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Tissue morphogenesis and repair, as well as organ homeostasis, require cells to constantly
monitor their 3D microenvironment and adapt their behaviors in response to local
biochemical and mechanical cues1-6. In vitro studies have shown that substrate stiffness
and stress relaxation are important mechanical parameters in the control of cell proliferation
and differentiation, stem cell maintenance, cell migration 7-11, as well as tumor progression
and metastasis12,13. Yet, the mechanical parameters of the microenvironment that cells
perceive in vivo, within 3D tissues, remain unknown. In complex materials with strain- and
time-dependent material properties, the perceived mechanical parameters depend both on
the strain and timescales at which the material is mechanically probed14. Here, we quantify
in vivo and in situ the mechanics of the cellular microenvironment that cells probe during
vertebrate presomitic mesoderm (PSM) specification. By analyzing the magnitude and
dynamics of endogenous, cell-generated strains, we show that individual cells preferentially
probe the stiffness associated with deformations of the supracellular, foam-like tissue
architecture. We reveal how stress relaxation leads to a perceived microenvironment
stiffness that decreases over time, with cells probing the softest regime. While stress
relaxation timescales are spatially uniform in the tissue, most mechanical parameters,
including those probed by cells, vary along the anteroposterior axis, as mesodermal
progenitors commit to different lineages. Understanding the mechanical parameters that
cells probe in their native 3D environment is important for quantitative studies of
mechanosensation in vivo2-4,6,15 and can help design scaffolds for tissue engineering
applications16-18.
Cells in tissues constantly make decisions based on the biochemical and mechanical cues they
perceive in the local microenvironment1,3-5. Using well-controlled mechanical microenvironments in
2D and 3D cell culture systems (e.g., hydrogel scaffolds, purified matrices or substrates with
adjustable stiffness), it has been shown that different mechanical inputs affect cell behavior in the
absence of instructive biochemical cues1,11,19. Notably, stem cell differentiation can be guided by
tuning substrate stiffness10. Similarly, different threshold values in scaffold elasticity also regulate
germ layer specification

20

, suggesting that in addition to adult tissue homeostasis and

regeneration, mechanical cues may be important to control cell fate during embryogenesis1,3,4,15,21.
Similar to morphogens, spatial gradients of mechanical parameters in embryonic tissues could
provide positional information to cells. Moreover, stage-specific changes in tissue mechanics could
serve as trigger signals to drive specific cell behaviors, as recently shown in vivo for neural crest
migration22.
The mechanics of the cellular microenvironment has also been shown to be key in bioengineering
applications related to stem cell-based tissue regeneration1,16-18. In this case, it is important to
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design synthetic scaffolds with controlled mechanical parameters that mimic the microenvironment
that cells perceive in vivo during the regenerative response. Most studies have focused on the
control of scaffold stiffness, as it has been shown to affect cell differentiation in vitro. However,
living tissues are often more complex than linear elastic materials, with multiple structures
(cytoplasm, cell cortex, adhesion at cell-cell contacts, extracellular matrix, etc.) contributing to their
mechanical response at different length- and time-scales. Recent studies using synthetic hydrogel
matrices with controlled viscoelastic properties have shown that the timescale of stress relaxation
affects cell differentiation, among several other cell behaviors8,23. While it is now clear that multiple
mechanical parameters influence cell behavior in vitro, very little is known about the mechanical
parameters of the microenvironment that cells perceive in vivo, the structures that cells
mechanically probe and how these mechanical cues affect cell behavior within developing 3D
tissues. In particular, the mechanical cues that cells experience during embryogenesis, as
differentiation of specialized structures takes place, are largely unknown.
During the formation of the vertebrate body axis, mesodermal progenitors located at the posterior
end of the body (mesodermal progenitor zone, or MPZ) progressively differentiate into mesodermal
cells, establishing the presomitic mesoderm (PSM) and eventually organizing into somites24(Fig.
1a). In this process, cells of the posterior paraxial mesoderm modify their transcriptional profile25
and progressively acquire an epithelial-like phenotype through a process of mesenchymal-toepithelial transition (MET)

26

. Recent in vivo mechanical measurements of the (non-linear) tissue

mechanical response associated with large tissue deformations (large strains) showed that
posterior tissues undergo a transition from a fluid-like state in the MPZ to a solid-like state in the
PSM27, consistent with their foam-like tissue architecture. In contrast, the (linear) mechanical
response of the same tissues to small deformations (small strains) is viscoelastic28. These
experiments revealed a complex mechanical landscape, with a distinct mechanical response for
small vs. large applied strains (plasticity) and a time-dependent response for small tissue
deformations (viscoelasticity). Moreover, the associated mechanical parameters (stiffness,
viscosity, etc.) in each regime (plastic or viscoelastic) seem to display spatial variations in the
tissue28. With the mechanical landscape changing with strain, space and time, it is unclear what
mechanical parameters cells probe as they differentiate.
In order to understand which regime of tissue mechanics cells probe, it is first necessary to
characterize the magnitude of deformations (or strains) that mark the transition from a linear
viscoelastic response to a plastic regime. To do so, we employed magnetically-responsive
microdroplets embedded in the paraxial mesoderm at different locations along the anteroposterior
axis27,28. By applying a constant, uniform magnetic field to droplets previously inserted between the
cells in the tissue (Fig. 1a’; Methods), we induced ellipsoidal droplet deformations characterized by
'⃗ (Fig. 1b,b’) 28,29, with 𝑏 and
an elongation 𝑒 = 𝑏 − 𝑅 in the direction of the applied magnetic field 𝐻
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𝑅 being the droplet semi-axis along the direction of the magnetic field and the radius of the
undeformed droplet, respectively. To contextualize droplet deformations in a cellular, foam-like
tissue architecture, we normalized the induced droplet elongation, 𝑒, with the average cell diameter
𝑑 (Fig. 1c; Methods), namely 𝑒/𝑑, which characterizes the applied strain in the material. Increasing
magnetic field intensities led to larger droplet deformations (and strains), up to approximately two
cell diameters (or 200% strain; Fig. 1d,e). Upon actuation (magnetic field ON; Fig. 1d), droplets
progressively elongated from their initial pre-deformed state, characterized by 𝑒! , and reached their
maximal elongation 𝑒" just before turning off the magnetic field, at t=15’ (Fig. 1b’,d). After removing
the magnetic field (magnetic field OFF; Fig. 1d), capillary stresses pulled the droplet back towards
its undeformed, spherical state, progressively reducing the droplet elongation. For values of the
applied deformation 𝑒" − 𝑒! below a threshold value of approximately half the cell size
((𝑒" − 𝑒! )/𝑑 ≈ 0.45; Fig. 1e), the process was observed to be largely reversible and the droplet
relaxed back to the initial state. In contrast, when the maximal applied deformation 𝑒" − 𝑒! was
above this threshold, the droplet did not fully relax, displaying instead a residual elongation 𝑒# that
quantifies the degree of irreversible (plastic) deformation (Fig. 1e). These results show the
existence of threshold length scale to induce irreversible changes in the tissue structure and
indicate that the length scale controlling the onset of plasticity is smaller than cell size. Normalizing
applied deformations with the average cell-cell junction length ℓ4 shows that the onset of plastic
behavior occurs when applied deformations exceed the cell-cell junction length (Fig. 1c,f),
indicating that the characteristic length scale controlling irreversible (plastic) tissue rearrangements
is the cell-cell junction length and suggesting that tissue plasticity is due to cell rearrangements (T1
transitions). Indeed, large enough applied deformations induced permanent cell rearrangements in
the neighborhood of the droplet (Fig. 1g). This result can be interpreted as the existence of a yield
strain ((𝑒" − 𝑒! )/ℓ4 ≈ 1; Fig. 1f) in the tissue associated with its foam-like architecture, consistent
with previously reported non-linear tissue mechanics27.
The mechanical response of the tissue sharply changes when induced deformations are larger than
cell-cell contact lengths, indicating that cells will perceive a different mechanical landscape
depending on the endogenous strains that they actively generate in the tissue. Since both cell-cell
junctions and cellular protrusions can actively generate forces to probe the cellular
microenvironment30-33 and are mechanosensitive34,35, we quantified the strain levels that each of
these structures generates. To characterize the strain level generated at cell-cell junctions in the
tissue, we monitored the time-evolution of junctional lengths ℓ (Fig. 2a) and quantified the
endogenous strains by measuring their relative changes over time, namely 6ℓ − ℓ4$ 7/ℓ4$ , with ℓ4$
being the time average for individual junctions (Methods). The measured distributions of the
magnitude of endogenous junctional strains 8ℓ − ℓ4$ 8/ℓ4$ show that progenitor cells in the MPZ
generate larger strains than more anterior mesodermal cells of the PSM (Fig. 2b). However, in all
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cases, the average values of the endogenous strains at cell junctions, which range from 8 to 20%
(Fig. 2b), are well below the yield strain (Fig. 1f). In order to quantify the strains generated by
protrusions between cells, we performed mosaic labeling of cell membranes and monitored each
protrusion length, ℓ% , over time (Fig. 2c,d; Methods). Tracking protrusions between cells and
"
4 4
4
calculating the maximal strain levels, 8ℓ"
% − ℓ% 8/ℓ (with ℓ% and ℓ% being the maximal and average

protrusion lengths; Methods), that protrusions generate shows that protrusion strains are
considerably larger in the MPZ than in the PSM (Fig. 2e), with cells generating approximately the
same number of protrusions everywhere along the AP axis (Fig. 2f) but with protrusions in the MPZ
being consistently longer (Fig. 2g). Yet, all protrusion strains were below the yield strain (Fig. 2e).
Altogether, this analysis indicates that both the actomyosin-generated deformations at cell-cell
contacts and those generated by protrusions in between cells can only probe the linear mechanical
response of the tissue.
Below the yield strain (linear mechanical response), the tissue material properties are timedependent28 (viscoelastic). It is therefore necessary to know the characteristic timescales at which
cells mechanically probe their microenvironment to understand which mechanical parameters they
can perceive. Measuring the time evolution of protrusion strain rates, namely 61/ℓ% 7 𝑑ℓ% /𝑑𝑡
(Methods), we obtained their distribution in the different regions of the tissue (Fig. 3a,b). The
characteristic timescale of protrusions, given by the inverse of the average strain rate, revealed
that protrusions in the MPZ were the most dynamic, with characteristic timescales of approximately
1 minute (Fig. 3b, inset). Protrusions in the PSM were slightly slower and displayed characteristic
timescales of approximately 2 minutes (Fig. 3b, inset). We then characterized the timescale at
which cell-cell junctions probe their microenvironment by measuring their persistence timescale,
which we calculated from the autocorrelation function of the junctional length dynamics (Fig. 3a,c;
Methods). The average persistence time is of approximately 1 minute in all regions of the tissue
(Fig. 3c, inset). To better understand the temporal characteristics of cell-cell junction dynamics, we
performed Fourier analysis of the temporal evolution of junctional lengths. Fourier mode amplitudes
show that cell-cell junctions preferentially probe the tissue at 1-2 min timescales, irrespective of the
location of the cell in the tissue (Fig. 3d), in agreement with the analysis of persistence times of
cell-cell junctions (Fig. 3c). Our results indicate that protrusions are most dynamic (~1 minute
timescale) in the MPZ, while cell-cell contact deformations are equally dynamic everywhere in the
tissue (~1 minute persistence time). Either via protrusions or via local junctional contractions, cells
preferentially probe their microenvironment at timescales of approximately 1-2 minutes.
To characterize the mechanics of the cellular microenvironment at strain levels and timescales
similar to those endogenously applied by cells (8-35% and 1-2 minutes) in the different regions of
the tissue (Fig. 4a), we quantified its time-dependent mechanical response to applied strains
ranging between 5-30%. Using magnetically-responsive oil droplets, we performed local creep
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experiments in the different regions of the paraxial mesoderm, as previously established28 (Fig. 1d;
Methods). The observed droplet (strain) relaxation dynamics in the studied time period (0-15 min)
can be properly accounted for by two distinct relaxation timescales, as previously reported

28

. To

describe the rheological response below yield (no plastic behavior), we used a generalized Maxwell
model (Fig. 4b) composed of two Maxwell (viscoelastic) branches, characterized by independent
relaxation timescales 𝜏& and 𝜏' , in parallel with an elastic element that accounts for the elastic
resistance of the supracellular tissue architecture below yield (before cell rearrangements – plastic
events – occur). This is in contrast to previous work28, which was unaware of the existence of a
yield strain in the tissue, and did not account for the existence of such elastic behavior of the tissue
architecture below yield. Measurement of the two stress relaxation timescales shows that these are
very different in magnitude, but both uniform along the AP axis (Fig. 4c). The shortest timescale is
approximately of 1.6 s, similar to the values previously obtained in vitro for the cytoplasm of cells
in culture (0.1-1s depending on cell type and conditions36) and the stress relaxation timescale of
the cytoplasm in the blastomeres of living zebrafish embryos (approximately 2s 28). The other stress
relaxation timescale is approximately 25s, over 10-fold larger than the shortest (Fig. 4c). This value
is close to the previously measured stress relaxation timescale of cellular junctions in epithelial
monolayers in vivo (~20s 37), the characteristic timescale of actin cortex turnover measured in vitro
(~15-45s

38

) and the timescales of cell-cell adhesion remodeling measured in vivo (~20-40s

39,40

).

These results show that for deformations below the yield strain, stresses in the tissue relax on
timescales below 25s approximately.
To reveal the mechanical parameters that cells probe in the tissue, we measured the different
elastic and viscous elements that define the tissue rheological response in the different regions of
the tissue (Fig. 4a). Below the smallest stress relaxation timescale (<1s; Fig. 4d), the tissue
behaves elastically, with values ranging between 400-800 Pa depending on the tissue region. At
intermediate timescales (between ~1-30s; Fig. 4e), viscous dissipation occurs with two very distinct
viscosities. The smallest viscosity, approximately of 80-150 Pa s, is associated with stress
relaxation at short timescales (𝜏& ), whereas the largest one, approximately of 4000 Pa s, is linked
to the longer relaxation timescale (𝜏' ). Finally, above the largest stress relaxation timescale (𝑡 >
𝜏' ; Fig. 4f) the tissue behaves elastically, with the stiffness values ranging between 30-180 Pa
depending on the region of the tissue. While at very long timescales (~0.5-1h in the MPZ and longer
timescales in the PSM) the tissue flows due to plastic cell rearrangements41, our results indicate
that at timescales of a few minutes (>30s and <10 minutes approximately) the tissue responds to
deformations as an elastic material, with its stiffness arising from the resistance to deformations of
the foam-like cellular packings that define the tissue architecture. Beyond the time-dependent linear
mechanical response, all measured mechanical parameters (stiffnesses and viscosities)
monotonically increase away from the posterior end of the body (Fig. 4d-f), with the exception of
the stiffness associated with tissue architecture (Fig. 4f), which displays a minimal value in the
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lateral MPZ (L-MPZ), the region where mesodermal progenitors commit to the mesodermal fate. In
foam-like structures, the supracellular stiffness is strongly affected by the amount of extracellular
spaces42, which are directly related to the physical confinement experienced by cells. Inspection of
the extracellular spaces using fluorescent Dextran (Methods) shows that the amount of extracellular
spaces is maximal in the L-MPZ (minimal cellular confinement) where the supracellular stiffness
displays its smallest value, and minimal in the anterior PSM (A-PSM; maximal cellular confinement)
where the supracellular stiffness is the largest (Fig. 2f,g), as expected for foam-like architectures42.
These results indicate that mesodermal progenitors perceive a minimal stiffness (approximately of
30 Pa) in the L-MPZ (the region with least cellular confinement) as they differentiate into
mesodermal cells, which perceive increasing stiffness in the microenvironment during their
maturation in the PSM (up to 180 Pa; maximal cellular confinement).
Altogether, these results show that the mechanics of the microenvironment (below yield) displays
an effective stiffness that decreases over time, reaching a minimal value for timescales 𝑡 > 𝜏' ≈25s
(Fig. 5). Since cells probe their microenvironment at small strains (<35%; below yield strain) and
timescales of approximately 1 minute or above (larger than 𝜏' ) in all regions of the tissue, our
results show that cells primarily probe the stiffness associated with the local foam-like tissue
architecture (Fig. 5). This suggests that cells may probe their degree of physical confinement, a
parameter that has recently been shown to promote somatic-cell reprogramming in 3D
environments through an accelerated MET43. While our measurements cannot resolve endogenous
deformations below our spatial and temporal resolutions (approximately 0.5 µm and 1s; Methods),
these small and fast active deformation can only probe the mechanics of smaller subcellular
structures, such as the stiffness of the cell cortex. More generally, changes in the stress relaxation
timescales of the microenvironment can make cells perceive different stiffnesses at the timescales
that they actively probe the microenvironment. This could explain why varying the stress relaxation
timescales of the microenvironment can affect cell behavior in similar ways as changing its
stiffness. In contrast to the case studied herein, tissues containing substantial extracellular matrix
(ECM) will be characterized by additional stress relaxation timescales associated to ECM
remodeling44,45. To understand what mechanical parameters cells might perceive in ECMdominated microenvironments, it will be important to know the characteristics of active cellular
probing in these contexts and how these compare to the strain- and time-dependent mechanics of
the microenvironment46.
Accurate knowledge of what mechanical parameters of the microenvironment cells perceive within
living tissues, and how these change in space and time, is essential to understand cellular
mechanosensation in vivo, during normal development, tissue homeostasis and disease.
Moreover, this knowledge can help guide the design of scaffolds for tissue engineering applications
that better mimic not only the mechanical parameters that cells perceive in vivo, but also the
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characteristics of the structures responsible for that mechanical response.

DATA AVAILABILITY STATEMENT
The data that supports these findings are available upon request.

ACKNOWLEDGEMENTS
We thank E. Sletten (University of California, Los Angeles) for sharing custom-made fluorinated
dyes and S. Megason (Harvard Medical School) for providing Tg(actb2:MA-Citrine) embryos. We
also thank all past and current members of the Campàs lab for discussions and the CNSI
microfluidics facility and the UCSB Animal Research Center for support. PR thanks B. Aigouy (The
Developmental Biology Institute of Marseille) for useful technical discussions on Tissue Analyzer.
AM was supported by an EMBO Long-Term Fellowship (EMBO ALTF 509-2013), an Errett
Discovery Award in Biomedical Research (2015-2016), and an Otis Williams Postdoctoral
Fellowship (2016-2017). This work was supported by the National Science Foundation (award
number CMMI-1562910), the Eunice Kennedy Shriver National Institute of Child Health and Human
Development of the National Institutes of Health (award numbers: R21HD084285 and
R01HD095797),

and

the

Deutsche

Forschungsgemeinschaft

(DFG,

German Research

Foundation) under Germany's Excellence Strategy – EXC 2068 – 390729961– Cluster of
Excellence Physics of Life of TU Dresden.

AUTHOR CONTRIBUTIONS
AM and OC designed research; AM, HJG and GSV performed experiments; AM, HJG, MP and PR
analyzed the data; PR and OC performed theoretical interpretation of experiments; AM and OC
wrote the paper; OC supervised the project.

COMPETING FINANCIAL INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425259; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Vining, K. H. & Mooney, D. J. Mechanical forces direct stem cell behaviour in development
and regeneration. Nat Rev Mol Cell Biol 18, 728–742 (2017).
Petridou, N. I., Spiró, Z. & Heisenberg, C.-P. Multiscale force sensing in development. Nat
Cell Biol 19, 581–588 (2017).
Mammoto, T., Mammoto, A. & Ingber, D. Mechanobiology and developmental control.
Annu Rev Cell Dev Biol 29, 27–61 (2013).
Miller, C. J. & Davidson, L. A. The interplay between cell signalling and mechanics in
developmental processes. Nat Rev Genet 14, 733–744 (2013).
Nelson, C. M. & Gleghorn, J. P. Sculpting Organs: Mechanical Regulation of Tissue
Development. Annu Rev Biomed Eng 14, 129–154 (2012).
Wozniak, M. A. & Chen, C. S. Mechanotransduction in development: a growing role for
contractility. Nat Rev Mol Cell Biol 10, 34–43 (2009).
Crowder, S. W., Leonardo, V., Whittaker, T., Papathanasiou, P. & Stevens, M. M. Material
Cues as Potent Regulators of Epigenetics and Stem Cell Function. Stem Cell 18, 39–52
(2016).
Chaudhuri, O. et al. Hydrogels with tunable stress relaxation regulate stem cell fate and
activity. Nature materials 15, 326–334 (2015).
Keung, A. J., Kumar, S. & Schaffer, D. V. Presentation Counts: Microenvironmental
Regulation of Stem Cells by Biophysical and Material Cues. Annu. Rev. Cell Dev. Biol. 26,
533–556 (2010).
Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem cell
lineage specification. Cell 126, 677–689 (2006).
Discher, D. E., Janmey, P. & Wang, Y.-L. Tissue cells feel and respond to the stiffness of
their substrate. Science 310, 1139–1143 (2005).
Wei, S. C. et al. Matrix stiffness drives epithelial–mesenchymal transition and tumour
metastasis through a TWIST1–G3BP2 mechanotransduction pathway. Nat Cell Biol 17,
678–688 (2015).
Butcher, D. T., Alliston, T. & Weaver, V. M. A tense situation: forcing tumour progression.
Nat Rev Cancer 9, 108–122 (2009).
Chen, D. T. N., Wen, Q., Janmey, P. A., Crocker, J. C. & Yodh, A. G. Rheology of Soft
Materials. Annu. Rev. Condens. Matter Phys. 1, 301–322 (2010).
Chan, C. J., Heisenberg, C.-P. & Hiiragi, T. Coordination of Morphogenesis and Cell-Fate
Specification in Development. Curr Biol 27, R1024–R1035 (2017).
Darnell, M. & Mooney, D. J. Leveraging advances in biology to design biomaterials.
Nature materials 16, 1178–1185 (2017).
Murphy, W. L., McDevitt, T. C. & Engler, A. J. Materials as stem cell regulators. Nature
materials 13, 547–557 (2014).
Lutolf, M. P., Gilbert, P. M. & Blau, H. M. Designing materials to direct stem-cell fate.
Nature 462, 433–441 (2009).
Tibbitt, M. W. & Anseth, K. S. Hydrogels as extracellular matrix mimics for 3D cell culture.
Biotechnol Bioeng 103, 655–663 (2009).
Zoldan, J. et al. The influence of scaffold elasticity on germ layer specification of human
embryonic stem cells. Biomaterials 32, 9612–9621 (2011).
Gilmour, D., Rembold, M. & Leptin, M. From morphogen to morphogenesis and back.
Nature Publishing Group 541, 311–320 (2017).
Barriga, E. H., Franze, K., Charras, G. & Mayor, R. Tissue stiffening coordinates
morphogenesis by triggering collective cell migration in vivo. Nature 554, 523–527 (2018).
Charrier, E. E., Pogoda, K., Wells, R. G. & Janmey, P. A. Control of cell morphology and
differentiation by substrates with independently tunable elasticity and viscous dissipation.
Nature Communications 9, 1–13 (2018).
Bénazéraf, B. & Pourquié, O. Formation and Segmentation of the Vertebrate Body Axis.
Annu Rev Cell Dev Biol 29, 1–26 (2013).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425259; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

Kimelman, D. Tales of Tails (and Trunks): Forming the Posterior Body in Vertebrate
Embryos. Essays on Developmental Biology Part A 116, 517–536 (Elsevier Inc., 2016).
Holley, S. A. The genetics and embryology of zebrafish metamerism. Dev Dyn 236, 1422–
1449 (2007).
Mongera, A. et al. A fluid-to-solid jamming transition underlies vertebrate body axis
elongation. Nature 561, 401–405 (2018).
Serwane, F. et al. In vivo quantification of spatially varying mechanical properties in
developing tissues. Nat Methods 14, 181–186 (2017).
Rowghanian, P., Meinhart, C. D. & Campas, O. Dynamics of ferrofluid drop deformations
under spatially uniform magnetic fields. J Fluid Mech 802, 245–262 (2016).
Heisenberg, C.-P. & Bellaiche, Y. Forces in Tissue Morphogenesis and Patterning. Cell
153, 948–962 (2013).
Lecuit, T., Lenne, P.-F. & Munro, E. Force Generation, Transmission, and Integration
during Cell and Tissue Morphogenesis. Annu Rev Cell Dev Biol 27, 157–184 (2011).
Ji, L., Lim, J. & Danuser, G. Fluctuations of intracellular forces during cell protrusion.
Nature cell biology 10, 1393–1400 (2008).
CONDEELIS, J. Life at the Leading-Edge - the Formation of Cell Protrusions. Annu Rev
Cell Biol 9, 411–444 (1993).
Yap, A. S., Duszyc, K. & Viasnoff, V. Mechanosensing and Mechanotransduction at CellCell Junctions. Cold Spring Harb Perspect Biol 10, a028761–17 (2018).
Oakes, P. W. et al. Lamellipodium is a myosin-independent mechanosensor. Proc Natl
Acad Sci USA 115, 2646–2651 (2018).
Bausch, A. R., Möller, W. & Sackmann, E. Measurement of Local Viscoelasticity and
Forces in Living Cells by Magnetic Tweezers. Biophysj 76, 573–579 (1999).
Bambardekar, K., Clément, R., Blanc, O., Chardès, C. & Lenne, P.-F. Direct laser
manipulation reveals the mechanics of cell contacts in vivo. Proc Natl Acad Sci U S A
201418732 (2015). doi:10.1073/pnas.1418732112
Salbreux, G., Charras, G. & Paluch, E. Actin cortex mechanics and cellular
morphogenesis. Trends in Cell Biology 22, 536–545 (2012).
Erami, Z., Timpson, P., Yao, W., Zaidel-Bar, R. & Anderson, K. I. There are four
dynamically and functionally distinct populations of E-cadherin in cell junctions. Biology
Open 4, 1481–1489 (2015).
Fischer, S. C. et al. Contractile and Mechanical Properties of Epithelia with Perturbed
Actomyosin Dynamics. PLoS ONE 9, e95695–12 (2014).
Kim, S., Pochitaloff, M., Georgina-Stooke-Vaughan & Campas, O. Embryonic Tissues as
Active Foams. bioRxiv (2020). doi:10.1101/2020.06.17.157909
Cohen-Addad, S., Höhler, R. & Pitois, O. Flow in Foams and Flowing Foams. Annu. Rev.
Fluid Mech. 45, 241–267 (2013).
Caiazzo, M. et al. Defined three-dimensional microenvironments boost induction of
pluripotency. Nature materials (2016). doi:10.1038/nmat4536
Nam, S., Lee, J., Brownfield, D. G. & Chaudhuri, O. Viscoplasticity enables mechanical
remodeling of matrix by cells. Biophysj 111, 1–41 (2016).
Nelson, C. M. & Bissell, M. J. Of extracellular matrix, scaffolds, and signaling: tissue
architecture regulates development, homeostasis, and cancer. Annu. Rev. Cell Dev. Biol.
22, 287–309 (2006).
Guilak, F. et al. Control of Stem Cell Fate by Physical Interactions with the Extracellular
Matrix. Stem Cell 5, 17–26 (2009).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425259; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE LEGENDS
Figure 1 | Junctional length establishes the onset of tissue plasticity. a, Sketch showing a
lateral view of a 10-somite stage embryo highlighting the posterior region of the body (dotted black
rectangle) where mesodermal progenitors progressively differentiate as they transit from the
mesodermal progenitor zone (MPZ) to the presomitic mesoderm (PSM). a’, Confocal sections
along the sagittal plane of posterior extending tissues in membrane-labeled Tg(actb2:MA-Citrine)
embryos (inverted) with inserted ferrofluid droplets (cyan) in different regions along the
anteroposterior (AP) axis. The posterior paraxial mesoderm is here divided into three regions
(dotted red insets): the anterior presomitic mesoderm (A-PSM), the posterior presomitic mesoderm
(P-PSM) and the mesodermal progenitor zone (MPZ). b, Confocal section of droplet (cyan) during
actuation (magnetic field ON) with small magnetic field leading to small droplet deformation and
associated small strains (membrane label; inverted). b’, Sketches defining the induced droplet
'⃗ during actuation and the droplet
elongation 𝑒 along the direction of the applied magnetic field 𝐻
pre-elongation before actuation, 𝑒! . c, Mean (dots) and median (line) values of cell size (diameter,
𝑑; gray) and junctional length ℓ (red) in the MPZ and PSM, reanalyzed from Ref.

27

. d, Examples

of time evolution of droplet deformation (normalized droplet extension, 𝑒/𝑑̅; induced strain) during
actuation cycles (OFF-ON-OFF; creep experiment) for different values of the applied magnetic field,
leading to varying values of maximal droplet elongation 𝑒" . The initial and residual droplet
deformations, before actuation and after relaxation, 𝑒! and 𝑒# respectively, are defined in the inset.
e-f, Residual droplet elongation normalized by average cell size, (𝑒# − 𝑒! )/𝑑̅ (e), or by average
junctional length, (𝑒# − 𝑒! )/ℓ4 (f), for varying values of the applied maximal droplet elongation (𝑒" −
𝑒! ) normalized by average cell size (e) or junctional length (f) in the posterior paraxial mesoderm.
When the applied maximal droplet elongation exceeds the cell-cell junction length (i.e., for applied
strains (𝑒" − 𝑒! )/ℓ4 ≈ 1; gray dashed line in f) the tissue starts to deform irreversibly (plastic
deformation). Below this yield strain, the tissue behaves reversely. Circles indicate mean, gray bars
median and error bars SD. For cell size normalization N = 105 (divided in the different ranges of
applied maximal strain: 7, 14, 37, 22, 16, 9). For junction normalization N = 72 (divided in the
different ranges of applied maximal strain: 20, 8, 5, 9, 11, 19). After normalization, data points were
grouped in bins of 0.33. Within each bin, the average maximal strain was then calculated. g,
Snapshots showing confocal sections of tissue next to a droplet (dotted red line) during an actuation
cycle (OFF-ON-OFF) with a large applied magnetic field causing large droplet deformations (top).
Droplet actuation causes T1 transitions (neighbor exchange) that lead to permanent (irreversible
or plastic) changes in the local tissue architecture (bottom).
Figure 2 | Cells endogenously probe the linear mechanics of the tissue. a, Confocal sections
showing the temporal changes in cell junction length (white inset) over 400 seconds, and time
traces of junction length for cells in different regions of the tissue, showing that junction length is
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less variable in the A-PSM than in the MPZ. b, Normalized frequency (distribution) of the magnitude
of relative variations in junction lengths 8ℓ − ℓ4$ 8/ℓ4$ (endogenous applied strain at cell junctions) in
the A-PSM and P-PSM (N approximately 3500 junctions in each region; 4 embryos), as well as
MPZ (N = 7896; 3 embryos). The average endogenous applied strains at cell junctions (inset) are
much smaller than the yield strain in the tissue (red dotted line). c, Confocal sections of PSM tissue
in mosaic membrane-labeled embryos showing cell protrusions between cells. The length of each
protrusion ℓ% (inset) can be measured at each time point. d, Kymograph showing the fluorescence
intensity along a protrusion path, enabling the determination of the time evolution of the protrusion
4 4
length (white line), ℓ% (𝑡). e, Normalized frequency of maximal protrusion strains 8ℓ"
% − ℓ% 8/ℓ in the
different regions. Average protrusion strains (inset) are largest in the MPZ, but much smaller than
the yield strain in the tissue (red dotted line). f-g, Normalized frequency of the number of protrusions
per cell (f) and their maximal lengths (g), with the average protrusion number per cell and average
protrusion length shown in the insets of f and g, respectively. N = 78, 62, 45 (A-PSM), N = 67, 67,
35 (P-PSM), and N = 73, 66, 38 (MPZ) for e, f, g, respectively.
Figure 3 | Characteristic timescales of endogenous mechanical probing of the cellular
microenvironment. a, Sketches of cell protrusions and cell-cell junctions, indicating the measured
time-dependent protrusion length and junctional length, ℓ% (𝑡) and ℓ(𝑡) respectively. b, Normalized
frequency of the absolute value of the protrusion strain rates, showing minimal protrusion
persistence timescales in the MPZ (inset). Limitations in protrusion tracking did not allow
measurements of strain rates below approximately 0.005 s-1 (gray band). A-PSM (N = 1490), PPSM (N = 977), and MPZ (N = 391). c, Temporal autocorrelation of cell junction length in different
regions of the tissue along the AP axis, showing persistence (autocorrelation) timescales of
approximately 1 minute (inset). d, Fourier Transform (FT) mode amplitudes of the time evolution of
junction length in the tissue, for different regions along the AP axis, showing a peak at frequencies
of approximately 0.5 min-1. N approximately 3500 junctions in A-PSM and P-PSM (4 embryos) and
7896 junctions in MPZ (3 embryos) in c, d.
Figure 4 | Stress relaxation timescales and time-dependent (linear) mechanical properties
of the microenvironment along the AP axis. a, Sketch of lateral and dorsal views of the posterior
body axis, showing the regions of the tissue in which measurements of linear material properties
were performed. The PSM is divided in anterior and posterior parts, A-PSM and P-PSM
respectively, and the MPZ is divided in medial and lateral portions, M-MPZ and L-MPZ respectively.
b, Rheological diagram representing the tissue mechanical response below yield. Two Maxwell
branches, characterized by independent stress relaxation timescales 𝜏& and 𝜏' , are in parallel with
an elastic element accounting for the stiffness associated with the supracellular foam-like tissue
architecture below yield. c, Measured values of the two relaxation timescales in the different tissue
regions along the AP axis. Mean ± SD. d-f, Mechanical properties of the microenvironment at
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different timescales. All mechanical parameters display a posterior-to-anterior increasing gradient,
with the exception of the stiffness of the supracellular tissue architecture, which displays a minimal
value in the lateral MPZ. N = 15 for A-PSM, 11 for P-PSM, 17 for L-MPZ, 32 for M-MPZ. Plots show
mean ± sem. g, Confocal sections revealing the extracellular spaces between cells (fluorescent
Dextran; inverted; Methods) in the different regions of the tissue along the AP axis.
Figure 5 | Cells probe the tissue stiffness associated with the local, foam-like architecture
of the tissue. Schematic representation of the measured mechanics of the microenvironment at
different strains and timescales, showing the different observed regimes and the region of the
strain- and time-dependent microenvironment mechanics that is mechanically probed by cells (blue
ellipse). Above the yield strain, cell rearrangements (T1 transitions) occur, leading to plastic
(irreversible) remodeling of the tissue architecture. Below yield, the tissue maintains its local cellular
configurations (no cell rearrangements) and dissipates stresses at different timescales, 𝜏& and 𝜏'
respectively. The perceived microenvironment stiffness below yield (color coded) decreases over
time as stresses are dissipated, eventually reaching a constant low value (yellow) associated with
the elasticity of deforming cellular packing configurations. Active cellular probing of the
microenvironment (blue ellipse) occurs preferentially at timescales (~1-2 min) longer than all
microenvironment relaxation timescales and at small strains (~10-30%), indicating that cells probe
the stiffness associated with the local, foam-like tissue architecture.

ONLINE METHODS
Zebrafish husbandry, fish lines, and labeling. Zebrafish (Danio rerio) were maintained as
previously described47. Experiments were performed following all ethical regulations and according
to protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of California, Santa Barbara. For ubiquitous labeling of cell membranes we used
Tg(actb2:MA-Citrine) embryos48 or embryos injected at 1-cell stage with membrane-GFP mRNA.
For mosaic membrane labeling, a small number of cells in wild-type (AB) embryos were injected
with 8 – 25 pg of membrane-GFP mRNA at 16 – 32 cell stage.
Generation and injection of ferrofluid droplets. Ferrofluid droplets were prepared as previously
described28. Briefly, DFF1 ferrofluid (Ferrotec) was diluted in filtered 3MTM NovecTM 7300
fluorocarbon oil (Ionic Liquid Technologies) at varying concentrations to tune the saturation
magnetization of the ferrofluid, thereby allowing variations in droplet deformations (applied strains)
for the same applied value of the magnetic field. To prevent non-specific adhesion between cells
and

droplets,

a
49

fluorinated

Krytox-PEG(600)

surfactant

(008-fluorosurfactant,

RAN

Biotechnologies ) was diluted in the ferrofluid at a 2.5% (w/w) concentration. The ferrofluid was
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calibrated before each experiment as previously described28, so that the applied magnetic stresses
are known, enabling quantitative experiments. The droplets were directly generated inside the
embryos, by micro-injection of the ferrofluid oil in the tissue of interest, as previously described28.
The required droplet size (of average radius approximately of 20 𝜇𝑚) was achieved by modulating
the injection pressure and the injection pulse interval. Droplets were injected in the mesodermal
progenitor zone (MPZ) at the 4- and 6-somite stages for measurements in the PSM and MPZ,
respectively. Experiments were performed at least 2 hours after injection to allow tissue recovery.
Imaging. Embryos at the 10-somite stage were mounted in 0.8% low-melting agarose and imaged
at 25 ℃ using a laser scanning confocal (LSM 710, Carl Zeiss Inc.). Confocal images of the region
of interest in ubiquitous or mosaic membrane-labeled embryos were taken at 2.5s intervals using
a 40x water immersion objective (LD C-Apochromat 1.1W, Carl Zeiss Inc.). Imaging of ferrofluid
droplets in the embryo was done as previously described28. Ferrofluid droplets were labelled using
a custom-synthesized fluorinated Rhodamine dye50, which was diluted in the ferrofluid oil at a final
concentration of 37 𝜇𝑀.
Magnetic actuation of ferrofluid microdroplets. Actuation of ferrofluid droplets was performed
following the previously described protocol28. Briefly, a ferrofluid droplet embedded in the tissue
was deformed by applying a uniform and constant magnetic field28. The magnetic field was applied
for 15 minutes, as this timescale is longer than typical cellular processes but minimal tissue
rearrangements due to tissue morphogenesis occur within this time period. After 15 minutes the
magnetic field was removed and the droplet was monitored during relaxation for an additional 15
minutes, as droplet relaxation occurs over much shorter timescales (Fig. 1d). Upon application of
a uniform, constant magnetic field ferrofluid droplets acquire an ellipsoidal shape, elongated along
the direction of the applied magnetic field28. In our experiment we monitored the time evolution of
the droplet deformation (by quantifying the ellipsoidal shape) and measured the initial (𝑒! ), maximal
(𝑒" ) and residual (𝑒( ) droplet elongation in the direction of the applied magnetic field.
Determination of junctional lengths and their dynamics. To monitor cellular junctions over time,
we acquired confocal sections of embryos injected with memGFP mRNA every 5s and for a total
period of 30 minutes. The location of cells’ vertices and junctional lengths in the images were
detected using Tissue Analyzer51. For each embryo, we segmented a region of interest (ROI) along
the AP axis for which cell-cell contacts were trackable over a period of at least 400s. We then used
the Tissue Analyzer package to obtain the time evolution of contour lengths of cell-cell contacts
and the (x,y) positions of the vertices. The average junction length ℓ4 is an ensemble average over
different junctions in the tissue.
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Determination of protrusion length and their dynamics. To monitor cell protrusions over time,
we acquired time lapses (for 12 min or 18 min at 1 frame every 2.5 s or 16s, respectively) confocal
sections of each region of the tissue (MPZ, P-PSM and A-PSM) in wild type embryos with mosaic
membrane labeling. Since only a subset of cells were labeled, cell protrusions between cells were
visible. Tracking of cell protrusions’ length over time, namely ℓ% (𝑡), was manually done using
ImageJ for each protrusion. The segmented line tool was used to follow each protrusion path, with
a large enough width to include the protrusion. The locations of the tip and base (origin of the
protrusion on the cell) of each protrusion for each timepoint were determined from the sharp
fluorescence changes along the segmented path. The length of the protrusion was then determined
for each time point as the difference in length between the tip and base of the protrusion.
Protrusion strain. To calculate the maximal strains that protrusions can generate, we first
determined the maxima in protrusion lengths, namely ℓ"
% , for each protrusion. We excluded maxima
separated by less than 0.5 µm or with protrusion length smaller than 0.5 µm because this was close
to our spatial resolution. For each protrusion, we then obtained the amplitude of its maximal
4
4
variations, namely ℓ"
% − ℓ% , were ℓ% corresponds to the average protrusion length. Since our
experimental data showed that the relevant characteristic length scale controlling the onset of
plasticity is the junctional length, we obtained the maximal strain applied by protrusions by
calculating the ratio of the maximal length variations of protrusions and the average junctional
4 4
length, namely 6ℓ"
% − ℓ% 7/ℓ . The actual applied strains will, in general, be smaller than the
measured values of maximal strains reported here, as the protrusions did not retract
instantaneously all their length.
Protrusion shear rate. Once the time evolution of the protrusion length ℓ% (𝑡) was determined, we
calculated the instantaneous shear rate as 61/ℓ% 7 𝑑ℓ% /𝑑𝑡 . We applied a B-spline using
Mathematica (Wolfram) to the measured protrusion length before calculating 𝑑6ln ℓ% (𝑡)7/𝑑𝑡 in
Matlab (MathWorks). This derivative provides the instantaneous shear rates.
Persistence timescale of junctional length dynamics. Using the time-series of the contour
length of cell junctions (obtained as described in the section ‘Determination of junctional lengths
and their dynamics’), we calculated the temporal autocorrelation function, namely

𝐶ℓℓ (𝜏) ≡

〈(ℓ(𝑡 + 𝜏) − 〈ℓ(𝑡 + 𝜏)〉! ) ∙ (ℓ(𝑡) − 〈ℓ(𝑡)〉! )〉!
,〈(ℓ(𝑡 + 𝜏) − 〈ℓ(𝑡 + 𝜏)〉! )" 〉! ,〈(ℓ(𝑡) − 〈ℓ(𝑡)〉! )" 〉!

where ℓ is the junctional length of any given cell-cell junction, and 〈ℓ〉𝑡 is the time average of a
given junctional length. The use of time averages here is because we are interested in the
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autocorrelation for a given junction. To reduce numerical errors which result from using time
averages, these were calculated using time shifted intervals, i.e., each average 〈∙〉! was evaluated
with the data in a time interval (0, 𝑇 − 𝜏), with 𝑇 being the duration of the experiment. We analyzed
each ROI and obtained the correlation function for each embryo separately. The obtained
autocorrelation functions were nearly exponential in all cases. The persistence timescale of the
junctional dynamics corresponds to the autocorrelation timescale, which we obtained by fitting an
exponential function to the autocorrelation decay. The reported characteristic timescale was
obtained from a weighted average of the timescales measured in different embryos, with the
weights being the inverse of their variances.
Fourier transform of junctional length dynamics. We calculate the Fourier transform of the
junctional length ℓ (obtained as described in the section ‘Determination of junctional lengths and
their dynamics’) using discrete Fast Fourier Transform of the measured junctional length time
series. To remove the effect of supracellular, long timescales tissue movements on the junctional
lengths, we first filter the junctional length time series using a high-pass filter with a cutoff frequency
of approximately 1/6 min-1. This suppresses junctional length fluctuations at timescales equal to or
larger than 6 minutes. We checked that our results were unchanged by varying the cutoff frequency
within a reasonable range. We then subtracted the time average of the filtered signal, namely ℓ4$+ ,
from the time series and calculated the Fast Fourier Transform on the processed signal, namely
ℓ+ − ℓ4$+ .
Normalized frequency (distribution) of junctional length variations (endogenous strains).
For each one of the time-series of junctional length (obtained as described in the section
‘Determination of junctional lengths and their dynamics’), we obtain the time average of the
junctional length over a period of 400s, namely ℓ4$ , and calculate the relative deviations of the
junctional length from its average, namely 6ℓ − ℓ4$ 7/ℓ4$ . Since actomyosin activity at the cell
junctions in known to drive the dynamics of cell junctions, these actively generated relative changes
in junctional length are a measure of the local, endogenous applied strains. We analyzed 4 ROIs
in both A-PSM and P-PSM, and 3 ROIs in the MPZ, all corresponding to different wild type embryos.
We obtained the normalized lengths 6ℓ − ℓ4$ 7/ℓ4$ over the time window of a single experiment and
combined, for each region, all the values of the strain magnitude (absolute value of 6ℓ − ℓ4$ 7/ℓ4$ or
86ℓ − ℓ4$ 7/ℓ4$ 8), for all times and cell-cell contacts into a single, normalized frequency distribution
𝑝686ℓ − ℓ4$ 7/ℓ4$ 87 of the endogenous strain magnitude 86ℓ − ℓ4$ 7/ℓ4$ 8.
Measurement of relaxation time scales and (linear) mechanical properties of the
microenvironment. Embryos with a previously injected ferrofluid droplet were mounted for imaging
and inspected on the confocal microscope, as described above in ‘Magnetic actuation of ferrofluid
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microdroplets’. Briefly, after the droplet was located, we lowered the magnets array to the distance
from the sample that generates the desired magnetic field (and magnetic stress) to create only
small droplet deformations leading to applied strains within the 5-20% range, well below the
observed yield strain (occurring at 100%). The magnets array was kept at this position for 15
minutes and then moved away from the sample, leading to droplet relaxation. The ferrofluid droplet
was imaged for the entire actuation cycle, enabling segmentation of the droplet’s shape in each
frame and quantification of deformation dynamics. To obtain all the mechanical parameters in the
rheological model (Fig. 2a), we used a previously developed software28, which fits the time
evolution of the droplet deformation to the mathematical solutions of the rheological model. The
mechanical parameters in the rheological model are obtained from the fit parameters, as previously
described28. Since the droplet capillary stress acts effective as an elastic element acting in parallel
of all branches in the generalized Maxwell model28, the elastic element associated to the
supracellular tissue stiffness (branch 3 in Fig. 2a) and the droplet capillary stress cannot be
obtained independently by applying strains below yield. To decouple them, we obtained the
effective elastic contribution of the droplet capillary stresses from measurements above yield, as in
this case the elastic component of the tissue is not present at long timescales because stresses in
the tissue relax via cellular rearrangements. Once the contribution of the capillary stress was
known, we removed it from the long timescale elasticity below yield (branch 3 in Fig. 2a).
Importantly, the mechanical properties measured with this technique correspond to a local average
of the mechanical properties characterizing the surrounding material, along different spatial
directions.
Visualization of extracellular space. To visualize the volume fraction of the extracellular spaces
we injected Dextran, Alexa Fluor™ 488 (10000 MW) in the MPZ of 9-somite stage embryos. After
30-45 minutes embryos were mounted and imaged as described above.
Statistics. In experiments involving zebrafish embryos, the sample size was chosen so that new
data points would not change significantly the standard deviation. No samples were excluded from
the analysis and the analysis of all the data was done by automated software to ensure full blinding
and avoid biases in the analysis. No randomization of the data was used. Mann-Whitney and KS
non-parametric tests were used for statistical analysis.
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