Values

greater than 50% are marked in red.*p < 0.05,

**p < 0.01, ***p < 0.001, NS p > 0.05 as detected

by Mann-Whitney test.

(D) Phosphorylation of MLC assayed by WB

analysis (top panel). Loading controls: total

MLC and GFP (middle and bottom panels,

respectively).

See also Figure S5.
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• The FAK/Paxilin/Vinculin actin 
coupling complex is not required per 
se for asymmetric traction 
fluctuation at focal adhesions

• FAK/Paxilin/Vinculin extend the 
range of rigidity sensing via traction 
fluctuation (8.6k-32kPa)
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inhibit ROCK (light green bars in C and D).
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In absence of FAK/Pax/Vinculin, actomyosin 
contractility allows stable traction

S. Plotnikov et al and C. Waterman. Cell 151: 1513–1527 (2012)
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Rigidity sensing during Durotaxis

• Rigidity increases the size of focal adhesions
• Random cell motility is enhanced on stiffer 

substrates

• The FAK/Paxilin/vinculin complex extends 
this to a higher range of ECM stiffness 

(legend continued on next page)
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243Arp2/3 complex’s role in fibroblast motility • Suraneni et al.

movement speeds between cells of the two genotypes were 
similar (Fig. 4 D), but the wild-type cells moved with a consid-
erably higher velocity (Fig. 4 E). Thus, although wild-type and 
mutant cells were similarly motile, the motility of mutant cells 
did not lead to displacement ef!ciently. The D/L ratio is a mea-
sure of the straightness of each cell track and showed that the 
paths of ARPC3/ !broblasts were signi!cantly less straight 
than those of wild-type cells (Fig. 4 F). This result suggests that 
the mutant cells have a de!ciency in sustaining the directional-
ity of the movement.

To assess this further, we performed a mean square dis-
placement (MSD) analysis of the cell-tracking data. The MSD 
was calculated using the equation:

 MSD r t r t( ) ( ) ( ) ,W W � �
G 2  

where 
Gr t( )  is the position of the cell at time t. The result was 

!tted to MSD() = 4D, where D is the diffusion coef!cient 
and the exponent  indicates the degree of directional motion. 
The resulting average MSD curve for wild-type cells showed 
an upward trend and the corresponding  value was 1.43 ± 
0.05, indicating directional motion, whereas the MSD plot for 
the mutant cells was nearly linear with an  value of 1.09 ± 
0.09, not signi!cantly deviating from  = 1 for pure random 
walk (P-value = 0.14; Fig. 4, G and H). Consistent with these 
quantitative analyses, observation of cell movement in the time-
lapse movies also gave the impression that the mutant cells had  
a reduced ability to maintain a consistent leading edge (compare 
Videos 3 and 4), possibly as a result of the independently pro-
truding and retracting FLPs, as opposed to the apparently more 
coordinated dynamics of lamellipodia of ARPC3+/+ cells. To 
assess the level of coordination at the leading edge, we calcu-
lated the spatial (angular) correlations of leading edge protru-
sion and retraction dynamics in the migrating ARPC3+/+ and 
ARPC3/ cells from the kymographs in Fig. 3 (see Materials 
and methods for details). This analysis found the amplitude of 
the correlation to be in general much higher in the wild-type 
cells than in the mutant cells (Fig. 3 F), and the characteristic 
angular distance for correlation decay was also larger in the 
wild type than that in the mutant (Fig. 3 G). This analysis 
indicates poor coordination of protrusion and retraction dynam-
ics at the mutant cell leading edge and provides a possible expla-
nation for the lack of directional persistence in the movement of 
ARPC3/ !broblasts.

ARPC/ fibroblasts are defective in 
chemotaxis in response to an EGF gradient
Because the environment in a wound-healing assay is complex 
and the cells may not be experiencing a robust directional cue, 
we further tested the ability of ARPC3/ !broblasts to undergo 
directional migration in a chemotaxis assay along a gradient of 
EGF. We !rst tested the ability of ARPC3+/+ and ARPC3/ 
cells to respond to uniform EGF. Wild-type !broblasts responded 
within minutes of EGF (25 ng/ml) stimulation with slightly but 
apparently more vigorous lamellipodia protrusions and retrac-
tions (Video 7), and interestingly, this response was even more 

protrusions in ARPC3/ !broblasts (Fig. 2 and Fig. S3 C), sug-
gesting that these protrusions might be formed through DRF-
mediated actin assembly. Immunoblotting found that the level 
of mDia1 protein was not drastically different in the mutant 
compared with the wild type (Fig. S2 E).

ARPC3/ fibroblasts are defective in 
wound healing in vitro due to a lack of 
sustained migration directionality
Wound healing is one of the main functions for !broblasts and 
requires migration of these cells toward the epithelial wound 
(Diegelmann and Evans, 2004; Gurtner et al., 2008). We used 
an in vitro assay to assess the ability of ARPC3/ cells to un-
dergo wound healing. ARPC3+/+ and ARPC3/ !broblasts were 
plated at the same densities to form a con"uent monolayer 
before a wound of 300–400 µm was generated by using a culture 
insert (see Materials and methods). Wound closure was moni-
tored by taking microscopy images at different time points after 
wound creation. ARPC3+/+ cells took 30 h to complete wound 
closure, whereas ARPC3/ cells showed a considerable delay 
in wound closure: even after 54 h, the wound reduced in size but 
was not completely closed (Fig. 3, A–C). We note that ARPC3+/+ 
and ARPC3/ !broblasts are slowly dividing cells with doubling 
time 56 h and limited proliferative potential, and thus cell divi-
sion was unlikely to contribute signi!cantly to wound closure.

Time-lapse phase-contrast movies were made to observe 
the migration of ARPC3+/+ and ARPC3/ !broblasts during 
wound healing. We focused on the behavior of cells at the 
edge of the wound moving into the open space. As shown in 
Video 3, ARPC3+/+ cells moved toward the wound with leading 
edges exhibiting the expected lamellipodia morphology (also 
see Fig. 3 D). By contrast, ARPC3/ cells migrated into the 
wound exclusively with FLP-rich leading edges (Video 4 and 
Fig. 3 D). To quantitatively compare the dynamics of the leading 
edge between wild-type and mutant cells we used a kymograph 
analysis to obtain parameters, including the rate of protrusion 
or retraction and duration of protrusion or retraction (Fig. 3, 
D and E). Surprisingly, this analysis found that ARPC3/ !bro-
blasts display signi!cantly faster leading edge protrusion and 
retraction rates than the corresponding rates of the lamellipodia 
in ARPC3+/+ cells (Table S1). The durations of the protrusion 
or retraction phases in the mutant cells are also slightly but 
signi!cantly longer than those in the wild type.

As it was non-obvious that the above parameters describing 
leading edge dynamics could account for the wound-healing de-
fect observed for ARPC3/ !broblasts compared with ARPC3+/+ 
!broblasts, we went on to analyze whole-cell motility behaviors 
from long time-lapse movies by tracking the movement of indi-
vidual ARPC3+/+ or ARPC3/ cells toward the wound area 
(Fig. 4, A and B; Videos 5 and 6). Care was taken to track only 
those cells moving independently into the wound area, as inter-
action with neighboring cells could complicate their motility 
behavior. From these cell tracks, two parameters, path length (L) 
and displacement (D), were computed (Fig. 4 C). Dividing L and D 
by the total trajectory time (t) yielded mean movement speed 
and velocity (a measure of productive displacement rate), respec-
tively. Comparison of these parameters indicated that the average 
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exhibited tugging FA traction (Figures 3G and 6B) and migrated
at a slow speed similar to that on softer 4.1 kPaECMs (Figure 7B).
In contrast, on 8.6 kPa ECM, cells bearing paxillin mutants ex-
hibited stable FA traction (Figure 6B) and migrated faster than
those on 4.1 kPa ECM and at speeds similar to those of both
control and experimental cells on more rigid 32 kPa ECM (Fig-
ure 7B). Inhibition of ROCK activity in cells bearing paxillin
mutants plated on 8.6 kPa ECM also decreased the velocity of
cell migration. The drug-induced reduction in cell velocity was
specific to induction of FA traction fluctuation, as treatment of
control cells plated on 8.6 kPa ECMs with ROCK inhibitor did
not reduce migration velocity (Figure 7B). This demonstrates
that ROCK-dependent FA traction fluctuations slow random
cell migration.
To determine the role of paxillin Y31/118 phosphoregulation or

vinculin binding in directed cell migration toward biochemical
cues, we assessed the effects of mutants on chemotaxis toward
platelet-derived growth factor (PDGF) and haptotaxis toward
fibronectin (FN) (Figures 7C and 7F). We determined the mean
square displacement (MSD) over time from cell motion tracks
and fitted it to a random movement model (MSD(t) = 4D*ta;
Suraneni et al., 2012) (Figures S7A and S7B) in which the greater
the exponent a, the more directionally persistent the movement
(Figures 7D and 7G). We also determined the ‘‘compass index,’’
measured as the angle of each turn in the track relative to the
direction of the gradient (Arrieumerlou and Meyer, 2005). This
showed that cells migrated randomly in uniform distributions of
PDGF or FN and directionally toward gradients of these cues,
independent of expression of mutant paxillins (Figures 7D, 7E,
7G, and 7H). Similar results were obtained in Boyden chamber
assays (Figures S7D and S7E). This suggests that neither paxillin
phosphoregulation nor vinculin binding is required for chemo-
taxis or haptotaxis on stiff ECMs.
To assess the role of FA traction dynamics in durotaxis, we

utilized the assay of Wang et al. (2001). Cells were plated on
FN-coupled PAA substrates, and a tangential strain in the direc-
tion away from a cell was applied to the substrate with a micro-
needle (10 mm from the cell edge) to locally pull the PAA to its
elastic limit (Figure S7F). Because strain decays with distance
from the point of application (Landau and Lifshitz, 1970),
nonlinear strain stiffening of the PAA only occurs close to the
needle, creating a local rigidity gradient toward the needle. For
controls, quantification of either MSD or compass index showed
that cells migrated directionally up the stiffness gradient
independent of the bulk ECM rigidity (Movies S3 and S4;
Figures 7I, 7J, S7C, and S7F). In contrast, cells expressing
paxillinY31/118E or paxillinE151Q mutants migrated toward the
rigidity gradient when plated on soft ECMs (4.1 kPa), but had
significantly reduced migration persistence and randomized
migration directionality on more rigid (32 kPa) ECM (Movie S4;
Figures 7I, 7J, S7C, and S7F). This indicates that paxillin phos-
phoregulation and a paxillin-vinculin interaction are not required
for durotaxis per se, but that these perturbations narrow the
range of ECM rigidities to which cells respond. Interestingly,
directional migration up the ECM-rigidity gradient was not due
to a bias in the direction of membrane protrusion, as we found
no difference in the area of protrusion extending toward either
stiffer or softer ECM (Figure 7K). Together, these results suggest

that tugging traction dynamics within FA slow random cell migra-
tion and promote durotaxis, whereas FA maturation, chemo-
taxis, and haptotaxis occur independent of the dynamic state
of FA traction.

DISCUSSION

We used high-resolution time-lapse TFM to characterize the
distribution and dynamics of cell-generated forces on the ECM
at the nanoscale withinmature FAs.We found thatmaximal cyto-
skeleton-ECM force transmission is not at the site of stress fiber-
FA attachment as predicted by modeling (Nicolas et al., 2004;
Raz–Ben Aroush and Wagner, 2006) but rather near the FA tip
toward the leading edge. Surprisingly, steady-state mature FAs
that appear static by other methods of microscopy can actually
possess internal fluctuations in mechanics. When traction is
dynamic within FAs, it exhibits a pattern that is reminiscent of
repeated, centripetal tugging on the ECM. Furthermore, the trac-
tion dynamics of neighboring FAs in a single cell are not corre-
lated, indicating that individual FAs act autonomously. A FAK/
phosphopaxillin/vinculin pathway is essential for cells to exert
high traction and to enable FA tugging over a broad range of
ECM rigidities. Tugging traction in FA is dispensable for FAmatu-
ration, chemotaxis, and haptotaxis but is critical to direct cell
migration toward rigid ECM.
We find that FAs exhibit tugging traction fluctuations on a wide

range of ECM rigidities, but the choice of tugging versus stable
traction states is tension dependent and is regulatedby a specific
signaling pathway. Reduction of tension on FAs by soft ECM or
inhibition of ROCK-mediated contractility shifts FAs from stable
to tugging traction states. ECM-rigidity-regulated traction fluctu-
ations within FA have been predicted by a mechanical model of
an FA molecular clutch (Chan and Odde, 2008), although the
identity of the clutch molecules(s) was not determined. Fluctua-
tion of talin length inmature FAswas also recently reported (Mar-
gadant et al., 2011), although its relation to ECM traction was not
tested. We find that disruption of FAK activity, phosphoregula-
tion of paxillin, or a vinculin-paxillin interaction reduces traction
stress and lowers the threshold of rigidity that promotes tugging
traction to softer ECM. We suggest that FAK-mediated phos-
phorylation of paxillin could induce FA recruitment of vinculin
to locally strengthen the molecular clutch (Mierke et al., 2010;
Fabry et al., 2011). Indeed, local variation in paxillin phosphory-
lation state (Zaidel-Bar et al., 2007) and vinculin-FA binding
affinity (Wolfenson et al., 2009) have been observed within
a single FA, and this could locally modulate FA traction. Our
results suggest that strengthening the molecular clutch via the
FAK/phosphopaxillin/vinculin pathway broadens the range of
rigidities over which dynamic ECM-rigidity sampling operates.
The requirement for tugging FA traction in durotaxis suggests

that tugging is a means of repeatedly sensing the local ECM-
rigidity landscape over time. Individual FAs within a single cell
all tugging autonomously thus could mediate dynamic ECM-
rigidity sensing at the spatial resolution of FA density in cells
(!1–5 mm spacing). Cells migrating in a physiological three-
dimensional (3D) ECM probe and sample a range of fibrils of
different sizes and rigidities. High-density, dynamic ECM-rigidity
sensing by individual tugging FAs could allow tight control of
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• Cells are durotactic on a wide 
range of bulk ECM rigidity

• FAK/Paxilin/vinculin is not 
required for durotaxis per se, but 
extends the range of ECM 
rigidity to which cells respond 
for durotaxis

S. Plotnikov et al and C. Waterman. Cell 151: 1513–1527 (2012)
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movement speeds between cells of the two genotypes were 
similar (Fig. 4 D), but the wild-type cells moved with a consid-
erably higher velocity (Fig. 4 E). Thus, although wild-type and 
mutant cells were similarly motile, the motility of mutant cells 
did not lead to displacement ef!ciently. The D/L ratio is a mea-
sure of the straightness of each cell track and showed that the 
paths of ARPC3/ !broblasts were signi!cantly less straight 
than those of wild-type cells (Fig. 4 F). This result suggests that 
the mutant cells have a de!ciency in sustaining the directional-
ity of the movement.

To assess this further, we performed a mean square dis-
placement (MSD) analysis of the cell-tracking data. The MSD 
was calculated using the equation:

 MSD r t r t( ) ( ) ( ) ,W W � �
G 2  

where 
Gr t( )  is the position of the cell at time t. The result was 

!tted to MSD() = 4D, where D is the diffusion coef!cient 
and the exponent  indicates the degree of directional motion. 
The resulting average MSD curve for wild-type cells showed 
an upward trend and the corresponding  value was 1.43 ± 
0.05, indicating directional motion, whereas the MSD plot for 
the mutant cells was nearly linear with an  value of 1.09 ± 
0.09, not signi!cantly deviating from  = 1 for pure random 
walk (P-value = 0.14; Fig. 4, G and H). Consistent with these 
quantitative analyses, observation of cell movement in the time-
lapse movies also gave the impression that the mutant cells had  
a reduced ability to maintain a consistent leading edge (compare 
Videos 3 and 4), possibly as a result of the independently pro-
truding and retracting FLPs, as opposed to the apparently more 
coordinated dynamics of lamellipodia of ARPC3+/+ cells. To 
assess the level of coordination at the leading edge, we calcu-
lated the spatial (angular) correlations of leading edge protru-
sion and retraction dynamics in the migrating ARPC3+/+ and 
ARPC3/ cells from the kymographs in Fig. 3 (see Materials 
and methods for details). This analysis found the amplitude of 
the correlation to be in general much higher in the wild-type 
cells than in the mutant cells (Fig. 3 F), and the characteristic 
angular distance for correlation decay was also larger in the 
wild type than that in the mutant (Fig. 3 G). This analysis 
indicates poor coordination of protrusion and retraction dynam-
ics at the mutant cell leading edge and provides a possible expla-
nation for the lack of directional persistence in the movement of 
ARPC3/ !broblasts.

ARPC/ fibroblasts are defective in 
chemotaxis in response to an EGF gradient
Because the environment in a wound-healing assay is complex 
and the cells may not be experiencing a robust directional cue, 
we further tested the ability of ARPC3/ !broblasts to undergo 
directional migration in a chemotaxis assay along a gradient of 
EGF. We !rst tested the ability of ARPC3+/+ and ARPC3/ 
cells to respond to uniform EGF. Wild-type !broblasts responded 
within minutes of EGF (25 ng/ml) stimulation with slightly but 
apparently more vigorous lamellipodia protrusions and retrac-
tions (Video 7), and interestingly, this response was even more 

protrusions in ARPC3/ !broblasts (Fig. 2 and Fig. S3 C), sug-
gesting that these protrusions might be formed through DRF-
mediated actin assembly. Immunoblotting found that the level 
of mDia1 protein was not drastically different in the mutant 
compared with the wild type (Fig. S2 E).

ARPC3/ fibroblasts are defective in 
wound healing in vitro due to a lack of 
sustained migration directionality
Wound healing is one of the main functions for !broblasts and 
requires migration of these cells toward the epithelial wound 
(Diegelmann and Evans, 2004; Gurtner et al., 2008). We used 
an in vitro assay to assess the ability of ARPC3/ cells to un-
dergo wound healing. ARPC3+/+ and ARPC3/ !broblasts were 
plated at the same densities to form a con"uent monolayer 
before a wound of 300–400 µm was generated by using a culture 
insert (see Materials and methods). Wound closure was moni-
tored by taking microscopy images at different time points after 
wound creation. ARPC3+/+ cells took 30 h to complete wound 
closure, whereas ARPC3/ cells showed a considerable delay 
in wound closure: even after 54 h, the wound reduced in size but 
was not completely closed (Fig. 3, A–C). We note that ARPC3+/+ 
and ARPC3/ !broblasts are slowly dividing cells with doubling 
time 56 h and limited proliferative potential, and thus cell divi-
sion was unlikely to contribute signi!cantly to wound closure.

Time-lapse phase-contrast movies were made to observe 
the migration of ARPC3+/+ and ARPC3/ !broblasts during 
wound healing. We focused on the behavior of cells at the 
edge of the wound moving into the open space. As shown in 
Video 3, ARPC3+/+ cells moved toward the wound with leading 
edges exhibiting the expected lamellipodia morphology (also 
see Fig. 3 D). By contrast, ARPC3/ cells migrated into the 
wound exclusively with FLP-rich leading edges (Video 4 and 
Fig. 3 D). To quantitatively compare the dynamics of the leading 
edge between wild-type and mutant cells we used a kymograph 
analysis to obtain parameters, including the rate of protrusion 
or retraction and duration of protrusion or retraction (Fig. 3, 
D and E). Surprisingly, this analysis found that ARPC3/ !bro-
blasts display signi!cantly faster leading edge protrusion and 
retraction rates than the corresponding rates of the lamellipodia 
in ARPC3+/+ cells (Table S1). The durations of the protrusion 
or retraction phases in the mutant cells are also slightly but 
signi!cantly longer than those in the wild type.

As it was non-obvious that the above parameters describing 
leading edge dynamics could account for the wound-healing de-
fect observed for ARPC3/ !broblasts compared with ARPC3+/+ 
!broblasts, we went on to analyze whole-cell motility behaviors 
from long time-lapse movies by tracking the movement of indi-
vidual ARPC3+/+ or ARPC3/ cells toward the wound area 
(Fig. 4, A and B; Videos 5 and 6). Care was taken to track only 
those cells moving independently into the wound area, as inter-
action with neighboring cells could complicate their motility 
behavior. From these cell tracks, two parameters, path length (L) 
and displacement (D), were computed (Fig. 4 C). Dividing L and D 
by the total trajectory time (t) yielded mean movement speed 
and velocity (a measure of productive displacement rate), respec-
tively. Comparison of these parameters indicated that the average 
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exhibited tugging FA traction (Figures 3G and 6B) and migrated
at a slow speed similar to that on softer 4.1 kPaECMs (Figure 7B).
In contrast, on 8.6 kPa ECM, cells bearing paxillin mutants ex-
hibited stable FA traction (Figure 6B) and migrated faster than
those on 4.1 kPa ECM and at speeds similar to those of both
control and experimental cells on more rigid 32 kPa ECM (Fig-
ure 7B). Inhibition of ROCK activity in cells bearing paxillin
mutants plated on 8.6 kPa ECM also decreased the velocity of
cell migration. The drug-induced reduction in cell velocity was
specific to induction of FA traction fluctuation, as treatment of
control cells plated on 8.6 kPa ECMs with ROCK inhibitor did
not reduce migration velocity (Figure 7B). This demonstrates
that ROCK-dependent FA traction fluctuations slow random
cell migration.
To determine the role of paxillin Y31/118 phosphoregulation or

vinculin binding in directed cell migration toward biochemical
cues, we assessed the effects of mutants on chemotaxis toward
platelet-derived growth factor (PDGF) and haptotaxis toward
fibronectin (FN) (Figures 7C and 7F). We determined the mean
square displacement (MSD) over time from cell motion tracks
and fitted it to a random movement model (MSD(t) = 4D*ta;
Suraneni et al., 2012) (Figures S7A and S7B) in which the greater
the exponent a, the more directionally persistent the movement
(Figures 7D and 7G). We also determined the ‘‘compass index,’’
measured as the angle of each turn in the track relative to the
direction of the gradient (Arrieumerlou and Meyer, 2005). This
showed that cells migrated randomly in uniform distributions of
PDGF or FN and directionally toward gradients of these cues,
independent of expression of mutant paxillins (Figures 7D, 7E,
7G, and 7H). Similar results were obtained in Boyden chamber
assays (Figures S7D and S7E). This suggests that neither paxillin
phosphoregulation nor vinculin binding is required for chemo-
taxis or haptotaxis on stiff ECMs.
To assess the role of FA traction dynamics in durotaxis, we

utilized the assay of Wang et al. (2001). Cells were plated on
FN-coupled PAA substrates, and a tangential strain in the direc-
tion away from a cell was applied to the substrate with a micro-
needle (10 mm from the cell edge) to locally pull the PAA to its
elastic limit (Figure S7F). Because strain decays with distance
from the point of application (Landau and Lifshitz, 1970),
nonlinear strain stiffening of the PAA only occurs close to the
needle, creating a local rigidity gradient toward the needle. For
controls, quantification of either MSD or compass index showed
that cells migrated directionally up the stiffness gradient
independent of the bulk ECM rigidity (Movies S3 and S4;
Figures 7I, 7J, S7C, and S7F). In contrast, cells expressing
paxillinY31/118E or paxillinE151Q mutants migrated toward the
rigidity gradient when plated on soft ECMs (4.1 kPa), but had
significantly reduced migration persistence and randomized
migration directionality on more rigid (32 kPa) ECM (Movie S4;
Figures 7I, 7J, S7C, and S7F). This indicates that paxillin phos-
phoregulation and a paxillin-vinculin interaction are not required
for durotaxis per se, but that these perturbations narrow the
range of ECM rigidities to which cells respond. Interestingly,
directional migration up the ECM-rigidity gradient was not due
to a bias in the direction of membrane protrusion, as we found
no difference in the area of protrusion extending toward either
stiffer or softer ECM (Figure 7K). Together, these results suggest

that tugging traction dynamics within FA slow random cell migra-
tion and promote durotaxis, whereas FA maturation, chemo-
taxis, and haptotaxis occur independent of the dynamic state
of FA traction.

DISCUSSION

We used high-resolution time-lapse TFM to characterize the
distribution and dynamics of cell-generated forces on the ECM
at the nanoscale withinmature FAs.We found thatmaximal cyto-
skeleton-ECM force transmission is not at the site of stress fiber-
FA attachment as predicted by modeling (Nicolas et al., 2004;
Raz–Ben Aroush and Wagner, 2006) but rather near the FA tip
toward the leading edge. Surprisingly, steady-state mature FAs
that appear static by other methods of microscopy can actually
possess internal fluctuations in mechanics. When traction is
dynamic within FAs, it exhibits a pattern that is reminiscent of
repeated, centripetal tugging on the ECM. Furthermore, the trac-
tion dynamics of neighboring FAs in a single cell are not corre-
lated, indicating that individual FAs act autonomously. A FAK/
phosphopaxillin/vinculin pathway is essential for cells to exert
high traction and to enable FA tugging over a broad range of
ECM rigidities. Tugging traction in FA is dispensable for FAmatu-
ration, chemotaxis, and haptotaxis but is critical to direct cell
migration toward rigid ECM.
We find that FAs exhibit tugging traction fluctuations on a wide

range of ECM rigidities, but the choice of tugging versus stable
traction states is tension dependent and is regulatedby a specific
signaling pathway. Reduction of tension on FAs by soft ECM or
inhibition of ROCK-mediated contractility shifts FAs from stable
to tugging traction states. ECM-rigidity-regulated traction fluctu-
ations within FA have been predicted by a mechanical model of
an FA molecular clutch (Chan and Odde, 2008), although the
identity of the clutch molecules(s) was not determined. Fluctua-
tion of talin length inmature FAswas also recently reported (Mar-
gadant et al., 2011), although its relation to ECM traction was not
tested. We find that disruption of FAK activity, phosphoregula-
tion of paxillin, or a vinculin-paxillin interaction reduces traction
stress and lowers the threshold of rigidity that promotes tugging
traction to softer ECM. We suggest that FAK-mediated phos-
phorylation of paxillin could induce FA recruitment of vinculin
to locally strengthen the molecular clutch (Mierke et al., 2010;
Fabry et al., 2011). Indeed, local variation in paxillin phosphory-
lation state (Zaidel-Bar et al., 2007) and vinculin-FA binding
affinity (Wolfenson et al., 2009) have been observed within
a single FA, and this could locally modulate FA traction. Our
results suggest that strengthening the molecular clutch via the
FAK/phosphopaxillin/vinculin pathway broadens the range of
rigidities over which dynamic ECM-rigidity sampling operates.
The requirement for tugging FA traction in durotaxis suggests

that tugging is a means of repeatedly sensing the local ECM-
rigidity landscape over time. Individual FAs within a single cell
all tugging autonomously thus could mediate dynamic ECM-
rigidity sensing at the spatial resolution of FA density in cells
(!1–5 mm spacing). Cells migrating in a physiological three-
dimensional (3D) ECM probe and sample a range of fibrils of
different sizes and rigidities. High-density, dynamic ECM-rigidity
sensing by individual tugging FAs could allow tight control of
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• FAK/Paxilin/vinculin are not required for chemotaxis along a diffusible PDGF gradient
• Or along an ECM based Fibronectin gradient (Haptotaxis)

S. Plotnikov et al and C. Waterman. Cell 151: 1513–1527 (2012)

Rigidity sensing during Durotaxis
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Durotaxis: mechanism

• Focal adhesions experience mechanical tugging: fluctuating, asymmetric traction.  
This is a local phenomenon suggesting that FA can probe the local stiffness 
autonomously

• Conditions that favor FA tugging reduce random migration (ie. induce more 
directional motility) and support durotaxis.

• FAK/Paxilin/Vinculin is required for tugging over a broad range of rigidities, most 
likely by strengthening the « molecular clutch ».

• Conditions that caused symmetric, stable traction at focal adhesions, led to random 
cell motility on stiffer substrates

• Cells can probe mechanically their environment and steer up stiffness gradient 
by integrating the map of rigidity landscape at the cellular scale

articles
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patches was also significantly higher. The ratio of these parameters
(the stress) was found to vary between 2 nN µm–2 and 5 nN µm–2.
This value is similar to the one measured in focal adhesions of
fibroblasts, as discussed below.

The simultaneous visualization, in live cells, of each focal adhe-
sion and of the associated force (Fig. 5a–d) makes it possible to
monitor the dynamics of the system. To establish the relationship
between changes in the assembly of the structure and force over
time, 2,3-butanedione monoxime (BDM, a known inhibitor of
actomyosin contraction23) was added to fibroblasts. The time
dependence of the relaxation of the forces was then recorded,
together with the disruption of the focal adhesions (Fig. 5e–h). The
illumination time was minimized in order to avoid bleaching. The
relaxation of the matrix is apparent within seconds after the appli-
cation of BDM. The relationship between force and area in all focal
adhesions at all time points is plotted in Fig. 5e (each symbol rep-
resents a different focal adhesion). The correlation seen at t = 0

(Fig. 5a) is now more apparent and the determined linear depend-
ence defines a constant stress, Pf = 5.5 ± 2 nN µm–2, applied at the
focal adhesions. Extrapolation of this linear dependence to zero
force shows that the tension-independent area of focal adhesions is
~1 µm2. This residual area is similar to the typical size of focal com-
plexes, which are the precursors of the larger adhesions formed
once force is applied12.

The time dependence of the force (red squares) and the total
GFP–vinculin intensity (black circles) of a single focal adhesion
after BDM treatment are plotted in Fig. 5f. The correlation between
the two parameters is evident. The dynamic behaviour of single
focal adhesions is consistent with the dependence found when plot-
ting different adhesions at t = 0. Applying BDM is thus equivalent
to moving the force axis at t = 0. A close correlation between force
and total intensity is found for the various focal adhesions, as
shown in Fig. 5g, which plots the average values obtained for all the
single, spatially separated adhesions (n = 10) from Fig. 5d, h. The
time dependence of the disassembly of focal adhesions after BDM
is very similar to the force relaxation (Fig. 5f, g). Thus, the relax-
ation of actomyosin contraction is rapidly followed by the disrup-
tion of focal adhesions, while maintaining the linear dependence of
focal adhesion assembly on force.

Discussion
A novel approach was developed, allowing a real-time and direct
measurement of forces applied by stationary cells to the underlying
matrix at individual focal adhesions. This approach was used to
investigate the relationship between local forces at focal adhesions
and their assembly. The area and total intensity of the focal adhe-
sions are found to be linearly dependent on the local force applied
by the cell. Furthermore, the time dependence of this relation is
found to be below a few seconds. The linear dependence between
force and area of the focal adhesion shows that a constant stress is
applied to the various focal adhesions of the cell. Thus, the force
applied by the cell on its substrate is closely linked to the assembly
of the adhesion sites.

The measurements were performed on cells expressing GFP
derivatives of specific focal adhesion molecules, cultured on
micropatterned elastic substrates. The displacements of the pattern

Figure 3 Visualization of forces and focal adhesions. a, Fluorescence image of
a human foreskin fibroblast expressing GFP–vinculin, which localizes to focal adhe-
sions. Red arrows correspond to forces extracted from the displacements of the
patterned elastomer (Young’s modulus = 18 kPa). Note the alignment of force with
the direction of elongation of large focal adhesions. Inset, phase-contrast image of
the upper part of the cell (white rectangle), showing displacements of the dots
(green arrows); the pattern consists of small square pits (see Fig. 1j, 1). b,
Fluorescence image of a human foreskin fibroblast stained with antibodies against
paxillin, which also localizes at focal adhesions. Red arrows correspond to forces
extracted from the displacements of the patterned elastomer (Young’s modulus =
21 kPa); the pattern consists of small tips formed by electron-beam lithography
(see Fig. 1j, 3). c, Phase-contrast image of the same cell immediately before fixa-
tion. White scale bars represent 4 µm; red scale bars represent 30 nN.

Figure 4 Distribution of forces in a cardiac myocyte. After recording the dis-
placements of the pattern caused by beating (Fig. 2c, d), the cardiac myocytes are
stained for vinculin (red) to visualize the sites of force transmission, and for actin
(green). Yellow regions correspond to overlap of actin and vinculin. The light-blue
arrows denote the forces applied to the substrate at the vinculin-rich areas. White
bar = 6 µm; blue bar = 70 nN.
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(Bershadsky et al., 2003). For example, contractile forces of
stress fibers cause FAs tomature and grow,with its chemical po-
tential reduced, making it thermodynamically favorable (She-
mesh et al., 2005). Under these circumstances, durotaxis would
be a phenomenon of stress fibers, in which FAs become more
stable on stiffer substrates than on softer ones (Figure 3B)
because mechanical stress is higher at the front of the cell
than the rear (Rens and Merks, 2020; Lazopoulos and
Stamenovi!c, 2008; Shemesh et al., 2005). When stress is above
a critical threshold, the adhesion assembles; when it is lower, the
adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
et al., 2020; Tanimoto and Sano, 2014); indeed, adhesion is often

C’
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Figure 3. Physical Models of Durotaxis
There are three main proposed physical models for
durotaxis.
(A) Because cells are more polarized and morpho-
logically elongated on stiffer substrates than softer
ones, it has been proposed that this affects the
distribution of FAs, causing cells to become more
persistent in their migration on stiffer substrates
than softer ones. This ultimately results in migration
(black arrow) up the stiffness gradient. In this
model, the cell is incompetent at sensing rigidity
gradients without moving around (black lines with
arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
(B) Based on adhesions and thermodynamics,
larger, more stabilized, mature, and plentiful FAs
(purple discs) are exhibited by cells at the leading
edge than the trailing edge thanks to the feedback
loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
anchor, which has greater mechanical feedback at
the front than the rear due to the differential stiff-
ness, thereby allowing adhesions to grow at the
front compared to the rear. Thus, cells exhibit
greater attachment to the substrate at the front than
at the rear, although traction forces (purple arrows)
are balanced. This polarized attachment results in
net forward movement of the cell.
(C0 and C0 0) (C0) In the molecular clutchmodel, equal
forces by the actomyosin cytoskeleton (actin, red;
myosin, pink) are transmitted from focal adhesion
complexes at either end of the cell. Substrate
displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
otaxis.

stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it
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than the rear (Rens and Merks, 2020; Lazopoulos and
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adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
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arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
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loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
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the front than the rear due to the differential stiff-
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myosin, pink) are transmitted from focal adhesion
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displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
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stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it
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• Polarized attachement of cells to substrate:
• Feedback between Focal adhesions and ECM via 

actomyosin contractility 
• Gradient of stiffness induces polarized positive 

feedback, and greater adhesion at the front, and 
movement towards higher stiffness despite 
symmetric traction forces

• Polarized substrate deformation:
• Substrate displacement (indentations under FAs) is 

larger on the soft edge than the stiff one despite 
symmetric traction forces

A. Shellard and R. Mayor. Developmental Cell 56: 227-239  (2021) 
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A model of durotaxis: rigidity gradient sensing 

From Fig. 6(a) we note that most of the angles between con-
secutive segments (i.e. the gi angles) are very small, say, less than
101: this means that we are dealing with a persistent random
walk. From Fig. 6(b), showing the histogram of the di angles, it is
clear that the path segments follow a quasi-uniform distribution,
as in the case of Brownian motion. We can then conclude that
when cell migration occurs over a homogeneous and isotropic
substratum, the model recovers the standard Langevin equation
as a particular case.

The second case of interest, the biphasic domain, is typically
used to study durotaxis. Here it has been schematized using a
square domain (500 mm!500 mm), composed of two linearly
elastic regions having different Young’s moduli (Table 2). In
particular, we have chosen that the left half of the domain, i.e.
for 0 mmoxo250 mm, is the stiff part, while the right half,
250 mmoxo500 mm, is the compliant part. The domain size for
this case has been reduced with respect to the previous case
because the algorithm is more complex and keeping the original
size would have required too much time. Before showing the
simulations, it can be interesting to check the effect of the
biphasic substratum on the probability distribution given by
Eq. (6). As we can see from Fig. 7, the angular component of the
stochastic force of Cell #2 (in red) has a probability distribution
that is basically uniform: its position is relatively far from the
interface between the two materials, therefore the expected
behaviour is similar to random motility. Cell #1 (in blue), on
the other hand, is positioned right on the interface and in fact the
angular probability distribution of its stochastic force is much
higher at 1801 than in other directions.

Considering this domain, we can see clearly from Fig. 8 that all
the cells that were simulated starting from the centre of the
domain migrate towards the stiffer region, in qualitative agree-
ment with the experimental findings of Lo et al. (2000). Also in
this case the cells follow a persistent walk, since the distribution
of the angles between consecutive path segments has a peak near
zero, as depicted in Fig. 9(a). From Fig. 9(b) we can see that the di

angles are distributed predominantly in the 901–1801 interval and
this confirms that the cells do move towards the stiffer region.

In order to provide a direct comparison between the biphasic
domain and the case of random motility, the drift speeds in the x
direction and the y direction are shown for both cases in Fig. 10.
Here we can see that the bias speed, corresponding to the drift
speed in the x direction in the case of the biphasic domain, is
much less than 0, it being around "16 mm/h, while the remaining
drift speeds are around 0. The minus sign in the bias speed means
that cells are biased towards the left half of the plane, i.e. towards
the negative x direction (see Fig. 8).

For the biphasic domain case two different simulations have
been performed. The first one considered 50 cells starting
sequentially from the centre of the substratum and yielded the
trajectories that are depicted in Fig. 8, the histograms of gi and di

that are reported in Fig. 9 and the results of Fig. 10. The second
simulation has been performed in order to make a direct compar-
ison with the experimental observation reported in the work of

Fig. 4. Graphical windrose representation of 50 cell trajectories starting from
the centre of the isotropic square domain of 800 mm!800 mm for 24 h. The
trajectories are random and there is not a preferred direction of migration.

Fig. 5. Comparison between the analytic expression of D2(Dt) obtained by Doob, and the numerical evaluation of the same quantity from the model in the case of random
motility (50 cells, 24 h over a region of 800 mm!800 mm, time step 9 min and a¼23.2 mm2/h3, b¼0.15 h"1). The error bars stand for the standard deviation.

Table 1
Parameters used in the case of random motility.

Random motility parameters

Young’s modulus E (kPa) 100
Poisson’s ratio n 0.2
Distributed force p (N/m) 10"5

Number of cells 50
Simulation time length (h) 24
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times are much smaller than the average relaxation times of the
substratum, then the hypothesis of an elastic substratum is
acceptable. Moreover, it is also assumed that due to the very
small forces applied by the cells (Kress et al., 2007; Oliver et al.,
1994), the deformations of the substratum are also very small and
this leads to the hypothesis of linearity in the elastic response.
Needless to say, these assumptions permit to simplify the FEM
setting of the problem, and thus to reduce the computing time
requested for the numerical solution.

The material constants of the substratum determined through
bulk measurements might not be those actually perceived by the
migrating cells. This would be true if ligands adhered rigidly to
the material without any mediating molecules. However, ligands
could be either weakly bound or connected with a flexible tether
to the material surface. In this case the stiffness of this ligand–
substratum complex should be considered in evaluating what the
cells perceive and thus included in the substratum mechanical
properties.

The major limitation of the present model is that it is valid
only for low cell densities, i.e. when cells are not too close. In fact,
if many cells were considered, the stiffness perceived by a single
cell would be altered by the contractile forces exerted by the
other ones in its close neighbourhood (Lo et al., 2000). Despite
this situation can be handled by the present model without too
much effort, it is possible to speculate that cell–cell contacts may
occur and these are known to influence the migratory behaviour
(Platek et al., 2008). Since the multiple and simultaneous events
that take place during cell–cell contact are highly complex, it is
very difficult to quantify and model such interactions, in fact this
limitation is common to all the discrete models published so far
(Flaherty et al., 2007). This notwithstanding, a large body of
experimental data on cell migration are indeed based on low cell
density assays and this model is able to reproduce this situation.

Considering the positive aspects, the model is simple and
versatile, so it can be easily implemented for any substratum. In
this paper it has been specialised to two relatively simple cases,
but it can be adapted also to cases with more complex geometries
and materials. Even though it does not describe all the mechan-
isms that take part at the cell cytoskeleton (DiMilla et al., 1991),
it is able to relate the mechanical properties of the sub-
stratum to the path followed by a cell migrating over it, yielding
the influence of the substratum stiffness on cell migration.

Fig. 8. Trajectories of 50 cells spreading from the centre of a biphasic square
domain of 500 mm!500 mm for 12 h. All cells move leftwards, i.e. towards the
stiffer region of the domain, as expected from the experimental studies of Lo et al.
(2000).

Fig. 9. (a) Graphical representation of the number of steps as a function of gi angles for 50 cells on the biphasic substratum. Also in this case the walk is persistent.
(b) Graphical representation of the distribution of the di angles evaluated for 50 cells on a biphasic substratum. As cells migrate preferentially on the stiffer region, i.e. on
the left part of the substratum, most of the angles are between 901 and 1801.

Fig. 10. Drift speeds in the x and y direction for the isotropic domain (case of
random motility) and for the biphasic domain. Due to durotaxis, the drift speed in
the x direction for the case of biphasic domain is around "16 mm/h, a value which
is significantly different from 0. The error bars represent the standard error of
the mean.
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and materials. Even though it does not describe all the mechan-
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it is able to relate the mechanical properties of the sub-
stratum to the path followed by a cell migrating over it, yielding
the influence of the substratum stiffness on cell migration.
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Fig. 10. Drift speeds in the x and y direction for the isotropic domain (case of
random motility) and for the biphasic domain. Due to durotaxis, the drift speed in
the x direction for the case of biphasic domain is around "16 mm/h, a value which
is significantly different from 0. The error bars represent the standard error of
the mean.
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The coupling with experimental data will be easy to obtain,
because the model gives the same type of output of a cell tracking
experiment.

The model as presented is not completely predictive, but can
still be a useful tool to perform a robust migration analysis of cells
moving in condition of durotaxis, on anisotropic and/or inhomo-
geneous substrata. In order to make it fully predictive, all the
model parameters should be measured independently. In fact,
only the material constants and possibly the uniform radial force
distribution p applied by the cell and the displacement threshold
Umin can be evaluated by means of a local mechanical character-
isation (e.g. AFM, optical tweezers), but the direct measurement
of a and b cannot be obtained experimentally. An interesting
possibility would be their evaluation using an intracellular
mechanosensoring model, which takes into account the forces
exerted by the cytoskeleton machinery and its kinetics of assem-
bling/disassembling. More and more of such models are appear-
ing in the current literature and the coupling of one of these
models with the one described in the present paper is underway
and has to be considered as a future working direction.

In addition, the model can be used to study tissue regeneration
and reorganisation due to cell migration in tissue engineering
applications: it is known that fibroblasts migration along straight
lines leads to the deposition of aligned collagen fibres (Wang
et al., 2003) and thus the model can be seen as a starting point for
designing a scaffold that guides cell migration through its
mechanical properties, leading to the production of an engineered
tissue with a predetermined collagen alignment.

Appendix A

For the numerical algorithm it is useful to non-dimensionalise
Eqs. (2) and (4) using the following non-dimensional variables:

V¼
vffiffiffiffiffiffiffiffiffi
a=b

p ðA1Þ

X¼
xffiffiffiffiffiffiffiffiffiffiffi
a=b3

q ðA2Þ

t¼ tb ðA3Þ

Substituting these definitions into Eqs. (2) and (4) we have

dVðtÞ ¼$VðtÞdtþdB̂ðt,kxðyÞÞ ðA4Þ

and

XðtÞ ¼X0þ
Z t

0
Vðt0Þdt0 ðA5Þ

in which dB̂ is the dimensionless stochastic force. More specifi-
cally, it is a stochastic process whose radial component has the
following Rayleigh probability density:

xexp $
x2

2

" #
HðxÞ ðA6Þ

where we denoted with H(x) the Heaviside step function.
A random variable possessing the probability density given by
Eq. (A6) can be constructed by creating two normally distributed
random variables, each one having zero mean and variance unity,
and taking the square root of the sum of their squares. The
angular component of dB̂, on the other hand, has the probability
density given by Eq. (6) that depends on local stiffness through
kx(y).

In order to simulate the cell paths, Eqs. (A4) and (A5) have
been solved numerically using the stochastic Euler method
combined with the random number generator of MATLAB (The
MathWorks, Natick, MA). In particular, velocity and position at
the ith time step, Vi and Xi, are given by

Vi ¼ Vi$1ð1$DtÞþDB̂i$1 ðA7Þ

and

Xi ¼Xi$1þViDt ðA8Þ

Notice that in our scheme the cell velocity is calculated using
an explicit method while position is calculated with an implicit
method: we found that such a procedure yielded better results in
the case of random motility, i.e. in the case where the standard
Langevin equation case had to be recovered.

In order to obtain the angular probability distribution for the
stochastic force DB̂i, the stiffness kx must be evaluated at every
cell step. This can be done by solving a linear elasticity problem
numerically using the FEM and has also been realized within
MATLAB: the domain has been discretised using four node square
elements with two degrees of freedom per node; for the case of
random motility 10,000 elements have been used while for the
biphasic domain case a total of 6400 elements have been used
(the computational algorithm for the biphasic domain is more
complex, thus we needed to use less elements). Once the position
of the cell is known, a uniform radial force distribution is applied
along the circumference representing the cell perimeter. A cell
diameter equals to 25 mm has been assumed (see Fig. 2), while the
uniform force distribution has been assumed to be of the order
p¼10$5 N/m: this value roughly corresponds to about 102 point
forces applied along the cell perimeter, each force being of the
order of 10 pN, in agreement with Kress et al. (2007).

Once the displacements are known at the cell perimeter, the
stiffness kx can be evaluated using Eq. (5) and finally the local
probability distribution can be obtained through Eq. (6). This
procedure must be repeated for every moving cell and at every
cell step.

Fig. 11. Simulated result for the experimental evidence of Lo et al. (2000). Cells
starting from the stiffer region (on the left) do not move to the more compliant
one; cells starting from the more compliant region (on the right) move towards
the stiffer one (the ending point is shown and the moving direction is indicated by
the arrows). Notice that the simulation path lengths are different for each
trajectory because the corresponding simulation times differ.
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• Cells can probe mechanically their environment and steer up stiffness gradient 
by integrating the map of rigidity landscape at the cellular scale

2.2. The cell probing mechanism

In order to model durotaxis successfully, we believe it could be
helpful to consider the effective cell behaviour during crawling.
Cell motion occurs in a discontinuous manner, i.e. as a sequence
of steps separated by a quiescence time (Ananthakrishnan and
Ehrlicher, 2007). Before each step is taken, the cell sends mem-
brane protrusions around its body in a few directions and exerts
contractile forces on the substratum through them (see Fig. 1).
Seemingly, this procedure aims at probing the local stiffness of
the substratum: cell-ECM linkages given by focal adhesions are
more stable on stiffer regions; in contrast, focal adhesions that
land on softer regions are less firmly obtained and less
stable (Pelham and Wang, 1997; Choquet et al., 1997). Since this
mechanism takes place at every cell step, it inevitably generates a
bias that drives the cell away from compliant regions and towards
stiff regions. An important point of this phenomenon, then, is that
it is based on a deterministic measurement of the substratum
mechanical properties that occurs locally, i.e. at the position
currently occupied by the cell in motion. However, cell migration
would still remain a fundamentally stochastic event: for instance,
the cell does not probe each and every direction and moreover
random fluctuations can occur in the dynamics of focal complexes
that regulate adhesion or in the intracellular signal trafficking
that governs the motile sensing and response mechanism
(Friedrichs et al., 2007).

The model for durotaxis that we are seeking should take these
aspects into account, i.e. a local measurement of the substratum
stiffness to choose the direction, yet preserving some elements of
randomness. Let us consider the standard Langevin equation in
two dimensions and in particular let us look at the stochastic
force term (Eq. (2)). In a Cartesian coordinate system both scalar
components of dB(t) can be supposed to be independent and have
a normal distribution with zero mean and equal variance. If we
switch to polar coordinates, the radial and angular components
are again independent and follow a Rayleigh distribution and a
uniform distribution in the interval (–p, p), respectively (Papoulis,
1991). The uniform distribution for the angular component in the

case of an isotropic and homogeneous substratum is very reason-
able: basically it states that the contribution to motion due to the
stochastic force in Eq. (2) is equiprobable in every direction. In
durotaxis conditions we hypothesise that the stochastic force
term should be changed in such a way that its direction have a
higher probability of being parallel to the directions of higher
local stiffness. The basic idea, then, is to model durotaxis by
replacing the probability distribution of the angular component of
the stochastic force.

2.3. Implementing the probing mechanism

A way for constructing the new probability distribution that
takes the local substratum stiffness into account can be inspired
by the probing mechanism that was described previously. This
can be schematized as a mechanical problem: the cell applies a
radial distribution of forces on a linear elastic substratum around
its perimeter in order to check the local deformation of the
substratum. Here, for simplicity, we will assume that the cell is
a circle of diameter d and that the forces are uniform and oriented
towards the cell centre (denoted with p in Fig. 2). As a result, for a
given distribution of forces, local stiffer directions will yield
smaller local displacements at the cell perimeter. Denoting these
local displacements along the cell border with U(y), as they will
depend only on the direction y (see Fig. 2), a suitable measure of
the local stiffness as a function of y can then be chosen as

kxðyÞ ¼
1

UðyÞ
with UðyÞ ¼max uðyÞUqðyÞ,Umin

! "
and yA 0,2p½ %

ð5Þ

where q(y) is the radial unit vector that is oriented from the point
on the cell border towards the cell centre, and the constant
Umin¼10&5d is assumed to be the minimum displacement that
the cell is able to sense: from a physical point of view, it appears
reasonable that displacements that are smaller than the 0.001%

Fig. 1. A cell probing the substratum in its neighbourhood (dermal bovine
fibroblast grown on a PEG hydrogel substratum. Optical micrograph. Bar¼50 mm).

Fig. 2. The cell schematized as a circle of diameter d. The probing mechanism is
approximated through a uniform forces distribution p acting in the radial
direction. The position of a generic point P on the cell perimeter is completely
determined by the angle y, which is the one that is used to define the direction of
the local stiffness kx(y).
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• Model: Langevin equation 
• Stochastic forces arise from sampling of environment
• The local stiffness        is probed by cells as reciprocal of radial displacement component
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of the cell diameter are neglected; from the mathematical point of
view, the introduction of the constant Umin avoids division by zero
errors in the numerical scheme.

Basically, Eq. (5) states that a suitable measure for the local
stiffness as a function of direction is the reciprocal of the radial
displacement component. Notice that the subscript !x has been
used on k to mean that it represents a local measure of stiffness,
as in general it will depend not only on the mechanical properties
and the geometry (i.e. shape, constraints) of the substratum but
also on the actual position of the cell. Once kx is known, a suitable
probability density function Pk can be constructed as follows:

PkðyÞ ¼
kxðyÞR 2p

0 kxðxÞdx
yA 0,2p½ & ð6Þ

in which the denominator is introduced to normalise the prob-
ability density. This distribution indeed has the property of
having higher values along the directions where the local stiffness
is higher. This is the new probability distribution for the angular
component of the stochastic force term that will be used in Eq. (2)
for modelling durotaxis.

Concerning the radial component, we will simply keep the
Rayleigh probability distribution, i.e. the distribution it would
have if cell migration occurred as in the standard Langevin
equation, thus we are supposing that this quantity is not influ-
enced by durotaxis. The model finally takes the form

dvðtÞ ¼'bvðtÞdtþd ~Bðt,kxðyÞÞ ð7Þ

where the new stochastic force d ~B, which depends on the local
stiffness through the angular probability distribution given by
Eq. (6), has been employed.

The determination of kx must be performed at every cell step at
the position x(t) occupied by the cell at current time. This is akin to a
standard problem in linear solid mechanics: despite its solution
might be in general too difficult to obtain analytically, except in very
simple cases, its numerical solution is straightforward and therefore
it can be conveniently implemented through the Finite Element
Method (FEM) once the cell position, the geometry of the substra-
tum and its mechanical properties are known. The details of this
implementation are given in Appendix A.

The model we just presented has been solved for two parti-
cular cases, namely migration over a homogeneous and isotropic
substratum and migration over a biphasic substratum, i.e. a
substratum composed of two adjacent isotropic regions posses-
sing different mechanical properties. The first case is useful in
order to check that the model includes the standard Langevin
equation as a subcase. The second case represents an experi-
mental set up that is typically employed to study durotaxis (Lo
et al., 2000).

3. Results

In order to compare the predictions of the model with the
experimental results we need to introduce a certain number of
quantities. One of the most widely used is the already mentioned
MSD, that provides information about the average distance
travelled by a cell during migration as a function of time. Clearly,
the MSD does not contain any information regarding direction-
ality in the cell movement, therefore, in order to complete the
characterisation of cell migration, we will introduce two addi-
tional quantities similar to those used by Beltman et al. (2009),
namely the turning angle gi, i.e. the angle between consecutive
segments of the cell paths, and the angle of every path segment
with respect to a fixed direction (e.g. one of the coordinate axis,
we will use the x-axis), denoted with di. Indicating with ri the ith
cell step, gi and di have the following expressions:

gi ¼ arccos
riUriþ1

:riUriþ1:

 !

di ¼ arccos
riUex

:riUex:

 !
ð8Þ

For the sake of clarity these two quantities are pictured in
Fig. 3 for a generic cell path: gi is related to the tendency of the
cell of moving in a rectilinear fashion, while di represents the
direction chosen by the cell at every step. It immediately follows
from Eq. (8) that both gi and di belong to the interval [0, p]. An
additional quantity that can be used to describe cell movement
quantitatively is the bias speed, Sbias, also employed by Kipper
et al. (2007) for characterizing anisotropic cell motility. If cells are
subjected to an attractive field which is oriented, say, in the x
direction, it is expected that the average x position of the
population of cells increases more or less linearly with time t,
i.e. E{x(t)}ESbiast. Therefore Sbias is estimated by fitting the
average x position as a function of time t to a line. As a result,
Sbias corresponds to the drift velocity in the x direction: in the case
of completely random movement one expects Sbias¼0, if cell
motion is indeed biased the bias speed will be significantly
different from 0.

Let us consider first the case of cell migration over a homo-
geneous and isotropic substratum. It is worthwhile to study this
case to make sure that random motility is recovered and that the
numerical scheme procedure works properly: in this case the
MSD provided by the model will be compared with the one of
the standard Langevin equation whose analytic expression was
obtained by Doob (1942):

D2ðDtÞ ¼ 2
a
b3
ðbDt'1þe'bDtÞ ð9Þ

In keeping with the experimental work presented by Stokes
et al. (1991) for endothelial cells, the migration parameters will
be assumed to be a¼23.2 mm2/h3 and b¼0.15 h'1. Concerning
the model prediction, the paths of 50 cells followed for 24 h were
sequentially simulated over an 800 mm)800 mm square region,
with the centre of the square region being assumed as the starting
point for all the cells. For simplicity, the substratum is assumed to
be linearly elastic and isotropic with a Young’s modulus of
100 kPa and a Poisson’s ratio of 0.2 (Table 1). The cell paths are
depicted in Fig. 4, while the comparison between the MSD of the
simulated cells and the one from Eq. (9) is shown in Fig. 5. Using
these paths, the angles gi and di have been evaluated and are
reported in the histograms of Fig. 6.

Concerning these results, from Fig. 4 it is clear that the cells
move in every direction, as expected. Moreover, comparing the
curve obtained from the numerical evaluation of the MSD with
Eq. (9), we can see that the agreement is very good (Fig. 5).

Fig. 3. The definition of the angles gi and di that were used to describe cell
migration. In particular, gi is the turning angle, i.e. the angle between two
consecutive segments in a path; di is the angle between a path segment and a
fixed direction (here the x direction).
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of cells that adhere and probe the mechanical properties of the
environment: when the adhesion site occurs on a soft region it is
weak and unstable, while if it lands on a stiff region it is strong
and stable and becomes the leading edge of the cell. This
generates a sort of competition between adhesion sites that leads
to the bias that gives rise to durotaxis, as during embryonic
development and wound healing. Durotaxis has also been sug-
gested to play a role in other processes such as proliferation,
apoptosis and cell differentiation (Engler et al., 2006; Nemir and
West, 2010).

For better comprehending the general aspects of cell migra-
tion, several mathematical models have been developed. These
can be grouped in two principal types, namely continuous
approaches and discrete approaches. In a continuous approach
cell migration is represented by changes in time and space of the
local cell concentration. Many of these models are related to
models of diffusion (Patlak, 1953; Keller and Segel, 1971;
Chauvi!ere et al. 2007; Painter, 2009; Chauvi!ere et al., 2010), but
there are also models describing the evolution of the cell density,
which could be of different nature (Filbet et al., 2005). However,
continuous approaches do not yield individual cell trajectories
which, on the other hand, can be obtained using a discrete
approach; for a review on this subject the reader is referred to
Ionides et al. (2004). Discrete approaches can be either based on
the mechanical equilibrium of a single cell considered as a point
mass subjected to external forces (Zaman et al., 2005), or on the
direct prescription of the cell velocity vector as a weighted
balance of vectorial quantities that are thought of influencing cell
motion (Dallon et al., 1999). Since the path of each simulated cell
can be obtained directly, the discrete approach is useful for a
direct comparison with experiments in which individual cell
paths are collected, and for checking the validity of specific
hypotheses.

Moreover, it is worth mentioning that discrete models can be
upscaled to recover continuous models (Turner et al., 2004;
Chauvi!ere and Preziosi, 2010).

Different kinds of cell migration have been modelled using the
discrete approach: random motility (Zaman et al., 2005; Dickinson
and Tranquillo, 1993), haptotaxis (Smith et al., 2004; Dickinson and
Tranquillo, 1993), chemotaxis (Tranquillo and Lauffenburger, 1987;
Stokes and Lauffenburger, 1991; Jabbarzadeh and Abrams, 2005)
and galvanotaxis (Schienbein and Gruler, 1993). Concerning dur-
otaxis modelling, to our knowledge, it has been studied only using
the continuous approach by Moreo et al. (2008). In the present work
we develop a simple 2D discrete model for durotaxis, through which
it is possible to obtain simulated cell paths that are influenced by
the substratum mechanical properties. In particular, the substratum
stiffness is taken into account by using a procedure that is
reminiscent of the probing mechanism that cells use during motion.

2. Model formulation

2.1. Cell migration modelling and the Langevin equation

In the absence of external guidance cues, cell motility is a
stochastic process similar to Brownian motion of particles: although
the fundamental mechanisms by which cells move are radically
different from the thermally originated movement of particles
suspended in a fluid, the observation of the trajectories of individual
cells migrating on a substratum reveals a striking similarity,
suggesting that a related mathematical description might be appro-
priate (Dunn and Brown, 1987; Stokes et al., 1991; Schienbein and
Gruler, 1993; Ionides et al., 2004; Selmeczi et al., 2005).

In fact, the Langevin equation, which was introduced by
Langevin (1908) to study Brownian motion, is also a very common

model that is employed for describing cell migration (Dunn and
Brown, 1987; Stokes and Lauffenburger, 1991). The Langevin
equation is one of the easiest dynamical stochastic differential
equations, its solution is an Ornstein–Uhlenbeck process, that is
the simplest type of continuous autocorrelated stochastic process.
Letting x(t) be the position of a cell on the substratum and
denoting time with t and the cell mass with m, the Langevin
equation reads:

m
d2x
dt2
¼"z

dx
dt
þFðtÞ ð1Þ

This equation might be seen as Newton’s second law of motion
under the assumption that the cell experiences only two forces:
F(t), a stochastic force which is due to all the probabilistic
processes affecting cell motility, and "zðdx=dtÞ, a drag force that
represents all the actions that tend to slow cell movement down,
with z being the drag coefficient. On a macroscopic scale, F(t) can
be viewed as a normal white noise with zero mean and constant
power spectrum. Following the work of Doob (1942), in order to
avoid requiring too much regularity on x(t) this equation can be
rewritten in incremental form as follows:

dvðtÞ ¼"bvðtÞdtþdBðtÞ ð2Þ

where b¼z/m and v(t) is the cell velocity, i.e. the time derivative
of x(t). The term dB(t) is then assumed to be a Gaussian
distributed stochastic process with average zero and variance
equal to adt, where a is a constant and dt is the time increment.
Assuming that dB(t) is independent of the position x(t) and using
the equipartition theorem of energy, the Langevin equation can be
solved for the average value of x(t) (Coffey et al., 1996). Indicating
with E the expected-value operator we can thus obtain the
function D2ðtÞ ¼ Ef½xðtÞ"xð0Þ'2g, which is the mean square
displacement (MSD).

Numerical solutions for the Langevin equation are also possi-
ble using a random number generator and a stochastic numerical
method. Using the stochastic Euler method (Wright, 1974) the
equation must be discretised regularly in time with time incre-
ments Dt which are sufficiently small but finite:

vðtþDtÞ"vðtÞ ¼"bvðtÞDtþBðtþDtÞ"BðtÞ ð3Þ

and the solution in terms of velocity is then stepwise constructed
for every time instant if the initial velocity is known. The cell
position as a function of time, x(t), can then be obtained by
integration with respect to time t, knowing the position x0 of the
particle at t¼0:

xðtÞ ¼ x0þ
Z t

0
vðt0Þdt0 ð4Þ

from which the cell trajectory can be easily constructed.
The Langevin equation contains the basic elements of random-

ness as well as persistence or inertia and thus provides useful
information concerning cell motion in the case of random motility
(Lauffenburger and Linderman, 1993). Moreover, it can be used to
model chemotaxis by adding to the right hand side of Eq. (1) a
deterministic vectorial drift term that depends on the position
and strength of the chemoattractant, as it was done by Stokes and
Lauffenburger (1991). The case of durotaxis, though, is more
complex and can hardly be modelled by simply using a vectorial
drift term. In fact, as it is well known, the stiffness of a material is
not described by a vector but rather by a tensorial quantity (in
general it is a fourth order tensor). Therefore, a correction of the
Langevin equation with a deterministic vector should not yield
meaningful results in the case of durotaxis, except perhaps for
very particular substrata.
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(Bershadsky et al., 2003). For example, contractile forces of
stress fibers cause FAs tomature and grow,with its chemical po-
tential reduced, making it thermodynamically favorable (She-
mesh et al., 2005). Under these circumstances, durotaxis would
be a phenomenon of stress fibers, in which FAs become more
stable on stiffer substrates than on softer ones (Figure 3B)
because mechanical stress is higher at the front of the cell
than the rear (Rens and Merks, 2020; Lazopoulos and
Stamenovi!c, 2008; Shemesh et al., 2005). When stress is above
a critical threshold, the adhesion assembles; when it is lower, the
adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
et al., 2020; Tanimoto and Sano, 2014); indeed, adhesion is often

C’
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Figure 3. Physical Models of Durotaxis
There are three main proposed physical models for
durotaxis.
(A) Because cells are more polarized and morpho-
logically elongated on stiffer substrates than softer
ones, it has been proposed that this affects the
distribution of FAs, causing cells to become more
persistent in their migration on stiffer substrates
than softer ones. This ultimately results in migration
(black arrow) up the stiffness gradient. In this
model, the cell is incompetent at sensing rigidity
gradients without moving around (black lines with
arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
(B) Based on adhesions and thermodynamics,
larger, more stabilized, mature, and plentiful FAs
(purple discs) are exhibited by cells at the leading
edge than the trailing edge thanks to the feedback
loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
anchor, which has greater mechanical feedback at
the front than the rear due to the differential stiff-
ness, thereby allowing adhesions to grow at the
front compared to the rear. Thus, cells exhibit
greater attachment to the substrate at the front than
at the rear, although traction forces (purple arrows)
are balanced. This polarized attachment results in
net forward movement of the cell.
(C0 and C0 0) (C0) In the molecular clutchmodel, equal
forces by the actomyosin cytoskeleton (actin, red;
myosin, pink) are transmitted from focal adhesion
complexes at either end of the cell. Substrate
displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
otaxis.

stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it

ll
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chemistry is compatible with encapsulation of living cells and
enables fabrication of multifunctional synthetic platforms for
cell culture.57 Due to the nature of the cross-linking reaction,
the resulting gels are homogeneous,29 which should result in a
uniform ligand presentation and minimize cell-to-cell varia-
bility. Moreover, they permit a high degree of decoupling
between mechanics and adhesion ligand density, which is not
attainable with reconstituted ECM protein gels.58,59 On the
other hand, it should be noted that these synthetic gels are
amorphous in contrast to the fibrillar, proteinous networks of
the ECM.60 As a consequence they do not exhibit nonlinear
strain-stiffening behavior typical of biological gels.61

Our results challenge the widely accepted notion that PEG
gels do not permit cell adhesion.38,43 We observed significant
fibroblast adhesion in the absence of incorporated, substrate-
bound, cell-adhesive ligands and serum proteins in the medium.
Cells adhered even after gel treatment aimed to consume any
postreaction, residual, reactive bonds, prolonged cell treatment
with trypsin, or following integrin blocking using soluble RGD
peptides. Previously, evidence for fibroblast adhesion (but not
spreading) on photopolymerized PEG gels, nonfunctionalized62

or functionalized with nonadhesive RDG peptide,36 was

reported. The different cross-linking chemistry in those studies
further indicates that adhesion to PEG-based hydrogels was not
specific to the type used in our study. The adhesion mechanism
is not clear at present but most likely involves multiple,
nonspecific weak interactions between the cell and the polymer
network. It is important to note that PEG chains in the
hydrogels presented here are end-linked to the matrix, which is
in contrast to mobile, surface-tethered chains with free ends,
typically used for antiadhesive purposes.63,64

Fibroblasts on bare PEG gels could not form organized focal
adhesions or spread in the absence of adhesive ligands; in
contrast, incorporated RGD peptides provided specific
anchoring points. Cells recognized RGD ligands through their
integrin receptors, spread and formed FAs above a threshold
concentration. This threshold was estimated at 250 peptides/
μm2 assuming cells can detect peptides 5 nm inside the gel.23,36

This is in agreement to ligand densities accurately determined
previously (between 190 and 280 peptides/μm2) that permit
efficient spreading and focal adhesion formation for this type of
cells30,32 as well as for other mesenchymal cells.65,66 This
seemingly high concentration should be considered in view of
the fact that FA formation is sensitive to local ligand density
instead of the global density presented by the substrate.67

Fibroblasts exhibited an increase of their spreading on stiffer
substrates, with similar trends observed on peptide- and ECM
protein-functionalized gels. The increase in cell area occurred at
an elasticity range (between 5 and 30 kPa) comparable to
values reported in literature for PAAm or PEG gels.15,16,43,68−70

The commonality in trends across the different coatings noted
in our study, including short peptides, suggests that under the
given soluble microenvironment (10% fetal serum) cells sense
and respond to mechanical properties of the underlying
polymer matrix and not simply to differences in tethering as
previously suggested for collagen-coated matrices.15 Interest-
ingly, the above suggestion was derived through the observation
(among others) that human keratinocytes and mesenchymal
stem cells on PDMS did not respond to substrate elasticity in
respect to cell spreading area.15 This finding is in line with a
recent study performed on PDMS using human fibroblasts.11 It
is not clear why cells on PDMS appear to react distinctly from
those on PAAm gels and the gels reported here in respect to
their stiffness-dependent spreading behavior.15,16,68−70 The
mechanical feedback from end-tethered RGD peptides on
soft versus stiff substrates in our study should be directly
correlated to the underlying substrate mechanics, in contrast to
collagen or other ECM proteins that may be anchored at
multiple points along their surface. Therefore, our results
suggest that cells respond to substrate elasticity and not only to
differences in ligand tethering, at least for RGD-functionalized
gels. We speculate that the hydrophobic PDMS permits
adsorption of serum or cell-secreted proteins71 that could
significantly alter cell spreading and override the mechanical
signals of the substrate; the effect of different coatings has
indeed been shown to greatly influence cell response to
substrate elasticity.16,17

Our observations additionally corroborated a dependence of
FA size and phosphorylation activity on substrate elastic-
ity.1,3,44,45 Adhesions reinforce in order to sustain the force as
cells generate higher tensions on stiffer substrates.41 By
comparing different coatings, we noted that FA size was higher
on RGD-functionalized gels followed by VN- and FN-coated
gels. Significant differences between VN and FN were noted at
intermediate stiffness values but were attenuated at softer and

Figure 5. Fibroblasts migrate slower but more persistently on stiffer
gels. (A) Speed and (B) directionality index of REF52 WT cells on top
of PEG hydrogels coated with either FN or VN as a function of
elasticity.

Biomacromolecules Article

dx.doi.org/10.1021/bm4014827 | Biomacromolecules 2014, 15, 195−205202

appreciably from 6 to 24 h (Figure 2C). Comparing FN with
VN, we noted that cell aspect ratio depended on the type of
coating. Cells were more rounded on VN compared to FN,
with the difference being statistically significant for medium
elasticity gels.
We next focused on individual adhesion characteristics as a

function of both stiffness and ECM protein coating.
Quantification of FAs revealed an increase of FA area with
stiffness as anticipated1 (Figure 4D). Interestingly, FAs were
significantly larger on VN compared to FN only for gels with
intermediate stiffness.
Fibroblast Migration Depends on a Combination of

Substrate Elasticity and Coating. The combined effects of
ECM coating and substrate elasticity on adhesion presented so
far were examined on fixed cells providing only a static view of
cells. The connection between cell adhesion and migration is
widely recognized and accordingly, we anticipated differences in
cell motility on substrates of differing elasticity and type of
protein coating. In the absence of chemotactic signals, we
observed slower migration speed on stiffer substrates, on both
FN- and VN-coated gels; however the dependence was
dissimilar in magnitude (Figure 5A). Cell speed decreased
33% on the stiffer FN-coated gels compared to a 16% decrease
for VN-coated ones. Interestingly, when the directionality index
was calculated, a marked dependence on substrate elasticity was
noted suggesting that increased traction forces are required for
persistent cell movement (Figure 5B). Similar to cell speed, the
increase in persistence was larger for FN-coated substrates (2.2-

fold) compared to VN-coated ones (1.5-fold). On RGD-
functionalized gels, no significant differences were noted, even
though the trends were analogous to the ECM-coated gels
(Figure S12). In summary, our findings revealed that cell
migration depends on both the type of coating and substrate
stiffness, with a significant decrease in cell speed on stiff
substrates for ECM-coated gels and further highlighted a
previously unappreciated correlation with persistent migration.

4. DISCUSSION
The PEG-based hydrogels presented in this work fulfill the
principal requirements as substrates for mechanobiology
studies, including cytocompatibility, controllable mechanical
properties and ligand density, versatility in functionalization,
and optical transparency for microscopy examination. The
range of mechanical properties possible with these materials
covers that of many soft connective tissues measured ex vivo,
where fibroblasts reside.2,27 They are therefore an attractive
substitute to traditional PAAm and PDMS substrates.
PEG is a popular polymer for the development of elastic

substrates and many different modifications and cross-linking
chemistries have been proposed toward hydrogel formation.
The large majority of these rely on radical polymerization of
vinyl moieties.38,51−55 Here, instead, we exploited Michael-type
addition as an alternative cross-linking polymerization; despite
its advantageous characteristics, it has received limited attention
to produce substrates with tunable mechanics.39,56 The

Figure 4. Combined effects of substrate elasticity and ECM coating on fibroblast adhesion. (A) Focal adhesions and actin cytoskeleton of REF52
PAX cells, fixed 16 h after plating on PEG hydrogels of differing stiffness, coated with FN or VN. Scale bar: 10 μm. (B) Projected cell area (n > 350),
(C) cell aspect ratio, and (D) FA area (n = 1000−4000) as a function of elasticity and protein coating. (B, D) Box plots with 1−99 percentile are
presented and in (C), the mean and SEM are presented.
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addition as an alternative cross-linking polymerization; despite
its advantageous characteristics, it has received limited attention
to produce substrates with tunable mechanics.39,56 The
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were detached using accutase treatment for 5 min, resuspended in
serum-free DMEM, and centrifuged at 1500 rpm for 4 min. The cell
pellet was resuspended in serum-free medium and cells seeded on
hydrogels.
Imaging. Phase contrast and epifluorescence imaging were

performed using a Delta Vision system (Applied Precision Inc.) on
an Olympus IX inverted microscope equipped with a cooled CCD
camera. For high magnification images a 60×/1.3 NA (Olympus) oil-
immersion objective was used and for time-lapse imaging a 10×/0.3
NA (Zeiss) objective. Live cell imaging was performed at 37 °C and
5% CO2. Epifluorescence microscopy was additionally performed
using a Leica DM6000B upright microscope equipped with a CCD
camera. A water immersion objective 40×/0.8 NA (Leica) was used.
Cell Adhesion and Cell Density Measurements. REF52 WT (5

× 103 cells/cm2) in serum-free medium were incubated on top of gels
for 1 h. Nonadherent cells were removed by aspiration and gels were
placed on a rotating horizontal shaker (150 rpm) for 5 min to remove
weakly bound cells. Gels were then washed twice with PBS, fixed in 4%
paraformaldehyde for 15 min, and stained with 1.0 μg/mL DAPI. Cell
density was calculated by counting fluorescent nuclei on a fixed surface
area.
Projected Cell Area. REF52 WT (2 × 103 cells/cm2) in serum-

free medium were seeded on top of gels for 30 min, after which
nonadherent cells were removed by aspiration and supplemented
DMEM was added. At predetermined time points, cells were washed
with PBS, fixed in 4% paraformaldehyde for 15 min and stained with
10 μg/mL WGA-AF488. Projected cell area was determined using the
“Cell Outliner” plugin of ImageJ software (NIH) from fluorescence
microscopy images with >100 cells analyzed/experiment and at least
two independent experiments.
Cell Proliferation Assay. Proliferation of REF52 WT (% of cells

actively synthesizing DNA) was evaluated 24 and 48 h after seeding on
hydrogels using a commercially available imaging kit from Life
Technologies (Cat. No. C10337). Briefly, cells were incubated with 50
μM EdU (5-ethynyl-2′-deoxyuridine) in supplemented DMEM for 4 h
and then fixed with 4% formaldehyde in PBS. EdU was stained using
click chemistry according to instructions provided with the kit. Cell
nuclei were counterstained with 10 μg/mL Hoechst 33342 for 1 h at
room temperature. The percentage of EdU-positive cells was
calculated by counting >200 cells in multiple fields on each gel.
Immunofluorescence Microscopy. Cells (REF52 WT or REF52

PAX) on hydrogels were washed thrice with PBS and fixed with 4%
paraformaldehyde for 15 min. Cells were then washed thrice with PBS,

permeabilized with 0.1% Triton X-100 for 15 min and washed thrice
with PBS. Next, cells were incubated with 1 wt % bovine serum
albumin (BSA) to block protein binding sites. Primary antibodies were
diluted in 1% BSA and incubated with cells at room temperature for 1
h. Cells were washed thrice with 1% BSA and incubated with
secondary antibodies for 1 h. Filamentous actin (F-actin) was labeled
with Phalloidin-tetramethyl rhodamine B isothiocyanate (2.5 μg/mL)
and nuclei with DAPI (1.0 μg/mL).

Focal Adhesion Analysis. Focal adhesions were quantified from
LSCM images of cells immunolabeled against phosphotyrosine, which
provided the best signal-to-noise ratio from the antibodies tested.
Images (2048 × 2048 pixels) were acquired using a 60×/NA 1.1
(LUMFI; Olympus) water immersion objective and analyzed using a
short, custom-written macro in ImageJ, which is provided in the
Supporting Information (Figure S1). A lower threshold of 0.5 μm2 was
set to exclude small focal complexes and noise. Data from at least 20
cells/experiment and two independent experiments are presented.

Single Cell Motility Assay. REF52 WT (2 × 103 cells/cm2) in
serum-free medium were seeded on top of gels for 30 min, after which
nonadherent cells were removed by aspiration and supplemented
DMEM was added. Live-cell, time-lapse microscopy images were
acquired every 10 min for 16 h, starting 5 h after cell seeding. Cell
trajectories from time-lapse movies were obtained using the “manual
tracking” plugin of ImageJ software. Only cells that (1) remained
within the field of view during the entire time frame, (2) did not
divide, and (3) were spread and apparently alive during the
experiment, were analyzed. Speed was calculated as the total path
length traveled by a cell divided by the time, and the directionality
index was calculated by dividing the distance from the origin by the
total path length.

Statistical Analysis. All statistical analyses were performed using
the software Prism (GraphPad Inc.). Experiments were statistically
analyzed using the Tukey test, which compares all pairs of columns.
Only statistical significant differences are presented in graphs with p
values <0.01, <0.05, and <0.001, represented as *, **, and ***,
respectively.

3. RESULTS
Hydrogel Preparation. PEG hydrogels were synthesized

via Michael-type addition reaction of 4-arm, branched PEG
precursors, end-functionalized with either thiol or vinyl sulfone
groups (Figure 1A,B). Cross-linking into a freestanding, three-

Figure 1. Poly(ethylene glycol) (PEG) hydrogels based on Michael-type addition with tunable elasticity. (A) Schematic representation of hydrogel
formation following cross-linking of 4-arm PEG precursors, end-functionalized with vinyl sulfones (PEGVS) or thiols (PEGSH). (B) Thiol-
containing small molecules are incorporated in the polymer network by prior reaction with PEGVS. (C) The Young’s modulus of gels was
determined by AFM force spectroscopy and ranged from 4 to 70 kPa, depending on precursor structure and concentration; mean and standard
deviation are presented. (D) Values of Young’s modulus and swelling ratio at 25 and 37 °C, for three different gel formulations, designated as “soft”,
“medium”, and “stiff”.
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walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
hj~r2ji

p
ðtÞ=ðvctÞ ∝ ðτp=tÞ1=2, recorded at the same time

on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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• The persistence of cell motility depends on rigidity of the substrate (« universal » property)
• Velocity can increase or decrease with rigidity in a cell type specific manner 
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Cells move differently on substrates with different rigidities: the persistence time of their motion is higher
on stiffer substrates. We show that this behavior—in and of itself—results in a net flux of cells directed up a
soft-to-stiff gradient. Using simple random walk models with varying persistence and stochastic
simulations, we characterize the propensity to move in terms of the durotactic index also measured in
experiments. A one-dimensional model captures the essential features and highlights the competition
between diffusive spreading and linear, wavelike propagation. Persistence-driven durokinesis is generic and
may be of use in the design of instructive environments for cells and other motile, mechanosensitive objects.
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Cells are acutely aware of the mechanical properties of
their surroundings. The rigidity, or lack thereof, of the
substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
eration, and other cellular decisions have all been shown to
be affected by the stiffness of the surrounding matrix [1–7].
Cells also move differently depending on the rigidity of the
substrate. One of the more striking manifestations of this is
the near-universal tendency of motile cells to travel up
rigidity gradients in a process generally referred to as
durotaxis [8–15], a term that emphasizes the similarity to
chemotaxis, the ability of cells to move directedly across
chemical gradients. Chemotaxis—generally believed to
offer significant evolutionary advantage—allows cells,
for instance, to move towards sources of nutrients. For
durotaxis, such advantage is less obvious. Motion in
stiffness gradients could allow neutrophils and cancer cells
to seek out optimal locations for extravasation [16–18] or
stem cells to contribute to mitigation or regeneration of stiff
scars and injured tissues [19]. Durotactic motion is uni-
versal: without exception, it is from soft to stiff. In addition
to an overall directed motion in a gradient region, the nature
of cellular motion itself was shown to change quantitatively
depending directly on the local rigidity of the substrate,
with cells moving more persistently on more rigid sub-
strates. In this Letter, we examine how locally different,
persistent motility affects the global transport of cells. We
find that soft-to-stiff durotaxis is a necessary consequence
of stiffness-dependent persistence with or without a
rigidity-dependent crawling speed. The mechanism we
uncover is fundamentally different from those reported
in earlier theoretical works on durotaxis [20,21]: the cells

take no directional cues from the gradient region, but their
persistence—a nondirectional property—is stiffness depen-
dent. This experimentally established rule alone suffices to
generate durotactic motion.
Definitions and experimental observations.—For cells

moving on uniformly rigid substrates, most experiments
record the paths of motile cells by tabulating, at fixed time
intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
amount of persistence: the tendency to keep moving along
the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]

hj~r2jiðtÞ ¼ 2v2cτ2p

!
t
τp
þ e−t=τp − 1

"
: ð1Þ

We note that while the PRW correctly describes cellular
motility in 2D, it fails in 3D [23]—one of many important
differences between 2D and 3D processes of cellular
adhesion and migration. We restrict ourselves to the
case of 2D motility here to make our general point. The
limiting behavior of Eq. (1) is instructive: for short times
t ≪ τp, it describes ballistic motion hj~r2jiðtÞ ≈ ðvctÞ2,
whereas for long times t ≫ τp, the motion is a pure random
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substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
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take no directional cues from the gradient region, but their
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dent. This experimentally established rule alone suffices to
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intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
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the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]
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walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
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on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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their surroundings. The rigidity, or lack thereof, of the
substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
eration, and other cellular decisions have all been shown to
be affected by the stiffness of the surrounding matrix [1–7].
Cells also move differently depending on the rigidity of the
substrate. One of the more striking manifestations of this is
the near-universal tendency of motile cells to travel up
rigidity gradients in a process generally referred to as
durotaxis [8–15], a term that emphasizes the similarity to
chemotaxis, the ability of cells to move directedly across
chemical gradients. Chemotaxis—generally believed to
offer significant evolutionary advantage—allows cells,
for instance, to move towards sources of nutrients. For
durotaxis, such advantage is less obvious. Motion in
stiffness gradients could allow neutrophils and cancer cells
to seek out optimal locations for extravasation [16–18] or
stem cells to contribute to mitigation or regeneration of stiff
scars and injured tissues [19]. Durotactic motion is uni-
versal: without exception, it is from soft to stiff. In addition
to an overall directed motion in a gradient region, the nature
of cellular motion itself was shown to change quantitatively
depending directly on the local rigidity of the substrate,
with cells moving more persistently on more rigid sub-
strates. In this Letter, we examine how locally different,
persistent motility affects the global transport of cells. We
find that soft-to-stiff durotaxis is a necessary consequence
of stiffness-dependent persistence with or without a
rigidity-dependent crawling speed. The mechanism we
uncover is fundamentally different from those reported
in earlier theoretical works on durotaxis [20,21]: the cells

take no directional cues from the gradient region, but their
persistence—a nondirectional property—is stiffness depen-
dent. This experimentally established rule alone suffices to
generate durotactic motion.
Definitions and experimental observations.—For cells

moving on uniformly rigid substrates, most experiments
record the paths of motile cells by tabulating, at fixed time
intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
amount of persistence: the tendency to keep moving along
the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]

hj~r2jiðtÞ ¼ 2v2cτ2p

!
t
τp
þ e−t=τp − 1

"
: ð1Þ

We note that while the PRW correctly describes cellular
motility in 2D, it fails in 3D [23]—one of many important
differences between 2D and 3D processes of cellular
adhesion and migration. We restrict ourselves to the
case of 2D motility here to make our general point. The
limiting behavior of Eq. (1) is instructive: for short times
t ≪ τp, it describes ballistic motion hj~r2jiðtÞ ≈ ðvctÞ2,
whereas for long times t ≫ τp, the motion is a pure random
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Cells are acutely aware of the mechanical properties of
their surroundings. The rigidity, or lack thereof, of the
substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
eration, and other cellular decisions have all been shown to
be affected by the stiffness of the surrounding matrix [1–7].
Cells also move differently depending on the rigidity of the
substrate. One of the more striking manifestations of this is
the near-universal tendency of motile cells to travel up
rigidity gradients in a process generally referred to as
durotaxis [8–15], a term that emphasizes the similarity to
chemotaxis, the ability of cells to move directedly across
chemical gradients. Chemotaxis—generally believed to
offer significant evolutionary advantage—allows cells,
for instance, to move towards sources of nutrients. For
durotaxis, such advantage is less obvious. Motion in
stiffness gradients could allow neutrophils and cancer cells
to seek out optimal locations for extravasation [16–18] or
stem cells to contribute to mitigation or regeneration of stiff
scars and injured tissues [19]. Durotactic motion is uni-
versal: without exception, it is from soft to stiff. In addition
to an overall directed motion in a gradient region, the nature
of cellular motion itself was shown to change quantitatively
depending directly on the local rigidity of the substrate,
with cells moving more persistently on more rigid sub-
strates. In this Letter, we examine how locally different,
persistent motility affects the global transport of cells. We
find that soft-to-stiff durotaxis is a necessary consequence
of stiffness-dependent persistence with or without a
rigidity-dependent crawling speed. The mechanism we
uncover is fundamentally different from those reported
in earlier theoretical works on durotaxis [20,21]: the cells

take no directional cues from the gradient region, but their
persistence—a nondirectional property—is stiffness depen-
dent. This experimentally established rule alone suffices to
generate durotactic motion.
Definitions and experimental observations.—For cells

moving on uniformly rigid substrates, most experiments
record the paths of motile cells by tabulating, at fixed time
intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
amount of persistence: the tendency to keep moving along
the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]

hj~r2jiðtÞ ¼ 2v2cτ2p
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We note that while the PRW correctly describes cellular
motility in 2D, it fails in 3D [23]—one of many important
differences between 2D and 3D processes of cellular
adhesion and migration. We restrict ourselves to the
case of 2D motility here to make our general point. The
limiting behavior of Eq. (1) is instructive: for short times
t ≪ τp, it describes ballistic motion hj~r2jiðtÞ ≈ ðvctÞ2,
whereas for long times t ≫ τp, the motion is a pure random
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Cells are acutely aware of the mechanical properties of
their surroundings. The rigidity, or lack thereof, of the
substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
eration, and other cellular decisions have all been shown to
be affected by the stiffness of the surrounding matrix [1–7].
Cells also move differently depending on the rigidity of the
substrate. One of the more striking manifestations of this is
the near-universal tendency of motile cells to travel up
rigidity gradients in a process generally referred to as
durotaxis [8–15], a term that emphasizes the similarity to
chemotaxis, the ability of cells to move directedly across
chemical gradients. Chemotaxis—generally believed to
offer significant evolutionary advantage—allows cells,
for instance, to move towards sources of nutrients. For
durotaxis, such advantage is less obvious. Motion in
stiffness gradients could allow neutrophils and cancer cells
to seek out optimal locations for extravasation [16–18] or
stem cells to contribute to mitigation or regeneration of stiff
scars and injured tissues [19]. Durotactic motion is uni-
versal: without exception, it is from soft to stiff. In addition
to an overall directed motion in a gradient region, the nature
of cellular motion itself was shown to change quantitatively
depending directly on the local rigidity of the substrate,
with cells moving more persistently on more rigid sub-
strates. In this Letter, we examine how locally different,
persistent motility affects the global transport of cells. We
find that soft-to-stiff durotaxis is a necessary consequence
of stiffness-dependent persistence with or without a
rigidity-dependent crawling speed. The mechanism we
uncover is fundamentally different from those reported
in earlier theoretical works on durotaxis [20,21]: the cells

take no directional cues from the gradient region, but their
persistence—a nondirectional property—is stiffness depen-
dent. This experimentally established rule alone suffices to
generate durotactic motion.
Definitions and experimental observations.—For cells

moving on uniformly rigid substrates, most experiments
record the paths of motile cells by tabulating, at fixed time
intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
amount of persistence: the tendency to keep moving along
the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]

hj~r2jiðtÞ ¼ 2v2cτ2p
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We note that while the PRW correctly describes cellular
motility in 2D, it fails in 3D [23]—one of many important
differences between 2D and 3D processes of cellular
adhesion and migration. We restrict ourselves to the
case of 2D motility here to make our general point. The
limiting behavior of Eq. (1) is instructive: for short times
t ≪ τp, it describes ballistic motion hj~r2jiðtÞ ≈ ðvctÞ2,
whereas for long times t ≫ τp, the motion is a pure random
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At short times, ballistic motion
At longer time, random walk

• Persistent random walk (PRW) on a 2D substrate:
• Persistence time is a function of rigidity: PRW

walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
hj~r2ji

p
ðtÞ=ðvctÞ ∝ ðτp=tÞ1=2, recorded at the same time

on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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• A gradient of persistence induces a soft-to-stiff motility flux

walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
hj~r2ji
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ðtÞ=ðvctÞ ∝ ðτp=tÞ1=2, recorded at the same time

on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
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persistent, side of the substrate, the distribution resembles
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motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ
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R
vc½rðt0Þ%dt0, the length of
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FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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Dimensionless number 
characterizes durotactic motion

walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
hj~r2ji

p
ðtÞ=ðvctÞ ∝ ðτp=tÞ1=2, recorded at the same time

on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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do so has only recently begun to be quantitatively
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hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
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of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
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increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
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behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
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itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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Cells move differently on substrates with different rigidities: the persistence time of their motion is higher
on stiffer substrates. We show that this behavior—in and of itself—results in a net flux of cells directed up a
soft-to-stiff gradient. Using simple random walk models with varying persistence and stochastic
simulations, we characterize the propensity to move in terms of the durotactic index also measured in
experiments. A one-dimensional model captures the essential features and highlights the competition
between diffusive spreading and linear, wavelike propagation. Persistence-driven durokinesis is generic and
may be of use in the design of instructive environments for cells and other motile, mechanosensitive objects.

DOI: 10.1103/PhysRevLett.118.078103

Cells are acutely aware of the mechanical properties of
their surroundings. The rigidity, or lack thereof, of the
substrate to which a cell is adhering determines a number of
crucial processes: differentiation, gene expression, prolif-
eration, and other cellular decisions have all been shown to
be affected by the stiffness of the surrounding matrix [1–7].
Cells also move differently depending on the rigidity of the
substrate. One of the more striking manifestations of this is
the near-universal tendency of motile cells to travel up
rigidity gradients in a process generally referred to as
durotaxis [8–15], a term that emphasizes the similarity to
chemotaxis, the ability of cells to move directedly across
chemical gradients. Chemotaxis—generally believed to
offer significant evolutionary advantage—allows cells,
for instance, to move towards sources of nutrients. For
durotaxis, such advantage is less obvious. Motion in
stiffness gradients could allow neutrophils and cancer cells
to seek out optimal locations for extravasation [16–18] or
stem cells to contribute to mitigation or regeneration of stiff
scars and injured tissues [19]. Durotactic motion is uni-
versal: without exception, it is from soft to stiff. In addition
to an overall directed motion in a gradient region, the nature
of cellular motion itself was shown to change quantitatively
depending directly on the local rigidity of the substrate,
with cells moving more persistently on more rigid sub-
strates. In this Letter, we examine how locally different,
persistent motility affects the global transport of cells. We
find that soft-to-stiff durotaxis is a necessary consequence
of stiffness-dependent persistence with or without a
rigidity-dependent crawling speed. The mechanism we
uncover is fundamentally different from those reported
in earlier theoretical works on durotaxis [20,21]: the cells

take no directional cues from the gradient region, but their
persistence—a nondirectional property—is stiffness depen-
dent. This experimentally established rule alone suffices to
generate durotactic motion.
Definitions and experimental observations.—For cells

moving on uniformly rigid substrates, most experiments
record the paths of motile cells by tabulating, at fixed time
intervals Δt¼ tiþ1− ti, their positions ~rðtiÞ¼fxðtiÞ;yðtiÞg.
The resulting time series constitutes a discrete-time random
walk (RW). These cellular RW paths display a certain
amount of persistence: the tendency to keep moving along
the same direction (or, equivalently, the cell’s inability to
turn on very short time scales). This persistence is quanti-
fied by the persistence time τp. For cells moving at a
constant linear velocity vc, this persistence time may be
obtained by analyzing the displacement statistics of the
path, either as the decay time of the tangent autocorrelation
or by fitting to the mean squared displacement for a
persistent random walk (PRW) [22]

hj~r2jiðtÞ ¼ 2v2cτ2p

!
t
τp
þ e−t=τp − 1

"
: ð1Þ

We note that while the PRW correctly describes cellular
motility in 2D, it fails in 3D [23]—one of many important
differences between 2D and 3D processes of cellular
adhesion and migration. We restrict ourselves to the
case of 2D motility here to make our general point. The
limiting behavior of Eq. (1) is instructive: for short times
t ≪ τp, it describes ballistic motion hj~r2jiðtÞ ≈ ðvctÞ2,
whereas for long times t ≫ τp, the motion is a pure random
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walk: hj~r2jiðtÞ ≈ 2v2cτpt. Thus, the persistence time is the
characteristic time scale for the crossover between ballistic
and diffusive motion. A trivial point, which nonetheless
bears repeating here, is that the first moment of the vectorial
displacement vanishes for RWand PRWalike: h~riðtÞ¼ ~0—
this is no longer the case for durotactic processes. A
meaningful question now is to ask how the parameters
that quantify persistence and directed displacement change
with the properties of the substrate. While the tendency to
move from soft to stiff substrates has been broadly noted
and characterized [24–28], the persistence of cells as they
do so has only recently begun to be quantitatively
addressed. A potential relation between the two has been
hinted at in passing [12], but not further substantiated.
In experiments recording the motility of fibroblasts on
uniformly rigid polyethylene glycol (PEG) hydrogels,
Missirlis and Spatz [13] demonstrate that the persistence
time, quantified by a Directionality Index ΔðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffi
hj~r2ji

p
ðtÞ=ðvctÞ ∝ ðτp=tÞ1=2, recorded at the same time

on substrates coated with different ligands, rises by about a
factor of 3 when the substrate stiffness is increased from 5.5
to 65.7 kPa. Over the same range of stiffnesses, a decrease
of vc by about 33% (from 60 μm=h to 40 μm=h) is
reported. House et al. [29] place fibroblasts on uniformly
rigid PAM hydrogels and report that their persistence time
increases by a factor of 3 when the gel stiffness is varied
from 10 kPa to 150 kPa. Interestingly, and in contrast to
Missirlis and Spatz, House et al. report an increase of vc
with substrate stiffness by a factor of about 2 from
21.6 μm=h to 42.7 μm=h over the same stiffness range.
A preliminary test, reported in [29], suggests the cells move
in the direction of increased persistence. In earlier work
[12], Raab et al. quantify the motility of mesenchymal stem
cells on uniform PAM substrates—likewise showing an
increase in persistence time of about a factor of 3 from 0.7 h
to 2.1 h when the substrate stiffness is varied from 1 kPa to
34 kPa. Raab et al. report no significant change in the cell
velocity vc over the entire range of stiffnesses they study.
Importantly, however, Raab et al. also show that the same
cells, on the same substrates that are now gradiented in
stiffness from 1 kPa to 34 kPa, move towards the stiff side
with a durotaxis index that over the course of about 2 h,
rises from 0 to 0.2. In summary, experiments unanimously
suggest that cells move more persistently on stiffer sub-
strates and that they move from soft to rigid. This behavior
is independent of the relation between velocity and
stiffness, which appears to be more cell-type dependent
although a recent work suggests that speed and persistence
may be correlated [15]. The empirical fact that two
behaviors—increasing persistence and soft-to-stiff
motion—coincide suggests they might not be independent.
We now examine whether there is indeed a causation
underlying the correlation.
Simulation setup and results.—We consider a 2D sub-

strate, endowed with a gradient in stiffness that manifests

itself as a position-dependent persistence time τpðxÞ and a
position-dependent velocity vcðxÞ. To simulate the
variable-persistence, variable cell speed PRW in the gra-
dient region, we generate trajectories as follows: starting in
the origin at t ¼ 0, a random initial direction θ0 is chosen,
along which the cell is displaced by a distance
Δr1 ¼ vcð0ÞΔt. For all subsequent steps, a deviation angle
−π < δθ < π is picked randomly from a Gaussian distri-
bution centered around δθ ¼ 0, with variance σ2 ¼
2Δt=τpðxÞ using the Box-Muller transform, x being the
instantaneous x position. The next point is placed at a
distance Δr2 ¼ vcðxÞΔt in the θ0 þ δθ direction; this last
step is repeated N ¼ ttot=Δt times to complete a trajectory
representing a total time ttot. The time interval Δt is chosen
such that Δt < minx½τpðxÞ&, smaller than the smallest
persistence time in the system. In all simulations shown
here, we chose Δt ¼ 0.1 h (corresponding to 6-minute
intervals between measurements). The substrate has a finite
gradient region x ∈ ½−W;W&, with persistence time and
velocity τp;min and vc;left at x ≤ −W, and τp;max and vc;right
for x ≥ W. Both τp and vc transition linearly (but with
variable steepness) controlled byW between their max and

FIG. 1. Persistence-dependent motility. Simulated trajectories
(2D model) of 25 cells, departing from the origin at t ¼ 0, with a
linear velocity of 50 μm=h. Total time is 12 h; cellular positions are
recorded at 6-minute intervals. A black dot marks the end of each
cell trajectory. (a) Cells on a soft substrate, with a low persistence
time τp ¼ 0.2 h. (b) Stiff substrate: persistence time τp ¼ 2 h.
(c) Gradient substrate, with persistence time increasing linearly
from 0.2 to 2 h over the x range ½−0.1; 0.1& mm (i.e.,
Δτp=Δx ¼ 9 h=mm). (d) Averaged x displacement in the gradient
region for different widths of the gradient regions and hence, the
gradient steepnesses (top to bottom: Δτp=Δx ¼ 90 h=mm,
18 h=mm, 9 h=mm, 4.5 h=mm, 1.8 h=mm).
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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directly proportional to the average velocity in the direction
of the gradient, this is also the expected behavior for the
average velocity (see inset, Fig. 3), which is thus a time-
dependent quantity for this process. The large-time drop in
DIxðtÞ is the result of walkers leaving the finite gradient
region and is generic; it also features when walkers exhibit
a true directional bias in the same region, such as would
occur for the “run-and-tumble” behavior that underlies
chemotaxis in, for instance, E. coli, where it leads to a
constant cellular drift velocity vd while in a chemical
gradient region [30]. The short-time behavior, however, is
completely different for these two processes: the biased
run-and-tumble walk displays a DIxðtÞ rapidly saturating to
its plateau value vd=vc in contrast to a very gradual increase
from zero for the differentially persistent walk. Thus, the
presence or absence of a short-time regime of increasing
DIxðtÞ is a reliable way to discriminate the motion we
discuss here from a “regular” taxis.
1D model and an inhomogeneous telegraph equation.—

We map the process to one dimension by studying the
dispersal of walkers on a line. The equivalent of a spatially
dependent persistence here is a spatially dependent turning
frequency λðxÞ. Typical behavior in the presence of a
gradient region is collected in Fig. 4 and confirms the
dual behavior also seen in two dimensions: the softer side is
diffusion dominated while the more rigid side displays a
wavelike propagation. To derive the appropriate continuum
equation, we apply a similar approach to the one presented
for uniform turning rates in [27], and consider separately
the two densities of left- and right movers; ρ−ðx; tÞ and
ρþðx; tÞ, normalized such that Pðx; tÞ ¼ ρþ þ ρ− is the
total probability density. After a time step Δt, each walker
reverses direction with a probability π ¼ λðxÞΔt or con-
tinues [with probability 1 − πðxÞ] along its prior direction.
During each time step, it travels a distance Δx ¼ vcΔt. The
densities ρþ and ρ− then obey

ρþðx; tþ ΔtÞ ¼ ½1 − λðx − ΔxÞΔt&ρþðx − Δx; tÞ
þ ½λðx − ΔxÞΔt&ρ−ðx − Δx; tÞ; ð3Þ

ρ−ðx; tþ ΔtÞ ¼ ½λðxþ ΔxÞΔt&ρþðxþ Δx; tÞ
þ ½1 − λðxþ ΔxÞΔt&ρ−ðxþ Δx; tÞ: ð4Þ

Expanding these two equations to first order in Δx and Δt
and combining them using P ¼ ρþ þ ρ− yields the follow-
ing governing PDE

∂2
tPþ 2λðxÞ∂tP ¼ v2c∂2

xP: ð5Þ

A spatially varying velocity may be included by replacing
vc → vcðxÞ. This inhomogeneous telegraph equation is
also the appropriate model to use for effectively one-
dimensional migration experiments. To connect with
the two-dimensional case, we may identify 2λðxÞ≃ τ−1p .
The two competing behaviors are readily recognized in the
PDE; for large turning frequencies (i.e., short persistence
times), the second order time derivative is dominated by the
first order term, and diffusive behavior emerges. For low
turning frequencies—highly persistent motion—a wave
equation is recovered. This equation, supplemented with
a specific form for the persistence gradient λðxÞ and the
appropriate boundary conditions [generally, Pðx; 0Þ ¼ δðxÞ
and ∂tPðx; 0Þ ¼ 0], allows one to compute averaged
displacements as moments in this distribution.
Conclusions and Outlook.—In this Letter, we demon-

strate how a broadly reported feature of cellular motility—a
dependence of the persistence of movement on the rigidity
of the substrate—leads, without further assumptions, to
universal soft-to-stiff motion on gradiented substrates. The
motion is faster, on experimental time scales, for steeper
gradients. For the type of motion we report here, the term
durotaxis may be a bit of a misnomer. Following the
suggestions laid out in [31], the flux set up by gradients in
the local, substrate-informed persistence is perhaps more
accurately described as a (positional) kinesis—an “almost
instantaneous response induced by a purely positional
signal.” That is, a nondirectional change in behavior as
opposed to the directional changes typical for chemotaxis.
This distinction goes beyond semantics: it suggests that
durotaxis in a stiffness gradient is not to be interpreted as
the existence of a preferred stiffness for the cell, which it is
purposefully migrating towards. Without dismissing the
possibility that other mechanisms not considered here
could lead to such properly durotactic motion, we show
here that—at the very least, to an extent that is worth
determining in much greater detail—soft-to-stiff migration
is an unavoidable consequence of stiffness-dependent
persistence. The short-time behavior of DIxðtÞ may help
distinguish this kinesis from properly tactic motion. The
generic nature of durokinesis suggests it as a potentially
worthwhile mechanism to pursue in the development of
instructive environments (for an early demonstration see,

FIG. 4. Evolution of 1D inhomogeneous telegraph probability.
Probability distributions Pðx; tÞ determined by direct integration
of Eq. (5) (1D model). The turning frequency λðxÞ decreased
linearly from 0.4 to 0.02 over the x interval ½−5; 5&. From left to
right, we plot distributions for t ¼ 10…100 with 10 unit time
intervals. Clearly visible is the diffusive spreading on the left, vs
the wavelike propagation to the right. The inset shows the long-
time t−1=2 behavior of DIðtÞ.

PRL 118, 078103 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

17 FEBRUARY 2017

078103-4

min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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For RW and PRW

• Durotactic index increases over time 
constant
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decreases with persistence

min values. Much like most experimental settings, the
gradient region thus occupies only part of the system and is
flanked by uniformly rigid regions to either side (i.e., the
rigidity gradient changes discontinuously at the boundaries
of the gradient region). We will always choose left to
right to be the direction of increasing persistence but will,
for demonstrational purposes, allow the velocity to
decrease or increase from left to right. For each realization
of the gradient region, on the order of 105 trajectories are
generated to obtain accurate averages.
We assume for now that vcðxÞ≡ vc, a constant (later on,

we will briefly demonstrate that our findings are largely
insensitive to increases or decreases in vc with stiffness).
Our main finding is summarized in Fig. 1: a gradient in
persistence produces a soft-to-stiff flux of cells and confers
upon them, for typical values, an average velocity up the
stiffness gradient of 2– 10 μm=h. The origin of the effect is
readily read off from Figs. 1(a)–1(c); PRW trajectories
become asymmetric in the gradient region, and those
trajectories that either depart up the rigidity gradient, or
at some point in time first turn towards the stiff direction,
travel further in the stiff direction on average. As Fig. 1(d)
illustrates, this leads to a nonzero hxiðtÞ, and the average
velocity—over the ∼12 h course of a typical experiment—
with increasing gradient steepness. We note that in the limit
of sufficiently small Δt, the dimensionless number V ¼
vc × ð∂τp=∂xÞ combines both parameters into a single
quantity, and allows for a universal characterization of the
durotactic motion. We choose to retain dimensional quan-
tities to provide a sense of the magnitudes of velocities
that may be expected in experimental settings. As
Figs. 2(a)–2(d) show, the asymmetry of a set of PRW
trajectories on a substrate with gradient stiffness increases
with time. Fig. 2(e) plots the probability distribution

Pðx; yÞ of finding a cell at position ðx; yÞ after t ¼ 4 h
and shows the crucial statistical feature that gives rise
to the nonzero center-of-mass motion. On the left, less
persistent, side of the substrate, the distribution resembles
that of a diffusive process. On the right side, where motion
is more persistent, a narrower peak moves outward at
constant velocity.
The net motion that results from differentially persistent

PRWs executed in a stiffness gradient is reminiscent of the
motion that chemotactic bacteria execute in, for instance, a
gradient in nutrient concentration [30]. To be sure, in both
cases, an environmental gradient sets up a flux, but to what
extent are these processes truly similar? Following [27,28],
it is instructive to scrutinize the motility using a durotactic
(vector) index

~DIðtÞ ¼ fDIxðtÞ;DIyðtÞg≡ h~riðtÞ
vct

: ð2Þ

In the case of variable cell speed vc, we compute ~DIðtÞ by
dividing h~riðtÞ by rpath ¼

R
vc½rðt0Þ%dt0, the length of

the path traveled up to time t. For all—persistent and
nonpersistent—nondirectional processes, ~DIðtÞ ¼ ~0. For
the gradients studied here, DIyðtÞ ¼ 0; we report only
the x component. In the main panel of Fig. 3, we plot
DIxðtÞ for a representative set of parameters (listed in the
caption). The general behavior is that DIxðtÞ initially rises,
peaks at a few times the persistence time and then slowly
drops back down, proportional to t−1=2 (cf., inset Fig. 4).
Figure 3 also shows that this behavior remains qualitatively
the same regardless of whether vc increases, decreases, or
stays the same through the gradient region. Since the DI is

FIG. 2. Evolution of probability with time. Simulated trajecto-
ries (2D model) of 50 cells, departing from the origin at t ¼ 0,
with a linear velocity of 50 μm=h on a persistence gradient,
increasing linearly from 0.2 to 2 h over the x range ½−0.1; 0.1% mm
(i.e., Δτp=Δx ¼ 9 h=mm). The cells were tracked for 12 h, their
positions recorded at 6-minute intervals. A black dot marks the
end of each cell trajectory. (a)–(d) As time progresses, the
asymmetry becomes increasingly clear. (e) The probability
distribution Pðx; yÞ (rescaled such that its maximal value is 1)
at t ¼ 4 h clearly shows a double-peaked structure: a diffusive
peak on the soft side and a wave front further out on the rigid side.

FIG. 3. Durotactic index as a function of time. Main figure: x
component of the durotactic index vs time for cells moving in a
rigidity gradient, with τp increasing linearly from 0.2 to 2 h over
the x range ½−0.1; 0.1% mm. Averages computed over 5 × 104

trajectories (2D model). Black line, black dots: stiffness-inde-
pendent velocity vc ¼ 50 μm=h everywhere. Red dashed line: the
same system, but with a velocity that rises with persistence; vc ¼
20&80 μm=h across the gradient region. Blue dashed line:
velocity decreases with persistence; vc ¼ 80–20 μm=h across
the gradient region. Inset: the average velocity over the 12 h
window as a function of the gradient strength. All gradients had
τp varying from 0.2 to 2 h, but over different spatial ranges.
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Mean speed 31.3 µm/s 

50µm 

501 

. 
'· 

~-------------<----------------~----------------------------

Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 

1 13,,-;;~,~-
01----------------~-~---~~ 

3 

00~------------r----------~ 

Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 
probable (Fig. 4). The distribution of twiddle lengths is 
exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 
and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 
the termination of a run is a constant. 

The wild type is known to have chemoreceptors for serine, 
for aspartate and for a number of sugars 7• If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

• Biased (persistant) random 
walk in a spatial gradient

• Temporal gradient sensing 
• Memory
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Analogies with bacterial chemotaxis?

demonstrated to exhibit chemotaxis to-
ward various organic nutrients (3). The
results show that extensive metabolism
of the attractants is not required, or
sufficient, for chemotaxis. Instead, the
attractants themselves are detected.

The systems that bacteria ulse to de-
tect chemicals withouLt metabolizing
therm are here called "chemoreceptors."
Efforts to identify the chemoreceptors
are described.

A Quantitative Mlethod
for Studying Cheinotaxis

In the I 8o\s Pilleffer (4) demiioni-
strated chemnotaxis by exposing a suIS-
pensioni ol' mlotile bacteria to a solItion
of iln attractant in a capillary tuLbe and
then obseIving nlicroscopically that the
bacteria accuLm1ul_ated first at the moulth
of the capillary (Fig. 1 ) antd later inside.
A modification of this method, xxhich
permits quantitative study of chemo-
taxis, is here described briefly (5).

Wild-tvpe LEscherichiai coli K 1 2,
strain W31 110, Wx as uLsed, except wx here
other"xiso indicated. A capillary tube
containinlg a solution of attractant Wc.as
plLshecd into a Suspension of bacteria
on a slide (6). Alter incubation ait
30(C (7) I'or 60 minuLtes, the capillary
xx as taken out of' the bacterial SuLspen-
sion and washed to remove bacteria
adhering to the ouLtside. The number of
bacteriia inside the capillary was then
measLured by platinig the contents of the
capillary ancd coLunting colonices the next
dcay. The error is --+ 1 5 percent.

A typical result lor glucose (8') at
various concenrtrations is shown in Fig.
2. From such a (lose-response cuLrve-
or, better, from a double log plot one
canl estimate a threshold concentration
f'or accUmnlationl inside the capillary, in
this case abOUt 4 X Io-7Jj. (The
threshold is actually low er thlan this.
since the glucose is being tised uLp.) At
the highest concenitrations, so muLch at-
tractant diffLuses out that the bacteria
wx hich ha.ve accla1.1ted oLutside the
capillMary do not enter in the time al-
lowed. The peak conicentration varies
xwith timc of incuhationi, rate of uLse of
the attractant, and other factors (5).

ResuLlts similar to that shown in Fig.
2 were obtained ior other attractants-
for example, galactose, riibose, aspar-
tate, and serine (8).

Are the attractants themselves de-
tected, or is it something that results

The author is a professor in the depai-tmiienits
of biochemistry and genetics at the Universityof Wisconsin, Madisoni.
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Fig. 1. Photomicrograph showing ittraction of Escllerichia coli bacteria to aspartate.
The capillary tLtbe (di.ameter. 25 microns) cont.ained aspartate ait a concentration of2 X 1() ,A1. [Photomicrograph by Scott W. Ramsey, dark-field photogr.aphy]

Iablte 1. The ability of salt'OLIs ImeCtabotiia,bhc chcmniicals to attract LEscher/ic/ta coli.

Chemotaxis:

Att ractant

Calactose
Gialactonate
Glutcose
GlLueonate
(ilItClt-on;ate
GIt ccrotI
(I KetoT tutarate
Sticciniate

Lunimarate
M zitate
P5rlt1-LVttC

rh reslold
molarity

4x tO
I ()

4x O7
> 10 '

> I1()
to 2

> If)
1()

> I 1

NalximlllLlm response

Ntolail-ity No. of bacteriaoIttractedl

I () 12510,)
(I 5.0001

t( 187,000
(No tesponse)
(No response)
(No response)
(No response)

() 8.000
(No i>esponse)

t 5,000
(No tresponse)

Douibting time
for growsth

(IIOLII'S)

2.6
2.0
1.2
1.1
1.1
t.8
2.5

2.0
2.0
1.7
3.0

hlic chemotaxis stuidies veic carried out for I hotir with ssild-type (W31 10) bacteria grown oni cachchmciiical (0.025M) as sole sotirce of caibon and enei-gy, in a miiedium dcscribed etsescwheie (45).-;- Maxinitim response" refers to the nmtiber of bacte-iia attiacted into a capillary tLibe in I houir atthlc peak coniceintration of atti-actant. The pcak coneentiation was determined from a dose-responsecurse for concenti-ations betsseen 10t xJ andt 10 IM (as in Fig. 2) for each chemical. A backgrouindaltue (the saltte obta,1ined sslheni there is no aItti actat in thc capillary tuibe) of about 300(1 bactcriahias becn subtiactcd (sce 46).
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bution of runs down the gradient (Fig. 6b) is similar to the 
distribution in a 9 µM isotropic solution; for aspartate, it is 
indistinguishable from the control. From the data of Fig. 6 

and from calculations of autocorrelation functions of sequences 
of runs (not separated into subsets), we conclude that the 
statistics are still Poisson. When a bacterium moves up the 
gradient the probability per unit time of the termination of a 
run decreases; when it moves down the gradient the proba-
bility reverts to the value appropriate to an isotropic solution 
of similar concentration. At the concentrations we have 
studied, the stimulus is sensed and acted on only when the 
bacterium swims up the gradient . 
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Fig. 6 The data from the serine (top) and the aspartate 
(bottom) experiments (Tables 2 and 3) plotted as the logarithm 
of the fractional number of runs of length greater than a given 
length. a, Runs in the control experiment; b, runs down the 

gradient; c, runs up the gradient. 

Further proof of the assertion that motion away from the 
capillary is not sensed can be obtained from computation by 
linear regression 14 of the correlation between the length of a 
run and the mean value over the run of dC/dt, (dC/dt)/C, 
- oC/or, or -(oC/or)/C. These correlations are all positive 
(correlation coefficients of order 0.12±0.02). If the analysis is 
confined to runs which move the bacteria up the gradient, the 
correlation coefficients are larger (of order 0.19 ± 0.03); if it is 
confined to runs which move the bacteria down the gradient, 
the coefficients are statistically insignificant ( - 0.02 ± 0.02). 
This implies that when the bacterium swims down the gradient 
there is no functional relationship between the length of a run 
and the derivatives of the concentration with respect to space 
or time. This is true both for serine and aspartate. 

There is nothing in our data to suggest that the bacteria are 
able to steer in the direction of the gradient while running or 
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that the motion is topotactic4
• When they twiddle, the change 

in direction is still biased toward small angles, as in Fig. 3, 
but the angle chosen does not depend on the direction of the 
gradient; there is no correlation between the inclination at 
the end of a run (Table 2, legend) and the change in direction 
from run to run. Nor is there any correlation between the 
length of the run and the change in direction. 

Table 3 Analysis of Runs which Move the Bacteria Up the Gradient 
or Down the Gradient 

Attractant Serine 
Net displacement of runs Up 
Mean concentration 

Serine 
Down 

Aspartate Aspartate 
Up Down 

(µM) 
Mean run length (s) 
Mean run length 

expected from the 

10.0± 2.8 9.2± 2.6 8.8± 1.9 8.1 ± 1.9 
2.19± 3.43 1.40± l.88 1.07± 1.80 0.80± 1.38 

control run lengtq 
(Table 2) and the 
concentration 
dependence (Fig. 5) (s) 1.48 1.45 0.82 0.82 

The runs of the graditmt experiments (Table 2) divided into two 
subsets according to whether the net displacement of a run is toward 
or away from the mouth of the capillary (up-gradient or down-
gradient). The mean speed was only slightly larger for runs up the 
gradient than for runs down the gradient (2 % for serine, 7 % for 
aspartate). 

An accurate calculation of the mean rates at which the bacteria 
drift up the gradients could be made from the information in 
Tables 2 and 3 if we knew the functional dependence of the 
mean run lengths (for runs up the gradient) on inclination; 
the data at hand are inadequate. If we assume that the run-
length bias is proportional to cos 0 (90° < 0 < 180°), the drift 
rate in serine is about 2.0 µm/s, and the drift rate in aspartate 
is about 0.9 µm/s. The value for serine is in rough agreement 
with that obtained by Dahlquist, Lovely and Koshland15 for 
suspensions of Salmonella in exponential gradients of com-
parable steepness. 

Mechanisms 
When a bacterium runs, its flagellar filaments work together 

in a bundle of the kind photographed in £. coli by Ramsey 
and Adler (Ramsey, S. W., and Adler, J., private communi-
cation), or in Salmonella by Mitani and Iino16 • When it 
twiddles the bundle probably loosens or comes apart. When 
the bundle re-forms, the cell goes off in a new direction. The 
direction chosen depends on the change in orientation of the 
bundle relative to the body of the cell. Smaller changes in 
direction require smaller changes in orientation and occur in 
shorter periods of time (Fig. 3). The stability of the bundle is 
improved by interaction with chemoreceptors. The association 
of an attractant with a receptor increases the stability even 
more. If the attractant is serine, the stability of the bundle is 
affected by both the average level of association (Fig. 5) and 
the rate at which it increases (Fig. 6). If it is aspartate, only the 
rate of increase is important (Fig. 6). 

We do not know what the molecular structure of the twiddle 
generator is or how it is able to perturb the flagellar bundle. 
We do know it operates on Poisson statistics (Fig. 4) and that 
its firing rate can be suppressed by chemoreception. It is likely 
that the generator is built from elements which are missing or 
defective in generally nonchemotactic mutants. When the 
generator and the chemoreceptors are uncoupled, the generator 
runs free, and the mutants are uncoordinated. 

We thank Julius Adler and Margaret Dahl for mutants and 
instruction in their handling. Pfeffer assays were done by 
Susan MacFadden. This research was supported by grants 
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bundle relative to the body of the cell. Smaller changes in 
direction require smaller changes in orientation and occur in 
shorter periods of time (Fig. 3). The stability of the bundle is 
improved by interaction with chemoreceptors. The association 
of an attractant with a receptor increases the stability even 
more. If the attractant is serine, the stability of the bundle is 
affected by both the average level of association (Fig. 5) and 
the rate at which it increases (Fig. 6). If it is aspartate, only the 
rate of increase is important (Fig. 6). 

We do not know what the molecular structure of the twiddle 
generator is or how it is able to perturb the flagellar bundle. 
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Run length (s)

— up the gradient: runs are longer than is 
expected from the concentration dependence of 
the runs (ie. tumbles are postponed)

run
tumble

Howard Berg and Douglas Brown. Nature 239, 500-504  (1972)

R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972) 
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Figure 4.16: Mechanism of bacterial chemotaxis. (A) Many bacteria including
E. coli are equipped with flagella. The helical flagellar filaments are turned
by a motor embedded in the cell’s wall and membranes. (B) When all of the
flagellar motors on an individual cell are rotating counterclockwise the filaments
bundle together and the bacterium moves e�ciently in a straight line called a
run. When the motors reverse direction and spin clockwise the flagellar bundle
flies apart and the bacterium rotates in an apparently random manner called
a tumble. Over long distances bacterial trajectories appear as run segments
arranged at random angles to one another at junctures where a tumble event
occurred. (C) The switching of the motor from counterclockwise to clockwise
rotation, and hence the switching of the behavior from running to tumbling can
be controlled by the presence of small molecules in the bacterium’s environ-
ment. These molecules bind to receptors that then induce phosphorylation of a
signaling protein which in turn binds to and a↵ects the mechanics of the motor.
(D) Tuning of swimming behavior by small molecules can cause the bacterium
to swim either towards desirable food sources, such as sugars or amino acids, or
away from noxious toxins.
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Analogies with bacterial chemotaxis



 travel time between barriers
 distance between barriers

: velocity

21
Schnitzer M, Block S, Berg HC, Purcell E. Symp. Soc. Gen. Microbiol. 46:15–34 (1990)

1D theoretical model of stochastic motion:

Semipermeable barriers that reflect ½ of particles (eg. 
bacteria), and let ½ pass through

This models the idea that particles change randomly their 
trajectory every time     and distance 
Their motion is defined locally in space and time (no memory)

Flux:

• Case 0:     and     are constant. Fick’s law: with diffusion coefficient

At equilibrium C is uniform

• Case 1: velocity       is constant, but     and     vary in space
Let us consider cases where D changes in space (    and/or    vary in space):

we still have is not constant in space

Thus, whatever the distribution of barriers, provided that velocity is constant
the distribution of particles at equilibrium will always be uniform

Monte Carlo simulations

If bacteria have a uniform velocity, changing in space the probability of changing 
direction (tumbling) will not lead to spatial accumulation of cells. So if an attractant 
were to simply change the tumbling frequency (ie. the duration of run, or the 
persistence) there would be no chemotaxis. 

Thomas LECUIT   2022-2023

Analogies with bacterial chemotaxis
C(x1) C(x2)
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• Case 2: distance     is constant
Let us consider cases where D changes in space:

At equilibrium DC is uniform, and C is inversely proportional to D
Therefore, particles accumulate where their velocity is lowest

• Case 3: time     is constant

At equilibrium           is uniform, and C is inversely proportional to 

Therefore, particles accumulate where their velocity is lowest

• Case 4: all parameters vary in space

At equilibrium, the density of particles is still inversely proportional to velocity

• When speed is not constant, cells accumulate in regions of low speed
• When speed is constant, cells remain uniformly distributed whatever the frequency of 

tumbling as a function of stimulus. 
• If the chemoattractant increases the persistence time (reduces the frequency of tumbling, 

there is no chemotaxis)
• This is a generic result which should also apply to durotaxis.
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Analogies with bacterial chemotaxis



(Bershadsky et al., 2003). For example, contractile forces of
stress fibers cause FAs tomature and grow,with its chemical po-
tential reduced, making it thermodynamically favorable (She-
mesh et al., 2005). Under these circumstances, durotaxis would
be a phenomenon of stress fibers, in which FAs become more
stable on stiffer substrates than on softer ones (Figure 3B)
because mechanical stress is higher at the front of the cell
than the rear (Rens and Merks, 2020; Lazopoulos and
Stamenovi!c, 2008; Shemesh et al., 2005). When stress is above
a critical threshold, the adhesion assembles; when it is lower, the
adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
et al., 2020; Tanimoto and Sano, 2014); indeed, adhesion is often

C’

A

B

C’’

Figure 3. Physical Models of Durotaxis
There are three main proposed physical models for
durotaxis.
(A) Because cells are more polarized and morpho-
logically elongated on stiffer substrates than softer
ones, it has been proposed that this affects the
distribution of FAs, causing cells to become more
persistent in their migration on stiffer substrates
than softer ones. This ultimately results in migration
(black arrow) up the stiffness gradient. In this
model, the cell is incompetent at sensing rigidity
gradients without moving around (black lines with
arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
(B) Based on adhesions and thermodynamics,
larger, more stabilized, mature, and plentiful FAs
(purple discs) are exhibited by cells at the leading
edge than the trailing edge thanks to the feedback
loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
anchor, which has greater mechanical feedback at
the front than the rear due to the differential stiff-
ness, thereby allowing adhesions to grow at the
front compared to the rear. Thus, cells exhibit
greater attachment to the substrate at the front than
at the rear, although traction forces (purple arrows)
are balanced. This polarized attachment results in
net forward movement of the cell.
(C0 and C0 0) (C0) In the molecular clutchmodel, equal
forces by the actomyosin cytoskeleton (actin, red;
myosin, pink) are transmitted from focal adhesion
complexes at either end of the cell. Substrate
displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
otaxis.

stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it

ll
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Durotaxis: Rigidity-dependent persistence ?? 

A. Shellard and R. Mayor. Developmental Cell 56: 227-239  (2021) 

Clarifications needed: data and model: 
— without memory, no durotaxis is possible (Schnitzer et al)
— with memory, may be possible…
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Collective durotaxis

Asymmetric expansion of a population of epithelial cells on a gradient of gel stiffness

Sunyer, R., et al and Roca-Cusachs, P., and X. Trepat. Science 353, 1157–1161 (2016)
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Fig. 1. Cell clusters display durotaxis. (A) A representative cell cluster ex-
panding on a soft uniform gel of 6.6 kPa. The gray transparent area indicates
initial cluster position (t = 0 hours), and the phase-contrast image shows the
cluster at 10 hours. Gray lines indicate cluster edges at 10 hours. (B) Example
of a cell cluster expanding on a gradient gel. Gel stiffness increases toward
the right of the panel. Numbers at the bottom indicate Young’s modulus
values measured with atomic force microscopy (AFM). (C and D) Individual
cell trajectories corresponding to the experiments displayed in (A) and (B),

respectively. Color coding indicates mean cell speed for every track. (E and
F) Distribution of the angle q between the instantaneous velocity vector and
the x axis (see inset) for the experiments displayed in (A) and (B), respec-
tively. (G and H) x-t Kymographs of cell speed corresponding to the experi-
ments displayed in (A) and (B), respectively. Dashed lines indicate initial
cluster position. Kymographs were computed by averaging the speed of
individual trajectories in the x direction over the y coordinate for every time
point (methods).

Fig. 2. Collective durotaxis
is an emergent phenom-
enon. (A) Phase-contrast
image of MCF-10A cells
seeded at low density on a
gradient gel. Gel stiffness
increases toward the right of
the image. Numbers at the
top of the panel indicate
Young’s modulus values
measured with AFM. (B) Tra-
jectories of individual cells
located in different regions of
the gradient gel. For the two
regions of the gel, trajectories
are plotted with the same
origin. Color coding indicates
mean cell speed. (C and
D) Mean tactic index (C) and
mean speed (D) of single cells
located in different regions of
the gradient gel (see
Methods). Horizontal gray
bars indicate the stiffness
range of each bin. Error bars
are SD of n = 24 to 63 cells.
(E) Angular distributions of
cell trajectories in different
regions of the gradient gels.
(FandG) Example of a control
cluster (F) and a cluster depleted of a-catenin (G) expanding on a gradient gel. Gray area indicates initial cluster position (t = 0 hours), and phase-contrast image
shows the cluster at 10 hours.Western blot analysis showed that a-catenin levels on the day of the experimentwere 57 ± 13% of those observed in control cells.
(H and I) Angular distributions of cell trajectories for experiments shown in (F) and (G), respectively.
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regions of the gradient gels.
(FandG) Example of a control
cluster (F) and a cluster depleted of a-catenin (G) expanding on a gradient gel. Gray area indicates initial cluster position (t = 0 hours), and phase-contrast image
shows the cluster at 10 hours.Western blot analysis showed that a-catenin levels on the day of the experimentwere 57 ± 13% of those observed in control cells.
(H and I) Angular distributions of cell trajectories for experiments shown in (F) and (G), respectively.
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Fig. 1. Cell clusters display durotaxis. (A) A representative cell cluster ex-
panding on a soft uniform gel of 6.6 kPa. The gray transparent area indicates
initial cluster position (t = 0 hours), and the phase-contrast image shows the
cluster at 10 hours. Gray lines indicate cluster edges at 10 hours. (B) Example
of a cell cluster expanding on a gradient gel. Gel stiffness increases toward
the right of the panel. Numbers at the bottom indicate Young’s modulus
values measured with atomic force microscopy (AFM). (C and D) Individual
cell trajectories corresponding to the experiments displayed in (A) and (B),

respectively. Color coding indicates mean cell speed for every track. (E and
F) Distribution of the angle q between the instantaneous velocity vector and
the x axis (see inset) for the experiments displayed in (A) and (B), respec-
tively. (G and H) x-t Kymographs of cell speed corresponding to the experi-
ments displayed in (A) and (B), respectively. Dashed lines indicate initial
cluster position. Kymographs were computed by averaging the speed of
individual trajectories in the x direction over the y coordinate for every time
point (methods).

Fig. 2. Collective durotaxis
is an emergent phenom-
enon. (A) Phase-contrast
image of MCF-10A cells
seeded at low density on a
gradient gel. Gel stiffness
increases toward the right of
the image. Numbers at the
top of the panel indicate
Young’s modulus values
measured with AFM. (B) Tra-
jectories of individual cells
located in different regions of
the gradient gel. For the two
regions of the gel, trajectories
are plotted with the same
origin. Color coding indicates
mean cell speed. (C and
D) Mean tactic index (C) and
mean speed (D) of single cells
located in different regions of
the gradient gel (see
Methods). Horizontal gray
bars indicate the stiffness
range of each bin. Error bars
are SD of n = 24 to 63 cells.
(E) Angular distributions of
cell trajectories in different
regions of the gradient gels.
(FandG) Example of a control
cluster (F) and a cluster depleted of a-catenin (G) expanding on a gradient gel. Gray area indicates initial cluster position (t = 0 hours), and phase-contrast image
shows the cluster at 10 hours.Western blot analysis showed that a-catenin levels on the day of the experimentwere 57 ± 13% of those observed in control cells.
(H and I) Angular distributions of cell trajectories for experiments shown in (F) and (G), respectively.

RESEARCH | REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 21, 2022

1158 9 SEPTEMBER 2016 • VOL 353 ISSUE 6304 sciencemag.org SCIENCE

Fig. 1. Cell clusters display durotaxis. (A) A representative cell cluster ex-
panding on a soft uniform gel of 6.6 kPa. The gray transparent area indicates
initial cluster position (t = 0 hours), and the phase-contrast image shows the
cluster at 10 hours. Gray lines indicate cluster edges at 10 hours. (B) Example
of a cell cluster expanding on a gradient gel. Gel stiffness increases toward
the right of the panel. Numbers at the bottom indicate Young’s modulus
values measured with atomic force microscopy (AFM). (C and D) Individual
cell trajectories corresponding to the experiments displayed in (A) and (B),

respectively. Color coding indicates mean cell speed for every track. (E and
F) Distribution of the angle q between the instantaneous velocity vector and
the x axis (see inset) for the experiments displayed in (A) and (B), respec-
tively. (G and H) x-t Kymographs of cell speed corresponding to the experi-
ments displayed in (A) and (B), respectively. Dashed lines indicate initial
cluster position. Kymographs were computed by averaging the speed of
individual trajectories in the x direction over the y coordinate for every time
point (methods).

Fig. 2. Collective durotaxis
is an emergent phenom-
enon. (A) Phase-contrast
image of MCF-10A cells
seeded at low density on a
gradient gel. Gel stiffness
increases toward the right of
the image. Numbers at the
top of the panel indicate
Young’s modulus values
measured with AFM. (B) Tra-
jectories of individual cells
located in different regions of
the gradient gel. For the two
regions of the gel, trajectories
are plotted with the same
origin. Color coding indicates
mean cell speed. (C and
D) Mean tactic index (C) and
mean speed (D) of single cells
located in different regions of
the gradient gel (see
Methods). Horizontal gray
bars indicate the stiffness
range of each bin. Error bars
are SD of n = 24 to 63 cells.
(E) Angular distributions of
cell trajectories in different
regions of the gradient gels.
(FandG) Example of a control
cluster (F) and a cluster depleted of a-catenin (G) expanding on a gradient gel. Gray area indicates initial cluster position (t = 0 hours), and phase-contrast image
shows the cluster at 10 hours.Western blot analysis showed that a-catenin levels on the day of the experimentwere 57 ± 13% of those observed in control cells.
(H and I) Angular distributions of cell trajectories for experiments shown in (F) and (G), respectively.

RESEARCH | REPORTS

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 21, 2022

Single cells do not exhibit durotaxis on the same stiffness gradient 

Cell speed 
increases with 
stiffness



26
Thomas LECUIT   2022-2023

Collective durotaxis

(Bershadsky et al., 2003). For example, contractile forces of
stress fibers cause FAs tomature and grow,with its chemical po-
tential reduced, making it thermodynamically favorable (She-
mesh et al., 2005). Under these circumstances, durotaxis would
be a phenomenon of stress fibers, in which FAs become more
stable on stiffer substrates than on softer ones (Figure 3B)
because mechanical stress is higher at the front of the cell
than the rear (Rens and Merks, 2020; Lazopoulos and
Stamenovi!c, 2008; Shemesh et al., 2005). When stress is above
a critical threshold, the adhesion assembles; when it is lower, the
adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
et al., 2020; Tanimoto and Sano, 2014); indeed, adhesion is often

C’

A

B

C’’

Figure 3. Physical Models of Durotaxis
There are three main proposed physical models for
durotaxis.
(A) Because cells are more polarized and morpho-
logically elongated on stiffer substrates than softer
ones, it has been proposed that this affects the
distribution of FAs, causing cells to become more
persistent in their migration on stiffer substrates
than softer ones. This ultimately results in migration
(black arrow) up the stiffness gradient. In this
model, the cell is incompetent at sensing rigidity
gradients without moving around (black lines with
arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
(B) Based on adhesions and thermodynamics,
larger, more stabilized, mature, and plentiful FAs
(purple discs) are exhibited by cells at the leading
edge than the trailing edge thanks to the feedback
loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
anchor, which has greater mechanical feedback at
the front than the rear due to the differential stiff-
ness, thereby allowing adhesions to grow at the
front compared to the rear. Thus, cells exhibit
greater attachment to the substrate at the front than
at the rear, although traction forces (purple arrows)
are balanced. This polarized attachment results in
net forward movement of the cell.
(C0 and C0 0) (C0) In the molecular clutchmodel, equal
forces by the actomyosin cytoskeleton (actin, red;
myosin, pink) are transmitted from focal adhesion
complexes at either end of the cell. Substrate
displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
otaxis.

stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it

ll
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• Supracellular organisation via cell-cell mechanical coupling within cluster:
• Increase the length scale to sample the stiffness gradient
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(Ladoux and Mège, 2017). Collective migration refers to the co-
ordinated movement of groups of cells and occurs during early
embryonic development, heart regeneration, and cancer inva-
sion (reviewed in Ladoux et al., 2016 and Mayor and Etienne-
Manneville, 2016). The force-generating mechanisms underlying
collective migration are similar to those acting in single cells, but
coordinating speed, direction, and persistence among migrating
cells requires an additional layer of regulation absent in single
migratory cells (reviewed in Ladoux et al., 2016 and Mayor and
Etienne-Manneville, 2016). Although chemical signals (e.g., sol-
uble factors) are well known to coordinate cell motility among
collectively migrating cells, recent data implicate mechanical
forces acting at the cell-cell contacts in front-rear polarization
of cell clusters, long-range coordination of collective motility,
and the emergence of collective cell properties, such as duro-
taxis (Mayor and Etienne-Manneville, 2016; Sunyer et al., 2016)
(Box 1).

Seminal work by Verkhovsky and colleagues showed that
local application of an external force is sufficient to polarize
cell fragments (Verkhovsky et al., 1999), suggesting that, at least
in single cells, tension can induce a symmetry-breaking event re-
sulting in front-rear polarization. While the direction of polariza-
tion and nature of cellular responses vary, subsequent work
defined a similar role for mechanical forces in collectively
migrating cells. In particular, classical cadherins were implicated
in transducing mechanical stress into polarized formation of cell
protrusions, and it was shown that mechanical stimulation of
C-cadherin receptors promotesmore persistent migration of sin-
gle cells, a feature reminiscent of collective migration (Weber
et al., 2012) (Figure 4A). In line with this, cancer cell invasion in
2D and 3D migration assays relies on mechanical polarization
of heterotypic N-cadherin-E-cadherin adhesions (Labernadie
et al., 2017) (Figure 4B). Using traction force microscopy and
Förster resonance energy transfer (FRET)-based tension

A

C

B

D

Figure 4. Mechanosensing at the Cell-Cell Contacts during Collective Migration
(A) In the Xenopus mesendoderm, collective migration relies on monopolar protrusive activity and on a highly dynamic rearrangement of the cell-cell contacts
among migrating cells. Local tension on C-cadherin junctions coordinates protrusive behavior across the cell group via the active remodeling of the keratin
filament network. Plakoglobin, a member of the catenin family, is required for both assembly of the keratin cytoskeleton at the rear of migrating mesendoderm
cells and their mechanosensitive behavior (not shown). Since Plakoglobin can negatively regulate Rac activity in other contexts, one possibility would be that
Plakoglobin-dependent remodeling of the keratin network effectively generates a gradient of Rac activity within migrating mesendoderm cells.
(B) Schematic representation of tumor invasion in in vitromigration assays. Cancer-associated fibroblasts (CAFs) physically interact with cancer cells and induce
their front-rear polarization and subsequent migration away from the tumor spheroid. Here, force transmission is mediated by heterophilic adhesion between
N-cadherin at the CAFmembrane and E-cadherin at the cancer cell membrane (left). Adhesion reinforcement depends on the classical a-cat and Vinculinmodule,
as well as the Nectin and Afadin adhesion system and contributes to subsequent CAF repolarization away from the cancer cells (right).
(C) Schematic representation of migrating epithelial monolayers in vitro. In a static monolayer, NF2/Merlin localizes to tight junctions (TJs), where it negatively
regulates Rac activity by regulating the release of the Rho GTPase-activating protein Rich1. As the cells at the leading edge become polarized in Rac activity and
initiate migration, the pulling forces exerted by the leader cells on the followers promote re-localization of a fraction of NF2/Merlin into the cytosol, which in turn
relieves Rac inhibition at their front, leading to polarization of the migrating epithelial sheet. Moreover, inactive Rac at the rear of the leader cell further stabilizes
junctional localization of NF2/Merlin, thereby ensuring efficient front-rear polarization of collectively migrating cells.
(D) During Drosophila oogenesis, polar cells (gray, center) recruit neighboring cells (light gray) to form the border cell cluster and initiate migration over the nurse
cells (not shown). Border cell migration is induced by the release of chemoattractive cues by the oocyte. In this system, the AJs are essential to preserve the
integrity of the migrating cell cluster and suggested to play a role in setting cluster directionality. Tension across cadherin molecules was proposed to promote
activation of theGTPase Rac, which, in turn, induces F-actin polymerization and protrusion formation. Since tension decreases from the front to the rear of the cell
cluster, the positive feedback loop between tension, E-cadherin, and Rac was proposed to guide border cell migration in vivo. In addition to this, Merlin, Kibra,
and Expanded (Ex), upstream regulators of the Hippo pathway localizing to the cell-cell contacts inside the border cell cluster, also contribute to migration
directionality. Merlin, Kibra, and Ex signal via the Hippo andWarts kinases to simultaneously inhibit Ena and activate the F-actin capping protein at inner cell-cell
contacts, thereby restricting F-actin polymerization mainly to the outer rim of the border cell cluster.
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et al., 2004; Borgon et al., 2004; Choi et al., 2012; Rangarajan
and Izard, 2012) (Figure 2B). Importantly, a-cat-independent
mechanisms promoting AJs’ reinforcement under tension are
also starting to emerge. In line with this, a recent study reported
tension-sensitive recruitment of VASP, Zyxin (Zyx), and Testin, a
Zyx-related protein, to nascent forming AJs in an a-cat- and
Vinculin-independent manner (Oldenburg et al., 2015). Since
both b-cat and Myosin VI can also recruit Vinculin to the cell-
cell contacts (Bays et al., 2014; Maddugoda et al., 2007; Peng
et al., 2010), additional work will also be needed to determine
whether these regulators can also contribute for tension-depen-
dent AJ reinforcement.

The reorganization of the actomyosin network upon a
mechanical stimulus is not solely mediated by signaling
downstream of the cadherin-catenin complexes since the
actomyosin cytoskeleton is intrinsically sensitive to tension.
Mechanical load affects the duty ratio of Non-Muscle Myosin
II (MyoII), essentially transforming the motor into an actin
anchor (Kovács et al., 2007) (Figure 1B). Similarly to MyoII,
other actin-binding proteins, such as Formins and EPLIN,
were proposed to be mechanosensitive (Courtemanche et al.,

2013; Higashida et al., 2013; Jégou et al., 2013; Taguchi
et al., 2011) (Figure 2B). For Diaphanous (Dia) and the yeast pro-
tein Bni1, two members of the Formin family, mechanosensitiv-
ity arises from tension-dependent conformational changes in
the relative positions of the Profilin- and actin-binding domains,
thereby facilitating the rapid transfer of new actin monomers to
the barbed end (Courtemanche et al., 2013; Jégou et al., 2013).
In the case of EPLIN, it remains unclear whether this F-actin-
stabilizing protein is intrinsically mechanosensitive or rather re-
cruited to the AJs by a tension-sensitive intermediate, such as
a-cat (Abe and Takeichi, 2008; Maul et al., 2003; Taguchi
et al., 2011). Once at the junctions, EPLIN contributes to the
integrity of the adhesion belt, likely by providing additional
bonds between the actomyosin network and the cadherin ad-
hesive complexes (Abe and Takeichi, 2008).
Overall, seminal work over the last decades uncovered the

molecular and biophysical mechanisms underlying force sensi-
tivity at the cell-cell contacts and established that, under tension,
multiple mechanisms can act to reinforce the contacts and pre-
serve their attachment to the actomyosin cytoskeleton (le Duc
et al., 2010; Liu et al., 2010; Maı̂tre et al., 2012; Thomas et al.,

droplet shape deformations. Droplet deformation results from pulling and pushing forces exerted by neighboring cells and transmitted via molecular adhesions
(reviewed in Campàs, 2016). A modified version of this technique recently allowed the measurement of the mechanical properties of developing zebrafish
embryos. To this end, fluorescent microdroplets were loaded with a magnetic ferrofluid and used to apply local and controlled mechanical stresses in vivo, while
monitoring the response of the surrounding cells (Rowghanian et al., 2016; Serwane et al., 2017; Mongera et al., 2018).

A

B C

Figure 2. Mechanosensitivity at E-Cadherin Junctions
Schematic representation of the AJs (green) and actomyosin organization in epithelial cells in homeostasis (A and B) and under increased tension (A and C).
Cadherin receptors engage in homophilic binding, via their extracellular domains, thereby establishing adhesion between neighboring cells. Intracellularly, the
cadherin cytosolic tail interacts with the actomyosin cortex, via the catenin proteins (p120/b-/a-cat). Under tension, the cadherin-actomyosin system responds
via a combination of mechanosensitive mechanisms acting to reinforce cell-cell adhesion and promote contact extension. Cell-cell adhesion is strengthened by
catch bonds at cadherin extracellular domains and a-cat/F-actin binding. The junctional cytoskeleton is reinforced against stress by the stabilization of Myo
binding to F-actin, recruitment of additional actin-binding proteins to the cell-cell contacts (e.g. Vinculin), and tension-sensitive F-actin assembly and elongation
mediated by, among others, the Formin Diaphanous (Dia) and Ena/VASP.

6 Developmental Cell 47, October 8, 2018

Developmental Cell

Review

Mechanosensitivity and 
strengthening of actin coupling 
at E-cadherin based adhesion 
junctions
(See also course 14 Nov 2017)

D. Pinheiro and Y. Bellaiche. Developmental Cell 47: 3-19 (2018)



28
Thomas LECUIT   2022-2023

Collective durotaxis

1158 9 SEPTEMBER 2016 • VOL 353 ISSUE 6304 sciencemag.org SCIENCE

Fig. 1. Cell clusters display durotaxis. (A) A representative cell cluster ex-
panding on a soft uniform gel of 6.6 kPa. The gray transparent area indicates
initial cluster position (t = 0 hours), and the phase-contrast image shows the
cluster at 10 hours. Gray lines indicate cluster edges at 10 hours. (B) Example
of a cell cluster expanding on a gradient gel. Gel stiffness increases toward
the right of the panel. Numbers at the bottom indicate Young’s modulus
values measured with atomic force microscopy (AFM). (C and D) Individual
cell trajectories corresponding to the experiments displayed in (A) and (B),

respectively. Color coding indicates mean cell speed for every track. (E and
F) Distribution of the angle q between the instantaneous velocity vector and
the x axis (see inset) for the experiments displayed in (A) and (B), respec-
tively. (G and H) x-t Kymographs of cell speed corresponding to the experi-
ments displayed in (A) and (B), respectively. Dashed lines indicate initial
cluster position. Kymographs were computed by averaging the speed of
individual trajectories in the x direction over the y coordinate for every time
point (methods).

Fig. 2. Collective durotaxis
is an emergent phenom-
enon. (A) Phase-contrast
image of MCF-10A cells
seeded at low density on a
gradient gel. Gel stiffness
increases toward the right of
the image. Numbers at the
top of the panel indicate
Young’s modulus values
measured with AFM. (B) Tra-
jectories of individual cells
located in different regions of
the gradient gel. For the two
regions of the gel, trajectories
are plotted with the same
origin. Color coding indicates
mean cell speed. (C and
D) Mean tactic index (C) and
mean speed (D) of single cells
located in different regions of
the gradient gel (see
Methods). Horizontal gray
bars indicate the stiffness
range of each bin. Error bars
are SD of n = 24 to 63 cells.
(E) Angular distributions of
cell trajectories in different
regions of the gradient gels.
(FandG) Example of a control
cluster (F) and a cluster depleted of a-catenin (G) expanding on a gradient gel. Gray area indicates initial cluster position (t = 0 hours), and phase-contrast image
shows the cluster at 10 hours.Western blot analysis showed that a-catenin levels on the day of the experimentwere 57 ± 13% of those observed in control cells.
(H and I) Angular distributions of cell trajectories for experiments shown in (F) and (G), respectively.
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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.
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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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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.
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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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Probing the distribution and transmission of forces 

• Traction forces on ECM are 
concentrated at the edge of the 
cell cluster and are symmetrically 
distributed

• Substrate deformation is 
asymmetric in the gradient (lower 
in stiffer regions): given symmetric 
actin polymerization at the edge, 
expansion is asymmetric

• Tensile forces in the bulk

Traction forces are exerted at the edge and propagate within the bulk of the cell layer

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.
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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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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.
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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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By contrast, on stiffness gradients, the substrate
deforms and opposes polymerization more on
the soft edge, tilting monolayer expansion toward
the stiff one (Fig. 4B).
We next used the model to produce testable

predictions. First, themodel predicts that durotaxis
should decrease upon reducing the difference
in substrate deformation between the soft and
stiff side (Fig. 4C). We confirmed this prediction
by reducing the slope of the stiffness gradient
(Fig. 4D), seeding clusters on progressively stiffer
regions of the gradient gels (Fig. 4D), reducing
cluster size (fig. S7), inhibiting myosin contrac-
tility with blebbistatin (Fig. 4, E to H; fig. S8;
and movie S7), and reducing cell adhesion by
decreasing fibronectin coating (fig. S9). Notably,
clusters placed on the softest region of the gra-
dient, where the model predicts highest dur-
otaxis, exhibited directed migration toward the
stiff edge as a single unit rather than asymmetric
expansion (fig. S10 and movie S8). Second, im-
pairing long-range force transmission should ab-
rogate durotaxis. This prediction was confirmed

by knocking down a-catenin (Fig. 2, F to I; fig.
S11; andmovie S9) and by laser-ablating clusters
in the direction parallel to the midline (Fig. 4, I
to L; fig. S12; and movie S10), which drastically
reduced both intercellular force transmission
and durotaxis. Third, the clutch mechanism im-
plies that actin retrograde flow should be faster
on the soft edge and that the differences in the
speeds of actin flow and monolayer expansion
between edges should be of the same order. This
was indeed the case (fig. S6, C andD). Finally, the
model predicts that in response to an extremely
steep gradient, even single cells should generate
sufficiently large differences in substrate defor-
mation between their leading and trailing edges
to enable durotaxis (10). As predicted, single
MCF-10A cells exhibited weak but significant
durotaxis in response to a step gradient (433.6 ±
43.6 kPa/mm) (fig. S13). Given the close agreement
between model predictions and experiments, we
conclude that local stiffness sensing at the clus-
ter edges and long-range force transmission
through intercellular junctions are sufficient

to explain the phenomenology of collective cell
durotaxis.
Recent experimental and theoretical research

has emphasized that some collective systems are
more effective at responding to environmental gra-
dients than their isolated constituents (19, 20, 29).
This emergent phenomenon, often alluded to as
“collective intelligence,” has been observed in cell
clusters during chemotaxis (19, 20), fish schools
during phototaxis (29), and human groups during
online gaming (30). In the context of these phe-
nomena, collective durotaxis is unique in that the
very samemachinery that senses the attractant—
i.e., the actomyosin cytoskeleton—is responsible
for propulsion toward it. As such, collective dur-
otaxismight be themost rudimentary, andperhaps
most primitive, mechanism by which a collective
living system responds to a gradient. Rudimentary
or not, collective durotaxis is robust, is general,
and dramatically boosts single-cell responses,
providing a newmechanism to organize directed
cellmigration during development, woundhealing,
and collective cancer cell invasion.
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Fig. 4. A generalized clutch model predicts collective durotaxis. (A) The
expanding cell monolayer is modeled as a one-dimensional contractile con-
tinuum that exerts forces on its underlying deformable substrate through dis-
crete focal adhesions and viscous friction. (B) (Top) Each focal adhesion is
modeled as a clutch. Actomyosin-driven contraction of the monolayer causes
substratedeformationandactin retrograde flowaccording to thebinding/unbinding
dynamics of focal adhesion proteins under force. Substrate deformation is
represented as a deformed discrete spring for simplicity, but the model is con-
tinuum (see supplementary text 2). (Bottom) To maintain force balance across
the monolayer after each myosin-driven contraction step, the substrate is
pulled by a larger amount on the soft side (d1) than on the stiff side (d2), thereby
tilting overall expansion toward the stiff side (dCM = d1 – d2). (C) Model pre-
dictions. Durotaxis (quantified by the cluster center of mass translation after
10 hours) represented as a function of the initial stiffness of the center of the

cluster (i.e., stiffness offset). Error bars are SD of n = 5 simulations. (D) Experi-
mental data. Durotaxis [quantified as in (C)] represented as a function of the
initial stiffness of the center of the cluster. For steep (red, 57 kPa/mm) and
shallow (blue, 14 kPa/mm) gradients, horizontal bars indicate the mean
values of the soft and the stiff edge at t = 0 hours. For uniform stiffness gels
(orange), horizontal bars represent the stiffness SD of the gels in the group.
Error bars are SDof n=3 to 9 clusters. (E and F) Example of a control cluster (E)
and a blebbistatin-treated cluster (F) expanding on a gradient gel. (G and H)
Angledistribution of cell trajectories forcontrol experiments (G) andblebbistatin
(H). (I and J) An expanding cluster on a gradient gel before (I) and after (J) being
severed by two laser cuts parallel to the midline applied at t ~ 260 min (white
arrows). (K and L) Angular distributions of cell trajectories before (K) (140 to
230 min) and after (L) (400 to 490 min) laser ablation. See also fig. S12 and
movie S10.
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Model:

• clutchlike cell-ECM dy- 
namics at focal adhesions

• long-range force 
transmission through cell-
cell junctions

• actin polymerization at 
monolayer edges 

• Similar to cellular model
• The tissue bulk is an elastic material
• If viscous behavior in the bulk (ie. cell 

adaptation to strain), the asymmetry in 
substrate deformations at the edge does 
not necessarily give rise to net cluster 
displacement.
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By contrast, on stiffness gradients, the substrate
deforms and opposes polymerization more on
the soft edge, tilting monolayer expansion toward
the stiff one (Fig. 4B).
We next used the model to produce testable

predictions. First, themodel predicts that durotaxis
should decrease upon reducing the difference
in substrate deformation between the soft and
stiff side (Fig. 4C). We confirmed this prediction
by reducing the slope of the stiffness gradient
(Fig. 4D), seeding clusters on progressively stiffer
regions of the gradient gels (Fig. 4D), reducing
cluster size (fig. S7), inhibiting myosin contrac-
tility with blebbistatin (Fig. 4, E to H; fig. S8;
and movie S7), and reducing cell adhesion by
decreasing fibronectin coating (fig. S9). Notably,
clusters placed on the softest region of the gra-
dient, where the model predicts highest dur-
otaxis, exhibited directed migration toward the
stiff edge as a single unit rather than asymmetric
expansion (fig. S10 and movie S8). Second, im-
pairing long-range force transmission should ab-
rogate durotaxis. This prediction was confirmed

by knocking down a-catenin (Fig. 2, F to I; fig.
S11; andmovie S9) and by laser-ablating clusters
in the direction parallel to the midline (Fig. 4, I
to L; fig. S12; and movie S10), which drastically
reduced both intercellular force transmission
and durotaxis. Third, the clutch mechanism im-
plies that actin retrograde flow should be faster
on the soft edge and that the differences in the
speeds of actin flow and monolayer expansion
between edges should be of the same order. This
was indeed the case (fig. S6, C andD). Finally, the
model predicts that in response to an extremely
steep gradient, even single cells should generate
sufficiently large differences in substrate defor-
mation between their leading and trailing edges
to enable durotaxis (10). As predicted, single
MCF-10A cells exhibited weak but significant
durotaxis in response to a step gradient (433.6 ±
43.6 kPa/mm) (fig. S13). Given the close agreement
between model predictions and experiments, we
conclude that local stiffness sensing at the clus-
ter edges and long-range force transmission
through intercellular junctions are sufficient

to explain the phenomenology of collective cell
durotaxis.
Recent experimental and theoretical research

has emphasized that some collective systems are
more effective at responding to environmental gra-
dients than their isolated constituents (19, 20, 29).
This emergent phenomenon, often alluded to as
“collective intelligence,” has been observed in cell
clusters during chemotaxis (19, 20), fish schools
during phototaxis (29), and human groups during
online gaming (30). In the context of these phe-
nomena, collective durotaxis is unique in that the
very samemachinery that senses the attractant—
i.e., the actomyosin cytoskeleton—is responsible
for propulsion toward it. As such, collective dur-
otaxismight be themost rudimentary, andperhaps
most primitive, mechanism by which a collective
living system responds to a gradient. Rudimentary
or not, collective durotaxis is robust, is general,
and dramatically boosts single-cell responses,
providing a newmechanism to organize directed
cellmigration during development, woundhealing,
and collective cancer cell invasion.
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Fig. 4. A generalized clutch model predicts collective durotaxis. (A) The
expanding cell monolayer is modeled as a one-dimensional contractile con-
tinuum that exerts forces on its underlying deformable substrate through dis-
crete focal adhesions and viscous friction. (B) (Top) Each focal adhesion is
modeled as a clutch. Actomyosin-driven contraction of the monolayer causes
substratedeformationandactin retrograde flowaccording to thebinding/unbinding
dynamics of focal adhesion proteins under force. Substrate deformation is
represented as a deformed discrete spring for simplicity, but the model is con-
tinuum (see supplementary text 2). (Bottom) To maintain force balance across
the monolayer after each myosin-driven contraction step, the substrate is
pulled by a larger amount on the soft side (d1) than on the stiff side (d2), thereby
tilting overall expansion toward the stiff side (dCM = d1 – d2). (C) Model pre-
dictions. Durotaxis (quantified by the cluster center of mass translation after
10 hours) represented as a function of the initial stiffness of the center of the

cluster (i.e., stiffness offset). Error bars are SD of n = 5 simulations. (D) Experi-
mental data. Durotaxis [quantified as in (C)] represented as a function of the
initial stiffness of the center of the cluster. For steep (red, 57 kPa/mm) and
shallow (blue, 14 kPa/mm) gradients, horizontal bars indicate the mean
values of the soft and the stiff edge at t = 0 hours. For uniform stiffness gels
(orange), horizontal bars represent the stiffness SD of the gels in the group.
Error bars are SDof n=3 to 9 clusters. (E and F) Example of a control cluster (E)
and a blebbistatin-treated cluster (F) expanding on a gradient gel. (G and H)
Angledistribution of cell trajectories forcontrol experiments (G) andblebbistatin
(H). (I and J) An expanding cluster on a gradient gel before (I) and after (J) being
severed by two laser cuts parallel to the midline applied at t ~ 260 min (white
arrows). (K and L) Angular distributions of cell trajectories before (K) (140 to
230 min) and after (L) (400 to 490 min) laser ablation. See also fig. S12 and
movie S10.
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• Model • Experiments

• Prediction and Tests: 
• durotaxis increases with 

difference in substrate 
deformation of both sides of 
cluster (ie. stiffness gradient 
steepness, mean stiffness)

By contrast, on stiffness gradients, the substrate
deforms and opposes polymerization more on
the soft edge, tilting monolayer expansion toward
the stiff one (Fig. 4B).
We next used the model to produce testable

predictions. First, themodel predicts that durotaxis
should decrease upon reducing the difference
in substrate deformation between the soft and
stiff side (Fig. 4C). We confirmed this prediction
by reducing the slope of the stiffness gradient
(Fig. 4D), seeding clusters on progressively stiffer
regions of the gradient gels (Fig. 4D), reducing
cluster size (fig. S7), inhibiting myosin contrac-
tility with blebbistatin (Fig. 4, E to H; fig. S8;
and movie S7), and reducing cell adhesion by
decreasing fibronectin coating (fig. S9). Notably,
clusters placed on the softest region of the gra-
dient, where the model predicts highest dur-
otaxis, exhibited directed migration toward the
stiff edge as a single unit rather than asymmetric
expansion (fig. S10 and movie S8). Second, im-
pairing long-range force transmission should ab-
rogate durotaxis. This prediction was confirmed

by knocking down a-catenin (Fig. 2, F to I; fig.
S11; andmovie S9) and by laser-ablating clusters
in the direction parallel to the midline (Fig. 4, I
to L; fig. S12; and movie S10), which drastically
reduced both intercellular force transmission
and durotaxis. Third, the clutch mechanism im-
plies that actin retrograde flow should be faster
on the soft edge and that the differences in the
speeds of actin flow and monolayer expansion
between edges should be of the same order. This
was indeed the case (fig. S6, C andD). Finally, the
model predicts that in response to an extremely
steep gradient, even single cells should generate
sufficiently large differences in substrate defor-
mation between their leading and trailing edges
to enable durotaxis (10). As predicted, single
MCF-10A cells exhibited weak but significant
durotaxis in response to a step gradient (433.6 ±
43.6 kPa/mm) (fig. S13). Given the close agreement
between model predictions and experiments, we
conclude that local stiffness sensing at the clus-
ter edges and long-range force transmission
through intercellular junctions are sufficient

to explain the phenomenology of collective cell
durotaxis.
Recent experimental and theoretical research

has emphasized that some collective systems are
more effective at responding to environmental gra-
dients than their isolated constituents (19, 20, 29).
This emergent phenomenon, often alluded to as
“collective intelligence,” has been observed in cell
clusters during chemotaxis (19, 20), fish schools
during phototaxis (29), and human groups during
online gaming (30). In the context of these phe-
nomena, collective durotaxis is unique in that the
very samemachinery that senses the attractant—
i.e., the actomyosin cytoskeleton—is responsible
for propulsion toward it. As such, collective dur-
otaxismight be themost rudimentary, andperhaps
most primitive, mechanism by which a collective
living system responds to a gradient. Rudimentary
or not, collective durotaxis is robust, is general,
and dramatically boosts single-cell responses,
providing a newmechanism to organize directed
cellmigration during development, woundhealing,
and collective cancer cell invasion.
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Fig. 4. A generalized clutch model predicts collective durotaxis. (A) The
expanding cell monolayer is modeled as a one-dimensional contractile con-
tinuum that exerts forces on its underlying deformable substrate through dis-
crete focal adhesions and viscous friction. (B) (Top) Each focal adhesion is
modeled as a clutch. Actomyosin-driven contraction of the monolayer causes
substratedeformationandactin retrograde flowaccording to thebinding/unbinding
dynamics of focal adhesion proteins under force. Substrate deformation is
represented as a deformed discrete spring for simplicity, but the model is con-
tinuum (see supplementary text 2). (Bottom) To maintain force balance across
the monolayer after each myosin-driven contraction step, the substrate is
pulled by a larger amount on the soft side (d1) than on the stiff side (d2), thereby
tilting overall expansion toward the stiff side (dCM = d1 – d2). (C) Model pre-
dictions. Durotaxis (quantified by the cluster center of mass translation after
10 hours) represented as a function of the initial stiffness of the center of the

cluster (i.e., stiffness offset). Error bars are SD of n = 5 simulations. (D) Experi-
mental data. Durotaxis [quantified as in (C)] represented as a function of the
initial stiffness of the center of the cluster. For steep (red, 57 kPa/mm) and
shallow (blue, 14 kPa/mm) gradients, horizontal bars indicate the mean
values of the soft and the stiff edge at t = 0 hours. For uniform stiffness gels
(orange), horizontal bars represent the stiffness SD of the gels in the group.
Error bars are SDof n=3 to 9 clusters. (E and F) Example of a control cluster (E)
and a blebbistatin-treated cluster (F) expanding on a gradient gel. (G and H)
Angledistribution of cell trajectories forcontrol experiments (G) andblebbistatin
(H). (I and J) An expanding cluster on a gradient gel before (I) and after (J) being
severed by two laser cuts parallel to the midline applied at t ~ 260 min (white
arrows). (K and L) Angular distributions of cell trajectories before (K) (140 to
230 min) and after (L) (400 to 490 min) laser ablation. See also fig. S12 and
movie S10.
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By contrast, on stiffness gradients, the substrate
deforms and opposes polymerization more on
the soft edge, tilting monolayer expansion toward
the stiff one (Fig. 4B).
We next used the model to produce testable

predictions. First, themodel predicts that durotaxis
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cluster size (fig. S7), inhibiting myosin contrac-
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i.e., the actomyosin cytoskeleton—is responsible
for propulsion toward it. As such, collective dur-
otaxismight be themost rudimentary, andperhaps
most primitive, mechanism by which a collective
living system responds to a gradient. Rudimentary
or not, collective durotaxis is robust, is general,
and dramatically boosts single-cell responses,
providing a newmechanism to organize directed
cellmigration during development, woundhealing,
and collective cancer cell invasion.
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Collective durotaxis

(Bershadsky et al., 2003). For example, contractile forces of
stress fibers cause FAs tomature and grow,with its chemical po-
tential reduced, making it thermodynamically favorable (She-
mesh et al., 2005). Under these circumstances, durotaxis would
be a phenomenon of stress fibers, in which FAs become more
stable on stiffer substrates than on softer ones (Figure 3B)
because mechanical stress is higher at the front of the cell
than the rear (Rens and Merks, 2020; Lazopoulos and
Stamenovi!c, 2008; Shemesh et al., 2005). When stress is above
a critical threshold, the adhesion assembles; when it is lower, the
adhesion disintegrates. Thus, this model proposes durotaxis is
driven by differential adhesion between the front and the rear
of the cell, similar to the classical models of cell migration (Ron
et al., 2020; Tanimoto and Sano, 2014); indeed, adhesion is often

C’
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Figure 3. Physical Models of Durotaxis
There are three main proposed physical models for
durotaxis.
(A) Because cells are more polarized and morpho-
logically elongated on stiffer substrates than softer
ones, it has been proposed that this affects the
distribution of FAs, causing cells to become more
persistent in their migration on stiffer substrates
than softer ones. This ultimately results in migration
(black arrow) up the stiffness gradient. In this
model, the cell is incompetent at sensing rigidity
gradients without moving around (black lines with
arrowhead indicating direction of migration), and
therefore stiffness gradients are not a directional
cue in of themselves, but rather act as a durokinetic
cue by modulating cell persistence.
(B) Based on adhesions and thermodynamics,
larger, more stabilized, mature, and plentiful FAs
(purple discs) are exhibited by cells at the leading
edge than the trailing edge thanks to the feedback
loop between the cell and underlying local stiff
substrate. The myosin motors pull on the adhesion
anchor, which has greater mechanical feedback at
the front than the rear due to the differential stiff-
ness, thereby allowing adhesions to grow at the
front compared to the rear. Thus, cells exhibit
greater attachment to the substrate at the front than
at the rear, although traction forces (purple arrows)
are balanced. This polarized attachment results in
net forward movement of the cell.
(C0 and C0 0) (C0) In the molecular clutchmodel, equal
forces by the actomyosin cytoskeleton (actin, red;
myosin, pink) are transmitted from focal adhesion
complexes at either end of the cell. Substrate
displacement (indentations under FAs) is larger on
the soft edge than the stiff one, meaning equal
contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
end of the cell, this results in durotaxis. The motor-
clutch model is experimentally supported by the
durotaxis of both individual cells as well as clusters,
C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
substrate stiffness at its front and rear, compared
with a single cell, making it more efficient at dur-
otaxis.

stronger to stiff substrates, compared with
soft substrates (Plotnikov et al., 2012).
Importantly, this asymmetric substrate
adhesion does not involve an imbalance

of traction forces, as it is sometimes misinterpreted in the
literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based

on the motor-clutch hypothesis (Mitchison and Kirschner,
1988) in which intracellular molecular motors, like myosin II,
transmit force to the ECM through rigid actin filament bundles
and compliant transmembrane molecular clutches like integrins
(Chan and Odde, 2008). A generalized clutch model simulating
the dynamics of cell-matrix adhesions suggests that when stress
fibers apply an equal force to the substrate at the front and rear, it

ll
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contraction shifts the cell center toward the stiff
side. Combined with equal polymerization at each
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C0 0. In this case, the cytoskeleton at the front and
rear is still connected by a supracellular actomyosin
network that spans cell-cell junctions via cadherins
(green rectangles). The mechanism is the same as
in C0. The cluster senses a bigger difference in
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literature. Since cellsmigrate at small scale in dissipative circum-
stances, the inertial forces are negligible, and therefore, the sum-
mation of tractions stresses on the substrate must equal the
viscous stress applied by the medium on the cells, which is
also negligible.
A third physical model of cellular force transmission is based
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1988) in which intracellular molecular motors, like myosin II,
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and compliant transmembrane molecular clutches like integrins
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• Collective durotaxis: shallow gradient sensing

• Single cell durotaxis: steep gradient sensing

A. Shellard and R. Mayor. Developmental Cell 56: 227-239  (2021) 

• Supracellular guidance: 
• Increased length scale, increased sensitivity, global ordering from edges of cell cluster
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Case Studies of collective cell migration

Case Study 1: Neural crest cell migration (Xenopus)

Case Study 2: Sensory organ primordium migration 

in fish lateral line (Zebrafish)

Case Study 3: Egg chamber rotation (Drosophila)

• Collective migration with leaders:

• Collective migration without leaders:

~
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Case Studies of collective cell migration

Case Study 1: Neural crest cell migration (Xenopus)

Case Study 2: Sensory organ primordium migration 

in fifi

Case Study 3: Egg chamber rotation (Drosophila)

• Collective migration with leaders:

• Collective migration without leaders:

~
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Possible mechanisms of collective motility

• Motility guided by chemoattractant

• Motility guided mechanically



Epidermis

Neural plate

Neural fold
Laura S. Gammill & Marianne Bronner-Fraser, 2003

Case Study 1: Neural crest cell migration

Thomas LECUIT   2022-2023
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Date downloaded: 9/26/2022 Copyright 2022 The Company of Biologists

The neural crest

Roberto Mayor,Eric Theveneau, The neural crest, Development, 
2013, 

Date downloaded: 9/26/2022 Copyright 2022 The Company of Biologists

The neural crest

Roberto Mayor,Eric Theveneau, The neural crest, Development, 
2013, 

Date downloaded: 9/26/2022 Copyright 2022 The Company of Biologists

The neural crest

Roberto Mayor,Eric Theveneau, The neural crest, Development, 
2013, 

R. Mayor and E. Theveneau. Development (2013) 140 (11): 2247–2251.

Case Study 1: Neural crest cell migration (chick, Xenopus)

• Neural crest cells give rise to different important cell lineages in vertebrates:
• melanocytes, craniofacial cartilage and bone, smooth muscle, peripheral and enteric neurons and glia
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G. Abbruzzese. J Cell Sci (2015) 128 (6): 1139–1149.
https://doi.org/10.1242/jcs.163063

Case Study 1: Neural crest cell migration

• Dorsal view of Xenopus embryo • Lateral view of Xenopus embryo

Anterior Anterior
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Figure 1 NC cell migration triggers directional movement of placodal cells.
(a,b) NC and placodes (PL) are located in adjacent domains (diagram made
after Snail2 and Eya1 expression patterns at stages 16 and 21). The region
monitored in time-lapse movies is delimited by a square and corresponds
to the precursors of the first epibranchial placode located ventrally to the
second NC stream. (c–f) In vivo cell migration of NC from the second
stream (c,e) and placodal cells from the first epibranchial placode (d,f).
Cells were labelled with nuclear-mCherry before the graft. (g) Displacement
maps of the cells shown in c–f. (h,i) Diagram proposing that placodal cells

(red) move away when NC cells (green) migrate ventrally. (j) Stills from
an in vivo time-lapse movie showing that NC migration (green) actually
leads to the formation of gaps in the placodal region (red). (k,l) Stills
from time-lapse movies showing the movement of placodes before (k) and
during (l) NC migration. (m–o) Tracks of placodal cells from time-lapse
movies before NC migration, during NC migration or after NC ablation.
(p,q) Directionality and net displacement extracted from tracks shown in f
(n =3 independent experiments, one-way ANOVA, P <0.0001; individual
comparisons ∗∗P <0.01, error bars: s.d.). Time is in minutes.

a cytokine previously implicated in NC chemoattraction15–19. Indeed,
normal NC chemotaxis towards placodes placed at a distance was
inhibited by morpholinos (MOs) against Sdf1 or its receptor19

(Fig. 2h–k and Supplementary Movie S5). Sdf1 is required only in
tissues surrounding the NC (Supplementary Fig. S2h,i), and inhibiting
Sdf1/Cxcr4 expression or blocking placode development using an Eya1
MO (ref. 20) equally blocked NC migration. Thus, NC migration
requires both placodes and Sdf1 (Supplementary Fig. S2f,g) and
blocking chemotaxis impairs the chase-and-run behaviour (Fig. 1d–f
and Supplementary Movie S4). Interestingly, inhibition of chemotaxis
by Cxcr4MO leads to transient contact between NC and placodes
(Fig. 2d), which is however insufficient to promote directional placode
movement (Fig. 2g, blue line), suggesting that continued contact
between these two cell populations is required. To investigate whether
chemotaxis alone accounts for the chase-and-run behaviour, we placed
NC cells next to non-placodal ectoderm expressing endogenous Sdf1
(Supplementary Fig. S3 and Movie S6). NC cells were attracted to
the ectoderm, but invaded it and no ectodermal run behaviour was
observed. Together, these results identify placode precursors as the
source of Sdf1 in vivo and establish a chase-and-run interaction between
NC and placodes during which NC cells actively chase Sdf1-positive
placode precursors and simultaneously repel them.

Cell adhesion complex between NC and placodes
Then we looked for the molecular effectors of the NC–placode
interaction. Both NC and placodes express N-cadherin whereas
E-cadherin is found only in placodes (Fig. 3a–d). In vitro, NC and
placodes make repeated transient contacts lasting on average 4min
(Fig. 3e,f, first column, Supplementary Movie S7), during which
N-cadherin, p120-catenin and α-catenin accumulate at the junction
(Fig. 3f–l and Supplementary Movie S8). This indicates the formation
of transient cell–cell adhesion complexes and contrasts with the stable
accumulation of N-cadherin and p120-catenin between placode cells

(Fig. 3m–o). To assess whether these transient NC–placode junctions
were functional and able to transmit force we used traction-force
microscopy to measure the tension produced at the NC–placodes
interface21. Indeed, a net force of 12 nN±2.25 is generated between the
two explants. Together, these results show that NC and placodes form
transient, but functional, cell–cell adhesion complexes.

Asymmetric distribution of forces and focal adhesions at the
NC–placode interface
To assess whether local effects at the NC–placode interface promote a
break of symmetry that could explain directional placode cell migration,
we analysed the distribution of traction forces generated by the
placode explant (Fig. 4a–d). When cultured alone, placode cells show
radial distribution of traction forces pointing inwards (Fig. 4a,c,e),
whereas, when co-cultured with NC cells, their traction forces are
mostly aligned with the direction of migration and point towards the
NC (Fig. 4b,d,e). This asymmetric distribution of traction forces in
placodes is consistent with the direction of their migration. Traction
forces require adhesion to the substrate and the size of the focal
adhesions correlates with the force generated22. Thus, to explain how
the asymmetric forces are generated we analysed the distribution of
focal adhesions using phospho-paxillin antibodies (Fig. 4f–r). Indeed,
the number of focal adhesions was markedly reduced where placodes
contact NC cells (Fig. 4f–h) or other placode cells (Fig. 4i), generating
an asymmetric focal adhesion distribution in relation to the cell contact.
This process is N-cadherin dependent: focal adhesion asymmetry is lost
in the presence of N-cadherin MOs (Fig. 4j,k). To examine whether
exposure to N-cadherin alone mimics the effect of placode–NC or
placode–placode interaction on focal adhesion distribution, we plated
placodes on fibronectin or fibronectin containing N-cadherin. On
fibronectin, placode cells formed normal protrusions with large focal
adhesions (Fig. 4l), whereas on fibronectin+N-cadherin the average
focal adhesion size is markedly reduced, especially at the leading
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Figure 1 NC cell migration triggers directional movement of placodal cells.
(a,b) NC and placodes (PL) are located in adjacent domains (diagram made
after Snail2 and Eya1 expression patterns at stages 16 and 21). The region
monitored in time-lapse movies is delimited by a square and corresponds
to the precursors of the first epibranchial placode located ventrally to the
second NC stream. (c–f) In vivo cell migration of NC from the second
stream (c,e) and placodal cells from the first epibranchial placode (d,f).
Cells were labelled with nuclear-mCherry before the graft. (g) Displacement
maps of the cells shown in c–f. (h,i) Diagram proposing that placodal cells

(red) move away when NC cells (green) migrate ventrally. (j) Stills from
an in vivo time-lapse movie showing that NC migration (green) actually
leads to the formation of gaps in the placodal region (red). (k,l) Stills
from time-lapse movies showing the movement of placodes before (k) and
during (l) NC migration. (m–o) Tracks of placodal cells from time-lapse
movies before NC migration, during NC migration or after NC ablation.
(p,q) Directionality and net displacement extracted from tracks shown in f
(n =3 independent experiments, one-way ANOVA, P <0.0001; individual
comparisons ∗∗P <0.01, error bars: s.d.). Time is in minutes.

a cytokine previously implicated in NC chemoattraction15–19. Indeed,
normal NC chemotaxis towards placodes placed at a distance was
inhibited by morpholinos (MOs) against Sdf1 or its receptor19

(Fig. 2h–k and Supplementary Movie S5). Sdf1 is required only in
tissues surrounding the NC (Supplementary Fig. S2h,i), and inhibiting
Sdf1/Cxcr4 expression or blocking placode development using an Eya1
MO (ref. 20) equally blocked NC migration. Thus, NC migration
requires both placodes and Sdf1 (Supplementary Fig. S2f,g) and
blocking chemotaxis impairs the chase-and-run behaviour (Fig. 1d–f
and Supplementary Movie S4). Interestingly, inhibition of chemotaxis
by Cxcr4MO leads to transient contact between NC and placodes
(Fig. 2d), which is however insufficient to promote directional placode
movement (Fig. 2g, blue line), suggesting that continued contact
between these two cell populations is required. To investigate whether
chemotaxis alone accounts for the chase-and-run behaviour, we placed
NC cells next to non-placodal ectoderm expressing endogenous Sdf1
(Supplementary Fig. S3 and Movie S6). NC cells were attracted to
the ectoderm, but invaded it and no ectodermal run behaviour was
observed. Together, these results identify placode precursors as the
source of Sdf1 in vivo and establish a chase-and-run interaction between
NC and placodes during which NC cells actively chase Sdf1-positive
placode precursors and simultaneously repel them.

Cell adhesion complex between NC and placodes
Then we looked for the molecular effectors of the NC–placode
interaction. Both NC and placodes express N-cadherin whereas
E-cadherin is found only in placodes (Fig. 3a–d). In vitro, NC and
placodes make repeated transient contacts lasting on average 4min
(Fig. 3e,f, first column, Supplementary Movie S7), during which
N-cadherin, p120-catenin and α-catenin accumulate at the junction
(Fig. 3f–l and Supplementary Movie S8). This indicates the formation
of transient cell–cell adhesion complexes and contrasts with the stable
accumulation of N-cadherin and p120-catenin between placode cells

(Fig. 3m–o). To assess whether these transient NC–placode junctions
were functional and able to transmit force we used traction-force
microscopy to measure the tension produced at the NC–placodes
interface21. Indeed, a net force of 12 nN±2.25 is generated between the
two explants. Together, these results show that NC and placodes form
transient, but functional, cell–cell adhesion complexes.

Asymmetric distribution of forces and focal adhesions at the
NC–placode interface
To assess whether local effects at the NC–placode interface promote a
break of symmetry that could explain directional placode cell migration,
we analysed the distribution of traction forces generated by the
placode explant (Fig. 4a–d). When cultured alone, placode cells show
radial distribution of traction forces pointing inwards (Fig. 4a,c,e),
whereas, when co-cultured with NC cells, their traction forces are
mostly aligned with the direction of migration and point towards the
NC (Fig. 4b,d,e). This asymmetric distribution of traction forces in
placodes is consistent with the direction of their migration. Traction
forces require adhesion to the substrate and the size of the focal
adhesions correlates with the force generated22. Thus, to explain how
the asymmetric forces are generated we analysed the distribution of
focal adhesions using phospho-paxillin antibodies (Fig. 4f–r). Indeed,
the number of focal adhesions was markedly reduced where placodes
contact NC cells (Fig. 4f–h) or other placode cells (Fig. 4i), generating
an asymmetric focal adhesion distribution in relation to the cell contact.
This process is N-cadherin dependent: focal adhesion asymmetry is lost
in the presence of N-cadherin MOs (Fig. 4j,k). To examine whether
exposure to N-cadherin alone mimics the effect of placode–NC or
placode–placode interaction on focal adhesion distribution, we plated
placodes on fibronectin or fibronectin containing N-cadherin. On
fibronectin, placode cells formed normal protrusions with large focal
adhesions (Fig. 4l), whereas on fibronectin+N-cadherin the average
focal adhesion size is markedly reduced, especially at the leading
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Figure 2 Chase-and-run: NC and placodes undergo Sdf1-dependent
coordinated collective migration. (a) Control NC explants cultured on
fibronectin. (b) Control placodal cells cultured on fibronectin. (c) Co-culture
of control NC and placodes. (d) Co-culture of placodes and Cxcr4MO-NC cells.
(a–d) Displacement maps and time projection are shown for each culture
condition. (e,f) Placodal cell migration: directionality and net displacement
(n =3 independent experiments, one-way ANOVA, P <0.0001, individual

comparisons; ∗∗P <0.01; error bars: s.d.). (g) Placode directionality along the
x axis plotted against time; nPL+NC =10 independent experiments; nPL =5
independent experiments; nPL+Cxcr4MO-NC =9 independent experiments; error
bars, s.e.m.). (h–k) NC chemotaxis assay with control NC (h), Cxcr4MO-NC
cells (i) and Sdf1MO-NC cells (j). (k) Chemotaxis index from experiment
depicted in h–j. Tracks from 3 independent experiments (one-way ANOVA
P <0.0001; individual comparisons ∗∗∗P <0.001; error bars, s.d.).

edge of cells, and their contact-dependent distribution is abolished
(Fig. 4m–r). These observations suggest that N-cadherin interferes with
focal adhesion maturation rather than their formation. Together, our
results show that N-cadherin-dependent cell–cell contacts between
placode cells and between placode and NC cells locally inhibit placode
adhesion to the matrix and maturation of focal adhesions. This results
in the restriction of traction forces to the free edge of the placode
population. In addition, contact between NC and placodes leads to
restriction of focal adhesions to the opposite side of the placode cluster,
generating traction forces in the direction of placodemovement.

Contact with NC promotes collapse of cell protrusions
in placodes
Placode cells move directionally only after contact with NC cells,
suggesting that direct contact somehow polarizes the entire placode
cluster and may promote the formation or stabilization of protrusions
away from the contact region. We compared the formation and
stability of cell protrusion between NC and placode clusters in control
conditions and during the chase-and-run (Fig. 5a,b). NC cells facing
placodes have stable protrusions (Fig. 5a,b; bars 1 and 2) due to a
local increase of Rac1 activity downstream of Cxcr4 in NC cells19.
Importantly, no difference in protrusion stability was observed in
placode cells away fromNC cells or during the chase-and-run (Fig. 5a,b;
bars 4 and 5). This indicates that, contrary to collective migration
of border cells in Drosophila or of the lateral line in zebrafish23,24,
directional migration of placodes is not initiated by stabilizing or
promoting protrusions at the front. However, on contact with one
another both NC and placode cell protrusions were markedly affected
in the region of contact (Fig. 5a,b; bars 3 and 6). We confirmed this
observation by monitoring the dynamics of protrusive areas in placode
cells. Placodal protrusions are stable or growing if untouched (Fig. 5c,e,

grey line) but quickly collapse if contacted byNC cells (Fig. 5d; asterisks
mark collapsing protrusions; Fig. 5e, arrowhead indicates the contact
with NC cells, Supplementary Movie S9). Finally, we investigated
whether N-cadherin is sufficient to mimic the effect of NC cells
on placode cell protrusions. Indeed, on fibronectin+N-cadherin
protrusions of placode cells were less stable than those cultured on
fibronectin alone; this effect is rescued by pre-incubating placode
cells with N-cadherin-blocking antibody (NCD2) or by culturing cells
in a calcium-free medium (Fig. 5f–i and Supplementary Movie S10).
Together, these results show that a physical contact between NC and
placodal cells locally destabilizes placode cell protrusions.

Contact inhibition of locomotion between NC and placodes
To promote directional migration, the interaction of NC and placodes
should not only trigger the destabilization of protrusions, but also
repolarize them away from the cell contact, as described for contact
inhibition of locomotion25,26 (CIL). This repolarization significantly
biases the movement of cells away from the region of cell–cell
interactions and thus may account for the placode cell behaviour
observed after contact with NC cells. NC cells exhibit CIL for each
other19,27, but this behaviour has not been assessed in placode cells. We
analysed CIL in collision assays between isolated NC and placodal cells
and measured the angle between the directions of migration before and
after collision and the average distance between two colliding cells after
a given time (Fig. 6a).We used NC–NC collisions as an internal control
for a typical CIL response (Fig. 6c, green angles, and e).NC and placodal
cells establish only transient contact on collision and move away from
each other. After collision the new directionality is biased away from the
site of contact (Fig. 6b,c; NC response: green angles; placode response:
red angles; Supplementary Movie S11). As a consequence the distance
between NC and placodes increases (Fig. 6b, controls; 6d, CTL bar).
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Figure 2 Chase-and-run: NC and placodes undergo Sdf1-dependent
coordinated collective migration. (a) Control NC explants cultured on
fibronectin. (b) Control placodal cells cultured on fibronectin. (c) Co-culture
of control NC and placodes. (d) Co-culture of placodes and Cxcr4MO-NC cells.
(a–d) Displacement maps and time projection are shown for each culture
condition. (e,f) Placodal cell migration: directionality and net displacement
(n =3 independent experiments, one-way ANOVA, P <0.0001, individual

comparisons; ∗∗P <0.01; error bars: s.d.). (g) Placode directionality along the
x axis plotted against time; nPL+NC =10 independent experiments; nPL =5
independent experiments; nPL+Cxcr4MO-NC =9 independent experiments; error
bars, s.e.m.). (h–k) NC chemotaxis assay with control NC (h), Cxcr4MO-NC
cells (i) and Sdf1MO-NC cells (j). (k) Chemotaxis index from experiment
depicted in h–j. Tracks from 3 independent experiments (one-way ANOVA
P <0.0001; individual comparisons ∗∗∗P <0.001; error bars, s.d.).

edge of cells, and their contact-dependent distribution is abolished
(Fig. 4m–r). These observations suggest that N-cadherin interferes with
focal adhesion maturation rather than their formation. Together, our
results show that N-cadherin-dependent cell–cell contacts between
placode cells and between placode and NC cells locally inhibit placode
adhesion to the matrix and maturation of focal adhesions. This results
in the restriction of traction forces to the free edge of the placode
population. In addition, contact between NC and placodes leads to
restriction of focal adhesions to the opposite side of the placode cluster,
generating traction forces in the direction of placodemovement.

Contact with NC promotes collapse of cell protrusions
in placodes
Placode cells move directionally only after contact with NC cells,
suggesting that direct contact somehow polarizes the entire placode
cluster and may promote the formation or stabilization of protrusions
away from the contact region. We compared the formation and
stability of cell protrusion between NC and placode clusters in control
conditions and during the chase-and-run (Fig. 5a,b). NC cells facing
placodes have stable protrusions (Fig. 5a,b; bars 1 and 2) due to a
local increase of Rac1 activity downstream of Cxcr4 in NC cells19.
Importantly, no difference in protrusion stability was observed in
placode cells away fromNC cells or during the chase-and-run (Fig. 5a,b;
bars 4 and 5). This indicates that, contrary to collective migration
of border cells in Drosophila or of the lateral line in zebrafish23,24,
directional migration of placodes is not initiated by stabilizing or
promoting protrusions at the front. However, on contact with one
another both NC and placode cell protrusions were markedly affected
in the region of contact (Fig. 5a,b; bars 3 and 6). We confirmed this
observation by monitoring the dynamics of protrusive areas in placode
cells. Placodal protrusions are stable or growing if untouched (Fig. 5c,e,

grey line) but quickly collapse if contacted byNC cells (Fig. 5d; asterisks
mark collapsing protrusions; Fig. 5e, arrowhead indicates the contact
with NC cells, Supplementary Movie S9). Finally, we investigated
whether N-cadherin is sufficient to mimic the effect of NC cells
on placode cell protrusions. Indeed, on fibronectin+N-cadherin
protrusions of placode cells were less stable than those cultured on
fibronectin alone; this effect is rescued by pre-incubating placode
cells with N-cadherin-blocking antibody (NCD2) or by culturing cells
in a calcium-free medium (Fig. 5f–i and Supplementary Movie S10).
Together, these results show that a physical contact between NC and
placodal cells locally destabilizes placode cell protrusions.

Contact inhibition of locomotion between NC and placodes
To promote directional migration, the interaction of NC and placodes
should not only trigger the destabilization of protrusions, but also
repolarize them away from the cell contact, as described for contact
inhibition of locomotion25,26 (CIL). This repolarization significantly
biases the movement of cells away from the region of cell–cell
interactions and thus may account for the placode cell behaviour
observed after contact with NC cells. NC cells exhibit CIL for each
other19,27, but this behaviour has not been assessed in placode cells. We
analysed CIL in collision assays between isolated NC and placodal cells
and measured the angle between the directions of migration before and
after collision and the average distance between two colliding cells after
a given time (Fig. 6a).We used NC–NC collisions as an internal control
for a typical CIL response (Fig. 6c, green angles, and e).NC and placodal
cells establish only transient contact on collision and move away from
each other. After collision the new directionality is biased away from the
site of contact (Fig. 6b,c; NC response: green angles; placode response:
red angles; Supplementary Movie S11). As a consequence the distance
between NC and placodes increases (Fig. 6b, controls; 6d, CTL bar).
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• In vitro culture system
• In isolation NC cells are motile but not placode cells

• In vivo displacement of two adjacent tissues in Xenopus:
• Neural crests (NC) and placode cells, epithelial cells that 

contribute to sensory organs
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Figure 2 Chase-and-run: NC and placodes undergo Sdf1-dependent
coordinated collective migration. (a) Control NC explants cultured on
fibronectin. (b) Control placodal cells cultured on fibronectin. (c) Co-culture
of control NC and placodes. (d) Co-culture of placodes and Cxcr4MO-NC cells.
(a–d) Displacement maps and time projection are shown for each culture
condition. (e,f) Placodal cell migration: directionality and net displacement
(n =3 independent experiments, one-way ANOVA, P <0.0001, individual

comparisons; ∗∗P <0.01; error bars: s.d.). (g) Placode directionality along the
x axis plotted against time; nPL+NC =10 independent experiments; nPL =5
independent experiments; nPL+Cxcr4MO-NC =9 independent experiments; error
bars, s.e.m.). (h–k) NC chemotaxis assay with control NC (h), Cxcr4MO-NC
cells (i) and Sdf1MO-NC cells (j). (k) Chemotaxis index from experiment
depicted in h–j. Tracks from 3 independent experiments (one-way ANOVA
P <0.0001; individual comparisons ∗∗∗P <0.001; error bars, s.d.).

edge of cells, and their contact-dependent distribution is abolished
(Fig. 4m–r). These observations suggest that N-cadherin interferes with
focal adhesion maturation rather than their formation. Together, our
results show that N-cadherin-dependent cell–cell contacts between
placode cells and between placode and NC cells locally inhibit placode
adhesion to the matrix and maturation of focal adhesions. This results
in the restriction of traction forces to the free edge of the placode
population. In addition, contact between NC and placodes leads to
restriction of focal adhesions to the opposite side of the placode cluster,
generating traction forces in the direction of placodemovement.

Contact with NC promotes collapse of cell protrusions
in placodes
Placode cells move directionally only after contact with NC cells,
suggesting that direct contact somehow polarizes the entire placode
cluster and may promote the formation or stabilization of protrusions
away from the contact region. We compared the formation and
stability of cell protrusion between NC and placode clusters in control
conditions and during the chase-and-run (Fig. 5a,b). NC cells facing
placodes have stable protrusions (Fig. 5a,b; bars 1 and 2) due to a
local increase of Rac1 activity downstream of Cxcr4 in NC cells19.
Importantly, no difference in protrusion stability was observed in
placode cells away fromNC cells or during the chase-and-run (Fig. 5a,b;
bars 4 and 5). This indicates that, contrary to collective migration
of border cells in Drosophila or of the lateral line in zebrafish23,24,
directional migration of placodes is not initiated by stabilizing or
promoting protrusions at the front. However, on contact with one
another both NC and placode cell protrusions were markedly affected
in the region of contact (Fig. 5a,b; bars 3 and 6). We confirmed this
observation by monitoring the dynamics of protrusive areas in placode
cells. Placodal protrusions are stable or growing if untouched (Fig. 5c,e,

grey line) but quickly collapse if contacted byNC cells (Fig. 5d; asterisks
mark collapsing protrusions; Fig. 5e, arrowhead indicates the contact
with NC cells, Supplementary Movie S9). Finally, we investigated
whether N-cadherin is sufficient to mimic the effect of NC cells
on placode cell protrusions. Indeed, on fibronectin+N-cadherin
protrusions of placode cells were less stable than those cultured on
fibronectin alone; this effect is rescued by pre-incubating placode
cells with N-cadherin-blocking antibody (NCD2) or by culturing cells
in a calcium-free medium (Fig. 5f–i and Supplementary Movie S10).
Together, these results show that a physical contact between NC and
placodal cells locally destabilizes placode cell protrusions.

Contact inhibition of locomotion between NC and placodes
To promote directional migration, the interaction of NC and placodes
should not only trigger the destabilization of protrusions, but also
repolarize them away from the cell contact, as described for contact
inhibition of locomotion25,26 (CIL). This repolarization significantly
biases the movement of cells away from the region of cell–cell
interactions and thus may account for the placode cell behaviour
observed after contact with NC cells. NC cells exhibit CIL for each
other19,27, but this behaviour has not been assessed in placode cells. We
analysed CIL in collision assays between isolated NC and placodal cells
and measured the angle between the directions of migration before and
after collision and the average distance between two colliding cells after
a given time (Fig. 6a).We used NC–NC collisions as an internal control
for a typical CIL response (Fig. 6c, green angles, and e).NC and placodal
cells establish only transient contact on collision and move away from
each other. After collision the new directionality is biased away from the
site of contact (Fig. 6b,c; NC response: green angles; placode response:
red angles; Supplementary Movie S11). As a consequence the distance
between NC and placodes increases (Fig. 6b, controls; 6d, CTL bar).
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• When in contact with NC, placode is motile as a whole
• This requires sensing of SDF1 chemokine by the GPCR 
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Figure 4 NC–placodal interaction leads to asymmetric traction forces
and inhibition of focal adhesions. (a–e) Traction forces in placodal cells
(PL) alone (a, n = 3 independent experiments) or in contact with NC
cells (b; n =4 independent experiments; placodes are identified by green
fluorescence). (c,d) Overall orientation of traction forces in placodal cells
alone (c, n =3210 angles from 3 independent experiments) or in contact
with NC cells (d, n = 2925 angles from 4 independent experiments).
Arrowhead indicates mean angle; grey shows the standard deviation.
Orientation of forces in placodes in contact with NC cells is significantly
different from a uniform circular distribution (Rayleigh’s, plot c, P =0.338;
plot d, ∗∗∗P = 0.0059). (e) Summary of a–d. (f) Phospho-paxillin (PPax)
immunostaining (green) on NC (red) and placodal cells; nuclei are blue
(DAPI). Dotted lines mark the areas that are magnified (inset 1: border
opposite to the contact; inset 2: contact with NC). (g,h) PPax staining
as a percentage of the total cell area (panel g, n = 4 independent
experiments, Mann–Whitney test, ∗∗P =0.0095, error bars, s.d.; panel h,
n =3 independent experiments; Mann–Whitney test: ∗∗∗P <0.0001, error

bars, s.d.). (i–k) PPax immunostaining in control placodes and N-cadherin
MO (NMO) placodes, n =6 independent experiments; Mann–Whitney test:
∗∗P =0.0012, error bars, s.d. (l–n) PPax immunostaining (green) in placodal
cells cultured on fibronectin (l), fibronectin+1 µgml−1 of N-cadherin (m) or
fibronectin+3 µgml−1 of N-cadherin (n). Nuclei are in blue (DAPI). Dotted
lines mark the regions that are magnified (second column). (o) Average size
of the focal adhesions (FAs; n=3 independent experiments; non-parametric
ANOVA (Kruskal–Wallis), P <0.0001; individual comparisons; ∗∗∗P <0.001;
error bars, s.d.). (p) Frequency distribution of the sizes of focal adhesion
shown in o (542 focal adhesions from 3 independent experiments).
(q) Quantification of PPax staining shown in f. Total area of PPax staining as
a percentage of the total cell area (n=5 independent experiments; ANOVA,
P < 0.0001; individual comparisons; ∗P < 0.05; ∗∗P < 0.01; error bars,
s.d.). (r) Distribution of the average fluorescence intensity of PPax staining
in placodal cells on fibronectin (ncells =8; 4 series of 50 measurements per
cell) and fibronectin+3 µgml−1 of N-cadherin (ncells = 9, 4 series of 50
measurements per cell). Error bars, s.e.m.

Interestingly, placodes also exhibit CIL when colliding with each other
but fail to separate after repolarization (Fig. 6f–h, Supplementary
Movies S11 and S12). This failure in placode separation seems to be due
to the expression of E-cadherin, which is absent in NC. Consistently,
when E-cadherin expression is forced into NC, cells remain attached
to each other as observed for placode cells (Fig. 6i). CIL between NC
cells requires N-cadherin19; this is consistent with our observations
that N-cadherin, present in both NC and placodes, becomes localized
to the cell–cell contact, and that inhibition of placode protrusions is
N-cadherin dependent.
In addition, non-canonical Wnt/PCP signalling mediated by Dishev-

elled and Wnt11 has been implicated in CIL of NC (refs 28–32). Thus,
we investigated the role of N-cadherin and Wnt/PCP in CIL of placode
cells. Cells injected with N-cadherin MOs or with a dominant-negative
form of Dsh (DshDep+) to inhibit PCP signalling remain in close
contact (Fig. 6d) and exhibit random angles of migration after collision
as compared with the systematic reorientation in controls (Fig. 6b,c

and Supplementary Movie S13). Placodes express the Wnt receptor
Fz4 (ref. 33) whereas migratory NC cells express the PCP ligandWnt11
(Supplementary Fig. S4a–c), which is known to localize at cell–cell
contacts to promote Wnt/PCP signalling and CIL between NC (refs 34,
35). Blocking Wnt11 in NC cells using a dominant-negative form is
sufficient to randomize the response of placode cells to a collision with
NC cells in vitro (Fig. 6b,c and Supplementary Movie S13). We then
analysed a possible link between N-cadherin and Wnt/PCP and find
that although cell–cell contacts are required for PCP signalling, they are
not sufficient to trigger it (Supplementary Fig. S4d–m).
These results show that placode cells are repolarized by N-

cadherin–Wnt/PCP-dependent CIL when colliding with NC, suggest-
ing that CIL causes placode cell movement away from NC cells during
the chase-and-run behaviour.
To investigate this possibility we performed chase-and-run assays

and analysed the effect of blocking N-cadherin and Wnt/PCP (Fig. 6j
and Supplementary Movie S14). Both treatments markedly impair the

NATURE CELL BIOLOGY VOLUME 15 | NUMBER 7 | JULY 2013 767

ART I C L E S

p120-cat–GFP 
(normalized)

N-cadh–GFP 
(normalized)

N-cadh–GFP p120-cat–GFP

10 µm

0 90 180

NC

PL

0 150 225

NC

PL

Time (s)

Time (s)

Time (s)

Flurorescence intensity 
(normalized) 5400 360

NC

PL

min

Cell adhesion complex 
components

NC–PL interaction 
summary 

PlacodesNC

100 µm

N-cadherin E-cadherin N/E-cadherin

Eye Eye Eye Eye

ov ov ov
ov

*

*

*

*

*

*

Summary

N E N+E

N-cadh p120-cat α-catNC–PL 
contact

a b c d

e
f

n o

0

2

4

6

8

120 18060

1200 240 360

g

i

k

m

l

j

h

0

1

0

1

0

1

120 18060

120 18060

0 240 480
Time (s) Time (s)

P
la

co
de

s 
on

ly
α-

ca
te

ni
n

p1
20

-c
at

en
in

N
-c

ad
h–

G
FP

0

1

0

1

Figure 3 NC and placodes form transient, but functional, adherens junctions.
(a–d) Double immunostaining for N- and E-cadherin on histological sections
through the cephalic regions of Xenopus embryos at stage 25. N-cadherin
(a) is expressed in NC (arrows) and epibranchial placodes (asterisks) as well
as the eye and the otic vesicle (ov). E-cadherin (b) is expressed only in
epibranchial placodes and the superficial ectoderm. (c) Merged picture of
the green and red channels. (d) Summary of cadherins distribution in NC
and placodes. (e) Diagram representing the experimental set-up. (f) From
left to right: duration of individual NC–placodes (PL) contact at the interface
between the two tissues during the chase-and-run; duration of N-cadherin,
p120-catenin and α-catenin accumulations during NC–placodes physical

contacts (data collected from 3 independent experiments, error bars: s.d.).
(g–l) Dynamics of the formation of transient adherens junctions between
NC and placodes. (g,i,k) Confocal images. (g) NC and placodes express
N-cadherin–GFP. (i) NC cells express p120-catenin–GFP; placodes are
labelled with membrane-mCherry. (k) NC cells express α-catenin–GFP;
placodes are labelled with membrane-mCherry. (h,j,l) Variation of
fluorescence intensity over time of GFP-bound molecules shown in g,i,k;
after background subtraction and normalization. Average from 5 independent
cell–cell junctions (error bars, s.e.m.). (m–o) Localization and dynamics of
N-cadherin–GFP (m–n) and p120-catenin–GFP (m,o) between placodal cells.
Average from 4 independent cell–cell junctions; error bars, s.e.m.
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• Adhesion between NC and Placode cells
• Mediated by N-cadherin

• Neural crest cells induce a 
symmetry breaking of traction 
forces exerted by placode cells
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Figure 5 N-cadherin-dependent contacts lead to cell protrusion instability.
(a,b) Duration of protrusions in NC and placodal cells (PL) cultured
alone or in contact with each other. Numbers shown for each bar in
b correspond to the different regions indicated by numbered squares
in a (green bars, n = 3 independent experiments, ANOVA NC cells,
P < 0.0001; individual comparisons, ∗∗P < 0.01. Red bars, n = 5
independent experiments, ANOVA PL cells; P < 0.0001, individual
comparisons, ∗∗P < 0.01; error bars, s.d.). (c,d) Stills from time-lapse
movies performed on a spinning-disc confocal microscope. Placodal
cells are labelled with LifeAct–mCherry. NC cells are labelled with
LifeAct–mCherry and membrane–GFP. Arrows indicate the direction of
protrusions when growing or collapsing. Asterisks mark the protrusions

that collapse after contact between NC and placodal cells. (e) Over-time
variation of protrusion area in placodal cells with or without contact with
NC cells (ncells = 5, nprotrusions per cell = 5 for 12 time points each; error
bars, s.d.). Arrowhead indicates the moment of contact between NC and
placodal cells. (f–h) Stills from time-lapse movies of placodal cells on
fibronectin (f), fibronectin+N-cadherin (g) and fibronectin+N-cadherin
in low calcium/magnesium solution (h). Arrowheads indicate stable
or growing protrusions. Red asterisks mark collapsing protrusions.
(i) Duration of protrusion in placodal cells (n=6 independent experiments;
non-parametric ANOVA (Kruskal–Wallis), P < 0.0001, individual
comparisons, ∗∗∗P < 0.001; error bars, s.d.). NCD2, blocking antibody
against N-cadherin. Time is in minutes.

chase-and-run behaviour (Fig. 6j, DshDep+, NCD2). Inhibition of
N-cadherin or Wnt/PCP leads to invasion of placode cells by NC cells
as evidenced by the increased overlap between both cell populations
(Fig. 6k). Blocking N-cadherin and Wnt/PCP also abolishes the overall
response of placodes to NC cells. Placodes move randomly (Fig. 6j,
displacement maps), with reduced directionality (Fig. 6l) and do not
escape from NC cells (Fig. 6m). Blocking E-cadherin, however, has no
impact on NC–placode interactions (Fig. 6j–m, green bars). These data
show that coordinated migration of NC and placode cells relies on CIL
mediated by N-cadherin andWnt/PCP.
Moreover, our data indicate that both chemotaxis and CIL are

required for coordinated migration to emerge. As NC cells have CIL
for each other, we investigated whether overexpression of Sdf1 in one
NC explant co-cultured with a control NC explant reproduces the
chase-and-run behaviour (Fig. 6n–s and Supplementary Movie S15).
Whereas control NC cells remain in close proximity and progressively
disperse (Fig. 6n,p,q), Sdf1 overexpression in one of the NC explants
sustains coordinated migration of both groups for several hours
(Fig. 6o,r,s) in a behaviour akin toNC–placode interaction.

Chase-and-run is required in vivo for NC migration and
placode patterning
To investigate the importance of the NC–placode interaction in
vivo, we performed time-lapse movies of placode cells in control
conditions (Fig. 7a,b) and after blocking Sdf1 chemotaxis in NC cells
(Fig. 7b, Cxcr4MO) or Wnt/PCP in placode cells (Fig. 7b, DshDep+).
Cell tracking (Fig. 7b) shows that control cells undergo directional
migration, but this is abolished under experimental conditions as seen

by a loss of directionality (Fig. 7c and Supplementary Movie S16) and
lower net displacement (Fig. 7d). Placode cells later segregate into
discrete domains8,36; inhibition of their directional migration prevents
this segregation and the formation of discrete placodes (Supplementary
Fig. S5). To confirm that the interdependence of NC and placodes is not
Xenopus-specific, we turned to zebrafish (Fig. 7e–k). Sdf1 expressed
by the pharyngeal arch endoderm is known to drive late phases of
cranial NC cell migration, when these cells colonize the ventral-most
region of the face17. As in Xenopus, Sdf1 is expressed in the pre-placodal
region located at the border of the neural plate before the onset of
NC cell migration as shown by the co-expression of the pre-placodal
marker Sox3 and Sdf1 (Fig. 7f, parentheses). Later, Sdf1 is found in
small discrete domains corresponding to individual placodes (Fig. 7g,
arrows). Normal segregation of placodes is observed in embryos
injected with a control MO (Fig. 7h, arrows), but this is impaired
in embryos injected with Sdf1MO (ref. 17). Placode cells remain in
a broad domain with no apparent boundaries (Fig. 7i, parentheses)
as clearly visible in a three-dimensional (3D) reconstruction of the
Sox3+ placode region obtained from a confocal stack (Fig. 7h,i and
Supplementary Movie S17). Importantly, in embryos injected with
Sdf1MO the placodal region is located more dorsally, close to the
neural tube when compared with controls (Fig. 7j), indicating that
ventral placode cell movements are disrupted. In addition, the placode
region is enlarged when compared with individual placodes observed
in controls (Fig. 7k), confirming the lack of subdivision.
Finally, as interfering with CIL in placodal cells affected NC cell in-

vasion (Fig. 6j–m), whereas blocking chemotaxis abolished directional
NCmigration (Fig. 2), we analysed the consequence of both treatments
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Figure 5 N-cadherin-dependent contacts lead to cell protrusion instability.
(a,b) Duration of protrusions in NC and placodal cells (PL) cultured
alone or in contact with each other. Numbers shown for each bar in
b correspond to the different regions indicated by numbered squares
in a (green bars, n = 3 independent experiments, ANOVA NC cells,
P < 0.0001; individual comparisons, ∗∗P < 0.01. Red bars, n = 5
independent experiments, ANOVA PL cells; P < 0.0001, individual
comparisons, ∗∗P < 0.01; error bars, s.d.). (c,d) Stills from time-lapse
movies performed on a spinning-disc confocal microscope. Placodal
cells are labelled with LifeAct–mCherry. NC cells are labelled with
LifeAct–mCherry and membrane–GFP. Arrows indicate the direction of
protrusions when growing or collapsing. Asterisks mark the protrusions

that collapse after contact between NC and placodal cells. (e) Over-time
variation of protrusion area in placodal cells with or without contact with
NC cells (ncells = 5, nprotrusions per cell = 5 for 12 time points each; error
bars, s.d.). Arrowhead indicates the moment of contact between NC and
placodal cells. (f–h) Stills from time-lapse movies of placodal cells on
fibronectin (f), fibronectin+N-cadherin (g) and fibronectin+N-cadherin
in low calcium/magnesium solution (h). Arrowheads indicate stable
or growing protrusions. Red asterisks mark collapsing protrusions.
(i) Duration of protrusion in placodal cells (n=6 independent experiments;
non-parametric ANOVA (Kruskal–Wallis), P < 0.0001, individual
comparisons, ∗∗∗P < 0.001; error bars, s.d.). NCD2, blocking antibody
against N-cadherin. Time is in minutes.

chase-and-run behaviour (Fig. 6j, DshDep+, NCD2). Inhibition of
N-cadherin or Wnt/PCP leads to invasion of placode cells by NC cells
as evidenced by the increased overlap between both cell populations
(Fig. 6k). Blocking N-cadherin and Wnt/PCP also abolishes the overall
response of placodes to NC cells. Placodes move randomly (Fig. 6j,
displacement maps), with reduced directionality (Fig. 6l) and do not
escape from NC cells (Fig. 6m). Blocking E-cadherin, however, has no
impact on NC–placode interactions (Fig. 6j–m, green bars). These data
show that coordinated migration of NC and placode cells relies on CIL
mediated by N-cadherin andWnt/PCP.
Moreover, our data indicate that both chemotaxis and CIL are

required for coordinated migration to emerge. As NC cells have CIL
for each other, we investigated whether overexpression of Sdf1 in one
NC explant co-cultured with a control NC explant reproduces the
chase-and-run behaviour (Fig. 6n–s and Supplementary Movie S15).
Whereas control NC cells remain in close proximity and progressively
disperse (Fig. 6n,p,q), Sdf1 overexpression in one of the NC explants
sustains coordinated migration of both groups for several hours
(Fig. 6o,r,s) in a behaviour akin toNC–placode interaction.

Chase-and-run is required in vivo for NC migration and
placode patterning
To investigate the importance of the NC–placode interaction in
vivo, we performed time-lapse movies of placode cells in control
conditions (Fig. 7a,b) and after blocking Sdf1 chemotaxis in NC cells
(Fig. 7b, Cxcr4MO) or Wnt/PCP in placode cells (Fig. 7b, DshDep+).
Cell tracking (Fig. 7b) shows that control cells undergo directional
migration, but this is abolished under experimental conditions as seen

by a loss of directionality (Fig. 7c and Supplementary Movie S16) and
lower net displacement (Fig. 7d). Placode cells later segregate into
discrete domains8,36; inhibition of their directional migration prevents
this segregation and the formation of discrete placodes (Supplementary
Fig. S5). To confirm that the interdependence of NC and placodes is not
Xenopus-specific, we turned to zebrafish (Fig. 7e–k). Sdf1 expressed
by the pharyngeal arch endoderm is known to drive late phases of
cranial NC cell migration, when these cells colonize the ventral-most
region of the face17. As in Xenopus, Sdf1 is expressed in the pre-placodal
region located at the border of the neural plate before the onset of
NC cell migration as shown by the co-expression of the pre-placodal
marker Sox3 and Sdf1 (Fig. 7f, parentheses). Later, Sdf1 is found in
small discrete domains corresponding to individual placodes (Fig. 7g,
arrows). Normal segregation of placodes is observed in embryos
injected with a control MO (Fig. 7h, arrows), but this is impaired
in embryos injected with Sdf1MO (ref. 17). Placode cells remain in
a broad domain with no apparent boundaries (Fig. 7i, parentheses)
as clearly visible in a three-dimensional (3D) reconstruction of the
Sox3+ placode region obtained from a confocal stack (Fig. 7h,i and
Supplementary Movie S17). Importantly, in embryos injected with
Sdf1MO the placodal region is located more dorsally, close to the
neural tube when compared with controls (Fig. 7j), indicating that
ventral placode cell movements are disrupted. In addition, the placode
region is enlarged when compared with individual placodes observed
in controls (Fig. 7k), confirming the lack of subdivision.
Finally, as interfering with CIL in placodal cells affected NC cell in-

vasion (Fig. 6j–m), whereas blocking chemotaxis abolished directional
NCmigration (Fig. 2), we analysed the consequence of both treatments
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• Contacts between NC and Placode cells 
cause collapse of cell protrusions

• This requires N-cadherin
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Figure 4 NC–placodal interaction leads to asymmetric traction forces
and inhibition of focal adhesions. (a–e) Traction forces in placodal cells
(PL) alone (a, n = 3 independent experiments) or in contact with NC
cells (b; n =4 independent experiments; placodes are identified by green
fluorescence). (c,d) Overall orientation of traction forces in placodal cells
alone (c, n =3210 angles from 3 independent experiments) or in contact
with NC cells (d, n = 2925 angles from 4 independent experiments).
Arrowhead indicates mean angle; grey shows the standard deviation.
Orientation of forces in placodes in contact with NC cells is significantly
different from a uniform circular distribution (Rayleigh’s, plot c, P =0.338;
plot d, ∗∗∗P = 0.0059). (e) Summary of a–d. (f) Phospho-paxillin (PPax)
immunostaining (green) on NC (red) and placodal cells; nuclei are blue
(DAPI). Dotted lines mark the areas that are magnified (inset 1: border
opposite to the contact; inset 2: contact with NC). (g,h) PPax staining
as a percentage of the total cell area (panel g, n = 4 independent
experiments, Mann–Whitney test, ∗∗P =0.0095, error bars, s.d.; panel h,
n =3 independent experiments; Mann–Whitney test: ∗∗∗P <0.0001, error

bars, s.d.). (i–k) PPax immunostaining in control placodes and N-cadherin
MO (NMO) placodes, n =6 independent experiments; Mann–Whitney test:
∗∗P =0.0012, error bars, s.d. (l–n) PPax immunostaining (green) in placodal
cells cultured on fibronectin (l), fibronectin+1 µgml−1 of N-cadherin (m) or
fibronectin+3 µgml−1 of N-cadherin (n). Nuclei are in blue (DAPI). Dotted
lines mark the regions that are magnified (second column). (o) Average size
of the focal adhesions (FAs; n=3 independent experiments; non-parametric
ANOVA (Kruskal–Wallis), P <0.0001; individual comparisons; ∗∗∗P <0.001;
error bars, s.d.). (p) Frequency distribution of the sizes of focal adhesion
shown in o (542 focal adhesions from 3 independent experiments).
(q) Quantification of PPax staining shown in f. Total area of PPax staining as
a percentage of the total cell area (n=5 independent experiments; ANOVA,
P < 0.0001; individual comparisons; ∗P < 0.05; ∗∗P < 0.01; error bars,
s.d.). (r) Distribution of the average fluorescence intensity of PPax staining
in placodal cells on fibronectin (ncells =8; 4 series of 50 measurements per
cell) and fibronectin+3 µgml−1 of N-cadherin (ncells = 9, 4 series of 50
measurements per cell). Error bars, s.e.m.

Interestingly, placodes also exhibit CIL when colliding with each other
but fail to separate after repolarization (Fig. 6f–h, Supplementary
Movies S11 and S12). This failure in placode separation seems to be due
to the expression of E-cadherin, which is absent in NC. Consistently,
when E-cadherin expression is forced into NC, cells remain attached
to each other as observed for placode cells (Fig. 6i). CIL between NC
cells requires N-cadherin19; this is consistent with our observations
that N-cadherin, present in both NC and placodes, becomes localized
to the cell–cell contact, and that inhibition of placode protrusions is
N-cadherin dependent.
In addition, non-canonical Wnt/PCP signalling mediated by Dishev-

elled and Wnt11 has been implicated in CIL of NC (refs 28–32). Thus,
we investigated the role of N-cadherin and Wnt/PCP in CIL of placode
cells. Cells injected with N-cadherin MOs or with a dominant-negative
form of Dsh (DshDep+) to inhibit PCP signalling remain in close
contact (Fig. 6d) and exhibit random angles of migration after collision
as compared with the systematic reorientation in controls (Fig. 6b,c

and Supplementary Movie S13). Placodes express the Wnt receptor
Fz4 (ref. 33) whereas migratory NC cells express the PCP ligandWnt11
(Supplementary Fig. S4a–c), which is known to localize at cell–cell
contacts to promote Wnt/PCP signalling and CIL between NC (refs 34,
35). Blocking Wnt11 in NC cells using a dominant-negative form is
sufficient to randomize the response of placode cells to a collision with
NC cells in vitro (Fig. 6b,c and Supplementary Movie S13). We then
analysed a possible link between N-cadherin and Wnt/PCP and find
that although cell–cell contacts are required for PCP signalling, they are
not sufficient to trigger it (Supplementary Fig. S4d–m).
These results show that placode cells are repolarized by N-

cadherin–Wnt/PCP-dependent CIL when colliding with NC, suggest-
ing that CIL causes placode cell movement away from NC cells during
the chase-and-run behaviour.
To investigate this possibility we performed chase-and-run assays

and analysed the effect of blocking N-cadherin and Wnt/PCP (Fig. 6j
and Supplementary Movie S14). Both treatments markedly impair the
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Fig. 2. Mean velocities, all readings, plotted according to contact number. 
Fig. 3. Mean velocities according to contact number, l of readings where the contact number 
remained stable during the observation of velocity, 0 where a contact was gained during ob- 
servation, and x where a contact was lost. 

same parameters are given for all the data, after the variance between the 
different cultures has been eliminated. Films 1, 2 and 3 show a regression 
of velocity on contact number which is highly significantly different from 
zero (P to.01 in all). In the light of this the regression in films 5 and 6 
(P = 0.05) is probably to be taken as significant. It will be shown later that 
when an obscuring factor is removed from the data of film 4 this film too 
probably has a significant regression; though it must be noted that this culture 
is somewhat unlike the rest in that it tends towards a “mesothelial” style of 
growth. The correlation coefficients of Table III show that the relationship 
between velocity and contact number, though significant, is not a strong one. 

In the last column of Table III are mean velocities adjusted to the values 
expected at the common mean contact number of all the data, using the 
average within-film regression coefficient of the last line of Table III. These 
adjusted means diverge from each other more than would be expected by 
chance judging from the variability within the individual films. When the 
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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. 
Yet this idea seems to have had surprisingly little effect on methods of in- 
vestigation. No systematic attempt, so far as we are aware, has been made 
to apply to cellular societies the analytical approach which has been so suc- 
cessful in the study of animal social interaction: that is, to take the cell as a 
unit and to investigate how its behaviour is influenced by other cells. There 
are, of course, many valuable incidental observations of the behaviour of 
individual cells as it is affected by their neighbours, notably in the papers of 
Willmer and his colleagues (16), of Twitty and his colleagues (11) and of 
Holtfreter (5). But most investigations of cell colonies have been less con- 
cerned with the individual cell than with the overall patterns of distribution 
taken up by whole populations of cells. In an attempt to develop an analysis 
of individual cell behaviour and the influence of other cells upon it, using 
behaviour in the narrow but commonly accepted sense of movement, we 
have made a series of observations and experiments on cells in tissue culture. 

In the present paper we deal with chick heart tibroblasts in the highly 
simplified conditions of liquid medium culture, and we are concerned only 
with the hypothesis that the velocity of the bodily displacement of a cell 
tends to be affected by its contacts with other cells. This hypothesis was sug- 
gested to us in general by the well-known views of Holfreter (4) and Weiss 
(14, 15) as to the importance of mutual contact for cell behaviour, and 
specifically, by an effect which contact with axons within the explant seemed 
to have on the migratory activity of Schwann cells in tissue cultures of re- 
generating peripheral nerves (1). W’e wish to do no more at present than 
to demonstrate the occurrence of two relationships between velocity and 
contact: one between the velocity of a cell and the number of other cells 
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Figure 6 Coordinated migration of NC and placodal cells requires CIL.
(a–e) Collisions between single cells. The angle of repolarization (α) and the
distance between the two cells are retrieved from the collisions. (b) Collisions
between NC cells (green) and placodal cells (red) in control conditions, after
blocking N-cadherin expression (NMO) or Wnt/PCP (DshDep+, dnWnt11).
(c) Repolarization angles in all conditions, n = 6 independent experi-
ments, Rayleigh’s test pNC =0.00015(∗∗∗), pPL =0.00028(∗∗∗;PL,placode),
pPLNMO=0.2, pPLNMO+NCNMO=0.2, pPLDshDep+=0.1085, pPL+NCdnWnt11=0.347;
blue bars, mean angle. (d,e) Distance between cell centroids 30min
after collision; d, n = 6 independent experiments; one-way ANOVA,
P < 0.0001; individual comparisons; ∗∗P < 0.01; error bars, s.d.; e,
n = 3 independent experiments; one-way ANOVA: P < 0.0001, individual
comparisons; ∗∗P < 0.01; error bars, s.d. Dep+, DshDep+. (f,g) Collision
between two NC cells (f) or two placodes (g). Consecutive frames were
subtracted and colour-coded such that protrusions appear red whereas
retractions appear blue. (h) Cells repolarizing on collision (n=360 collisions
from 3 independent experiments, error bars: s.d.). Parametric approach
for percentages, two-sided test: T = 0.10, α > 0.05 (not significant).
(i) Cell clustering on collision (n = 142 collisions from 2 independent

experiments). Parametric approach for percentages, two-sided test: NC–NC
versus NC–PL, T = 0.23,α> 0.05 (NS, not significant); NC–NC versus
PL–PL, T = 21.21, α= 0.001(∗∗∗); PL–PL versus NC-E-cadh–NC-E-cadh,
T =2.99, α>0.05 (not significant); NC–NC versus NC-E-cadh–NC-E-cadh,
T = 15.91, α = 0.001(∗∗∗). (j) Chase-and-run assay with control NC
and placodal cells, after blocking Wnt/PCP (DshDep+), N-cadherin
(NCD2) or E-cadherin (n = 68 chase-and-run assays from 4 independent
experiments). Displacement maps show the overall placodal directionality
for each condition. (k) Overlap between NC and placodal cells. One-way
ANOVA: P < 0.005; individual comparisons, ∗∗,P < 0.01; error bars: s.d
(l) Directionality of placodal cells. One-way ANOVA: P < 0.01; individual
comparisons, ∗,P <0.05; ∗∗,P <0.01; error bars: s.d. (m) Net displacement
of placodal cells. One-way ANOVA: P < 0.01; individual comparisons,
∗,P < 0.05; ∗∗,P < 0.01; error bars: s.d. (n–s) Co-culture of NC explants.
(n,p,q) Two control NC explants. (o,r,s) One control explant (green); one
overexpressing Sdf1 (red). 10 chase-an-run assays from 2 independent
experiments. Tracks from representative examples are provided for the red
cells and time projections from representative examples are shown for the
green cells. Time is in minutes.

on NC migration in vivo using different strategies. Control embryos
or embryos with a homotypic, homochronic graft of control placodes
show normal NCmigration (Fig. 7l–m). In contrast, when placodes are
replaced by a non-placodal Sdf1-negative ectoderm (Fig. 7n) or by pla-
codes expressingDshDep+ (Fig. 7o)NCmigrationwas clearly inhibited
(Fig. 7s,t). When placodes are replaced by non-placodal Sdf1-positive
ectoderm, NC cells migrate ventrally but are not organized into streams
(Fig. 7p–t). These results show that CIL between NC and placodal cells
favours directional NC cell migration in vivo. However, in the absence

of chemotaxis, CIL does not promoteNC cellmigrationwhereas chemo-
taxis in the absence of CIL is not sufficient to patternNCmigration.

DISCUSSION
Our results show that NC cells chase placode cells by chemotaxis in an
Sdf1-dependent manner, and placodal cells run as they are contacted
by NC, in a mechanism that involves PCP and N-cadherin signalling.
This interdependence between NC and placode cells is reminiscent
of the popular image of the donkey and a carrot (Fig. 8a). Placodes
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Figure 6 Coordinated migration of NC and placodal cells requires CIL.
(a–e) Collisions between single cells. The angle of repolarization (α) and the
distance between the two cells are retrieved from the collisions. (b) Collisions
between NC cells (green) and placodal cells (red) in control conditions, after
blocking N-cadherin expression (NMO) or Wnt/PCP (DshDep+, dnWnt11).
(c) Repolarization angles in all conditions, n = 6 independent experi-
ments, Rayleigh’s test pNC =0.00015(∗∗∗), pPL =0.00028(∗∗∗;PL,placode),
pPLNMO=0.2, pPLNMO+NCNMO=0.2, pPLDshDep+=0.1085, pPL+NCdnWnt11=0.347;
blue bars, mean angle. (d,e) Distance between cell centroids 30min
after collision; d, n = 6 independent experiments; one-way ANOVA,
P < 0.0001; individual comparisons; ∗∗P < 0.01; error bars, s.d.; e,
n = 3 independent experiments; one-way ANOVA: P < 0.0001, individual
comparisons; ∗∗P < 0.01; error bars, s.d. Dep+, DshDep+. (f,g) Collision
between two NC cells (f) or two placodes (g). Consecutive frames were
subtracted and colour-coded such that protrusions appear red whereas
retractions appear blue. (h) Cells repolarizing on collision (n=360 collisions
from 3 independent experiments, error bars: s.d.). Parametric approach
for percentages, two-sided test: T = 0.10, α > 0.05 (not significant).
(i) Cell clustering on collision (n = 142 collisions from 2 independent

experiments). Parametric approach for percentages, two-sided test: NC–NC
versus NC–PL, T = 0.23,α> 0.05 (NS, not significant); NC–NC versus
PL–PL, T = 21.21, α= 0.001(∗∗∗); PL–PL versus NC-E-cadh–NC-E-cadh,
T =2.99, α>0.05 (not significant); NC–NC versus NC-E-cadh–NC-E-cadh,
T = 15.91, α = 0.001(∗∗∗). (j) Chase-and-run assay with control NC
and placodal cells, after blocking Wnt/PCP (DshDep+), N-cadherin
(NCD2) or E-cadherin (n = 68 chase-and-run assays from 4 independent
experiments). Displacement maps show the overall placodal directionality
for each condition. (k) Overlap between NC and placodal cells. One-way
ANOVA: P < 0.005; individual comparisons, ∗∗,P < 0.01; error bars: s.d
(l) Directionality of placodal cells. One-way ANOVA: P < 0.01; individual
comparisons, ∗,P <0.05; ∗∗,P <0.01; error bars: s.d. (m) Net displacement
of placodal cells. One-way ANOVA: P < 0.01; individual comparisons,
∗,P < 0.05; ∗∗,P < 0.01; error bars: s.d. (n–s) Co-culture of NC explants.
(n,p,q) Two control NC explants. (o,r,s) One control explant (green); one
overexpressing Sdf1 (red). 10 chase-an-run assays from 2 independent
experiments. Tracks from representative examples are provided for the red
cells and time projections from representative examples are shown for the
green cells. Time is in minutes.

on NC migration in vivo using different strategies. Control embryos
or embryos with a homotypic, homochronic graft of control placodes
show normal NCmigration (Fig. 7l–m). In contrast, when placodes are
replaced by a non-placodal Sdf1-negative ectoderm (Fig. 7n) or by pla-
codes expressingDshDep+ (Fig. 7o)NCmigrationwas clearly inhibited
(Fig. 7s,t). When placodes are replaced by non-placodal Sdf1-positive
ectoderm, NC cells migrate ventrally but are not organized into streams
(Fig. 7p–t). These results show that CIL between NC and placodal cells
favours directional NC cell migration in vivo. However, in the absence

of chemotaxis, CIL does not promoteNC cellmigrationwhereas chemo-
taxis in the absence of CIL is not sufficient to patternNCmigration.

DISCUSSION
Our results show that NC cells chase placode cells by chemotaxis in an
Sdf1-dependent manner, and placodal cells run as they are contacted
by NC, in a mechanism that involves PCP and N-cadherin signalling.
This interdependence between NC and placode cells is reminiscent
of the popular image of the donkey and a carrot (Fig. 8a). Placodes
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Figure 6 Coordinated migration of NC and placodal cells requires CIL.
(a–e) Collisions between single cells. The angle of repolarization (α) and the
distance between the two cells are retrieved from the collisions. (b) Collisions
between NC cells (green) and placodal cells (red) in control conditions, after
blocking N-cadherin expression (NMO) or Wnt/PCP (DshDep+, dnWnt11).
(c) Repolarization angles in all conditions, n = 6 independent experi-
ments, Rayleigh’s test pNC =0.00015(∗∗∗), pPL =0.00028(∗∗∗;PL,placode),
pPLNMO=0.2, pPLNMO+NCNMO=0.2, pPLDshDep+=0.1085, pPL+NCdnWnt11=0.347;
blue bars, mean angle. (d,e) Distance between cell centroids 30min
after collision; d, n = 6 independent experiments; one-way ANOVA,
P < 0.0001; individual comparisons; ∗∗P < 0.01; error bars, s.d.; e,
n = 3 independent experiments; one-way ANOVA: P < 0.0001, individual
comparisons; ∗∗P < 0.01; error bars, s.d. Dep+, DshDep+. (f,g) Collision
between two NC cells (f) or two placodes (g). Consecutive frames were
subtracted and colour-coded such that protrusions appear red whereas
retractions appear blue. (h) Cells repolarizing on collision (n=360 collisions
from 3 independent experiments, error bars: s.d.). Parametric approach
for percentages, two-sided test: T = 0.10, α > 0.05 (not significant).
(i) Cell clustering on collision (n = 142 collisions from 2 independent

experiments). Parametric approach for percentages, two-sided test: NC–NC
versus NC–PL, T = 0.23,α> 0.05 (NS, not significant); NC–NC versus
PL–PL, T = 21.21, α= 0.001(∗∗∗); PL–PL versus NC-E-cadh–NC-E-cadh,
T =2.99, α>0.05 (not significant); NC–NC versus NC-E-cadh–NC-E-cadh,
T = 15.91, α = 0.001(∗∗∗). (j) Chase-and-run assay with control NC
and placodal cells, after blocking Wnt/PCP (DshDep+), N-cadherin
(NCD2) or E-cadherin (n = 68 chase-and-run assays from 4 independent
experiments). Displacement maps show the overall placodal directionality
for each condition. (k) Overlap between NC and placodal cells. One-way
ANOVA: P < 0.005; individual comparisons, ∗∗,P < 0.01; error bars: s.d
(l) Directionality of placodal cells. One-way ANOVA: P < 0.01; individual
comparisons, ∗,P <0.05; ∗∗,P <0.01; error bars: s.d. (m) Net displacement
of placodal cells. One-way ANOVA: P < 0.01; individual comparisons,
∗,P < 0.05; ∗∗,P < 0.01; error bars: s.d. (n–s) Co-culture of NC explants.
(n,p,q) Two control NC explants. (o,r,s) One control explant (green); one
overexpressing Sdf1 (red). 10 chase-an-run assays from 2 independent
experiments. Tracks from representative examples are provided for the red
cells and time projections from representative examples are shown for the
green cells. Time is in minutes.

on NC migration in vivo using different strategies. Control embryos
or embryos with a homotypic, homochronic graft of control placodes
show normal NCmigration (Fig. 7l–m). In contrast, when placodes are
replaced by a non-placodal Sdf1-negative ectoderm (Fig. 7n) or by pla-
codes expressingDshDep+ (Fig. 7o)NCmigrationwas clearly inhibited
(Fig. 7s,t). When placodes are replaced by non-placodal Sdf1-positive
ectoderm, NC cells migrate ventrally but are not organized into streams
(Fig. 7p–t). These results show that CIL between NC and placodal cells
favours directional NC cell migration in vivo. However, in the absence

of chemotaxis, CIL does not promoteNC cellmigrationwhereas chemo-
taxis in the absence of CIL is not sufficient to patternNCmigration.

DISCUSSION
Our results show that NC cells chase placode cells by chemotaxis in an
Sdf1-dependent manner, and placodal cells run as they are contacted
by NC, in a mechanism that involves PCP and N-cadherin signalling.
This interdependence between NC and placode cells is reminiscent
of the popular image of the donkey and a carrot (Fig. 8a). Placodes
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Figure 6 Coordinated migration of NC and placodal cells requires CIL.
(a–e) Collisions between single cells. The angle of repolarization (α) and the
distance between the two cells are retrieved from the collisions. (b) Collisions
between NC cells (green) and placodal cells (red) in control conditions, after
blocking N-cadherin expression (NMO) or Wnt/PCP (DshDep+, dnWnt11).
(c) Repolarization angles in all conditions, n = 6 independent experi-
ments, Rayleigh’s test pNC =0.00015(∗∗∗), pPL =0.00028(∗∗∗;PL,placode),
pPLNMO=0.2, pPLNMO+NCNMO=0.2, pPLDshDep+=0.1085, pPL+NCdnWnt11=0.347;
blue bars, mean angle. (d,e) Distance between cell centroids 30min
after collision; d, n = 6 independent experiments; one-way ANOVA,
P < 0.0001; individual comparisons; ∗∗P < 0.01; error bars, s.d.; e,
n = 3 independent experiments; one-way ANOVA: P < 0.0001, individual
comparisons; ∗∗P < 0.01; error bars, s.d. Dep+, DshDep+. (f,g) Collision
between two NC cells (f) or two placodes (g). Consecutive frames were
subtracted and colour-coded such that protrusions appear red whereas
retractions appear blue. (h) Cells repolarizing on collision (n=360 collisions
from 3 independent experiments, error bars: s.d.). Parametric approach
for percentages, two-sided test: T = 0.10, α > 0.05 (not significant).
(i) Cell clustering on collision (n = 142 collisions from 2 independent

experiments). Parametric approach for percentages, two-sided test: NC–NC
versus NC–PL, T = 0.23,α> 0.05 (NS, not significant); NC–NC versus
PL–PL, T = 21.21, α= 0.001(∗∗∗); PL–PL versus NC-E-cadh–NC-E-cadh,
T =2.99, α>0.05 (not significant); NC–NC versus NC-E-cadh–NC-E-cadh,
T = 15.91, α = 0.001(∗∗∗). (j) Chase-and-run assay with control NC
and placodal cells, after blocking Wnt/PCP (DshDep+), N-cadherin
(NCD2) or E-cadherin (n = 68 chase-and-run assays from 4 independent
experiments). Displacement maps show the overall placodal directionality
for each condition. (k) Overlap between NC and placodal cells. One-way
ANOVA: P < 0.005; individual comparisons, ∗∗,P < 0.01; error bars: s.d
(l) Directionality of placodal cells. One-way ANOVA: P < 0.01; individual
comparisons, ∗,P <0.05; ∗∗,P <0.01; error bars: s.d. (m) Net displacement
of placodal cells. One-way ANOVA: P < 0.01; individual comparisons,
∗,P < 0.05; ∗∗,P < 0.01; error bars: s.d. (n–s) Co-culture of NC explants.
(n,p,q) Two control NC explants. (o,r,s) One control explant (green); one
overexpressing Sdf1 (red). 10 chase-an-run assays from 2 independent
experiments. Tracks from representative examples are provided for the red
cells and time projections from representative examples are shown for the
green cells. Time is in minutes.

on NC migration in vivo using different strategies. Control embryos
or embryos with a homotypic, homochronic graft of control placodes
show normal NCmigration (Fig. 7l–m). In contrast, when placodes are
replaced by a non-placodal Sdf1-negative ectoderm (Fig. 7n) or by pla-
codes expressingDshDep+ (Fig. 7o)NCmigrationwas clearly inhibited
(Fig. 7s,t). When placodes are replaced by non-placodal Sdf1-positive
ectoderm, NC cells migrate ventrally but are not organized into streams
(Fig. 7p–t). These results show that CIL between NC and placodal cells
favours directional NC cell migration in vivo. However, in the absence

of chemotaxis, CIL does not promoteNC cellmigrationwhereas chemo-
taxis in the absence of CIL is not sufficient to patternNCmigration.

DISCUSSION
Our results show that NC cells chase placode cells by chemotaxis in an
Sdf1-dependent manner, and placodal cells run as they are contacted
by NC, in a mechanism that involves PCP and N-cadherin signalling.
This interdependence between NC and placode cells is reminiscent
of the popular image of the donkey and a carrot (Fig. 8a). Placodes
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Figure 6 Coordinated migration of NC and placodal cells requires CIL.
(a–e) Collisions between single cells. The angle of repolarization (α) and the
distance between the two cells are retrieved from the collisions. (b) Collisions
between NC cells (green) and placodal cells (red) in control conditions, after
blocking N-cadherin expression (NMO) or Wnt/PCP (DshDep+, dnWnt11).
(c) Repolarization angles in all conditions, n = 6 independent experi-
ments, Rayleigh’s test pNC =0.00015(∗∗∗), pPL =0.00028(∗∗∗;PL,placode),
pPLNMO=0.2, pPLNMO+NCNMO=0.2, pPLDshDep+=0.1085, pPL+NCdnWnt11=0.347;
blue bars, mean angle. (d,e) Distance between cell centroids 30min
after collision; d, n = 6 independent experiments; one-way ANOVA,
P < 0.0001; individual comparisons; ∗∗P < 0.01; error bars, s.d.; e,
n = 3 independent experiments; one-way ANOVA: P < 0.0001, individual
comparisons; ∗∗P < 0.01; error bars, s.d. Dep+, DshDep+. (f,g) Collision
between two NC cells (f) or two placodes (g). Consecutive frames were
subtracted and colour-coded such that protrusions appear red whereas
retractions appear blue. (h) Cells repolarizing on collision (n=360 collisions
from 3 independent experiments, error bars: s.d.). Parametric approach
for percentages, two-sided test: T = 0.10, α > 0.05 (not significant).
(i) Cell clustering on collision (n = 142 collisions from 2 independent

experiments). Parametric approach for percentages, two-sided test: NC–NC
versus NC–PL, T = 0.23,α> 0.05 (NS, not significant); NC–NC versus
PL–PL, T = 21.21, α= 0.001(∗∗∗); PL–PL versus NC-E-cadh–NC-E-cadh,
T =2.99, α>0.05 (not significant); NC–NC versus NC-E-cadh–NC-E-cadh,
T = 15.91, α = 0.001(∗∗∗). (j) Chase-and-run assay with control NC
and placodal cells, after blocking Wnt/PCP (DshDep+), N-cadherin
(NCD2) or E-cadherin (n = 68 chase-and-run assays from 4 independent
experiments). Displacement maps show the overall placodal directionality
for each condition. (k) Overlap between NC and placodal cells. One-way
ANOVA: P < 0.005; individual comparisons, ∗∗,P < 0.01; error bars: s.d
(l) Directionality of placodal cells. One-way ANOVA: P < 0.01; individual
comparisons, ∗,P <0.05; ∗∗,P <0.01; error bars: s.d. (m) Net displacement
of placodal cells. One-way ANOVA: P < 0.01; individual comparisons,
∗,P < 0.05; ∗∗,P < 0.01; error bars: s.d. (n–s) Co-culture of NC explants.
(n,p,q) Two control NC explants. (o,r,s) One control explant (green); one
overexpressing Sdf1 (red). 10 chase-an-run assays from 2 independent
experiments. Tracks from representative examples are provided for the red
cells and time projections from representative examples are shown for the
green cells. Time is in minutes.

on NC migration in vivo using different strategies. Control embryos
or embryos with a homotypic, homochronic graft of control placodes
show normal NCmigration (Fig. 7l–m). In contrast, when placodes are
replaced by a non-placodal Sdf1-negative ectoderm (Fig. 7n) or by pla-
codes expressingDshDep+ (Fig. 7o)NCmigrationwas clearly inhibited
(Fig. 7s,t). When placodes are replaced by non-placodal Sdf1-positive
ectoderm, NC cells migrate ventrally but are not organized into streams
(Fig. 7p–t). These results show that CIL between NC and placodal cells
favours directional NC cell migration in vivo. However, in the absence

of chemotaxis, CIL does not promoteNC cellmigrationwhereas chemo-
taxis in the absence of CIL is not sufficient to patternNCmigration.

DISCUSSION
Our results show that NC cells chase placode cells by chemotaxis in an
Sdf1-dependent manner, and placodal cells run as they are contacted
by NC, in a mechanism that involves PCP and N-cadherin signalling.
This interdependence between NC and placode cells is reminiscent
of the popular image of the donkey and a carrot (Fig. 8a). Placodes
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Figure 8 CIL and chemotaxis between NC and placodal cells drives
coordinated migration of both cell populations. (a) The overall behaviour of
NC and placodal cells is reminiscent of the popular image of the donkey
and the carrot, where the donkey (NC) is attracted to the carrot (placodes)
but the carrot moves away because of the donkey’s progression. (b) NC
cells are attracted to placodal cells owing to Sdf1-dependent chemotaxis.
(c) Contact between NC and placodal cells induces CIL. Protrusions are
inhibited in placodal cells at the region of contact with NC cells. This breaks
the symmetry of the placodal tissue, thus promoting directional movement.
(d) The system self-sustains owing to chemotaxis and CIL. The Sdf1 gradient
is shown as shades of grey. NC cells are in green; placodal cells are in red.
(e–g) Molecular pathways involved in the chase-and-run between NC and

placodes (PL). (e) Sdf1 released by the placodes acts on NC cells promoting
an increase in Rac activity, which stabilizes protrusions and focal adhesions.
NC moves towards placodes (grey arrow). (f) NC moves forward contacting
placode cells and triggering a CIL response in both cell types. A transient
cell junction complex is formed (blue), which together with PCP signalling
(grey) inhibits Rac activity at the cell contact, leading to collapse of cell
protrusions and disassembly of focal adhesions. This localized response
within the placode cluster generates an asymmetry that leads to directional
migration of the cluster away from NC (grey arrow from placodes). (g) During
this run phase, placodes continue secreting Sdf1, which will attract NC cells
(grey arrow from NC), with the consequent coordinated migration of both
cell populations.

finding. However, our data demonstrate that placode cells in the
pre-placodal domain move actively, although on a local scale, to form
discrete subpopulations. Similar placode cell movements have been
described in chick41 but their dependence on NC migration has not
been studied. The influence of NC cells on placodal cell migration
is clearly temporally restricted: at later stages placode assembly is
independent of NC cell migration10,13. Our observations in Xenopus
and zebrafish, together with data published elsewhere42,43, call for the
analysis of placode segregation after inhibition of NC cell migration
in amniotes. Furthermore, placode cells not only move away from
NC cells but simultaneously reorganize into multilayered structures,
suggesting that these two events may be linked. Thus, the aggregation
of pre-placodal cells into discrete placodes may be controlled by NC
cells through a chase-and-run behaviour. Although we here focused on
precursors for epibranchial placodes, a similar aggregation process is
observed for other placodes in the proximity of NC cells8,9.
We describe a mechanism that controls the coordinated behaviour

of different cell populations. The same chase-and-run behaviour
may represent a more general mechanism to explain the coordinated
migration of cells with different properties, from embryo development
to cancer metastasis. !

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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NC and placodal cells is reminiscent of the popular image of the donkey
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placodes (PL). (e) Sdf1 released by the placodes acts on NC cells promoting
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(grey) inhibits Rac activity at the cell contact, leading to collapse of cell
protrusions and disassembly of focal adhesions. This localized response
within the placode cluster generates an asymmetry that leads to directional
migration of the cluster away from NC (grey arrow from placodes). (g) During
this run phase, placodes continue secreting Sdf1, which will attract NC cells
(grey arrow from NC), with the consequent coordinated migration of both
cell populations.

finding. However, our data demonstrate that placode cells in the
pre-placodal domain move actively, although on a local scale, to form
discrete subpopulations. Similar placode cell movements have been
described in chick41 but their dependence on NC migration has not
been studied. The influence of NC cells on placodal cell migration
is clearly temporally restricted: at later stages placode assembly is
independent of NC cell migration10,13. Our observations in Xenopus
and zebrafish, together with data published elsewhere42,43, call for the
analysis of placode segregation after inhibition of NC cell migration
in amniotes. Furthermore, placode cells not only move away from
NC cells but simultaneously reorganize into multilayered structures,
suggesting that these two events may be linked. Thus, the aggregation
of pre-placodal cells into discrete placodes may be controlled by NC
cells through a chase-and-run behaviour. Although we here focused on
precursors for epibranchial placodes, a similar aggregation process is
observed for other placodes in the proximity of NC cells8,9.
We describe a mechanism that controls the coordinated behaviour

of different cell populations. The same chase-and-run behaviour
may represent a more general mechanism to explain the coordinated
migration of cells with different properties, from embryo development
to cancer metastasis. !
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and the carrot, where the donkey (NC) is attracted to the carrot (placodes)
but the carrot moves away because of the donkey’s progression. (b) NC
cells are attracted to placodal cells owing to Sdf1-dependent chemotaxis.
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inhibited in placodal cells at the region of contact with NC cells. This breaks
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(grey) inhibits Rac activity at the cell contact, leading to collapse of cell
protrusions and disassembly of focal adhesions. This localized response
within the placode cluster generates an asymmetry that leads to directional
migration of the cluster away from NC (grey arrow from placodes). (g) During
this run phase, placodes continue secreting Sdf1, which will attract NC cells
(grey arrow from NC), with the consequent coordinated migration of both
cell populations.

finding. However, our data demonstrate that placode cells in the
pre-placodal domain move actively, although on a local scale, to form
discrete subpopulations. Similar placode cell movements have been
described in chick41 but their dependence on NC migration has not
been studied. The influence of NC cells on placodal cell migration
is clearly temporally restricted: at later stages placode assembly is
independent of NC cell migration10,13. Our observations in Xenopus
and zebrafish, together with data published elsewhere42,43, call for the
analysis of placode segregation after inhibition of NC cell migration
in amniotes. Furthermore, placode cells not only move away from
NC cells but simultaneously reorganize into multilayered structures,
suggesting that these two events may be linked. Thus, the aggregation
of pre-placodal cells into discrete placodes may be controlled by NC
cells through a chase-and-run behaviour. Although we here focused on
precursors for epibranchial placodes, a similar aggregation process is
observed for other placodes in the proximity of NC cells8,9.
We describe a mechanism that controls the coordinated behaviour

of different cell populations. The same chase-and-run behaviour
may represent a more general mechanism to explain the coordinated
migration of cells with different properties, from embryo development
to cancer metastasis. !
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ACKNOWLEDGEMENTS
We thank L. Marchant for the experiments shown in Supplementary Fig. S2h–i. We
are grateful to N. David (Ecole Normale Superieure, Paris, France) for the zebrafish
Sdf1 MO and to G. Schlosser (Martin Ryan Institute, NUI Galway, Ireland) for
the Xenopus Eya1 MO. We thank G. Schlosser, C. Stern, B. Stramer, L. Cramer,
B. Baum, M. Tada and all members of the laboratory of R.M. for comments on
the manuscript. This study was supported by grants from the MRC MR/J000655/1
and BBSRC to R.M., from the Wellcome Trust to A.S. and R.M., from the Spanish
Ministry for Economy andCompetitiveness (BFU2012-38146 andBFU2009-07595),
and the European Research Council (Grant Agreement 242993) to X.T. and the
Wellcome Trust Value in People Award to E.T.; E.S. is the recipient of a Wellcome
Trust PhD fellowship.

AUTHOR CONTRIBUTIONS
Experiments were designed by E.T., B.S. and R.M., with the participation of X.T
and A.S. All experiments were performed in the laboratory of R.M. E.T and B.S.
performedmost of the experiments. E.S. performed the repolarization and clustering
assays. S.G., E.T. and X.T. performed the traction force experiments. E.T., B.S. and
R.M. analysed and interpreted data, with the participation of X.T. and A.S. E.T., B.S.,
A.S. and R.M. wrote the manuscript. All authors commented on the manuscript.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

Published online at www.nature.com/doifinder/10.1038/ncb2772
Reprints and permissions information is available online at www.nature.com/reprints

1. Aman, A. & Piotrowski, T. Cell migration during morphogenesis. Dev. Biol. 341,
20–33 (2010).

2. Friedl, P. & Gilmour, D. Collective cell migration in morphogenesis, regeneration and
cancer. Nat. Rev. Mol. Cell Biol. 10, 445–457 (2009).

3. Tsuji, T., Ibaragi, S. & Hu, G. F. Epithelial-mesenchymal transition and cell
cooperativity in metastasis. Cancer Res. 69, 7135–7139 (2009).

NATURE CELL BIOLOGY VOLUME 15 | NUMBER 7 | JULY 2013 771

ART I C L E S

Sdf1Cxcr4

Rac1

Focal adhesion 

Collapse

N-cadherinCxcr4 Sdf1

pcpRac1 Rac1

NC PLRac1

Sdf1Cxcr4

Focal adhesion Focal adhesion

Attraction
Coordinated migration

CIL

NC PlacodesSdf1
Attraction

Sdf1
Placodes

Contact-inhibition of locomotion
(N-cadh, Wnt/PCP)

NC

a

b

c

d

e

f

g

Figure 8 CIL and chemotaxis between NC and placodal cells drives
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placode cells and triggering a CIL response in both cell types. A transient
cell junction complex is formed (blue), which together with PCP signalling
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protrusions and disassembly of focal adhesions. This localized response
within the placode cluster generates an asymmetry that leads to directional
migration of the cluster away from NC (grey arrow from placodes). (g) During
this run phase, placodes continue secreting Sdf1, which will attract NC cells
(grey arrow from NC), with the consequent coordinated migration of both
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finding. However, our data demonstrate that placode cells in the
pre-placodal domain move actively, although on a local scale, to form
discrete subpopulations. Similar placode cell movements have been
described in chick41 but their dependence on NC migration has not
been studied. The influence of NC cells on placodal cell migration
is clearly temporally restricted: at later stages placode assembly is
independent of NC cell migration10,13. Our observations in Xenopus
and zebrafish, together with data published elsewhere42,43, call for the
analysis of placode segregation after inhibition of NC cell migration
in amniotes. Furthermore, placode cells not only move away from
NC cells but simultaneously reorganize into multilayered structures,
suggesting that these two events may be linked. Thus, the aggregation
of pre-placodal cells into discrete placodes may be controlled by NC
cells through a chase-and-run behaviour. Although we here focused on
precursors for epibranchial placodes, a similar aggregation process is
observed for other placodes in the proximity of NC cells8,9.
We describe a mechanism that controls the coordinated behaviour

of different cell populations. The same chase-and-run behaviour
may represent a more general mechanism to explain the coordinated
migration of cells with different properties, from embryo development
to cancer metastasis. !
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within the placode cluster generates an asymmetry that leads to directional
migration of the cluster away from NC (grey arrow from placodes). (g) During
this run phase, placodes continue secreting Sdf1, which will attract NC cells
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discrete subpopulations. Similar placode cell movements have been
described in chick41 but their dependence on NC migration has not
been studied. The influence of NC cells on placodal cell migration
is clearly temporally restricted: at later stages placode assembly is
independent of NC cell migration10,13. Our observations in Xenopus
and zebrafish, together with data published elsewhere42,43, call for the
analysis of placode segregation after inhibition of NC cell migration
in amniotes. Furthermore, placode cells not only move away from
NC cells but simultaneously reorganize into multilayered structures,
suggesting that these two events may be linked. Thus, the aggregation
of pre-placodal cells into discrete placodes may be controlled by NC
cells through a chase-and-run behaviour. Although we here focused on
precursors for epibranchial placodes, a similar aggregation process is
observed for other placodes in the proximity of NC cells8,9.
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migration of cells with different properties, from embryo development
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Case Study 1: Neural crest cell migration

CIL: Contact inhibition of locomotion  

— Placode cells attract a cell population (Neural crest) 
that breaks the symmetry via adhesive contacts.
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• Neural crest cell migration is induced by SDF1 dependent 
chemotaxis, but is also dependent on some environmental 
factors: the nature/stage of the host dictates NC migration
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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• Explants from different stages are 
equally attractif by an SDF1 source

— Role of the mechanical environment in migration
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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lead to strain-stiffening of the tissue, increasing its apparent elastic  
modulus12,17–19. To reduce the stiffness experienced by neural crest 
cells, we mechanically ablated the surrounding tissue, leading to a 
release of tension and hence to a decrease in strain stiffening. Tissue 
ablation in the anterior region of the embryo (Fig. 2a) led to reduced 
mesodermal stiffness compared to the non-ablated side, as recorded 
by iAFM (Fig. 2b), and inhibited neural crest migration (Fig. 2c, d; 
ablation controls in Extended Data Fig. 4a, b).

Next, we carried out molecular manipulation of mesoderm stiff-
ness by targeted injections of inhibitors of myosin activity, which 
decreased tissue stiffness (Fig. 2e, f and Extended Data Fig. 4c, d). The 
injection of either a translation-blocking morpholino against myosin 

light chain 9 (myl9-MO) or a constitutively active form of myosin 
phosphatase (Mypt1(T696A), referred here as CA-MYPT) markedly 
decreased mesoderm stiffness and blocked neural crest migration, as 
shown by in situ hybridization of the migratory neural crest marker 
snail2 (also known as snai2) (Fig. 2f–i). Similar inhibition of neural  
crest migration was observed in embryos in which wild-type neural  
crests were grafted into embryos injected with myl9-MO or 
CA-MYPT (Extended Data Fig. 5a–d; fibronectin deposition control 
in Extended Data Fig. 6a–g), ruling out an effect of the manipulation 
of myosin on the migratory capacities of the neural crest cells. These 
data show that a critical stiffness in the mesoderm is required to pro-
mote neural crest migration in vivo.
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Figure 1 | Changes in environmental stiffness are required for neural 
crest CCM. a, Schematic cross-sections of neural crest development 
(AP, anteroposterior; ML, mediolateral; DV dorsoventral; NC, neural 
crest; HM, head mesoderm; E, eye). Cephalic neural crest originates from 
ectoderm at the border of the neural plate and undergoes EMT before 
migrating by using head mesoderm as substrate. b–e, Heterochronic 
grafts. b, Labelled pre-migratory neural crest (cyan) grafted into non-
migratory hosts, a representative example of ‘not-migrating’ neural crest 
at 10 h post-graft is shown. WT, wild-type. c, Non-migratory neural 
crest (cyan) grafted into pre-migratory hosts, a representative example 
of ‘migrating’ neural crest at 10 h post-graft is shown. Scale bars, 150 µm 
(b, c). d, Onset of neural crest migration; x-axis labels indicate migratory 
status of donor→host. e, Percentage of migrating neural crests at 10 h 
post-graft. Histograms show mean, error bars represent s.d. (d) or s.e.m. 
(e); one-way analysis of variance (ANOVA), P < 0.0001; two-tailed t-test, 

***P < 0.0002, ****P < 0.0001, CI = 95%, n = 43 embryos in b–e).  
f, i, Time colour-coded trajectories and quantification of speed of neural 
crest migration towards Sdf-1. f, Non-migratory versus pre-migratory 
neural crest. i, Pre-migratory neural crest plated on soft or stiff substrates. 
Box plots in f and i show the median, box edges represent the 25th and 
75th percentiles, and whiskers show spread of data (two-tailed t-test, 
****P < 0.0001; n = 78 cells (f); n = 79 cells (i)). g–h, In vivo atomic 
force microscopy (iAFM) measurements. g, iAFM measurement direct 
on mesoderm. i, Spread of data for each stage, green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 259 (stage 13), n = 236 (stage 17) 
and n = 461 (stage 20) AFM indentations; n = number of embryos; 
δ = mean indentation depth). Scale bars, 100 µm (f, i). b, c, f and i show 
representative examples from three independent experiments; CI = 95%.
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• Chemotaxis towards SDF1 does 
not operate on a soft matrix in 
vitro.

• Matrix stiffness potentiates 
chemotaxis in vitro

E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)

Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration: stiffness
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
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show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
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mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
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experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
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show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
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mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
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(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
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mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
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(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
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show representative examples from three independent experiments.  
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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We next investigated whether reaching this threshold stiffness in 
non-migratory embryos was sufficient to trigger premature neural 
crest migration. Injection of a constitutively active form of myosin 
light chain (DD-MLC, referred here as CA-MLC) into the mesoderm 
led to an early increase in tissue stiffness equivalent to that reached in 
pre-migratory embryos, and promoted premature neural crest migra-
tion (Fig. 2j–l; Extended Data Fig. 5e–g). To increase tissue stiffness 
without genetic or pharmacological manipulations, we applied locally 
a sustained compressive force on the embryos using iAFM (Fig. 2m; 
compression controls in Extended Data Fig. 4e–i), leading to strain 
stiffening12,18,19 and premature neural crest migration (Fig. 2n–p). 
These results demonstrate that mesodermal stiffening is necessary and 
sufficient to trigger neural crest CCM in vivo.

To investigate how neural crest cells sense this increase in meso-
dermal stiffness, we perturbed signalling by inhibiting the integrin–
vinculin–talin complex, which mediates mechanosensing in other 
systems20. We inhibited the integrin pathway in the neural crest by 
using a morpholino against itgb1 (itgb1-MO) and dominant-negative 
forms of vinculin and talin. Inhibition of any of these mechanosensors 
led to a strong impairment of the onset of neural crest migration in vivo 
(Extended Data Fig. 7a–c), without significantly affecting attachment 
in vitro. These results show that the neural crest requires integrin– 
vinculin–talin for its migration, suggesting that this pathway is involved 
in mechanosensing by neural crest cells.

Our next goal was to examine the mechanisms underlying mesoder-
mal stiffening in vivo. Modifications in ECM (for example, an increase 
in collagen fibres) have been proposed to affect tissue stiffness21,22; 

however, collagen is not expressed in the tissue during neural crest 
migration23. Together with our data that rules out fibronectin as a 
source of stiffening (Extended Data Fig. 2a–f), this suggests that 
changes in ECM are unlikely to be the cause of mesoderm stiffening 
in this system.

Although it has been proposed that myosin contractility increases 
tension locally, and thus stiffness of the dorsal mesoderm13, our control 
experiments (Extended Data Figs 8a–e; 9a–h) suggest that actomyosin 
contractility is not essential for controlling head mesodermal stiffness 
during the stages at which the neural crest migrates. However, when 
we inhibited myosin in non-migratory embryos, mesoderm stiffness 
was reduced and neural crest migration was impaired (Fig. 2f–i and 
Extended Data Fig. 9a–c). This temporal difference in action is likely 
to be because myosin activity is required for the migration of meso-
derm cells between non- and pre-migratory stages13,24, which in turn 
indirectly affects subsequent mesoderm stiffness.

Another factor that controls tissue stiffness is cell density12,25,26. 
During development, mesoderm cells accumulate and intercalate in 
dorsal regions via convergent extension24. To test whether mesoder-
mal cells accumulate underneath the neural crest, we measured meso-
dermal cell densities from non-migratory to pre-migratory stages. 
Cell densities increased towards the onset of neural crest migration  
(Fig. 3a–c), and furthermore, cell density directly correlated with  
mesoderm stiffening in all the treatments that affected migration 
(R = 0.86, n = 16 embryos) (Fig. 3d). These observations confirm that 
once cells have accumulated by convergent extension, the main con-
tributor to mesoderm stiffness is cell density.
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Figure 2 | Mesodermal stiffening is essential for neural crest CCM 
in vivo. a–d, Ablation experiments. a, Schematic showing ablation at 
non-migratory stages, and neural crest migration at stage 23 (migratory). 
b, iAFM measurements. n = 78 (control) and n = 86 (ablated) AFM 
indentations. c, Lateral views of embryos hybridized with a probe 
against snail2 to analyse neural crest migration. d, Normalized neural 
crest migration (n = 10 embryos). e–l, Mesoderm-targeted injections. 
e, Embryos were injected into two dorso-vegetal blastomeres (prospective 
mesoderm). f, j, iAFM measurements. In f, n = 294 (control), n = 224 
(myl9-MO), n = 223 (CA-MYPT); in j, n = 120 (control), n = 301  
(CA-MLC). g, h, k, snail2-hybridized embryos. i, l, Normalized neural crest 
migration. n = 25 embryos (i); n = 12 embryos (l). m–p, Compression 
experiments. m, Schematic of AFM compression. n, Apparent elasticity 
plotted as a function of indentation depth (n = 8 embryos), green lines 

show median and whiskers represent the spread of data (excluding 
outliers). o, snail2-hybridized embryos. p, Normalized neural crest 
migration (n = 13 embryos). Overlap drawings in c, g, h, k and o are 
shown to facilitate comparison of neural crest migration, control 
neural crest (cyan) and treated neural crest (magenta). b, f, j, Direct 
iAFM measurements on mesoderm; green lines show median, red 
whiskers represent interquartile range; two-tailed Mann–Whitney 
U test, ****P < 0.0001, CI = 95%, n = number of embryos, δ = mean 
maximum indentation depth. Histograms in d, i, l and p show mean, 
error bars represent s.d.; one-way ANOVA, P < 0.0001; two-tailed t-test, 
*P = 0.014, ***P < 0.001, ****P < 0.0001, CI = 95%). c, g, h, k and o 
show representative examples from three independent experiments.  
Scale bars, 200 µm.
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• Increase of tissue stiffness in vivo:

Atomic Force Microscopy (AFM) increases 
tissue stiffness and promotes cell motility

E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)

Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration: stiffness
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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• Convergence-Extension (C/E) 
movement in the mesoderm 
increase cell density and 
tissue stiffness
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

• Inhibition of C/E movements 
(DshDEP+) softens the 
mesoderm and reduces NC 
migration
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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Figure 3 | PCP-dependent convergent extension is the driving force 
for mesodermal stiffening. a–d, Cell density analysis. a, Cross-sections 
of embryos at the indicated stages showing embryo morphology and 
nuclei pseudo-stained for neural crest (cyan) and mesoderm (magenta). 
b, Magnification of the areas outlined in a, used to quantify cell density. 
c, Nucleus density under the neural crest (n = 27 sections). d, Apparent 
elasticity of the head mesoderm as a function of cell density (Pearson 
test, R = 0.8627, n = 16 embryos). e–k, Effect of DshDEP+. e, Lateral 
views and overlaps of control (cyan) or DshDEP+ (magenta) snail2-
hybridized embryos. f, Normalized neural crest migration (n = 14 
embryos). g, Percentage of embryos displaying neural crest migration. 

h, Direct iAFM measurement on mesoderm. Green lines show median, 
red whiskers represent interquartile range (two-tailed Mann–Whitney 
U-test, ****P < 0.0001, CI = 95%; n = 120 (control), n = 148 embryos 
(DshDEP+), δ = mean maximum indentation depth). i, Overlay showing 
embryo morphology and nuclei. j, Magnification of areas outlined in i, 
used to quantify cell density. k, Nucleus density under the neural crest, 
(n = 11 embryos). Histograms in c, f, g and k show mean; error bars,  
s.d. (c, f, k) or s.e.m. (g). One-way ANOVA, P < 0.0001; two-tailed t-test, 
****P < 0.0001, CI = 95%. Scale bars: 100 µm (a, i), 50 µm (b, j) 200 µm (e). 
a, b, e, i  and j show representative examples from three independent 
experiments.
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Figure 4 | PCP loss-of-function is mechanically 
rescued by extrinsically inducing mesodermal 
stiffening. a–d, Mechanical rescue of DshDEP+-
induced defects. a, Graphical description of 
compression experiments. b, Lateral view of 
snail2-hybridized embryos. Scale bar, 200 µm. c, 
Induced apparent elasticity plotted as a function 
of indentation depth. n = 8 embryos; green lines 
represent median and whiskers show the spread 
of data (excluding outliers). d, Normalized 
neural crest migration. n = 19 embryos. b shows 
representative examples from three independent 
experiments. Histograms in d show mean and 
error bars show s.d. In c and d, one-way ANOVA, 
P < 0.0003; two-tailed t–test, *P < 0.045, 
***P < 0.0002, ****P < 0.0001, CI = 95%. 
e, Schematic representing how mechanical 
interaction between mesoderm and neural crest 
coordinates morphogenesis. As convergent 
extension progresses, the mesoderm stiffens, and 
in turn, neural crest EMT is triggered and CCM 
proceeds.
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• Tissue compression with 
AFM rescues NC 
migration in embryos 
where C/E is blocked

E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)

Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration: stiffness
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Case Study 1: Neural crest cell migration

— Tissue stiffening promotes migration of neural crest cells

Q; permissive or instructive (ie. stiffness gradient and durotaxis?)
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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reproducibility are provided in the source data and Methods.
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 

30
0 
μm

300 μm

30
0 
μm

da

b

c
Stage 21

Stage 22

NC

PL

Sdf1 Fn

21

22

23

24

e

Fibronectin
NC  PL

g h
Control Graft

i kFn + NCadFn

Phalloidin

j

m n

Control MO-NCad MO-NCad
+ push

l

f

D
is

ta
nc

e 
(μ

m
)

D
is

ta
nc

e 
(μ

m
)

D
is

ta
nc

e 
(μ

m
)

D
is

ta
nc

e 
(μ

m
)

D
is

ta
nc

e 
(μ

m
)

D
is

ta
nc

e 
(μ

m
)

21 22 23 24

0

 150

300

450

Stage

Con
tro

l

Abl-P
L

M
O-E

ya
1

0

250

300 μm

A
pp

. e
la

st
ic

ity
 (P

a)
A

pp
. e

la
st

ic
ity

 (P
a)

A
pp

. e
la

st
ic

ity
 (P

a)

A
pp

. e
la

st
ic

ity
 (P

a)

A
pp

. e
la

st
ic

ity
 (P

a)

A
pp

. e
la

st
ic

ity
 (P

a)

A
pp

. e
la

st
ic

ity
 (P

a)

250

200

150

100

200

300

100

200

300

100

200

300

150

650

150

350

App. elasticity (Pa)
250150 200

Con
tro

l

Gra
ft

250

0

Con
tro

l

Abl-N
C

M
O-Tw

0

250

M
O-N

Cad
 +

 p
us

h

M
O-N

Cad
 +

 p
us

h

0

250

Con
tro

l

M
O-N

Cad
Con

tro
l

M
O-N

Cad

0

250

Fn
0

100

P
ha

llo
id

in
 (a

.u
.) ****

Fn

Fn
 +

 N
Cad

Fn
 +

 N
Cad

0

400

800 ****

N
or

m
al

iz
ed

 m
ig

ra
tio

n 1.5

1.0

0.5

0

**

****
NS

Fig. 1 | A dynamic self-generated stiffness gradient in vivo. a, Neural crest 
(NC, pink) engaged in a chase-and-run12 interaction with placodes (PL, blue). 
The neural crest moves by chemotaxis towards Sdf1-secreting placodes (Sdf1, 
green). The two cell types interact causing the placodes to ‘run away’. The grey 
arrows indicate the movement of the neural crest and/or placodes. The 
developmental stage is indicated at the bottom left. b, A cryosection showing 
in situ hybridization analysis of Twist (neural crest, magenta), and 
immunostaining of Sox3 (placodes, cyan) and fibronectin (yellow). Scale bar, 
50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
21; y axis), as indicated by the square brackets in a. Note that the position of the 
stiffness gradient moves spatially as the placodes move in front of the neural 
crest. f, Stiffness measurements in the placodes after loss of neural crest by 
ablation (Abl-NC) or injection of Twist morpholino (MO-Tw). g, h, Schematics 
showing the neural crest graft and the region in which stiffness was measured 
(black boxes; g); stiffness values are shown (h). i–k, Placodes were cultured on 
fibronectin (Fn) alone or with N-cadherin (NCad). Stiffness (i), phalloidin ( j) 
and phalloidin quantification (k) are shown. For j, scale bar, 50 µm. l–n. 
Embryos were injected with an N-cadherin morpholino (MO-NCad) and pushed 
(l, grey rod) in a ventral region ahead of the neural crest. In situ hybridization 
analysis of Slug (l), and quantification of stiffness (m) and migration (n). For l, 
scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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arrows indicate the movement of the neural crest and/or placodes. The 
developmental stage is indicated at the bottom left. b, A cryosection showing 
in situ hybridization analysis of Twist (neural crest, magenta), and 
immunostaining of Sox3 (placodes, cyan) and fibronectin (yellow). Scale bar, 
50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
21; y axis), as indicated by the square brackets in a. Note that the position of the 
stiffness gradient moves spatially as the placodes move in front of the neural 
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and phalloidin quantification (k) are shown. For j, scale bar, 50 µm. l–n. 
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scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.

2.0

1.4

0.8S
pe

ed
 (μ

m
m

in
–1

) NS

0

1

Ta
ct

ic
 in

de
x ****

Con
tro

l

Abl-E
ct

Con
tro

l

Abl-E
ct

Con
tro

l

Abl-E
ct

1.0

0.5

0N
or

m
al

iz
ed

 m
ig

ra
tio

n ****

0 100 200 300
0

100

200

300

400

Distance (μm) 

A
pp

. e
la

st
ic

ity
 (P

a)

****

********

NS NS

Control
Abl-Ect

NS

ba

8 h

8 h

0 h

0 h

E
E

E E

e

0
8

h

g

  A
bl

-E
ct

E

E

c

Time (h)

e f

d

8

Control Abl-Ect

NC     PL
Ectoderm
Ablation

Abl-Ect
side

Control
side

C
on

tr
ol

Fig. 2 | Neural crest durotaxis in vivo. a, Schematic of the dorsal view of a 
Xenopus embryo. The red line indicates the area of ectodermal relaxation by 
ablation (Abl-Ect), which is away from the neural crest and placodes. b–d, 
Stiffness measurements (b), in situ hybridization analysis of the neural crest 
marker Twist (c) and analysis of neural crest migration (d). E, eye. For c, scale 
bar, 200 µm. e–h, Graft of fluorescently labelled neural crest into control 
(cyan) or ablated (magenta) embryos (e), time-coded projected cell tracks (f), 
the tactic index (g) and quantification of speed (h). Scale bars, 150 µm (e) and 
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• AFM is used to measure tissue 
stiffness in vivo

• A gradient of stiffness appears 

• The gradient moves ventrally as 
cells migrate

• The placode and NC are 
required for stiffness gradient 
formation.

Case Study 1: Neural crest cell migration
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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Fig. 1 | A dynamic self-generated stiffness gradient in vivo. a, Neural crest 
(NC, pink) engaged in a chase-and-run12 interaction with placodes (PL, blue). 
The neural crest moves by chemotaxis towards Sdf1-secreting placodes (Sdf1, 
green). The two cell types interact causing the placodes to ‘run away’. The grey 
arrows indicate the movement of the neural crest and/or placodes. The 
developmental stage is indicated at the bottom left. b, A cryosection showing 
in situ hybridization analysis of Twist (neural crest, magenta), and 
immunostaining of Sox3 (placodes, cyan) and fibronectin (yellow). Scale bar, 
50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
21; y axis), as indicated by the square brackets in a. Note that the position of the 
stiffness gradient moves spatially as the placodes move in front of the neural 
crest. f, Stiffness measurements in the placodes after loss of neural crest by 
ablation (Abl-NC) or injection of Twist morpholino (MO-Tw). g, h, Schematics 
showing the neural crest graft and the region in which stiffness was measured 
(black boxes; g); stiffness values are shown (h). i–k, Placodes were cultured on 
fibronectin (Fn) alone or with N-cadherin (NCad). Stiffness (i), phalloidin ( j) 
and phalloidin quantification (k) are shown. For j, scale bar, 50 µm. l–n. 
Embryos were injected with an N-cadherin morpholino (MO-NCad) and pushed 
(l, grey rod) in a ventral region ahead of the neural crest. In situ hybridization 
analysis of Slug (l), and quantification of stiffness (m) and migration (n). For l, 
scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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marker Twist (c) and analysis of neural crest migration (d). E, eye. For c, scale 
bar, 200 µm. e–h, Graft of fluorescently labelled neural crest into control 
(cyan) or ablated (magenta) embryos (e), time-coded projected cell tracks (f), 
the tactic index (g) and quantification of speed (h). Scale bars, 150 µm (e) and 
50 µm (f). For b, d, g, h, data are mean ± s.d. Statistical analysis was performed 
using Tukey’s test (a), two-tailed Mann-Whitney U-tests (d and h) and an 
unpaired two-tailed t-test (g); NS, P > 0.05; ****P ≤ 0.0001. n = 20 (b) and n = 15 
(d) embryos, and n = 24 (g and h) cells. Details of the statistical analysis and 
reproducibility are provided in the source data and Methods.

Nature | Vol 600 | 23/30 December 2021 | 691

crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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Fig. 1 | A dynamic self-generated stiffness gradient in vivo. a, Neural crest 
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arrows indicate the movement of the neural crest and/or placodes. The 
developmental stage is indicated at the bottom left. b, A cryosection showing 
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50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
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(black boxes; g); stiffness values are shown (h). i–k, Placodes were cultured on 
fibronectin (Fn) alone or with N-cadherin (NCad). Stiffness (i), phalloidin ( j) 
and phalloidin quantification (k) are shown. For j, scale bar, 50 µm. l–n. 
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
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measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
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scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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green). The two cell types interact causing the placodes to ‘run away’. The grey 
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50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
21; y axis), as indicated by the square brackets in a. Note that the position of the 
stiffness gradient moves spatially as the placodes move in front of the neural 
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scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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the tactic index (g) and quantification of speed (h). Scale bars, 150 µm (e) and 
50 µm (f). For b, d, g, h, data are mean ± s.d. Statistical analysis was performed 
using Tukey’s test (a), two-tailed Mann-Whitney U-tests (d and h) and an 
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reproducibility are provided in the source data and Methods.

• An ectopic graft of NC induces 
a new gradient of stiffness
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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Fig. 1 | A dynamic self-generated stiffness gradient in vivo. a, Neural crest 
(NC, pink) engaged in a chase-and-run12 interaction with placodes (PL, blue). 
The neural crest moves by chemotaxis towards Sdf1-secreting placodes (Sdf1, 
green). The two cell types interact causing the placodes to ‘run away’. The grey 
arrows indicate the movement of the neural crest and/or placodes. The 
developmental stage is indicated at the bottom left. b, A cryosection showing 
in situ hybridization analysis of Twist (neural crest, magenta), and 
immunostaining of Sox3 (placodes, cyan) and fibronectin (yellow). Scale bar, 
50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
neural crest (pink) migration. The black box indicates the placode region in 
which the apparent elasticity was measured. App. elasticity, apparent 
elasticity. d, Stiffness measurements after the loss of placodes by ablation 
(Abl-PL) or morpholino injection against Eya1 (MO-Eya1). e, Stiffness 
measurements of the placodes over time (x axis, stages are indicated at the top) 
and space (distance = 0 µm represents the position of the neural crest at stage 
21; y axis), as indicated by the square brackets in a. Note that the position of the 
stiffness gradient moves spatially as the placodes move in front of the neural 
crest. f, Stiffness measurements in the placodes after loss of neural crest by 
ablation (Abl-NC) or injection of Twist morpholino (MO-Tw). g, h, Schematics 
showing the neural crest graft and the region in which stiffness was measured 
(black boxes; g); stiffness values are shown (h). i–k, Placodes were cultured on 
fibronectin (Fn) alone or with N-cadherin (NCad). Stiffness (i), phalloidin ( j) 
and phalloidin quantification (k) are shown. For j, scale bar, 50 µm. l–n. 
Embryos were injected with an N-cadherin morpholino (MO-NCad) and pushed 
(l, grey rod) in a ventral region ahead of the neural crest. In situ hybridization 
analysis of Slug (l), and quantification of stiffness (m) and migration (n). For l, 
scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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• Relaxation of tissue stress by 
ablation of the ectoderm 
leads to disappearance of the 
stiffness gradient

Case Study 1: Neural crest cell migration

• A NC graft is no longer able 
to migrate ventrally when the 
ectoderm is ablated, 
suggesting that the stiffness 
gradient is required for NC 
migration
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crest migrates forward, meaning that the neural crest chases a retreat-
ing region of high stiffness (Fig. 1e and Extended Data Fig. 2l, m). The 
mesoderm underlying the neural crest during these stages exhibits 
uniform stiffness along the migratory axis and is comparatively soft11 
(Extended Data Fig. 2n), suggesting that lower forces are applied by 
the neural crest on the mesoderm than on the placodes17, which further 
supports the idea that the placode represents the major substrate for 
the neural crest during migration. Together, these data suggest that 
a stiffness gradient emerges across the placodal tissue as the neural 
crest migrates.

A self-generated stiffness gradient
The fact that the gradient emerges at the onset of—and persists dur-
ing—neural crest migration suggests that the migratory neural crest 
cells are themselves generating the stiffness gradient. To investigate 
this hypothesis, we measured the stiffness of embryos in which the 
neural crest had been ablated or in which neural crest formation 
was specifically impaired through injection of a Twist morpholino 
(Extended Data Fig. 3a). Both treatments led to the loss of the neural 
crest (Extended Data Fig. 3b) and the stiffness gradient was not formed 
(Fig. 1f). To test the ability of the neural crest to self-generate the pla-
codal stiffness gradient, we grafted neural crest at the opposite side 
of the placodes in the ventral region of the embryo, where no stiffness 
gradient is present (Fig. 1g and Extended Data Fig. 3c). Such grafts 
resulted in the induction of an ectopic stiffness gradient of reversed 
orientation (Fig. 1h).

We next investigated the molecular basis of the formation 
of a self-generated gradient. We have previously shown that 
N-cadherin-based interactions between neural crest cells and placode 
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50 µm. c, Schematics of embryos before (stage 21) or at the start (stage 22) of 
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scale bar, 200 µm. The diagrams in c and g are adapted from ref. 28. Copyright © 
1994. Reproduced with permission from Taylor and Francis. Details of the 
statistical analysis and reproducibility are provided in the Methods and source 
data.
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using Tukey’s test (a), two-tailed Mann-Whitney U-tests (d and h) and an 
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cells are important for the chase-and-run behaviour12 (Extended Data 
Fig. 3d), and emerge at the onset of neural crest migration, coincident 
with the formation of the stiffness gradient, suggesting that this inter-
action might facilitate local placodal softening as a means of gradient 
generation. To test the hypothesis that softening of placodes depends 
on N-cadherin engagement, we explanted placodes onto substrates 
of either fibronectin alone or fibronectin and N-cadherin together 
(Extended Data Fig. 3e). N-cadherin was sufficient to reduce placodal 
stiffness (Fig. 1i) and disrupt the actin cytoskeleton (Fig. 1j, k). To fur-
ther investigate the role of N-cadherin in vivo, we injected embryos 
with an N-cadherin morpholino. As expected, inhibition of N-cadherin 
resulted in the loss of the stiffness gradient and the consequent fail-
ure in neural crest migration (Fig. 1l–n and Extended Data Fig. 3f). We 
have previously shown that local indentation increases the stiffness of 
tissues11. We found that this technique also produces an exogeneous 
stiffness gradient (Extended Data Fig. 3g, h) and was able to rescue 
neural crest migration after knockdown of N-cadherin (Fig. 1l–n and 
Extended Data Fig. 3f). Together, these results show that the neural 
crest self-generates a stiffness gradient by directly interacting with 
placode cells through N-cadherin, and that this gradient is required 
for neural crest durotaxis in vivo.

Neural crest durotaxis in vivo
To further confirm that neural crest undergoes durotaxis in vivo, we 
abrogated the stiffness gradient by mechanical ablation of ectoder-
mal tissue away from the neural crest (Fig. 2a). Such ablation was able 
to completely abrogate the stiffness gradient (Fig. 2b), resulting in 
impaired neural crest migration (Fig. 2c, d) whereby the cells underwent 
random movement, rather than directional migration, indicating that 
the stiffness gradient impacts directionality rather than motility in 
general (Fig. 2e–h, Extended Data Fig. 4a, b and Supplementary Videos 1 
and 2). These observations demonstrate that durotaxis is necessary for 
neural crest migration in vivo.

Rac and actomyosin polarity in durotaxis
To understand the mechanism by which neural crest cells sense and 
respond to the stiffness gradient, we used an in vitro system in which 
external cues such as chemical and mechanical gradients can be more 
easily controlled. Neural crest cells cultured on polyacrylamide gel 
substrates exhibiting stiffness gradients underwent highly efficient 
long-range collective durotaxis (Extended Data Fig. 4c–n and Sup-
plementary Video 3).

We have previously shown that chemotaxis is powered by polarized 
actomyosin contraction18 and actomyosin contraction is known to be 
an important component of the mechanical response to stiffness gradi-
ents8. Live imaging of the neural crest revealed that, in agreement with 
previous findings18, clusters exhibit a contractile actomyosin cable at 
its edge in vivo and ex vivo on stiffness gradients (Fig. 3a and Extended 
Data Fig. 5a–d). Although the dynamics of actomyosin contraction were 
unaffected by external gradients (Extended Data Fig. 5e, f), contrac-
tility was polarized in clusters on chemical or mechanical gradients 
(Fig. 3b), with this polarity predicting cluster movement (Extended 
Data Fig. 5g, h), suggesting that rear contraction might be necessary 
for directed migration. To test the requirement of myosin contractility 
for collective cell durotaxis, we incubated explants with the myosin 
II inhibitor blebbistatin, which resulted in a failure of the explants to 
undergo directional migration on stiffness gradients (Extended Data 
Fig. 5i, j). Similarly, laser ablation of the actomyosin cable at the rear 
of neural crest clusters inhibited durotaxis (Fig. 3c–e and Extended 
Data Fig. 5k–m).

To understand the mechanism by which actomyosin contraction 
is polarized in neural crest that is exposed to a stiffness gradient, we 
investigated the localization of active Rac, which is known to be mutu-
ally antagonistic with a stimulator of actomyosin contraction—RhoA18,19. 
Rac1–GTP was polarized in explants on stiffness gradients, with more 
active Rac at the front compared with at the rear (Fig. 3f, g). Rac–GTP 
was polarized in both the front and rear cells at the single-cell level 
(Extended Data Fig. 6a, b), consistent with previous observations 
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provided in the source data and Methods.
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cells are important for the chase-and-run behaviour12 (Extended Data 
Fig. 3d), and emerge at the onset of neural crest migration, coincident 
with the formation of the stiffness gradient, suggesting that this inter-
action might facilitate local placodal softening as a means of gradient 
generation. To test the hypothesis that softening of placodes depends 
on N-cadherin engagement, we explanted placodes onto substrates 
of either fibronectin alone or fibronectin and N-cadherin together 
(Extended Data Fig. 3e). N-cadherin was sufficient to reduce placodal 
stiffness (Fig. 1i) and disrupt the actin cytoskeleton (Fig. 1j, k). To fur-
ther investigate the role of N-cadherin in vivo, we injected embryos 
with an N-cadherin morpholino. As expected, inhibition of N-cadherin 
resulted in the loss of the stiffness gradient and the consequent fail-
ure in neural crest migration (Fig. 1l–n and Extended Data Fig. 3f). We 
have previously shown that local indentation increases the stiffness of 
tissues11. We found that this technique also produces an exogeneous 
stiffness gradient (Extended Data Fig. 3g, h) and was able to rescue 
neural crest migration after knockdown of N-cadherin (Fig. 1l–n and 
Extended Data Fig. 3f). Together, these results show that the neural 
crest self-generates a stiffness gradient by directly interacting with 
placode cells through N-cadherin, and that this gradient is required 
for neural crest durotaxis in vivo.

Neural crest durotaxis in vivo
To further confirm that neural crest undergoes durotaxis in vivo, we 
abrogated the stiffness gradient by mechanical ablation of ectoder-
mal tissue away from the neural crest (Fig. 2a). Such ablation was able 
to completely abrogate the stiffness gradient (Fig. 2b), resulting in 
impaired neural crest migration (Fig. 2c, d) whereby the cells underwent 
random movement, rather than directional migration, indicating that 
the stiffness gradient impacts directionality rather than motility in 
general (Fig. 2e–h, Extended Data Fig. 4a, b and Supplementary Videos 1 
and 2). These observations demonstrate that durotaxis is necessary for 
neural crest migration in vivo.

Rac and actomyosin polarity in durotaxis
To understand the mechanism by which neural crest cells sense and 
respond to the stiffness gradient, we used an in vitro system in which 
external cues such as chemical and mechanical gradients can be more 
easily controlled. Neural crest cells cultured on polyacrylamide gel 
substrates exhibiting stiffness gradients underwent highly efficient 
long-range collective durotaxis (Extended Data Fig. 4c–n and Sup-
plementary Video 3).

We have previously shown that chemotaxis is powered by polarized 
actomyosin contraction18 and actomyosin contraction is known to be 
an important component of the mechanical response to stiffness gradi-
ents8. Live imaging of the neural crest revealed that, in agreement with 
previous findings18, clusters exhibit a contractile actomyosin cable at 
its edge in vivo and ex vivo on stiffness gradients (Fig. 3a and Extended 
Data Fig. 5a–d). Although the dynamics of actomyosin contraction were 
unaffected by external gradients (Extended Data Fig. 5e, f), contrac-
tility was polarized in clusters on chemical or mechanical gradients 
(Fig. 3b), with this polarity predicting cluster movement (Extended 
Data Fig. 5g, h), suggesting that rear contraction might be necessary 
for directed migration. To test the requirement of myosin contractility 
for collective cell durotaxis, we incubated explants with the myosin 
II inhibitor blebbistatin, which resulted in a failure of the explants to 
undergo directional migration on stiffness gradients (Extended Data 
Fig. 5i, j). Similarly, laser ablation of the actomyosin cable at the rear 
of neural crest clusters inhibited durotaxis (Fig. 3c–e and Extended 
Data Fig. 5k–m).

To understand the mechanism by which actomyosin contraction 
is polarized in neural crest that is exposed to a stiffness gradient, we 
investigated the localization of active Rac, which is known to be mutu-
ally antagonistic with a stimulator of actomyosin contraction—RhoA18,19. 
Rac1–GTP was polarized in explants on stiffness gradients, with more 
active Rac at the front compared with at the rear (Fig. 3f, g). Rac–GTP 
was polarized in both the front and rear cells at the single-cell level 
(Extended Data Fig. 6a, b), consistent with previous observations 
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and 100 µm (bottom). f, g, Immunostaining analysis of Rac–GTP and DAPI in 
explants on a polyacrylamide gel substrate with a uniform stiffness (f, top) or a 
stiffness gradient (f, bottom), and quantification of Rac–GTP polarity (g).  
For f, scale bars, 50 µm. For e and g, data are mean ± s.d. For g, statistical analysis 
was performed using two-tailed Mann–Whitney U-tests; ****P ≤ 0.0001. n = 500 
(b, control) and n = 600 (b, durotaxis, chemotaxis) contractions, and n = 6 (e) and 
n = 20 (g) explants. Details of the statistical analysis and reproducibility are 
provided in the source data and Methods.
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• NC clusters exhibit global 
polarity (Myosin2 at the rear 
and Rac1GTP at the front) 
along a chemical of stiffness 
gradient 

Case Study 1: Neural crest cell migration

—Collective durotaxis along a self-generated stiffness gradient in vivo

Contractility at the back:
Myosin 2 polarity

Actin nucleation at the front:
Rac1GTP polarity
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cells are important for the chase-and-run behaviour12 (Extended Data 
Fig. 3d), and emerge at the onset of neural crest migration, coincident 
with the formation of the stiffness gradient, suggesting that this inter-
action might facilitate local placodal softening as a means of gradient 
generation. To test the hypothesis that softening of placodes depends 
on N-cadherin engagement, we explanted placodes onto substrates 
of either fibronectin alone or fibronectin and N-cadherin together 
(Extended Data Fig. 3e). N-cadherin was sufficient to reduce placodal 
stiffness (Fig. 1i) and disrupt the actin cytoskeleton (Fig. 1j, k). To fur-
ther investigate the role of N-cadherin in vivo, we injected embryos 
with an N-cadherin morpholino. As expected, inhibition of N-cadherin 
resulted in the loss of the stiffness gradient and the consequent fail-
ure in neural crest migration (Fig. 1l–n and Extended Data Fig. 3f). We 
have previously shown that local indentation increases the stiffness of 
tissues11. We found that this technique also produces an exogeneous 
stiffness gradient (Extended Data Fig. 3g, h) and was able to rescue 
neural crest migration after knockdown of N-cadherin (Fig. 1l–n and 
Extended Data Fig. 3f). Together, these results show that the neural 
crest self-generates a stiffness gradient by directly interacting with 
placode cells through N-cadherin, and that this gradient is required 
for neural crest durotaxis in vivo.

Neural crest durotaxis in vivo
To further confirm that neural crest undergoes durotaxis in vivo, we 
abrogated the stiffness gradient by mechanical ablation of ectoder-
mal tissue away from the neural crest (Fig. 2a). Such ablation was able 
to completely abrogate the stiffness gradient (Fig. 2b), resulting in 
impaired neural crest migration (Fig. 2c, d) whereby the cells underwent 
random movement, rather than directional migration, indicating that 
the stiffness gradient impacts directionality rather than motility in 
general (Fig. 2e–h, Extended Data Fig. 4a, b and Supplementary Videos 1 
and 2). These observations demonstrate that durotaxis is necessary for 
neural crest migration in vivo.

Rac and actomyosin polarity in durotaxis
To understand the mechanism by which neural crest cells sense and 
respond to the stiffness gradient, we used an in vitro system in which 
external cues such as chemical and mechanical gradients can be more 
easily controlled. Neural crest cells cultured on polyacrylamide gel 
substrates exhibiting stiffness gradients underwent highly efficient 
long-range collective durotaxis (Extended Data Fig. 4c–n and Sup-
plementary Video 3).

We have previously shown that chemotaxis is powered by polarized 
actomyosin contraction18 and actomyosin contraction is known to be 
an important component of the mechanical response to stiffness gradi-
ents8. Live imaging of the neural crest revealed that, in agreement with 
previous findings18, clusters exhibit a contractile actomyosin cable at 
its edge in vivo and ex vivo on stiffness gradients (Fig. 3a and Extended 
Data Fig. 5a–d). Although the dynamics of actomyosin contraction were 
unaffected by external gradients (Extended Data Fig. 5e, f), contrac-
tility was polarized in clusters on chemical or mechanical gradients 
(Fig. 3b), with this polarity predicting cluster movement (Extended 
Data Fig. 5g, h), suggesting that rear contraction might be necessary 
for directed migration. To test the requirement of myosin contractility 
for collective cell durotaxis, we incubated explants with the myosin 
II inhibitor blebbistatin, which resulted in a failure of the explants to 
undergo directional migration on stiffness gradients (Extended Data 
Fig. 5i, j). Similarly, laser ablation of the actomyosin cable at the rear 
of neural crest clusters inhibited durotaxis (Fig. 3c–e and Extended 
Data Fig. 5k–m).

To understand the mechanism by which actomyosin contraction 
is polarized in neural crest that is exposed to a stiffness gradient, we 
investigated the localization of active Rac, which is known to be mutu-
ally antagonistic with a stimulator of actomyosin contraction—RhoA18,19. 
Rac1–GTP was polarized in explants on stiffness gradients, with more 
active Rac at the front compared with at the rear (Fig. 3f, g). Rac–GTP 
was polarized in both the front and rear cells at the single-cell level 
(Extended Data Fig. 6a, b), consistent with previous observations 
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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right). Right, illustrative diagram. Scale bar, 200 µm. d, Quantification of 
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and correlation of migration with this polarity strength (h). Note that 

‘both’ refers to chemotaxis and durotaxis together. i, Model of the neural crest 
self-generated stiffness gradient and durotaxis. The neural crest is shown in 
red, and placodes are shown in yellow (no stiffness gradient) or a purple (stiff) 
to yellow (soft) gradient (stiffness gradient). Data are mean ± s.d. (b and d–g) or 
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clusters. Details of the statistical analysis and reproducibility are provided in 
the source data and Methods.
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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right). Right, illustrative diagram. Scale bar, 200 µm. d, Quantification of 
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and correlation of migration with this polarity strength (h). Note that 

‘both’ refers to chemotaxis and durotaxis together. i, Model of the neural crest 
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and n = 46 (e and f, control;), n = 52 (e and f, durotaxis), n = 50 (e and f, 
chemotaxis), n = 56 (e and f, both), n = 44 (e and f, in vivo), n = 22 (g, control), 
n = 33 (g, durotaxis), n = 20 (g, chemotaxis), n = 14 (g, both) and n = 96 (h) 
clusters. Details of the statistical analysis and reproducibility are provided in 
the source data and Methods.
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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Fig. 4 | Durotaxis and chemotaxis cooperatively coordinate neural crest 
migration. a, b, Embryos were stained by in situ hybridization for the 
neural crest marker Slug, after injection with a morpholino against Sdf1 
(MO-Sdf1), insertion of an Sdf1-coated bead and ablation to abrogate the 
stiffness gradient (Abl-Ect) (a), and migration was quantified (b). For a, scale 
bar, 200 µm. c, Embryos were stained for Slug (left) after embryos were 
inserted with a Sdf1-coated bead and locally pushed (middle left); the 
pseudocoluored overlap between the two sides of the embryo is shown (middle 
right). Right, illustrative diagram. Scale bar, 200 µm. d, Quantification of 
ectopic migration in c. e, f, Tactic index (e) and speed (f). g, h, Quantification of 
the rear/front polarity of actomyosin contractions along the gradient axis (g) 
and correlation of migration with this polarity strength (h). Note that 

‘both’ refers to chemotaxis and durotaxis together. i, Model of the neural crest 
self-generated stiffness gradient and durotaxis. The neural crest is shown in 
red, and placodes are shown in yellow (no stiffness gradient) or a purple (stiff) 
to yellow (soft) gradient (stiffness gradient). Data are mean ± s.d. (b and d–g) or 
a non-linear fit of correlation (h; R2 = 0.8704). Statistical analysis was 
performed using Dunn’s tests (b and e–g) and Tukey’s test (d); NS, P > 0.05; 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. n = 12 (b) and n = 9 (d) embryos, 
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clusters. Details of the statistical analysis and reproducibility are provided in 
the source data and Methods.
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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Fig. 4 | Durotaxis and chemotaxis cooperatively coordinate neural crest 
migration. a, b, Embryos were stained by in situ hybridization for the 
neural crest marker Slug, after injection with a morpholino against Sdf1 
(MO-Sdf1), insertion of an Sdf1-coated bead and ablation to abrogate the 
stiffness gradient (Abl-Ect) (a), and migration was quantified (b). For a, scale 
bar, 200 µm. c, Embryos were stained for Slug (left) after embryos were 
inserted with a Sdf1-coated bead and locally pushed (middle left); the 
pseudocoluored overlap between the two sides of the embryo is shown (middle 
right). Right, illustrative diagram. Scale bar, 200 µm. d, Quantification of 
ectopic migration in c. e, f, Tactic index (e) and speed (f). g, h, Quantification of 
the rear/front polarity of actomyosin contractions along the gradient axis (g) 
and correlation of migration with this polarity strength (h). Note that 

‘both’ refers to chemotaxis and durotaxis together. i, Model of the neural crest 
self-generated stiffness gradient and durotaxis. The neural crest is shown in 
red, and placodes are shown in yellow (no stiffness gradient) or a purple (stiff) 
to yellow (soft) gradient (stiffness gradient). Data are mean ± s.d. (b and d–g) or 
a non-linear fit of correlation (h; R2 = 0.8704). Statistical analysis was 
performed using Dunn’s tests (b and e–g) and Tukey’s test (d); NS, P > 0.05; 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. n = 12 (b) and n = 9 (d) embryos, 
and n = 46 (e and f, control;), n = 52 (e and f, durotaxis), n = 50 (e and f, 
chemotaxis), n = 56 (e and f, both), n = 44 (e and f, in vivo), n = 22 (g, control), 
n = 33 (g, durotaxis), n = 20 (g, chemotaxis), n = 14 (g, both) and n = 96 (h) 
clusters. Details of the statistical analysis and reproducibility are provided in 
the source data and Methods.
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showing that Rac–GTP is polarized towards the cluster edge inde-
pendent of external cues20. The sensing modules that are probably 
responsible for this are integrins that are present in cell–matrix adhe-
sions, and are mechanosensitive and activate Rac1 (ref. 16). Indeed, by 
immunostaining for vinculin, we observed a polarized distribution of 
cell–matrix adhesions in durotactic clusters (Extended Data Fig. 6c, 
d). Furthermore, knockdown of integrin β1 caused a loss of Rac1 activ-
ity (Extended Data Fig. 6e, f), supporting the notion that stiffer sub-
strates lead to higher levels of Rac1 in an integrin-dependent manner—a 
mechanism that is probably a general feature of neural crest migration. 
Together, these data suggest that neural crest collectives respond to a 
stiffness gradient by generating a supracellular polarity of cell–matrix 
adhesions, Rac and actomyosin contractility to undergo durotaxis, 
similar to the chemotaxis mechanism18.

Durotaxis–chemotaxis synergy
The fact that the neural crest undergoes chemotaxis and durotaxis 
suggests that there may be interplay between chemical and mechani-
cal gradients to control cell migration in vivo. Morpholino-mediated 
knockdown of Sdf1 inhibited neural crest migration20, which was res-
cued by placement of an Sdf1-coated bead along the normal route of 

the neural crest (Fig. 4a, b and Extended Data Fig. 7a). This rescue was 
disrupted by inhibition of the stiffness gradient, demonstrating that 
chemotaxis is durotaxis dependent in vivo (Fig. 4a, b and Extended Data 
Fig. 7a, b). We next tested the sufficiency of chemotactic and durotac-
tic cues to direct collective cell migration in vivo. We have previously 
shown that Sdf1 beads can induce the neural crest to move outside its 
normal routes when a stiffness gradient pre-exists20. To test whether 
the neural crest could be forced to move to a truly ectopic location, we 
placed an Sdf1-coated bead into a region opposite the normal migra-
tory route, or locally indented the region, to induce ectopic chemot-
actic or durotactic gradients, respectively, which were steeper than 
the endogenous gradients. Either gradient alone was insufficient to 
produce ectopic migration, but combining exogeneous chemotactic 
and durotactic gradients together was sufficient to induce ectopic 
neural crest migration in the opposite direction to the normal migra-
tory route (Fig. 4c, d and Extended Data Fig. 7e–l). These data dem-
onstrate that durotaxis cooperates with chemotaxis in vivo to direct 
neural crest migration.

To analyse the interaction between durotaxis and chemotaxis in detail, 
we analysed neural crest behaviour in a controlled ex vivo system. We 
fabricated polyacrylamide gel substrates exhibiting either uniform stiff-
ness or a stiffness gradient with similar stiffness values to those measured 
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Fig. 4 | Durotaxis and chemotaxis cooperatively coordinate neural crest 
migration. a, b, Embryos were stained by in situ hybridization for the 
neural crest marker Slug, after injection with a morpholino against Sdf1 
(MO-Sdf1), insertion of an Sdf1-coated bead and ablation to abrogate the 
stiffness gradient (Abl-Ect) (a), and migration was quantified (b). For a, scale 
bar, 200 µm. c, Embryos were stained for Slug (left) after embryos were 
inserted with a Sdf1-coated bead and locally pushed (middle left); the 
pseudocoluored overlap between the two sides of the embryo is shown (middle 
right). Right, illustrative diagram. Scale bar, 200 µm. d, Quantification of 
ectopic migration in c. e, f, Tactic index (e) and speed (f). g, h, Quantification of 
the rear/front polarity of actomyosin contractions along the gradient axis (g) 
and correlation of migration with this polarity strength (h). Note that 

‘both’ refers to chemotaxis and durotaxis together. i, Model of the neural crest 
self-generated stiffness gradient and durotaxis. The neural crest is shown in 
red, and placodes are shown in yellow (no stiffness gradient) or a purple (stiff) 
to yellow (soft) gradient (stiffness gradient). Data are mean ± s.d. (b and d–g) or 
a non-linear fit of correlation (h; R2 = 0.8704). Statistical analysis was 
performed using Dunn’s tests (b and e–g) and Tukey’s test (d); NS, P > 0.05; 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. n = 12 (b) and n = 9 (d) embryos, 
and n = 46 (e and f, control;), n = 52 (e and f, durotaxis), n = 50 (e and f, 
chemotaxis), n = 56 (e and f, both), n = 44 (e and f, in vivo), n = 22 (g, control), 
n = 33 (g, durotaxis), n = 20 (g, chemotaxis), n = 14 (g, both) and n = 96 (h) 
clusters. Details of the statistical analysis and reproducibility are provided in 
the source data and Methods.
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Case Study 1: Neural crest cell migration
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Summary

Case Study 1: Neural crest cell migration (Xenopus)
• Collective migration with leaders:

~
• Guidance and Symmetry breaking requires a combination of 

chemical and mechanical interactions/cues

• Durotaxis (stiffness gradient sensing) operates in vitro 
and in vivo in cell populations


