
Articles
https://doi.org/10.1038/s41563-019-0461-x

1London Centre for Nanotechnology, University College London, London, UK. 2Centre for Computation, Mathematics and Physics in the Life Sciences 
and Experimental Biology, University College London, London, UK. 3MRC Laboratory for Molecular Cell Biology, University College London, London, UK. 
4Institute for the Physics of Living Systems, University College London, London, UK. 5LIPhy, CNRS–UMR 5588, Université Grenoble Alpes, Grenoble, 
France. 6Department of Engineering, Cambridge University, Cambridge, UK. 7Department of Cell and Developmental Biology, University College London, 
London, UK. 8These authors contributed equally: Tom P. J. Wyatt, Jonathan Fouchard. *e-mail: b.baum@ucl.ac.uk; ajk61@cam.ac.uk; g.charras@ucl.ac.uk

Epithelial tissues are frequently subjected to in-plane compres-
sion during adult life and embryonic development, as the 
result of both intrinsic and extrinsic forces1–4. These forces are 

central to the function of many organs and are crucial for sculpt-
ing complex tissue shapes during developmental morphogenesis5–7. 
For example, in the airway, epithelia are subjected to periodic area 
changes during normal breathing and to longer term compression 
during diseased states such as asthmatic bronchial contraction8,9. 
During embryonic development, compression guides a number of 
morphogenetic events involving tissue bending and folding, such as 
the formation of the optic cup6, gut villi7 and cortical convolutions 
in the brain10.

Recent work has suggested that epithelia have evolved a variety 
of cellular-scale mechanisms to detect and respond to compression 
via mechanotransduction11. For example, compressive deformations 
can activate signalling pathways that regulate cell differentiation3,12. 
Moreover, cultured and primary epithelial monolayers can respond 
to increases in their density induced by compression by triggering 
the extrusion of live cells13,14.

In  vivo, epithelia are subjected to deformations lasting mil-
liseconds to hours15. Yet, cellular-scale adaptive processes typi-
cally necessitate a period of hours. Whether and how epithelia 
respond to compression at shorter timescales is poorly understood. 
Although remodelling of the cell structure through biomolecu-
lar signalling cascades may be too slow to respond at the shortest 
of timescales, recent work has revealed rapid adaptive responses 
emerging directly from the mechanical properties and dynamic 
organization of actomyosin16–18.

Here, to investigate the response of epithelia to compressive 
strain, we use suspended epithelia devoid of a substrate. This enables 
the study of the intrinsic response of the cells without mechani-
cal interference from the extracellular matrix. We find that both  

mono- and multi-layered epithelia can accommodate compression 
up to a well-defined limit of ~−35% strain, the buckling threshold. 
Up to this threshold, actomyosin-generated pre-tension allows the 
tissues to actively retain a planar morphology during slow com-
pressive strains and erases buckles induced by faster strains within 
tens of seconds. Tissue tension decreases linearly with compressive 
strain, approaching zero at the buckling threshold, at which point 
stable folds are formed in the tissue. The observed tissue behaviours 
can be recapitulated by modelling epithelia as pre-tensed viscoelas-
tic sheets that exhibit a buckling instability on entering compres-
sion. Finally, we show that the buckling threshold is determined 
by the ratio between tissue pre-tension and tissue elasticity, as pre-
dicted by a simple rheological model.

Results
Fast mechanical adaptation of epithelia to compression. To 
investigate the cell-intrinsic response of epithelia to compressive 
strains, we used cultured Madin–Darby canine kidney (MDCK) 
epithelial monolayers devoid of a substrate19–21 (Fig. 1a). It is well 
understood from classical mechanics that slender elastic materi-
als subjected to compressive strains will buckle, that is, they will 
undergo bending after a critical point. Here, after a step of −35% 
strain (‘device strain’, Fig. 1a) applied at high strain rate (500% s−1), 
most suspended MDCK monolayers took on an arched shape  
(Fig. 1b(i) and Supplementary Fig. 1a(i)), reminiscent of buckling 
in solid materials. Less frequently, epithelia adopted a transient 
wave-like shape, similar to the second mode of buckling, before 
rapidly transitioning to the arched shape (Supplementary Fig. 1a–c 
and Supplementary Note 1).

Remarkably, the buckles were not stable configurations. Instead 
the epithelia rapidly erased buckles, becoming planar within ~1 min 
(Fig. 1b(i) and Supplementary Video 1). To quantify the evolution  
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of tissue strain, we extracted the contour length of the tissue cross 
section and compared it to its value before strain application 
(Supplementary Fig. 1d). Following application of a step of com-
pressive strain, tissue strain first decreased rapidly before gradually 
slowing as the tissue approached a planar configuration (Fig. 1c). 
The average half-life of the flattening process was T1/2 = 4.8 ± 0.8 s.

To determine the limit of this adaptive process, we applied 
a larger strain (−50%) at the same strain rate. The tissues exhib-
ited the same initial flattening behaviour but could not completely 
accommodate the larger deformation (Fig. 1b(ii), Fig. 1d and 
Supplementary Video 2). As a result, a buckle remained that was 
stable for over 10 min (Supplementary Fig. 1e). Overall, the reduc-
tion of contour length after compression applied at high strain rate 
saturated at −34 ± 8% (Fig. 1e).

The presence of such a limit suggests that the tissue may possess 
a reference length, independent of time. To test this, the tissue strain 
was measured during a large compression applied at a low strain rate 
(80% at 0.5% s−1). Here, the epithelium maintained a planar mor-
phology for large deformations until taking on an arched shape, at 
which point its length did not decrease any further (Fig. 1b(iii), Fig. 
1f and Supplementary Video 3). The maximum tissue strain here 
was −33 ± 8%, which was indistinguishable from the maximum 
deformation after fast application of compression (P = 0.45, Fig. 1e). 
Similar results were obtained when we sequentially applied a fast 
and slow deformation to the same monolayer with 6 min intervals 
(Supplementary Fig. 1f). This enabled us to define a tissue-intrinsic 
maximum strain, the buckling threshold εb, above which the tissue 
cannot decrease its contour length.
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Fig. 1 | Fast mechanical adaptation of epithelia to compression. a, Schematic diagram showing the method for application of compressive strain to 
suspended epithelia. (i), Top view of the mechanical manipulation device. Uniaxial strain is applied to the tissue (green) by displacing the flexible 
arm. (ii),(iii), Profile views of the setup along the dashed line in (i): an epithelium (green) is suspended between two coverslips (black) (ii) and the 
right-hand coverslip is displaced, deforming the tissue (iii). The yellow lines denote the distance between the coverslips from which the applied 
‘device strain’ is calculated. The blue dotted lines denote the tissue contour length. b, Time series of profiles of epithelia before and during application 
of various compressive strains ε, applied at different rates. Strain was applied either as a step at high strain rate (500% s−1, (i),(ii) and (iv),(v)) or 
as a ramp at low strain rate (0.5 % s−1, (iii),(vi)): step of intermediate amplitude (−35%) (i); step of large amplitude (−50%) (ii) and strain ramp 
(−80%) (iii), applied to MDCK monolayers. (iv)–(vi), As in (i)–(iii) but for multi-layered HaCaT epithelia. Cell membranes are marked with CellMask 
(green), the medium is visualized using dextran Alexa-647 (red) making coverslips appear dark by dye exclusion. Scale bars, 20 μm. The number n of 
biologically independent repeats of the representative images and the corresponding data in c,d,f is n = 17, 26, 8, 7, 10, 9, from (i)–(vi). c,d, Temporal 
evolution of the tissue strain (blue) of an MDCK monolayer after a step of −35% device strain (yellow) (c) and −50% device strain (d). e, Comparison 
of the buckling threshold εb in MDCK and HaCaT epithelia measured following a fast step or a slow ramp of compressive strain. NS, not significant, 
P = 0.45, 0.65 for MDCK and HaCaT, respectively; Mann–Whitney U-test. The distributions’ medians, first and third quartiles and ranges are 
represented by the central bars, bounding boxes and whiskers, respectively. The number of biologically independent experiments is given above each 
box plot. f, Temporal evolution of the tissue strain (blue) during a ramp of device strain (yellow). The dashed lines in d,f mark the maximum tissue 
strain, termed the buckling threshold εb.
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Interestingly, suspended multi-layered epithelia (HaCaT human 
keratinocytes) showed the same phenomenology (Fig. 1b(iv)–(vi),  
Supplementary Fig. 2a–d and Supplementary Videos 4–6) with 
a buckling threshold and average half-life of flattening indis-
tinguishable from MDCK monolayers (Fig. 1e, εb = −38 ± 7 %, 
T1/2 = 2.7 ± 0.7 s, P = 0.23 and 0.07, respectively). Again, the buck-
ling threshold did not depend on the loading regimen (Fig. 1e and 
Supplementary Fig. 1f). Therefore, the rapid response to compres-
sion is not specific to a particular cell type or tissue architecture and 
may be a generic property of epithelia. In addition, neither the half-
life of flattening nor the buckling threshold correlated with cell den-
sity (Supplementary Fig. 2e,f). Thus, epithelial tissues rapidly adapt 
to large in-plane compressive strains by reducing their length up to 
a well-defined limit, the buckling threshold, which is independent 
of the history of deformation.

Tissue flattening depends on actomyosin contractility. To verify 
that cell-scale phenomena such as oriented divisions and extru-
sions are not involved in flattening, we acquired images of the cell-
junction network before and after compression. The junctional 
network before compression could be recapitulated by applying a 
stretch equal to the applied strain to the image of the network after 
compression (Supplementary Fig. 3a). Thus, changes in cell shape 
alone account for the changes in tissue shape. In both MDCK and 
HaCaT tissues, compression led to a decrease in cell length along 
the axis of compressive strain (x) that closely matched the tissue 
deformation, while the cell length along the perpendicular (y) axis 
remained unchanged and cell height (z) increased (Fig. 2a,b and 
Supplementary Fig. 3b). In sum, the changes in cell shape fitted a 
model of constant cellular volume (Fig. 2b, dashed lines).

Since actomyosin activity drives both shape changes22 and stress 
relaxation in single cells23, we explored the role of actomyosin in 
tissue flattening. For this, we repeated the compression experiments 
in the presence of inhibitors of actomyosin. While all tissues still 
buckled on fast compression, flattening was severely compromised 
(Fig. 2c(i),d, Supplementary Fig. 3d,e and Supplementary Video 7).  
Firstly, consistent with the role of actomyosin in driving stress relax-
ation, the rate of flattening was reduced by inhibition of contrac-
tility (Fig. 2d and Supplementary Fig. 3d–g). Secondly and more 
surprisingly, the tissue’s ability to accommodate strain saturated 
at smaller values (Fig. 2d,e), showing that the buckling threshold 
itself depends on actomyosin. Conversely, increasing contractility 
with calyculin A, a phosphatase inhibitor known to increase myosin 
II activity, increased tissue flattening rate and buckling threshold  
(Fig. 2d,e and Supplementary Fig. 3g). In addition, HaCaT multi-
layered epithelia showed the same response to inhibition of contrac-
tility as MDCK (Fig. 2c(ii),e and Supplementary Fig. 3g,h).

These results suggest that actomyosin activity not only permits 
the rapid adaptation of epithelia to compressive strain but also sets 
the buckling threshold, controlling the transition between planarity 
and folding in response to long-lasting compressive deformations.

Tissue pre-tension buffers against compression to prevent buck-
ling. While buckling occurs under compressive stress in inert materi-
als, epithelial tissues in vivo and in vitro are often actively pre-tensed 
by the actomyosin cytoskeleton17,24,25. We therefore hypothesized 
that actomyosin could tune the buckling threshold by controlling 
the magnitude of pre-tension. To test this, we measured pre-stress 
in MDCK monolayers (Fig. 3a). We found that pre-stress in control 
conditions was tensional with a magnitude of 240 ± 30 Pa (Fig. 3b), 
which is close to values measured via monolayer stress microscopy26. 
This pre-tension decreased dramatically with inhibition of contrac-
tility and increased when myosin activity was increased (Fig. 3b). 
Thus, pre-tension generation requires actomyosin and changes in 
the buckling threshold caused by actomyosin perturbation (Fig. 2e) 
were accompanied by changes in tissue pre-tension.

To characterize how tissue stress evolved during compressive 
strain, we applied a slow deformation to the tissues (as in Fig. 1f)  
whilst measuring the tissue-level tension (Fig. 3c and Methods).  
Tissue stress initially decreased linearly with strain, before transi-
tioning, at a stress of 13 ± 4 Pa, to a second phase in which stress pla-
teaued close to zero Pa (Fig. 3d, yellow). Such a stress–strain curve 
is a typical signature of a thin elastic sheet with a small bending 
modulus experiencing a buckling instability27. In support of this, the 
transition between the two phases occurred for a device strain of 
−33 ± 8% (Fig. 3d, dashed line, and Fig. 3e), which is indistinguish-
able from the buckling threshold identified by imaging (P = 0.53, 
Fig. 3e). This transition point remained stable over multiple com-
pression cycles (Supplementary Fig. 4a,b) and when several minutes 
of stretch preceded compression (Fig. 3d, orange). These data fur-
ther suggest that the buckling threshold is an intrinsic mechanical 
feature of the tissue to which we can associate a reference length.

Next, we measured the evolution of tissue stress in response to 
rapid steps in compressive strain of various magnitudes (2–65%). 
Stress always decreased immediately on application of compres-
sive strain; however, for all but the largest strains, stress was rapidly  
re-established (Fig. 3f). Stress then plateaued at a level that depended 
on the magnitude of compressive strain applied, with a larger frac-
tion of the pre-tension recovered after smaller strains (Fig. 3f). The 
curve relating steady-state stress to strain magnitude in high-strain-
rate experiments closely matched the stress response observed dur-
ing slow strain application (compare Fig. 3g,d). Indeed, the fraction 
of recovered stress decreased linearly with increasing compressive 
strain up to a transition point at a device strain of ~−33%, below 
which there was no stress recovery (Fig. 3g).

Thus, the steady-state stress in MDCK monolayers evolves lin-
early with compressive strain, independently of the history of defor-
mation, and planar tissue morphologies can only be maintained 
when this steady-state stress is tensional.

Epithelia behave as pre-tensed viscoelastic materials. These find-
ings demonstrate that there exists a quasi-static regime in which 
the tissue behaves as a pre-tensed elastic sheet with negligible 
bending stiffness. Additionally, the timescales of tissue flattening 
(Fig. 1) and tension recovery (Fig. 3) suggest that a viscous con-
tribution damps the response. To test this, we devised a simple 
rheological model consisting of a standard linear solid (in line 
with ref. 19) in parallel with an active pre-tension element (Fig. 
4a and Supplementary Note 2). To account for the nonlinearity at 
the buckling transition, in accordance with Euler buckling theory, 
we also supplemented the model with a ‘buckling condition’ in  
the form of a loss of tissue stiffness when stress becomes negative 
(Fig. 4a and Supplementary Note 2A).

As observed in experiments, the assumptions of the model imme-
diately imply that, on application of compressive strain, the tissue 
may either buckle or remain planar, depending on the applied strain 
and strain rate (Supplementary Fig. 5a and Supplementary Note 2F).  
For example, when deformation below the buckling threshold is 
applied at sufficiently high strain rate, the tissue transiently buckles 
(as in Fig. 1b(i)). Indeed, under these conditions, the spring-dash-
pot element in the model behaves elastically at short timescales and 
causes the tissue stress to transiently decrease to zero. Then, as the 
dashpot relaxes, stress recovers and the tissue flattens.

To test whether the behaviour of epithelia subjected to compres-
sive strain can indeed be captured by such a mechanical model, we 
parametrized the model from experiments (Supplementary Note 3)  
and simulated a set of mechanical perturbations. The param-
eters σa and E directly predict a buckling threshold εb = −σa/E 
(Supplementary Note 2). Indeed, at this strain, the elastic branch 
E is subjected to a stress equal to −σa, reducing stress to zero in  
the tissue. With E measured as 640 ± 80 Pa, the ratio predicts a 
value of −38% for the buckling threshold, in close agreement with  
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experiments (Figs. 1e and 3e). Furthermore, the model could  
accurately reproduce the temporal evolution of global tissue 
strain observed in experiments applying compressive strain at low  
strain rate (Fig. 4b). Simulations also accurately captured the dif-
ferent regimes of stress recovery after a fast step of compression  
(Fig. 3f, Supplementary Fig. 5c and Supplementary Note 2D), as 
well as the extent of this recovery as a function of applied compres-
sive strain (Fig. 3g).

Epithelia possess short-term memory of past compression.  
A further prediction of the model was that the time required for 
the tissue to flatten should depend on the history of deformation 
(Supplementary Note 2E). To test this experimentally, three cycles 
of 40% compressive strain were applied to the tissue at high strain 
rate (Fig. 4c). After each 6-min period of compressive strain, the 
tissue was returned to its original length for a chosen duration Δt 
(cycle 1, Δt1 = 3 s; cycle 2, Δt2 = 6 min).
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The tissues reached a planar configuration significantly faster 
after the second application of compressive strain compared with 
the first (Fig. 4d,e and Supplementary Video 8), confirming that the 
time necessary to flatten does depend on the tissue’s history of defor-
mation. This ‘memory’ was recapitulated in the model (Fig. 4e(ii))  
and results from incomplete relaxation of the viscous element dur-
ing the period Δt1.

Conversely, after 6 min of rest at the initial length (Δt2, Fig. 4c),  
which is predicted to be sufficient for full relaxation, the time 
required to become planar was indistinguishable from that during 
the first compressive period. This demonstrates that the ‘memory’  

of the past compression was lost during Δt2 (Fig. 4d,f and 
Supplementary Video 9).

Pre-tension and stiffness predict the buckling threshold. In our 
model, the buckling threshold of epithelia εb emerges as the ratio 
between their pre-tension σa and their long time-scale stiffness E. By 
modulating these parameters, epithelia may be able to regulate their 
buckling threshold to adapt to different developmental and physi-
ological contexts.

To directly test this prediction, we performed experiments 
in which we altered the ratio between σa and E using inhibitors. 
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strain during deformation at low strain rate (0.5% s−1). Different colours indicate different loading and unloading periods. The dashed line indicates the 
buckling threshold εb. Inset: time course of the device strain applied. N = 16 biologically independent replicates were obtained. e, Comparison of the buckling 
threshold measured from the transition identified in stress–strain curves and from the maximum tissue strain identified during imaging experiments (Fig. 1e).  
NS, not significant, P = 0.23; Mann–Whitney U-test. f, Representative temporal evolution of stress after application of compressive strains of various 
amplitudes εd applied at high strain rate (100% s−1). The stress is normalized to the pre-tension in the tissue before deformation. The representative examples 
in f and data in g are derived from n = 17 biologically independent experiments. g, Fraction of stress recovery at steady state as a function of device strain for 
deformation applied at high strain rate. The green line shows the behaviour predicted by the rheological model presented in Fig. 4a.
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Since our experiments indicated that both εb and σa are affected 
by regulators of contractility, we determined how E depended 
on actomyosin activity by subjecting MDCK epithelia to a ramp 
of compressive strain in their quasi-static elastic regime (as in 
Fig. 3d). The stress–strain curves of treated samples had the 
same form as controls, consisting of a first regime where stress 
was proportional to strain, followed by a saturation close to 

zero stress at high compressive strain (Fig. 5a). Treatments per-
turbing myosin activity led to changes in the stiffness E (30% 
decrease for Y-27632 treatment and 60% increase for calyculin 
A, Fig. 5b and Supplementary Fig. 6a for paired comparisons) 
and to comparatively larger changes in pre-tension (45% decrease 
for Y-27632 and 75% increase for calyculin A, Fig. 3b and 
Supplementary Fig. 6b for paired comparisons). Thus changes 
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becomes null. b, Temporal evolution of tissue strain in response to slow cycles of compressive strain (80% amplitude applied at 0.5% s−1, yellow) in a 
representative experimental dataset and a simulation. The data shows a representative example from n = 8 biologically independent experiments.  
c, Sequence of device strain applied to the tissues to assess dependence of the response on strain history. Three cycles of 40% compressive strain were 
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in σa were dominant and the ratio σa/E was significantly modi-
fied (Fig. 5c). As predicted by our model, the buckling threshold 
was always very close to the ratio −σa/E in all conditions even 
though this ratio was varied by a factor of ~10 across experi-
mental conditions (Fig. 5d). Furthermore, when E and σa were 
decreased by a similar proportion by low-dose latrunculin-B  
treatment (Fig. 5a–c), the buckling threshold only slightly 
decreased (Fig. 5a,d and Supplementary Fig. 6c).

Notably, variations in buckling threshold did not correlate 
with changes in the architecture of the intercellular junctions. 
High-dose latrunculin-B treatment (1 μM) led to disaggrega-
tion of the junctional network leaving only small remnants of 
junctional F-actin (Supplementary Fig. 6d), whereas Y-27632 
did not affect junctional F-actin. However, both treatments 
caused a similar reduction in buckling threshold. Conversely, 
in Y-27632 and calyculin A treatments, the buckling threshold 
was altered in opposite directions without noticeable changes 
in cell–cell junctions (Supplementary Fig. 6d), suggesting that 
myosin II activity affects long-term stiffness E indirectly by 
changing tension within the actin network. Overall, our data 
show that the ratio −σa/E derived from our model matches the 
measured buckling threshold over a wide range of mechano-
biological conditions. To provide a full understanding of the 
phenomenon from the molecular scale up, future work will need 
to uncover the molecular pathways regulating tissue stiffness  
and pre-tension.

Outlook
Our results reveal that epithelia can accommodate remarkably large 
and rapid reductions in surface area. This response to compressive 
strains arises from isometric cell shape changes and is orchestrated 
autonomously by the actomyosin cytoskeleton, which not only 
controls the dynamics of the response but also the transition from 
planar to folded morphology. We observed identical behaviours in 
epithelia from different tissues (kidney and skin) and with different 
organizations (mono- and multi-layered). The full range of behav-
iours observed could be reproduced by a simple zero-dimensional 
mechanical model of the epithelium as a pre-tensed viscoelastic 
sheet that exhibits a buckling instability on reaching compres-
sive stress. Based on this model, we propose that the viscoelastic 
properties of the tissue set the timescale of the cell shape adapta-
tion that enables flattening. This timescale—of the order of tens 
of seconds—is commensurate with that of mechanical relaxation 
observed in Drosophila18,28,29, with the relaxation of stress fibres fol-
lowing nanosurgery30 and with the turnover rate of the proteins of 
the actomyosin cytoskeleton31.

Our results demonstrate that the tissue response possesses a 
well-defined limit at a compressive strain of ~35%, that is the buck-
ling threshold, above which stable folds can be formed. The close 
match between the buckling threshold of MDCK and HaCaT epi-
thelia suggests that it is not a tissue-specific property but rather may 
stem from the bulk properties of actomyosin networks. Indeed, the 
buckling threshold is regulated by the interplay between myosin 
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generated pre-tension and tissue elasticity—the ratio of these two 
quantities defines the strain at which the tissue reaches compressive 
stress. Although our experiments only consider epithelia devoid of 
a substrate, our model indicates that the buckling threshold should 
only be marginally modified by the presence of a thin extracellu-
lar matrix such as that found in the lung32 or many developing  
tissues undergoing morphogenesis33,34 (Supplementary Note 4). 
The buckling instability that we uncover may act in parallel to 
other well-studied mechanisms of epithelial bending and fold-
ing, which include differential growth of connected tissues7,35 and  
spatially patterned force generation36. Indeed, apical (or basal) 
constrictions are often preceded in  vivo by an increase in cell 
density before fold formation2,6, implying that polarized con-
striction is accompanied by a planar compressive deformation of  
cells, which could tune tissue folding. Thus, future studies should 
consider a role for the reduction of tissue pre-tension during  
epithelial folding.

Together, the buckling threshold and flattening timescale 
define the maximum strain and strain rate that can be imposed on 
an epithelium before it becomes subjected to compressive stresses. 
Such stresses can be damaging to cells37 and stress accumulation 
at the epithelium–substrate interface could lead to delamination 
of the epithelium. The buckling threshold and flattening times-
cale are therefore crucial material parameters for understanding 
the response of epithelia to compressive strain during morpho-
genesis or normal organ physiology. On longer timescales, this 
underlines the need for cellular-scale mechanisms such as cell 
delamination in epithelia to counter the deleterious effects of pro-
longed compression13,14. Finally, our results also raise the possibil-
ity that actomyosin pre-tension may play a role in various cell38,39 
and tissue contexts throughout evolution to act as a buffer against 
unwanted stresses and distortions of shape that may otherwise be 
caused by compression.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41563-019-0461-x.
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Methods
Cell culture. MDCK and HaCaT cells were cultured at 37 °C in an atmosphere 
of 5% CO2. Cells were passaged at a 1:5 ratio every 3 to 4 days using standard 
cell culture protocols and disposed of after 30 passages. For MDCK cells, the 
culture medium was composed of high glucose DMEM (Thermo Fisher Scientific) 
supplemented with 10% foetal bovine serum (FBS; Sigma) and 1% penicillin-
streptomycin (Thermo Fisher Scientific). MDCK-E-Cadherin-GFP cell lines 
(described in ref. 20) were cultured in the same conditions as wild-type cells except 
that 250 ng ml−1 puromycin was added to the culture medium. HaCaT cells were 
cultured in low calcium conditions, consisting of a minimal DMEM supplemented 
with 0.03 mM CaCl2, 10% calcium-free FBS, 1% penicillin-streptomycin and 1% 
l-Glutamine (Gibco).

Fabrication of devices for imaging of tissue response to compression and 
for stress measurement during compression. For profile imaging of epithelia 
during compression, tissues were cultured on custom-made imaging devices as 
described in ref. 21. Briefly, device arms were made from glass capillaries (Sutter 
Instruments) and a length of nickel-titanium (nitinol) wire (Euroflex) that acted 
as a hinge. Glass coverslips (VWR) were glued to the glass capillaries to act as 
a substrate for cell culture. To allow precise control over both compressive and 
tensile strains, another small piece of glass capillary was added to the hinged side 
of the device at an angle to allow continuous contact with the micromanipulator 
probe (see illustration in Fig. 1a).

The stress measurement devices were an adaptation of the force measurement 
device described in ref. 20. Briefly, a nickel-titanium (nitinol) wire was glued into 
a bent glass capillary. Then, tygon cylinders were glued to the extremities of 
the capillary and wire. A hinge was added at the base of the rigid rod to control 
the applied deformation via a motorized micromanipulator while the force was 
computed from images of the movement of the flexible wire and the stiffness of the 
flexible wire (see the illustration in Fig. 3a).

Generation of suspended tissues and preconditioning. Suspended monolayers 
of MDCK cells were generated as described in ref. 19. Briefly, a drop of collagen 
was placed between the test rods and left to dry at 37 °C to form a solid scaffold. 
This collagen was then rehydrated before cells were seeded onto it and cultured for 
48–72 h. Immediately before each experiment the collagen scaffold was removed 
via enzymatic digestion. HaCaT epithelia were made using the same procedure. 
During the generation of HaCaT epithelia, cells were grown in high calcium 
culture medium instead of the low calcium medium used for routine culture to 
allow the formation of robust intercellular junctions.

Before each experiment, the tissues were preconditioned by applying five cycles 
of 30% stretch at a rate of 1% s−1. The tissues were then left unperturbed for 6 min 
before application of compressive strain.

Confocal imaging of tissues and mechanical manipulation. Tissues were imaged 
at 37 °C in a humidified atmosphere with 5% CO2. The imaging medium consisted 
of DMEM without phenol red supplemented with 10% FBS. To visualize the shape 
of the tissue during mechanical manipulation, cell membranes were labelled 
with CellMask membrane stain for 10 min following the manufacturer protocol 
(Thermo Fisher Scientific). AlexaFluor-647-conjugated dextran, 10,000 MW 
(Thermo Fisher Scientific) was added at 20 μg ml−1 to the imaging medium to 
visualize by exclusion the coverslips on which the epithelia were grown.

Profile views of the tissues during mechanical manipulation were obtained 
using a ×30 objective (UPLSAPO S, numerical aperture 1.05, Olympus) mounted 
on an Olympus IX83 inverted microscope equipped with a scanning laser confocal 
head (Olympus FV-1200). Each image consisted of approximately 200 slices spaced 
by 0.5 μm. Time series were acquired with an interval of ~2 s between frames.

For imaging of cell shape change, cell membranes were visualized with 
CellMask. Z-stacks were acquired using a ×60 objective (UPLSAPO, numerical 
aperture 1.3, Olympus) mounted on a spinning disk confocal microscope that 
consisted of a Yokogawa spinning disk head (CSU22; Yokogawa) and an iXon 
camera (Andor) interfaced to an IX81 Olympus inverted microscope.

To apply the mechanical deformation during confocal imaging, a 
custom-made adaptor was wedged in the top end of the hinged arm of the 
stretching device. The adaptor was connected to a two-dimensional manual 
micromanipulator mounted on a motorized platform (M-126.DG1 controlled 
through a C-863 controller, Physik Instrumente). The manual micromanipulators 
were used for initial positioning of the adaptor. Then, the tissues were deformed 
by moving the motorized platform that was controlled via a custom-made Labview 
program (National Instruments).

Quantification of device strain, tissue strain and flattening half-life. To precisely 
quantify the imposed compressive strain, the positions of the two coverslip edges 
that delimited the span of suspended tissue were determined by segmentation of 
dye exclusion in Alexa-647 fluorescence images. The strain imposed by the device 
was then defined as:

εd ¼
d � l0
l0

ð1Þ

where l0 and d are the coverslip-to-coverslip distances before and after compressive 
strain, respectively.

To quantify length evolution in images of tissue profiles in response to 
compression, an implementation of the Chan–Vese algorithm40 in Mathematica 
(Wolfram Research) was used to segment the cells from the background. To 
convert each binary mask generated by segmentation into a line, morphological 
thinning was applied to the mask repeatedly until complete skeletonization. The 
length of the shortest path between opposite edges of the image via foreground 
pixels thus constituted a measure of the cross-sectional contour length of the 
epithelia (see Supplementary Fig. 1b). The tissue strain at each time point was then 
defined as:

ε tð Þ ¼ l tð Þ � l0
l0

ð2Þ

where l0 and l(t) are the suspended tissue length before deformation and at time t 
after application of compressive strain, respectively.

The half-life of tissue strain in response to a step of compression (Fig. 1) was 
defined as the time necessary for the tissue to decrease its contour length by 50% 
of the total length change that occurred. This time was extracted after polynomial 
interpolation of the evolution of tissue strain with time ε(t).

Quantification of three-dimensional cell shapes. The cell outlines were 
automatically segmented using the Fiji41 plugin Tissue Analyser42. Segmentation 
was subsequently verified and corrected manually if necessary. Measurements of 
cell shape were extracted from the resulting outlines using custom-written routines 
in Mathematica (Wolfram Research). Cell length measurements were obtained by 
calculating the minimum bounding box of the cell outline. Bounding boxes were 
oriented along the experimental x and y axes with the x axis corresponding to the 
axis of deformation. Measurements of cell height were obtained manually in Fiji 
from cross-sectional slices through the image stack along y–z planes.

Drug treatments. Drug treatments were performed as follows. To block myosin 
contractility, blebbistatin was added at a 20 μM concentration for MDCK 
tissues or 75 μM concentration for HaCaT tissues, 10 min before experiments. 
To block Rho-kinase activity, Y-27632 was added at a concentration of 20 μM, 
10 min before experiments. To increase myosin contractility, phosphatases 
were inhibited by addition of 35 nM of calyculin A, 10 min before experiments. 
For complete depolymerization of the F-actin cytoskeleton, we treated tissues 
with 3 μM latrunculin-B for 30 min before experiments. For dose-dependent 
depolymerization of junctional F-actin, we treated tissues with either 1 μM or 
0.1 μM latrunculin-B for 1 h before experiments.

Mechanical testing experiments. Mechanical testing experiments were performed 
at 37 °C in Leibovitz’s L15 without phenol red (Thermo Fisher Scientific) 
supplemented with 10% FBS. Tissues were imaged every second using a ×2 
objective (2X PLN, Olympus) mounted on an inverted microscope (Olympus 
IX-71). Images were acquired with a charged-coupled device camera (GS3-U3-
60QS6M-C, Pointgrey). Compressive strain was applied using the motorized 
platform described above.

Stress–strain measurements. To measure the uniaxial stress in the tissue, we 
measured the deflection of the flexible arm of the device from images before and 
after detachment of the tissue (see Fig. 3a). The epithelia were detached from the 
reference arm of the device by cutting them with a tungsten needle.

The force applied by the tissue on the flexible arm can be estimated by 
considering that the flexible arm acts as a cantilevered beam. We define xwi

I
 as the 

position of the wire when the epithelium is attached between the bars and xw0
I

 as 
the position of the wire when the epithelium is detached from the bars (the rest 
position). The force applied by the tissue on the wire is given by:

F ¼ kΔxw ¼ k xwi � xw0
� �

ð3Þ

where k is the stiffness of the wire defined as:

k ¼ 3πEr4

4L3
ð4Þ

Here, E is the Young’s modulus of the wire, r its radius and L its length. E was 
independently measured by loading the wire with pieces of plasticine of different 
weights and measuring the deflection of the wire as described in ref. 20.

The stress in the tissue was then computed as:

σ ¼ F
wh

ð5Þ

where w is the average width of the tissue determined from bright-field images and 
h the tissue thickness. As shown in Fig. 2a,b, tissue thickness was dependent on 
the applied strain. Previous work19 and Fig. 2b show that the cell volume remains 
constant during changes in tissue area. However, once the buckling threshold  
(εb ≈ −0.35) is exceeded, the tissue length does not change and therefore the 
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thickness also does not change. With these assumptions, we could estimate the 
evolution of the thickness h for calculation of σ as follows:

h ε>�0:4½  ¼
h0

1þ ε
ð6Þ

and

h ε≤�0:4½  ¼
h0

1þ ε h¼�0:4½ 
ð7Þ

In experiments, the deflection of the wire Δxw was determined by image cross-
correlation with a subpixel accuracy through a custom-written algorithm based 
on the register_translation function of scikit-image, a Python image processing 
toolbox43. For the analysis, a portion of the wire was cropped from the images 
acquired during the experiments. The average error of the stress measurement 
method was measured from simulated displacements of the cropped region 
over ten different samples. The deflection obtained via the algorithm was then 
compared to the deflection applied numerically. The difference found in force was 
22 ± 31 nN (mean ± s.d.), which corresponds to 1.1 ± 1.6 Pa (mean ± s.d.).

Tissue pre-stress measurements (σa) were then obtained from the stress value 
before any deformation was imposed to the tissue, that is, σ ¼ F

wh
I

.
For experiments in which tissue strain was varied, the position of the rigid rod 

xb(t) was used to compute the displacement applied to the tissue and the flexible 
rod was used to determine the stress in the epithelium. This position was extracted 
using the same method as for estimating the position of the flexible wire in pre-
tension measurements. The device strain was defined as:

ε ¼ Δxb þ Δxw

l0
ð8Þ

where Δxb ¼ xbi � xb0
I

 refers to the displacement of the rigid rod, Δxw ¼ xwi � xw0
I

 is 
the displacement of the flexible rod and l0 is the initial rod-to-rod distance.

Note that the deflection of the flexible wire Δxw due to the evolution of tissue 
stress over time was small compared to the deflection imposed by the movement of 
the rigid bar Δxb. For example, for a dataset where a deformation of −54 ± 5% was 
applied, the movement of the wire led to a variation in deformation of only 6 ± 4% 
over the course of the experiment.

Determination of the buckling threshold from stress–strain curves. Stress–
strain curves were biphasic with stress first decreasing linearly with strain before 
saturating at high compressive strain. The transition strain between the two 
regimes was determined as follows. For each strain εi between [0, εmax], we fitted 
a linear function to the stress σ over the interval [0, εi] and a constant over the 
interval [εi, εmax]. For each εi, the average of the sum of residuals is computed:

R 0;εi½  ¼
1
N

XN

i¼1

ΔR2 � aεi þ bð Þ
� 2 ð9Þ

where a and b are fitting parameters and N is the number of data points used for 
the fit, and

R εi ;εmax½  ¼
1
N

XN

i¼1

ΔR2 � b
� 2 ð10Þ

The transition point is then defined as the strain εi that minimizes the sum of 
the average errors over each interval:

Rtot εtð Þ ¼ min R 0;εi½  þ R εi ;εmax½ 
� �

ð11Þ

The stress at transition was then equal to σt = σ(εt). In addition, the elasticity of 
the tissue E could be extracted from the slope of the linear portion of curve.

F-actin staining. MDCK Ecadherin-GFP cells were cultured to 90% confluence 
on glass coverslips. They were fixed with 4% paraformaldehyde diluted in PBS for 
20 min at room temperature, permeabilized in 0.2% Triton-X in PBS for 5 min and 
blocked with a solution of 10% horse serum in PBS for 30 min. To label F-actin, the 
cells were incubated with a solution of Phalloidin-Alexa-647 diluted at 1:40 from a 
stock solution of 200 units ml−1 for 1 h at room temperature. The samples were then 
imaged on an Olympus FV-1200 confocal microscope.

Statistical and data analysis. All routine data and statistical analyses were 
performed using the Python language environment and its scientific libraries 
(NumPy, SciPy) as well as Mathematica. Image processing was carried out with the 
Fiji package. All box plots show the median value (central bar), the first and third 
quartiles (bounding box) and the range (whiskers) of the distribution. All tests of 
statistical significance are Mann–Whitney U-tests or Wilcoxon signed-rank tests 
for paired tests, unless otherwise stated. Measured values are given as mean ± s.e.m. 
unless otherwise stated. Each dataset is pooled across experiments that were 
performed on at least 3 separate days. In all box plots, statistically significant 
difference *P < 0.05, **P < 0.01 and ***P < 0.001. The number of tissues examined 
in each condition is indicated above each box plot.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.

Code availability
All code created for the analysis of the data in this study is available from the 
corresponding authors upon reasonable request.
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