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Collective cell guidance by cooperative
intercellular forces
Dhananjay T. Tambe1†, C. Corey Hardin2†, Thomas E. Angelini3, Kavitha Rajendran1,
Chan Young Park1, Xavier Serra-Picamal4, Enhua H. Zhou1, Muhammad H. Zaman5,
James P. Butler1, David A. Weitz3, Jeffrey J. Fredberg1* and Xavier Trepat4*

Cells comprising a tissue migrate as part of a collective. How collective processes are coordinated over large multi-cellular
assemblies has remained unclear, however, because mechanical stresses exerted at cell–cell junctions have not been accessible
experimentally. We report here maps of these stresses within and between cells comprising a monolayer. Within the cell
sheet there arise unanticipated fluctuations of mechanical stress that are severe, emerge spontaneously, and ripple across
the monolayer. Within that stress landscape, local cellular migrations follow local orientations of maximal principal stress.
Migrations of both endothelial and epithelial monolayers conform to this behaviour, as do breast cancer cell lines before but not
after the epithelial–mesenchymal transition. Collective migration in these diverse systems is seen to be governed by a simple
but unifying physiological principle: neighbouring cells join forces to transmit appreciable normal stress across the cell–cell
junction, but migrate along orientations of minimal intercellular shear stress.

A variety of fundamental processes in development, health,
and disease depend on the coordinated motion of cell
groups1–10. To describe coordinated cellular motions in

these processes, high-throughput genomic approaches have iden-
tified molecular players and mapped their interaction into compre-
hensive signalling networks11,12. But even with detailed signalling
and structural information in hand, the role of intercellular adhe-
sion in collective migration is disputed13,14, and our understanding
of collective cellular migration lacks predictive power and remains
largely descriptive. Central to these limitations is the absence of a
physical picture that links cell motion tomechanical stresses exerted
within the cell body and at cell–cell boundaries, for these stresses
have never before been measured. Here we report high-resolution
maps of these stress components everywhere within an advancing
monolayer sheet, which serves as a simple experimental model
system. These stress maps reveal that the local cellular trajectory
follows local stress fields that are severely heterogeneous and
dramatically cooperative over distances spanning many cell bod-
ies. Together, these findings reveal an unanticipated but unifying
physiological principle, namely, that each cell tends to migrate
and remodel so as to maintain minimal local intercellular shear
stress. Detailed knowledge of the biology of the cell–cell junction,
the cryptic lamellipodium (Supplementary Information S7), or
any specific molecular event could never predict such a unifying
principle because it is an emergent property of a multicellular col-
lective system. By analogy to the well-known guidance mechanisms
of chemotaxis, durotaxis and haptotaxis, we call this distinct but
innately collective mechanism plithotaxis, from the Greek ‘plithos’
denoting crowd, swarm or throng.

To measure the local state of stress within a monolayer (Fig. 1),
we developed monolayer stress microscopy, MSM (Supplementary
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Information S1). On an inverted optical microscope, we record
cell-generated displacements of fluorescentmarkers embedded near
the surface of a collagen-coated polyacrylamide gel substrate on
which the cells are adherent. We use a novel approach for stage
drift compensation (Supplementary Information S1), and then
use resulting dedrifted gel deformations to compute a map of
the traction forces, T , exerted by the monolayer on the gel15.
Finally, from these traction forces measured directly at the interface
between the cell and its substrate (Supplementary Fig. S3), a
straightforward and rigorous two-dimensional balance of forces as
demanded by Newton’s laws is then used to obtain the distribution
of the mechanical line forces everywhere within the cell sheet
(Fig. 1a); for convenience, these measured line forces (in units of
force per unit length) are converted to stresses (force per unit
area) using the average monolayer height, h (Fig. 1; Supplementary
Fig. S4). Gradients of these line forces and stresses within the
cell sheet are attributable to the pile-up of traction forces applied
on the underside of the cells. At each point within the sheet
the local coordinate system (Fig. 1c) can be rotated in the cell
plane to find those special orientations along which the local
normal stress is maximal and minimal, respectively, thus defining
the two principal stress components (σmax and σmin) and the
two corresponding, mutually perpendicular, principal orientations
(Fig. 1d; Supplementary Information S1). As such, the associated
MSM result displays at high resolution, and maps separately, each
individual component of the in-plane stress tensor.

We consider first the average local normal stress, simply
defined as σ̄ = (σmax + σmin)/2, and its spatial heterogeneity. A
traditional image of an advancing monolayer of rat pulmonary
microvascular endothelial (RPME) cells is unremarkable (Fig. 2a).
The underlying distribution of local normal stress, by contrast, is
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Figure 1 |Monolayer stress microscopy. a, Simplified representation of the physical relationship between cell–substrate tractions, T, which have been
reported previously15, and intercellular stresses, σ , which are reported for the first time here. Intercellular stresses arise from the accumulation of
unbalanced cell–substrate tractions. At any point within the monolayer (b), the intercellular stresses, defined in laboratory frame (x,y), (c), have shear (σxy ,
and σyx) and normal (σxx, and σyy) components. This frame can be rotated locally to obtain the principal frame (x′,y′), (d), where shear stresses vanish and
the resulting normal stresses are called principal stresses (σmax and σmin). The corresponding axes are called maximum, aligned with x′, and minimum,
aligned with y′, principal orientations.

severely heterogeneous; normal stresses aremostly positive (tensile)
with values exceeding 300 Pa in regions spanning tens of cells.
These regions of predominantly tensile stresses alternate with
regions of weakly negative (compressive) stresses (Fig. 2c). These
fluctuations occur steadily over distances spanning multiple cell
widths and define a stress landscape that is rugged (Fig. 2c,i),
by which we mean that the spatial fluctuations over these
relatively short distances are comparable in magnitude to the
spatial mean values. We consider next the distribution of the
intercellular shear stress (Supplementary Fig. S1), which is not
to be confused with any additional shear stress that might be
imposed by flow over the monolayer surface16, which in this case
is everywhere zero. As in the case of the normal stress, the shear
stress at a point within a material varies with orientation and
attains its maximal value, µ = (σmax − σmin)/2, at 45◦ from the
principal orientations (Fig. 1d). The local maximal shear stress was
systematically smaller than the local normal stress, but was also
characterized by a rugged landscape (Fig. 2e). As the monolayer
advances, these respective stress landscapes evolve continuously
in time (Supplementary Movie SM1). Finally, the dependence of
local stresses on orientation signifies stress anisotropy. To visualize
this anisotropy, we plotted ellipses for which the major axis
corresponds to the local σmax and the minor axis corresponds
to the local σmin, each aligned with the corresponding principal
orientations. Where σmax = σmin the stress field is isotropic, the
ellipse becomes a circle,µ is zero, and there exists no preferred stress
orientation. But where σmax� σmin the local stress field is highly
anisotropic, the ellipse becomes spindle-like, µ is nonzero, and
there exists a strongly preferred and well-defined stress orientation.
From region-to-region, we found that ellipse size, ellipse shape,
and ellipse orientation varied extensively, but with strong local
correlations (Fig. 2g).

As cells extend cryptic lamellipodia17 (Supplementary Fig. S7)
and advance within the monolayer, stresses at every point and at
every instant of time must be in mechanical balance. Nonetheless,
no mechanistic framework or physical picture yet exists that
might link these stresses to cellular orientation, remodelling, or
migration. Here we ask, to what extent are these intercellular
stresses meaningful biologically and useful predictively? The answer

to this question is suggested by two pieces of experimental
evidence. First, because phase-contrast images and stress maps
are mutually independent measurements, the coincidence between
the orientation of the cell body versus the orientation of the
maximal principal stress is striking (Fig. 2g and Supplementary
Fig. S5). Further, because the maximal principal orientation
corresponds to the local axis of highest normal stresses and zero
shear stress, this result suggests that the cell–cell junction, as
well as the cell body, supports high normal stresses, which are
overwhelmingly tensile, but only minimal shear stresses. One
would predict, therefore, that major organized actin structures
that span the cell, as would be imaged at low resolution, might
align with maximal principal orientations, and for the spindle-
like RPME cells this is in fact seen to be the case (Fig. 2g
and Supplementary Fig. S6). Second, cells not only align with
the maximal principal orientation, but also migrate along that
orientation (Fig. 2g, red arrows; Supplementary Movie SM2).
Appreciable portions of the stress field are approximately isotropic,
however, and therefore the local orientation of cell motion would
not be expected to correlate with a stress field possessing no
preferred orientation.

As such, these observations lead naturally to the following
prediction: regions of higher stress anisotropy will exhibit stronger
alignment between the direction of local maximal principal stress
and that of local cellular migration velocity. To test this prediction,
we reasoned as follows. As the maximum local shear stress
is given by µ = (σmax − σmin)/2, we took µ as a direct and
quantitative index of stress anisotropy. We then rank-ordered this
stress anisotropy by quintiles. For each point within the cellular
monolayer falling within any given quintile, we measured the
alignment angle φ between the orientation of the local maximal
principal stress and the orientation of the local cellular migration
velocity vector (Fig. 2j, inset). The greater was the local shear
stress, the narrower was the distribution of φ (Fig. 2j–l). We
then constructed the cumulative probability distribution function,
P̄(φ), reasoning that if there were perfect alignment between the
orientation of local cellular migration velocity and that of local
maximal principal stress, then all angles φ would be 0◦ and the
cumulative probability distribution would be a step function from
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Figure 2 | Intercellular stress maps and mechanical guidance of collectively migrating monolayers. Transmitted light image of the RPME cell monolayer
(a) and the MDCK cell monolayer (b). Corresponding to these images are the maps of average normal stress (c,d), maximum shear stress (e,f) and
principal stress ellipses (blue) and cell velocity vectors (red) (g,h). Note that for the MDCK cell monolayer, the average tensile stress (d) increased
systematically with increasing distance from the advancing front, thus contributing to the state of global tug-of-war15. The map of average normal stress
for the RPME cell monolayer is predominately tensile, but forms a rugged stress landscape (i). The alignment angle, φ, between the major axis of the
principal stress ellipse and the direction of the cellular motion (j, inset) shows that the greater the local maximum shear stress the narrower is the
distribution of φ (j–l). The cumulative probability distribution P̄(φ) varied strongly and systematically with stress anisotropy (m); curves, from blue to red,
are in the order of higher quintiles. The cumulative probability distribution for the MDCK cell monolayer is also shown (n). Vertical size of the images of cell
monolayers: RPME-545 µm, MDCK-410 µm. Each curve in m and n, and distributions in j, k and l have more than 8,000 observations.

probability 0 to probability 1 occurring at 0◦ (Fig. 2m). If there
were no alignment, however, then all angles between 0◦ and 90◦
would be equally likely, and the cumulative probability function
would be a straight line from probability 0 at 0◦ to probability
1 at 90◦. In the regions with lowest stress anisotropy (blue), the
angular distribution was broad but not uniform. In regions with
highest stress anisotropy (red), the angular distribution was quite
narrow; the orientation of cellular velocity and the orientation of
maximal principal stress were coupled strongly, but were unrelated
to the magnitude of local average stress (Supplementary Fig. S8).
The stronger was the stress anisotropy the greater was the overall
degree of alignment.

To assess the generality of this finding, we then examined
monolayers comprising Madin–Darby canine kidney (MDCK)
cells (Fig. 2b), which are of particular interest because they are
epithelial, not endothelial, and because they are rounded in
the plane, not spindle-shaped as are RPME cells. Despite these
differences in cell type and cell morphology, the stresses were
dramatically heterogeneous (Fig. 2d,f) and the local orientation of
cellular migration was also found to follow the local orientation
of maximal principal stress (Fig. 2h,n). Remarkably, local cell
motions tended to follow local principal stress orientations even

when local cell geometry displayed no preferred orientation. To
assess further the generality of this finding, we next examined the
behaviour of monolayers of well-established breast-cancer model
systems: MCF10A cells (control or vector) (Fig. 3a), MCF10A
cells overexpressing ErbB2/HER-2/neu (Fig. 3b), and MCF10A
cells overexpressing 14-3-3ζ (Fig. 3c). We chose these cell lines
because each exhibits pronounced morphological differences as
well as diverse levels of transforming potential, expression of
cell–cell junction proteins, and cell proliferation18,19. Much as in
the case of endothelial cells and control epithelial cells, ErbB2
cells moved in alignment with the direction of maximum principal
stress (Fig. 3m). By contrast, 14-3-3ζ cells, which have decreased
expression of cell–cell junctional markers18,19, were seen to move
nearly independently of the orientation of the maximum principal
stress (Fig. 3m). To assess further the importance of cell–cell
adhesion, we weakened the cell–cell contacts of MCF10A vector
cells by calcium chelation (Fig. 4g,i). As expected, the alignment
between the orientations of local stress and the orientations of
local cellular motions was lessened (Fig. 4s, magenta), but was
restored on returning to the normal growth medium (Fig. 4i,s,
blue). However, this reversibility was blocked in the presence of
E-cadherin antibodies (Fig. 4r,s, red). Together, these observations
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Figure 3 | Stress maps and migration in monolayers of breast-cancer model systems. Phase contrast image of nontransformed human mammary
epithelial cell line, MCF10A, control or vector (a), cells overexpressing ErbB2 (b), and 14-3-3ζ (c). Maps of cell–substrate tractions, Tx, (d–f), normal stress
(g–i), and maximum shear stress (j–l) corresponding to each of these three mammary epithelial cell lines. m, Cumulative probability distribution of φ for
the regions corresponding to the highest quintile of the shear stress for five different cell sheets. n, Distributions corresponding to the curves in m. Vertical
size of the images of monolayers: 410 µm. Each curve in m has more than 8,000 observations.

establish that transmission of mechanical stresses from cell-to-cell
across many cells is necessary for plithotaxis, that is, for each
individual cell to follow the local orientation of the maximal
principal stress.

For collective migration to be coordinated across many cells,
intercellular stresses might be expected to be cooperative over
comparable distances; cooperativity of cell motions has been
recently established20,21, but cooperativity of cellular stresses has
not. To quantify the spatial extent of any such stress cooperativity,
we first examined the spatial autocorrelation function of the
average normal stress:

C(R)=
1

Nvar(σ̄ )2

N∑
i,j=1

∑
|ri−rj |=R

δσ̄i ·δσ̄j

where δσ̄i is the local departure of the average normal stress at
position ri from its spatial mean 〈σ̄i〉, var(σ̄ ) is the variance of
those departures, and the notation |ri−rj | = R means equality
within a uniform bin width of 5 µm. Confining the attention to
regions many cell lengths from the leading edge of an MDCK
monolayer (Fig. 5a), fluctuations in normal stress (Fig. 5c) were
found to be correlated over a length scale of approximately 10–15
cell diameters (Fig. 5e, blue). Cooperativity of normal stresses over
10–15 cell diameters might be attributable to alignment of principal
stresses end-to-end, as in a tug-of war, or side-by-side, as police

who lock arms during crowd control. To assess whether normal
stresses are aligned according to either of these configurations, we
decomposed the maximum principal stress into end-to-end and
side-by-side contributions,

Cend(R)=
1

N‖F‖2

N∑
i,j=1

∑
|ri−rj |=R

Fi ·Fj cos2θij

Cside(R)=
1

N‖F‖2

N∑
i,j=1

∑
|ri−rj |=R

Fi ·Fj sin2θij

where ‖···‖ denotes L2 norm, Fi is the local maximal principal
stress considered as a vector quantity (such that the angle between
the maximal and minimal principal stress orientations is taken
modulo π) and θij is the angle between adjacent vector pairs. The
two components were found to contribute almost equally to force
cooperativity, thus indicating the coexistence of both end-to-end
and side-by-side force correlations (Fig. 5f). Simply put, to move
cooperatively, neighbouring cells join forces.

Cooperative motions emerge naturally in inert particulate
systems that exhibit close-packing, structural disorder, and glassy
dynamics, such as colloidal glasses22. A central feature that
identifies these systems as being glassy is the slowing of internal
structural rearrangement as system density is increased; with
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Figure 4 | Local cell guidance requires force transmission from cell-to-cell. Time-controls of intercellular stress maps of MCF10A-vector cell monolayers
(a–f). The stress patterns do not change appreciably over a period of 80 min. After 10 min in the presence of the calcium chelator ethylene glycol
tetraacetic acid (EGTA) (4mM), however, cells lose contacts with their neighbours (g,i and m,o). These changes lead to attenuation of intercellular average
normal stress (h,j and n,p). After returning to the normal growth medium for 80 min, the stresses and cell–cell contacts are largely restored (k,l), but if the
growth medium is supplemented with E-cadherin antibody (7 µg ml−1) recovery of the stresses and cell–cell contacts is blocked (q,r). EGTA treatment
widens the distribution of angle (φ) between the local cellular velocity and the local maximum principal orientation corresponding to highest of the
maximum shear stress quintiles (s,t). The distribution of φ is narrowed if calcium is restored (s,t, blue), but widened further if the restoration medium is
supplemented with E-cadherin antibody (s and t, red). Together, these data show that local cell guidance along the orientation of maximal principal stress
(plithotaxis) requires force transmission across cell–cell junctions. These preferred orientations correspond to those engendering minimal intercellular
shear stresses. Increased intensity at cell boundaries in phase contrast images (i,o, and q) reveals disruption of cell–cell junctions. Vertical size of the
images of monolayers: 410 µm. Each data set in s and t has more than 1,500 observations.

increasing system density, each particle becomes increasingly
trapped by its neighbours so that, to rearrange at all, many
neighbouring particles must rearrange cooperatively23. As such, the
size of cooperative clusters increases as system density increases.
Moreover, as the size of the cluster grows the number of
possible structural rearrangements decreases and, as such, the
time needed for cooperative rearrangements increases precipitously
until, eventually, the system becomes virtually frozen, or stuck23.
Cooperative cellular motions within the monolayer sheet exhibit
these very signatures of glassy dynamics24,25, but to what extent
might cellular stresses depict a complementary physical picture?
To answer this question we analysed the motion of the MDCK
monolayers as cellular density increased with the passage of
time15,20. Consistent with an expectation of glassy dynamics, the
spatial decay in C(r) was smaller when the density was greater
(Fig. 5e, red curve with corresponding monolayer and force
map Fig. 5b,d), indicating that force cooperativity extended to
greater distances. As a direct measure of slowing of structural
rearrangements we turned to metrics commonly used in soft

condensedmatter systems.We consider the average number of cells
which change position between two points in time, which defines
an overlap function qs:

qs=
1
N

N∑
1

w(|ri(t )−ri(t = 0)|)

where the weight function w is equal to one if the distance
between cell positions at sequential times is less than half a cell
diameter, and zero otherwise. The variance of qs is then a measure
of the rate of overall structural rearrangement26 and is related
to the so-called four-point susceptibility χ ss. The peak in χ ss

occurs at the overall structural relaxation time, and the height
of that peak is related to the size of rearranging regions27,28. If
the system is glassy, the peak in χ ss is expected to shift towards
longer times as system density is increased, and a clear shift of
the peak in the more dense system confirms this expectation
(Fig. 5g). The peak height also increases in the more dense system,
confirming the presence of growing velocity clusters. Moreover,
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these density-dependent shifts in the position and the peak height
of χ ss, which are indicative of slowing of structural rearrangements,
occur simultaneously with growth of force clusters, as indicated
by the slowing decay in the force autocorrelation function
with increasing density (Fig. 5e, red). Although a mechanistic
link between inter-particle forces and spatially heterogeneous
dynamics in glassy systems remains unclear29–31, the findings
of Fig. 5 are consistent with an approach to a glass transition
(Supplementary Information S9).

Recent advances have unravelled important features of stress
transmission across specific molecular constituents of the focal
adhesion and of the adherens junction, including vinculin, talin,
and α-catenin for example14,32–37, but the integrative context of
these molecular events within integrated stress-bearing structures
comprising highly redundant molecular pathways, or even across
multi-cellular assemblies at larger scales of organization, have
remained largely ambiguous. Logically, associated integrative
principles have remained unstudied. Because distinct stress tensor
components between contiguous cells in any complex living system
have never before been measured, monolayer stress microscopy
now sets the study of underlying molecular events within an
integrative mechanical context that is conceptually comprehensive
and experimentally rigorous. The finding that each cell comprising a
monolayer tends to migrate and remodel so as to maintain minimal
local intercellular shear stress complements other integrative
physiological principles (Supplementary Information S10).

A central question in morphogenesis and disease is how differ-
entiated structures emerge from homogeneous cell populations38.
Differentiation and pattern formation in multi-cellular systems is
currently explained by the existence of morphogen gradients and
by local variations in the composition, topology, and stiffness of
the extracellular matrix39. In addition, once transduced by the
sensory machinery of the individual cell40, the spontaneously emer-
gent rugged stress landscape reported here would be expected to
trigger non-uniform secretion of soluble or insoluble factors, thus
altering the local cellular microenviroment, causing cytoskeletal
reinforcement41 or cytoskeletal fluidization42,43, as well as activating
in a highly non-uniform fashion stress-dependent genetic programs
that give rise to differentiated tissues. These emergent stress het-
erogeneities are severe and persistent, but unanticipated. How they
might become harnessed and regulated during morphogenesis or
repair and, perhaps more importantly, how they might become
unharnessed or dysregulated during disease or injury, we identify
here as major open questions, but ones that are now accessible to
direct experimental attack.

Received 27 November 2010; accepted 12 April 2011;
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COLLECTIVE CELL GUIDANCE BY COOPERATIVE INTERCELLULAR FORCES. 
Supporting Online Material 
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Butler, DA Weitz, JJ Fredberg, X Trepat 

Supplement 1.  Monolayer Stress Microscopy. 
Within the monolayer, physical forces are transmitted between each cell and its substrate, which are called 
traction forces, and between each cell and its immediate neighbors, which are called the intercellular forces 
(Fig. S1).  The local intercellular force per unit area of contact defines the local intercellular stress, which 
comprises two mutually independent components: the normal stress (depicted as red arrows acting 
perpendicular to the local cell-cell junction) and the shear stress (depicted as a blue arrow acting parallel to 
the local cell-cell junction).  These stresses at the cell-cell junction necessarily extend into and become 
supported by mechanical stresses within the cell body. 
 
Figure S1 | Mechanical forces in sheet of 
migrating cells.   
 
We have previously introduced a method to 
measure the distribution of traction forces 
that an advancing cellular monolayer exerts 
on its substrate.1, 2  Here we build upon that 
approach in order to measure not just those 
traction forces, but from these data to 
measure the intercellular normal stresses and 
shear stresses that each cell exerts upon its 
immediate neighbors.   
 
General approach:  The intercellular stress 
is a local outcome of the overall balance of 
cell-substrate tractions across the entire 
monolayer as demanded by Newton’s laws.  
Traction forces exerted locally by each cell 
on the substrate are balanced at distances 
significantly larger than the size of the cell, 
however.2  Local variations in monolayer 
height can induce moments and out-of-plane stresses in principle, but the lateral extent of the monolayers in 
question here is at least three orders of magnitude greater than the  thickness, and that thickness is 
approximately uniform (Fig. S4).  Such a system therefore lends itself naturally to a formal two-dimensional 
balance of line tensions (force per unit length) in a system of zero thickness, and makes recovery of 
intercellular line tensions rigorous.   
 
Only as a matter of computational convenience, we calculate this two-dimensional force balance within the 
monolayer by representing the cellular monolayer instead as a thin elastic sheet.  This is permissible because, 
if the traction distribution is known, then the force balance itself does not depend upon cell material 
properties.   Line tensions (in units of force per unit length) and the more familiar units of stress (force per 
unit area) are related through a uniform monolayer height, h (Supplement 4), but the underlying force 
balance itself, being two-dimensional, does not depend upon the assumption of uniform cell height.  For 
simplicity, therefore, and without loss of generality, the remainder of the text deals solely in terms of familiar 
stress components.   
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As such, the internal stress tensor  is treated as plane stress in the  plane, where  and  run 
over the coordinates ; all stress components associated with the  direction vanish.  The measured local 
tractions  are the components of the shear stresses exerted by the cells on the substrate, and hence by 
Newton’s third law, the forces exerted by the substrate on the monolayer are simply the negative of these 
tractions.  Since at any instant there is no net force on the monolayer as a whole, these tractions must 
precisely balance the internal stresses generated within the monolayer.  This balance of forces is formally 
represented by the equations of mechanical equilibrium,  
                                                                                          (Eq. S1) 
where we use the Einstein convention of summation over repeated indices and  denotes .  From the 
form of Eq. S1, it is clear that the source term on the right hand side can be thought of equivalently as a body 
force, although one that is nonuniform and time-varying.  The internal stresses, , are those required to 
balance the measured traction forces irrespective of whether monolayer material is active or passive, elastic 
or visco-elastic, linear or nonlinear.  The key assumption is only that the monolayer is treated as a 
continuum.  
  
Boundary conditions and boundary artifacts:  Eq. S1 describes an elliptical boundary value problem.  
Boundary conditions on the free edge of the monolayer were taken to be homogeneous in stress, .  
Boundary conditions at the edges of the field of view (shown by red lines in Fig. S2 a) were taken as zero 
normal displacement, , where  denotes the components of the vector normal to the boundary.  
Imposition of this zero normal displacement condition is physically equivalent to continuing the monolayer 
outside the field of view as a mirror image, but this continuation introduces artifactual reaction forces along 
the boundary.  Depending upon their spatial distribution, the stresses due to these reaction forces decay as 

 or faster, but far from the edges the local stress field is dominated by the source term – the traction 
forces, .  As such, regions in which the boundary effects contribute appreciably to the result can be 
cropped out.  Here we report measurements in a region that is beyond 130 µm from the field of view edges, 
as this inner region is largely free of boundary artifacts.  To quantify associated errors we made scatter plots 
of average normal stresses within the inner as calculated from the maximum (actual) field of view edges 
against those calculated from successively smaller (cropped) fields of view.  Up to a cropping distance of 60 
µm from the maximum field of view, the average normal stresses within the inner region were strongly 
correlated ( > 0.98, 0 < intercept< -20Pa, and 1 < slope < 0.95), thus establishing insensitivity of stresses in 
the inner region to the placement of the boundary.  
 
Principal stresses and principal orientations:  Eigenvalue decomposition of the stress tensor defines the 
principal stresses ( and ) and the corresponding mutually perpendicular eigenvectors define the local 
orientation of these stresses.  By definition, each of these eigenvectors also defines the orientation of zero 
shear stress.  We also compute the scalar tension within the sheet which is local average normal stress, 
defined as . 
 
Implementation by finite element analysis (FEA):  Solving the equilibrium equations is equivalent to 
solving the boundary value problem of minimization of total potential energy per unit thickness of the 

monolayer defined by , where  is the planar strain tensor, and  is the 

bounded domain, subjected to the boundary conditions described above.  We minimize this functional with 
respect to displacements  such that conditions at the domain boundaries are satisfied, as described 
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below. From these displacements, which are automatically compatible, we compute both strains and stresses 
in the monolayer. 
 
As noted above, the specific material properties of the monolayer have no effect on the recovered 
distribution of intercellular forces.  Without loss of generality, therefore, the monolayer is treated as an 
isotropic homogeneous elastic sheet with Young’s modulus of 10kPa, Poisson’s ratio of 0.5, and height of 5 
µm.  This sheet is uniformly discretized into four-node square elements (Fig S2, b, c) such that the FEA grid 
matches the traction grid recovered from FTTM.  This grid is dense enough so that the internal stresses 
essentially independent of the size of elements. 
 

 
Figure S2 | Finite element representation of monolayer.  (a) Image of a RPME cell monolayer (890!890 µm2) 
bounded by a free edge on one side and edges defined by the field of view (red lines) on other three sides.  (b)  The 
monolayer is discretized uniformly with four node square elements.  (c) Magnified view of a local region in (b) (each 
square is 2.61!2.61 µm2). 
 
This FEA scheme then transforms the boundary value problem into a system of linear equations, which are 
solved for the local displacements using standard Cholesky factorization.  From these displacements we 
calculate stresses through the constitutive equation  where  is the Kronecker delta.  
Explicitly,  and  are normal stresses along the laboratory  and axes, and  is the 
shear stress, also in the laboratory frame. Diagonalizing  amounts to a rotation, equivalent to the 
eigenvalue decomposition noted above, from which the principal stresses are obtained, and in this rotated 
system the shear stresses are zero. The entire FEA scheme is implemented using an in-house FORTRAN90 
program. 
 
Effect of isotropy and homogeneity of the material properties:  Anisotropy and heterogeneity of material 
properties can influence the magnitude of stresses, but contribute only weakly to the recovery of orientation 
of planes with zero shear stress.  This weak dependence is confirmed through the observation on RPME cells 
that the maximal principal stress orientations which are local axis of highest tension aligns with the cell 
orientation (Fig. 2 g and Fig S5) which, for these spindle-like cells, is largely orientation of actin stress 
fibers. 
 
Measurement of gel deformation:  As described previously2, traction forces were determined from gel 
deformations.  Gel deformations were quantified from images of embedded fluorescent markers after 
correcting for microscope stage drift.  By contrast with our previous report 2, however, here we corrected for 
stage drift using an improved and simplified method.  We begin with a phase contrast image of cells and a 
fluorescent image of markers embedded near the surface of the gel, and then acquire subsequent image pairs 
at 5 minute intervals for a period of 3-4 hours.  To correct for stage drift, in these subsequent fluorescent 
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images we matched embedded markers in an unstrained region of the gel with the same markers from the 
first fluorescent image.  This drift correction was achieved with the help of an in-house image acquisition 
program developed using MATLAB.  This technique of recording gel deformation provides highly 
reproducible and precise measurements.  At the end of the experiment, cells were detached from the gel 
surface with isotonic 10X trypsin for 1 h followed by acquisition of drift corrected reference image of the 
fluorescent markers.  All experiments were conducted in culture environment (37oC, and 5% CO2) on an 
inverted optical microscope at magnification 7.5X for RPME cells and 10X for other cells.   
 
Measurement of cellular velocities:  The cellular velocity field within the monolayer is measured by particle 
imaging velocimetry (PIV).  Specifically, an image from sequence of phase contrast images recorded at an 
interval  is compared with the succeeding image.  And window pairs, one to each image, are examined for 
cross correlation as a function of shifting window position.  The shift of one window relative to the reference 
(window from image at earlier time) that maximizes the cross correlation function is taken as the 
displacement of the center of that window.  Together with , this determines the velocity of the central 
point of the reference window.  This procedure is then repeated across the entire field, and a velocity map is 
constructed at each grid point in the pixelated plane.  There is sufficient phase contrast between the cell 
interiors and the cell-cell boundary junctions such that this is a robust procedure within the sheet. 
 
Fourier-transform traction microscopy:  Algorithm used for traction mapping is same as reported by Trepat 
et al 2. 

 

Supplement 2.  Cell Culture. 
 
Cell culture:  All the cells were cultured on plastic flasks and incubated at 37ºC with 5% CO2. 
Cells Medium 

Madin-Darby canine kidney cells (MDCK) 
(strain II) 

Modified Eagle’s medium (MEM) with Earle’s salts 
supplemented with 5% fetal bovine serum (FBS), 2mM l-
glutamine, 100U/ml penicillin, and 100 g/ml streptomycin 

Rat pulmonary microvascular endothelial 
cells (RPMEC) 

Roswell Park Memorial Institute (RPMI-1640) 
supplemented with 10% FBS, 100 U/ml penicillin and, 100 
g/ml streptomycin, and Fungizone 3. 

MCF10A with overexpressing ErbB2 
MCF10A with overexpressing HA-tagged 
14-3-3" 
MCF10A control (vector) 

Dulbecco’s modified Eagle’s medium (DMEM)/F12 
supplemented with 5% donor horse serum, 20 ng/ml 
epidermal growth factor (EGF), 10 lg/ml insulin, 0.5 lg/ml 
hydrocortisone, 100 ng/ml cholera toxin, and antibiotics 4 

 
Cell seeding:  A 4µl drop of dense cell solution (8 million cells/ml) was gently suspended on the center of 
the gel containing 2ml media.  The cells were then kept at 37oC and 5% CO2 for 48 hours to form confluent 
circular monolayer that migrates radially outwards. 
 
Preparation of polyacrylamide gel substrates:  Polyacrylamide substrate preparation was similar to 
published protocol 2. 
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Supplement 3.  Tractions exerted by the cells on its substrate. 
 

 
 
Figure S3 | Traction forces exerted by the RPME monolayer upon its substrate.  Color-coded map of x-
component of the traction force (corresponding to the monolayer shown in Fig. 2 a).  Overlain upon this map 
are white arrows depicting complete traction vectors (both x and y components).  Fluctuations of these 
tractions forces vary over length scales small compared with fluctuations of intercellular stresses (compare 
Fig. 2 c) because traction forces correspond to the gradient of those intercellular stresses (Eq. S1).  
Equivalently, Eq. S1 requires the rugged landscape of intercellular stress (Fig. 2 i) to arise from the pile-up 
(accumulation) of these tractions forces.    
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Supplement 4. Monolayer height and its variations. 
MSM is based upon nothing more than a rigorous two-dimensional force balance enforced in the cell plane.  
Since monolayer breadth greatly exceeds its height, a resulting state of plane stress provides computational 
convenience to the stress recovery procedure.  Using confocal imaging of the monolayer we observe that, the 
first two cell rows excepted, monolayer height is roughly constant (Fig. S4).  The recovered stress maps 
engenders errors in proportional to the ratio between the real and the assumed local monolayer height.  As 
such, for regions greater than 20µm from the leading edge these errors would be smaller than 20%.  
Therefore, the profound ruggedness of the stress landscape and the associated long-range correlations of the 
maximum principal orientations cannot be attributed to these small variations in monolayer height.  
 

 
Figure S4 | Height of an MDCK monolayer expressing GFP-actin.  Cell height measured using confocal 
microscopy (60X).  The coefficient of variation is close to 20%.  The solid line is the mean height and the dotted lines 
are mean ± standard deviation. 

 

 

Supplement 5.  In the endothelial monolayer, the long axis of the cell tends to align with the orientation of 
local maximum principal stress. 

 
Figure S5 | Cells in RPME monolayers align with the local orientation of maximum principal stress.  (a) Image 
of the RPME cell monolayer from Fig. 2 a.  Shown here is an overlapped image of the orientation of long axis of the 
cells (black lines) and the orientation of maximum principal stresses (red lines).  The local cellular orientation is the 
orientation of major axis of an ellipse that has same second-moments of 20x20 µm2 region of the transmitted light 
image of the monolayer.  The map of cell orientation is generated using image processing toolbox of MATLAB.  (b) 
Distribution of angle, , between the cell orientation and maximum principal stress orientation.  The distribution is 
composed of more than 8000 observations.  Vertical size of (a) is 545 µm. 
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Supplement 6.  In the endothelial monolayer, the coarse actin structure tends to be aligned with the 
orientation of cell body. 
 

 
Figure S6 | In RPME cell monolayers, the oriention of the cell body and the orientation of coarse actin 
structures tend to be aligned.  (a) Image of a RPME cell monolayer at 4X magnification.  (b) Fluorescence image of 
actin structures (rhodamine phalloidin, Molecular Probes) 5.  (c) Distribution of angle, , between the cell orientation 
from (a) and actin fiber orientation from (b).  Local orientation of actin fibers is calculated using the same procedure 
used in calculating orientation of cells in (a) and in Fig. S5.  Vertical size of (a) is 1700 µm. 
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Supplement 7.  Cells deep within the monolayer have cryptic lamellipodia. 
 
Using a wound/scratch assay, Farooqui and Fenteany 6 reported that cells located many rows behind the 
leading edge protrude underneath their neighbors.  They called these protrusions “cryptic lamellidopia”.  To 
test whether submarginal cells within an expanding MDCK monolayer also extend cryptic lamellipodia we 
seeded an epithelial colony containing MDCK cells stably expressing either actin-GFP or !-actinin-RFP 
(Nelson Lab, Stanford).  Using confocal microscopy during expansion of the colony we observed abundant 
cryptic lamellipodia at least 20 rows behind the leading edge (Fig. S7).  Therefore wounding is not required 
for the existence of cryptic lamellipodia in submarginal cells.  

 

 
Figure S7 | Observation of lamellipodial protrusion by the submarginal cells within an expanding MDCK cell 
monolayer.  (a) z-projection of submarginal cells ("20 cells away from the leading edge) in an expanding colony of 
MDCK cells expressing either actin-GFP or !-actinin-RFP.  The bottom actin-GFP cell extends a cryptic 
lamellipodium under the neighboring !-actinin-RFP cell. The crytic lamellipodium is clearly visualized in panels (b), 
(c), and (d), which are xz sections (constant y) along the red, yellow, and blue dashed lines respectively.  (e) yz section 
along the vertical red dashed line (constant x) shows the actin-GFP cell protruding under the !-actinin-RFP cell. 
Magnification 100X, resolution 1024#1024, scale bar 10 µm. 
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Supplement 8.  Local average normal stress does not account for local cell guidance. 

 
Figure S8 | Cumulative probability distribution is independent of magnitude of local average normal stress.  
For RPME cell monolayers, cumulative probability distribution of the alignment angle, , is plotted as a function of 
quintiles of local average normal stress, curves from blue, to red are in the order of higher quintiles.  Unlike the 
magnitude of local stress anisotropy shown in Fig. 2 m, the magnitude of local average normal stress is unrelated to the 
shape of .  Each curve has more than 8,000 observations. 
 

Supplement 9.  Fluctuations, correlations, and the glass transition. 
When a force is applied to an elastic medium, its effects decay ideally as .  But this decay is not to be 
confused with force fluctuations and the decay in their correlation function.  To fix this latter idea, we 
consider the correlation decay in systems that might be considered as standards.  We consider two examples 
that are not only instructive but also may bear parallels to the physics at play in the cellular monolayer.    
 
We consider first the ideal and well-known case of the 2-D Ising model7 of spin glasses above the glass 
transition temperature, .  In such systems the local spin interacts only with that of nearest neighbors.  All 
interactions are strictly local.  Even though all interactions are local the spin-spin correlation decays in space 
exponentially. 7    As the temperature decreases to approach , moreover, successive local alignments of 
nearest neighbors causes long range order to emerge and the spin-spin correlation length to diverge.   
 
We consider next an experimental model system for jamming in soft granular matter, namely, the 2-D 
assembly of soft, photoelastic disks. 8  When subjected to isotropic compression, force correlation length is 
as little as one disk diameter and the correlation function has close to a single exponential decay.  But when 
subjected to mechanical shear, disk-disk contact forces line up into force chains, and as the jamming 
transition is approached the correlation length grows to span the full breadth of the system.   
 
With these models in mind we now return to force correlation data in the monolayer (Fig. 5), which show 
evidence not only of force chains but also increase in the correlation length as cellular density increases.  
Taken together with previous observations of dramatic slowing of the cellular dynamics with increasing 
cellular crowding9, 10, one is led to the hypothesis that these monolayers operate physiologically in the 
neighborhood of a glass transition.   
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Supplement 10.  Mechanically guided motion as an integrative physiological principle. 
Although we have learned a great deal from recent studies of the standard model of the solitary cell crawling 
in isolation 11-15, in that system the physical constraints imposed by neighboring cells are not present and the 
innately cooperative mechanism at issue here is silenced.  Consideration of the mechanical nature of the cell-
cell interaction has led us to the observation that the orientation of local migration velocity aligns strongly 
with orientation of the maximal principal stress. This finding implies that each cell within the migrating 
epithelial or endothelial monolayer remodels itself locally so as to minimize shear stresses between itself and 
its immediate neighbors.  This unanticipated finding complements other integrative physiological principles 
including Wolff’s law of bone remodeling 16, Murray’s law of vascular remodeling 17, 18, Kleiber’s law of 
metabolic scaling19-21, and McMahon’s law of elastic similarity.22, 23  In addition, this finding is closely 
related but complementary to Steinberg’s hypothesis of differential adhesion for cell sorting and 
segregation.24-42 
 
Movie SM1 | Maps of cell-substrate and cell-cell stresses.  Time lapsed sequence of physical forces in the 
rat pulmonary microvascular endothelial (RPME) cell monolayer.  As seen in the top left panel, the spindly 
cells move largely along long axis.  During this motion, the cells apply on their substrate tractions that have 
dramatic spatio-temporal fluctuations (top right panel).  The cells transfer the mechanically unbalanced part 
of the local traction to their neighbors, and on contrary to the tractions, the resulting average normal stresses 
have less frequent spatial fluctuations (bottom right panel).  The intercellular stresses are highly anisotropic 
as the local maximum shear stresses are comparable to the average normal stress (bottom left panel).  Cells 
in regions with higher stress anisotropy display stronger alignment between maximal principal stress and cell 
velocity.  The sequence is 90 minutes long and 725x545 µm2 in spatial extent. 
 
 
Movie SM2 | Collective migration occurs along local axis of highest normal stress.  Time lapsed 
sequence of rat pulmonary microvascular endothelial (RPME) cell monolayer overlapped with cell velocity 
vectors (red) and stress ellipses (blue).  Long axis of the stress ellipse defines the local axis of highest normal 
stress, and the cell motion is locally aligned with this axis. The sequence is 90 minutes long and 725x545 
µm2 in spatial extent. 
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