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Many biological tissues are viscoelastic, behaving as elastic solids on short

timescales and fluids on long timescales. This collective mechanical behaviour

enables and helps to guide pattern formation and tissue layering. Here,

we investigate the mechanical properties of three-dimensional tissue explants

from zebrafish embryos by analysing individual cell tracks and macroscopic

mechanical response. We find that the cell dynamics inside the tissue exhi-

bit features of supercooled fluids, including subdiffusive trajectories and

signatures of caging behaviour. We develop a minimal, three-parameter mech-

anical model for these dynamics, which we calibrate using only information

about cell tracks. This model generates predictions about the macroscopic

bulk response of the tissue (with no fit parameters) that are verified experi-

mentally, providing a strong validation of the model. The best-fit model

parameters indicate that although the tissue is fluid-like, it is close to a glass

transition, suggesting that small changes to single-cell parameters could

generate a significant change in the viscoelastic properties of the tissue.

These results provide a robust framework for quantifying and modelling

mechanically driven pattern formation in tissues.
1. Introduction
A quantitative description of the mechanical behaviour of groups of cells in bio-

logical tissues is critical for an understanding of many fundamental biological

processes, including embryogenesis [1–7], wound healing [8,9], stem cell

dynamics, regeneration [10,11] and tumourigenesis [12–15]. Previous work

demonstrates that the macroscopic response of many tissues is viscoelastic

[1], where the tissue behaves as an elastic solid over short timescales and a vis-

cous fluid over long timescales. The relaxation timescale, a material parameter

that is different for different tissue types, characterizes how much time it

takes for a tissue to crossover from elastic to viscous behaviour.

Recently, researchers have discovered that some two-dimensional tissues exhibit

glassy behaviour [16,17]. In these confluent tissues, individual cells have difficulty

moving past one another or exchanging neighbours, resulting in a ‘frozen’ system

with a macroscopic response that is solid-like even on long timescales. Solid tissues

support stresses and provide structure to living organisms.

A wide variety of materials exhibit glass transitions, which generally occur

when the individual agents that comprise the material (i.e. atoms, polymers,

droplets and cells) approach high densities or low individual motilities

(i.e. atoms at low temperature). Glasses display universal features, includ-

ing long-range spatial correlations in velocity fields and slowing down of

individual agents [18–20].

By contrast, embryonic explants are fluid-like on long timescales, allowing

cells in the embryo to rearrange and flow in order to form new patterns and struc-

tures. Therefore, they are not glasses. However, embryonic tissues share several

properties with another class of materials called supercooled fluids—they are

tightly packed in disordered structures and display elastic behaviour on short

timescales and fluid behaviour on long timescales. Supercooled fluids have a

viscoelastic relaxation timescale that is controlled by their proximity to a glass

transition [18,21] and display glassy dynamics such as anomalous slowing of
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individual motions and ‘caging’ behaviour [22,23]. Caging be-

haviour occurs when the motion of a single element (particle,

atom or cell) is trapped and impeded from motion by a sur-

rounding ‘cage’ of its nearest neighbours due to the dense

packing of the system; only rare, high-energy fluctuations

allow the element to be released from the cage and permitted

to move a new location.

To test whether the viscoelasticity of embryonic tissues is

similarly controlled by proximity to a glass transition, we

must first determine whether cell trajectories in embryonic

tissues display signatures of glassy dynamics, and then we

must develop a framework for determining how ‘close’ the

system is to a glass transition phase boundary. Such a

description has the potential to transform existing definitions

for adaptability and robustness in biology. Tissues near a

phase boundary could significantly change their behaviour

with only small changes to single-cell properties and are

therefore highly adaptable, while those far from phase

boundaries are robust to perturbations. This might also give

insights into disease. For example, if a mutation causes the

tissue to cross a phase boundary and transition from fluid-

like to solid-like behaviour, it would significantly interfere

with pattern formation in embryonic development. Finally,

we can use information from phase diagrams to make quan-

titative predictions about macroscopic tissue viscoelasticity.

The remainder of this paper is organized as follows: first,

we track individual cells in three-dimensional zebrafish

explants and demonstrate that cell trajectories exhibit anom-

alous diffusion and caging behaviour, which are both

signatures of glassy dynamics.

Second, we develop a novel minimal model with three

dimensionless parameters that can be used to quantify

how close the material is to a glass transition. The para-

meters have simple biophysical interpretations: (i) the ratio

between the adhesion and the cortical tension, (ii) the magni-

tude of forces actively generated by cells exerting tension

on their neighbours and (iii) the typical timescale over

which those forces act. As a function of the three parameters,

we find that the model does have a ‘jamming’ or glass

transition and demonstrate that the best-fit model para-

meters describe a supercooled fluid that is controlled by

this nearby transition.

Third, we use this calibrated model with no fit parameters

to make predictions about macroscopic viscoelastic response

as measured by tissue compression and tissue fusion assays.

We demonstrate that our minimal model accurately predicts

the viscoelastic relaxation timescale seen in both types of

experiments, providing a strong validation of the model.

The model also reproduces qualitative observations of surface

properties, such as the existence of a tissue surface tension,

but it does not correctly reproduce the magnitude of the

tissue surface tension. This is consistent with previous work

[24,25] suggesting that steady-state surface properties are sen-

sitive to the detailed shapes and tensions of individual cells,

which are not included in our model.

We conclude with a discussion of how these results can

be extended to better understand more complicated biologi-

cal processes. Now that we have a good handle on the

mechanical behaviour in simple environments, we can sys-

tematically add additional degrees of freedom to the model

to capture biochemical signalling near tissue boundaries,

coupling to extracellular matrix or chemotaxis that occurs in

signalling gradients.
2. Material and methods
2.1. Experimental methods
2.1.1. Explant preparation
Maternal zygotic one-eyed pinhead (MZoep) and 50–100 pg of cyclops
mRNA-injected wild-type zebrafish aggregates, corresponding to

ectoderm and mesendoderm, respectively, were generated and

fluorescently labelled as previously described [1,24,26].

2.1.2. Explant fusion
Fusion experiments were carried out on a Zeiss Axiovert 200M

microscope (Zeiss, Göttingen, Germany), equipped with a

SPOT camera (Diagnostic Instruments, Inc., MI, USA) and

METAMORPH v. 4.6 (Molecular Devices, LLC, CA, USA) software

and on a Olympus DSU microscope (Tokyo, Japan), equipped

with a Hamamatsu camera (Hamamatsu City, Japan) and SLIDE-

BOOK 5.1 software. The aspect ratio (AR) of fusing tissue

aggregates was determined by finding the object’s convex hull

using a built-in MATLAB (MathWorks; Natick, MA, USA) func-

tion, and extracting its major and minor axes (see the electronic

supplementary material). The AR as a function of time was

plotted and fitted with an exponential þ constant [27].

2.1.3. Tissue surface tension measurements
The tissue surface tensiometer (TST) was constructed as previously

described [28,29], without the water circulation and with a digital

CAHN electrobalance D-200 (Cerritos, CA, USA) and the lower

compression plate connected to a Newport NewStep NSA 12

actuator (Irvine, CA, USA), allowing for computer-controlled

motion through a custom LabVIEW program (National Instru-

ments, Austin, TX, USA). Aggregates were imaged using a

Basler A601f camera (Ahrensburg, Germany) attached to a Leica

S8APO stereo microscope (Wetzlar, Germany). The tensiometer

was calibrated as described in the electronic supplementary

material text. Tissue surface tension and Young’s modulus were

calculated as described in earlier studies [26,30].

2.1.4. Two-photon imaging and cell tracking
For time-lapse in vivo imaging, explants were embedded in 1%

low-melting point agarose (Cat. no. 15517-022, Invitrogen) in

E2-medium [1] to minimize motion. Imaging was carried out on

a custom-built two-photon laser scanning microscope, constructed

on an upright BX51 Olympus microscope (Tokyo, Japan). A tun-

able Ti : sapphire pulse laser (Mira 900, Coherent, 100-fs pulses

at 80 MHz) was used to excite the sample with approximately

920 nm pulses. The emitted light was collected simultaneously

through an Olympus LUMPlan Fl/IR water-immersion objective

(NA ¼ 0.8) and an oil-immersion condenser (NA ¼ 1.4) using

GaAS photomultiplier tubes (Hamamatsu Photonics K.K;

Hamamatsu City, Japan). MATLAB ScanImage software was

used for image acquisition [31]. Fluorescently labelled nuclei

were identified in Z-stacks of two-photon images, with one

Z-stack captured every 2 min, and resolution of 0.86 mm/pixel in

X and Y and 4 mm/pixel in Z. The images were analysed using a

bandpass filter and three-dimensional feature finding algorithms

[32]. Features were binned according to position and volume and

spurious features were identified as those with volumes less than

20% of average or located outside the spherical aggregate shape.

Features identified at each time point are linked into nuclei

tracks according to a standard tracking algorithm [32], and auto-

mated tracks are compared to manual tracks to ensure accuracy.

Because images for the ectoderm explants are slightly noisier,

our tracking algorithm occasionally wrongly identifies noise as

nuclei ‘features’, but these mislabelled features have very short

tracks (two to three frames) and do not affect results at timescales

longer than 5 min.
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Figure 1. (a) Two-dimensional cross section of three-dimensional experimental tissue showing packing fraction unity. Cell membranes are labelled using Gap43GFP,
cell nuclei using Hoechst. (b,c) Two sample cell tracks extracted from experimental data illustrating ‘caging’ behaviour as described in the text. (d) Two-dimensional
cross section of three-dimensional tissue simulation, interfaces generated using a Voronoi tessellation and the surface evolver computer program [34]. (e) MSD data
for experimental ectoderm (thin dashed) and mesendoderm (solid) explants. Thick dashed lines are slope 1, drawn to guide the eye. ( f ) MSD data for best-fit
simulation parameters shown in natural units as discussed in the electronic supplementary material text. (g,h) Non-Gaussian parameter (described in text) for
experimental (g) and best-fit simulation (h) data achieve a maximum at a timescale tc discussed in the main text. Secondary peak at very short timescales
for ectoderm data is likely caused by misidentified features. (Online version in colour.)
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3. Results
3.1. Statistics of individual cell trajectories
We first analyse the structure and dynamics of cells in ecto-

derm and mesendoderm zebrafish explants. We reconstruct

the three-dimensional static positions for a subset of the

nuclei in the explant at each timepoint and estimate cell

shapes by taking a three-dimensional Voronoi tessellation

[33] of the nuclei positions. In both tissue types, the structure

of the tissue is disordered; the cell nuclei are not arranged in a

crystalline pattern, and the cell shapes are irregular poly-

hedra with roughly similar volumes. A two-dimensional

slice through the tissue therefore appears as curved polygons

with widely varying areas (figure 1a).

A second observation is that the tissue is confluent, where

there are no visible extracellular gaps in membrane-labelled

images. One way to quantify a cellular structure is the dimen-

sionless packing fraction f, which is the ratio of the sum of

the volumes of all the individual cells compared to the total

volume taken up by the aggregate. For tissues with extracellular

gaps, the packing fraction is less than one, but for completely

confluent tissues the packing fraction is unity. This value can

be directly compared with results from simulations.
To non-dimensionalize other observables, we define the

average effective radius R of cells by calculating the average

distance between nuclei in the middle of the aggregate,

which is 15+2 mm. Since the overlap between soft disor-

dered spheres at packing fraction unity is approximately

15% [35], we find that twice the effective radius averages

17 mm and the average effective radius is R ¼ 8+ 1 mm.

By combining the static three-dimensional positions of

nuclei from different timepoints, we can track them over time

and analyse their dynamics inside the tissue explants [32].

A standard metric for studying the motion of particles is

the mean-squared displacement (MSD), which is the square

of the net distance an individual particle moves as a function

of time, averaged over all particles. The motion of the nuclei

is diffusive if the MSD scales linearly with time and super

(sub)-diffusive if the MSD increases with the time to a

power greater (less) than one. For diffusive tissues in three

dimensions, the diffusion constant D is one-sixth the long

time limit of the ratio between the MSD and time.

Figure 1e shows the log of the MSD as a function of

log of the time for ectoderm and mesendoderm tissues.

We find that D¼ 0.22+0.05 mm2 min–1 for ectoderm and

D ¼ 0.60+0.05 mm2 min–1 for mesendoderm. Ectoderm and



Figure 2. Schematic illustrating the caging effect. In confluent or nearly
confluent tissues, cells are surrounded by a cage of neighbours and only a
high-energy collective rearrangment allows them to escape the cage.
(Online version in colour.)
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mesendoderm explants have previously been shown [1] to differ

by a factor of 2 in their tissue surface tensions, thus the observed

difference in the diffusion constant is not surprising as we would

expect cells in more adhesive tissues to move less. The slope of

this plot, which is a second dimensionless observable a, is

nearly unity at long times for both tissues indicating that the

nuclei movement is diffusive. Furthermore, we observe that

both tissues exhibit a subdiffusive regime at short timescales

where the slope is significantly smaller than unity (a , 1) on a

log-log plot.

While there are many instances in biology where a

material exhibits subdiffusive behaviour, these MSD curves

are reminiscent of those seen in supercooled colloids that

are just above the glass transition temperature [23]. In those

materials, individual colloidal particles are trapped in a

‘cage’ of neighbours, and they must wait for a rare, high-

energy temperature fluctuation to escape that cage and

continue diffusing. Therefore, a signature of caging behav-

iour is a trajectory that displays long periods where particle

displacements are small compared with the particle diameter,

punctuated by a period of directed travel that traverses

roughly a particle diameter.

In particulate matter, caging becomes more pronoun-

ced as the packing fraction increases. Because our tissues

are at packing fraction unity, we expect that a significant

amount of mechanical energy is likely required for one cell

to move past another, and therefore the subdiffusive regime

in tissues could be generated by a similar mechanism. A sche-

matic illustrating this caging effect is shown in figure 2. A

sample cage-breaking event that occurred inside a zebrafish

explant is shown in the electronic supplementary material,

movie S5.

To test this hypothesis, we analysed images of the real-space

trajectories of individual nuclei inside ectoderm explants.

We find many trajectories that exhibit signatures of caging

behaviour—long periods where cell displacements are small

punctuated by a quick, large displacement of roughly a cell

diameter. Two examples are shown in figure 1b,c, and a large

set of trajectories is shown in the electronic supplementary

material, figure S6.

To systematically quantify these caging effects, we calculate

the average non-Gaussian parameter for all cell trajectories

[22], which quantifies the directedness of cell trajectories as a

function of timescale. We expect cell displacements to be

random and roughly Gaussian-distributed at short timescales

when they are caged by their neighbours, and then again at

very long timescales after they have exchanged many neigh-

bours. However, at intermediate timescales when they break

out of their cages, we expect the non-Gaussian parameter to

be large because the trajectories are more directed and less

random. Therefore, a peak in the non-Gaussian parameter as

a function of timescale is a quantitative demonstration of

caging behaviour in a statistically large set of cell trajectories.

Figure 1g shows the non-Gaussian parameter a2 as a func-

tion of timescale and demonstrates that there is a peak in the

non-Gaussian parameter. We denote the timescale at which

this peak occurs as tc � 20 min for ectoderm and tc � 10 min

for mesendoderm tissues, and it occurs at roughly the same

timescale as the crossover from subdiffusive to diffusive behav-

iour in the MSD trajectories. This strongly supports our

hypothesis that cell trajectories are supercooled or caged, and

allows us to define a third dimensionless crossover time observa-

ble t* ¼ Dtc/(R2). For the ectoderm aggregates, a spurious
peak occurs at very short timescales (3–5 min) because of mis-

labelled features in our tracking algorithm, but as discussed

above this does not affect the results for longer tracks.

Biologically, we can understand caging as follows: owing to

the dense packing of cells in the tissue, they can only move

larger distances when another cell allows them to pass, similar

to a person trying to move around in a very crowded room.

Thus, cells are jiggling at one location for most of the time,

and occasionally they can escape and move larger distances.
3.2. A minimal model for cell dynamics
As discussed in the electronic supplementary material text,

existing models for tissue mechanics [4,6,36–45] are not suit-

able for describing our observations of zebrafish explants. We

now develop a new model with the minimal ingredients

necessary to explain the macroscopic bulk viscoelastic response

of simple embryonic tissues. Instead of allowing many degrees

of freedom per cell, corresponding to the viscoelasticity and

activity of the actin–myosin cytoskeleton, we allow one

degree of freedom per cell, the centre of mass (COM) and intro-

duce several types of interactions between cells to capture

single-cell viscoelasticity, adhesion and active force generation.

We hypothesize that the emergent mechanical behaviour

of a large group of cells does not depend on detailed cell

shapes and activities, but instead on a small set of variables

that govern the rates at which cells can squeeze past one

another in this tightly packed, disordered structure. There-

fore, we focus on determining the correct length and

timescales for typical cell–cell interactions, and later verify

that the exact forms for these interactions are not important

for determining the emergent behaviour. We identify four

general classes of interactions that occur between cells:

resistance to shape changes and adhesion (captured by an

interaction term F int), damping (Fdamp) and active cell moti-

lity (Fa). A detailed description of each of these terms as

well as their mathematical representation is given in the elec-

tronic supplementary material, and figure 3 is a schematic

illustrating several ingredients in the model.

The most important difference between this model and

others in the literature is that the active forcing term is not

random white noise [41,44–46]. Instead, it is structured to

be more biologically realistic; it enforces that cells can only

move by exerting tension on adhesive contacts with other

cells, and incorporates a timescale pt that characterizes how

much time a cell typically spends moving in the direction

of one adhesive contact before switching directions to move

towards a different adhesive contact.
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Figure 3. Schematic illustrating ingredients in our minimal model:
(a) adhesion causes cells to stick together, (b) cortical tension resists changes
to a cell’s shape, making an isolated cell round and (c) active forcing
describes the additional forces generated as cells actively develop protrusions
and make new contacts. (Online version in colour.)
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Assuming that the cell dynamics are overdamped the

equation of motion for each cell i is

0 ¼ F
damp
i þ

X
kijl

Fint
ij þ

X
kijl

Fa
ij: ð3:1Þ

We non-dimensionalize the equations with units of length

equal to the average cell radius R, units of force equal to the

product K R, where K is an effective spring constant that

characterizes the cortical tension, and time t ¼ b/K, where b
is a damping coefficient. The equation of motion for the

position of the COM ri for cell i is

d~ri

d~t
¼ �

X
j

½ð~dij � ~GÞ r̂ij þ ~s j âij�; ð3:2Þ

where r̂ij is the unit vector connecting the two cell centres,

and ~dij is the cell overlap (how close two cells centres are com-

pared to their radii). Here âij is a unit vector in the direction of

the active force calculated as described in the electronic sup-

plementary material, and j is a unit variance x-distributed

random variable with k ¼ 3 and persistence time ~pt. There

are three dimensionless parameters ~G ¼ 2pg/K, which is

the ratio between the adhesion energy and cortical tension,

~s ¼ s/KR, which is the ratio of the magnitude of the active

forces to the cortical tension and ~pt ¼ ptðK/bÞ; which charac-

terizes the persistence time for active forces. Therefore,

we must identify three dimensionless observables in the

simulations and experiments to calibrate the model.

We first perform a simulation of a rounded droplet that

mimics the experiments in which we studied individual cell

tracks. We integrate the equations of motion (equation (3.2))

for slightly polydisperse cells from the droplet initial con-

ditions with non-periodic boundary conditions. Simulation

initialization is described in the electronic supplementary

material text. The tissues in the simulations reach a steady-

state droplet volume after approximately 10–20 natural time

units, and then we continue to run the simulations for approxi-

mately 500 natural time units.

Figure 1d is a reconstructed image of a two-dimensional slice

through the three-dimensional tissue simulation. The COM is

denoted by a sphere of radius 0.5 R and the green lines (gener-

ated using the program Surface Evolver in two dimensions

[34]) minimize the surface tension between cells. In the best-

fit parameter regime, the simulations exhibit a disordered

structure, as confirmed by an analysis of the pair correlation

function (see electronic supplementary material, figure S4).

The simulated aggregates also show liquid-like dynamical

behaviour similar to that seen in the experimental cell aggre-

gates. One of these behaviours is the rounding up of tissue

fragments into a spherical shape [1,26] as shown in electronic

supplementary material, figure S4 and movie S1, which suggests

that surface tension governs the final shape of aggregates.
We observe that the qualitative behaviour of the MSD and

the non-Gaussian parameter in the simulations is similar to

those seen in the experiments, as shown in figure 1f,h. In

addition, all cells remained part of a single connected cluster

throughout the simulation, which is also generally seen in

healthy experimental explants.

Now that we have shown that the model is qualitatively

similar in structure and dynamics to the experimental data,

we calibrate it by varying the three dimensionless parameters

( ~G, ~s, ~pt) and identifying the best match with three dimen-

sionless observables: the product of the diffusion constant

and the crossover timescale t* ¼ Dtc/R2, the scaling of the

power law relationship between the MSD and time a and

the packing fraction f. Figure 4a,b illustrate the results of

hundreds of simulations with varying model parameters.

Hatched regions correspond to parameter ranges where the

simulation matches the experimentally observed f and a,

respectively, while the circle and cross pinpoint the exact par-

ameter values which match t* for the ectoderm and

mesendoderm, respectively. Details are described in the elec-

tronic supplementary material. Figure 4c demonstrates that

the functional form of the MSD for the best-fit ectoderm

simulation is very similar to that for the experimental data.

Table 1 summarizes the best-fit parameters and conversion

factors from our simulation model to both tissue types.

We also calculate how sensitive the observables (i.e. the dif-

fusion constant and packing fraction) are to changes in the

model parameters (see electronic supplementary material,

table S1) near the best-fit parameter values. The diffusion con-

stant is very sensitive to changes in all three parameters, and

most sensitive to changes in ~s, which means that the model

parameters are strongly constrained by the diffusion data.

For example, changing the active force magnitude by 15%

changes the diffusion constant by 100%. By contrast, the pack-

ing fraction f is less sensitive to changes in model parameters.

In addition, the model exhibits a jamming or glassy phase

transition when the active forcing magnitude and persistence

time are smaller than the best-fit values for ectoderm

and mesendoderm. As discussed in the electronic supplemen-

tary material text, we define the glass transition as the point at

which the diffusion constant D , 1 � 1024 in natural units,

because we find that this coincides with the onset of dynamical

arrest. Although the best-fit model parameters are in a regime

that is not jammed, the transition is nearby. For example, the

model predicts that reducing either the active forcing magni-

tude or the persistence time by 20% would result in a glassy

tissue where cells cannot migrate. This suggests that the viscoe-

lasticity observed in these tissues might be controlled by the

nearby glass transition.
3.3. Predictions for macroscopic tissue response
As a test of the predictive powers of this model, we keep the

model parameters fixed at the values in table 1, and simulate

the response of ectoderm tissues to large-scale mechanical

perturbations such as compression and fusion with no adjus-

table parameters, and find qualitatively similar behaviour.

We then quantitatively compare the emergent mechanical

responses and timescales to those observed in the experimen-

tal data, finding reasonable agreement for bulk properties

such as viscoelasticty, but disagreement for surface proper-

ties such as tissue surface tension. Tissue surface tension is

a well-studied property of tissues [1,24,47,48], which
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Table 1. Tissue simulation parameters.

parameter value

~G 0.04

~s 0.88

~pt 0.07 (ecto) 0.08 (meso)

t 4 s

R 8 mm
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quantifies how much a macroscopic tissue resists changes to

its surface area. Tissue surface tension causes zebrafish

explants to round-up as shown in figure 5 and governs cell

sorting in embryonic tissues [1,24].

The first set of simulations for a quantitative comparison

are tissue surface tension parallel plate compression tests,

where we seek to replicate the experiment in which a cellular

aggregate is compressed between two parallel plates. In our

model, the walls are represented by a two-dimensional tri-

angular crystalline array of particles lying in a plane, as

discussed in the electronic supplementary material text.

Because we represent the wall with a single layer of particles,

the necessarily stiff interaction potential makes the wall arti-

ficially sensitive to small changes in the positions of cells.

Therefore, while the average value of the force on the wall

is physically meaningful, the fluctuations in the forces on

the wall are larger than those seen in the experiments.

In both simulations and experiments, we measure the

net force exerted on the explant by the upper compression

plate. Images of an explant in a typical compression exper-

iment are shown in figure 6a–d. All of the experimental

TST data demonstrates the same qualitative response shown

in figure 6e; as the plates are quickly brought together,

there is a sharp decrease in the net force. This indicates a

large force downward on the aggregate generated by the

short-time elastic response of the aggregate. After the initial

response, we observe a slow relaxation towards a non-zero

equilibrium force as the cells rearrange and relax stress, just

as a molecular fluid does. The non-zero force at long times

is generated by the effective surface tension of the tissue. Pre-

vious work has established that the extracted surface tension

does not depend on amount of deformation, demonstrating

that this is a surface effect and not a bulk effect [26]. We fit

the relaxation process to a constant þ exponential. The expo-

nential relaxation time of (4.5+0.8) min (mean+s.e.; n ¼ 7)

for ectoderm explants is a robust material property that

describes the viscous tissue rheology.

The tissue surface tension g is obtained from the TST data

using a modified Laplace’s law, which is more robust to fit-

ting procedures for experimental data [30]

Feq

pR2
1

¼ 1

R2
� 1

R1

� �
g; ð3:3Þ

where Feq is the steady-state force in the equatorial plane (of

radius R1) at long times, and R2 is the local radius of curva-

ture at the equator, extracted by fitting circles to brightfield

images of the aggregate edge. Finally, we can also calculate

the effective Young’s modulus Y for ectoderm aggregates

for small compressions by assuming that the initial response

of the tissue is elastic and applying a Hertzian model for the

spherical object [26]. We find that the Young’s modulus for

ectoderm is 44+11 Pa (n ¼ 5), in agreement with previously

published results of Y ¼ 48+9 Pa [26].

The force–time response for a parallel plate compression

of simulated ectoderm aggregates are shown in figure 6f.
A first observation is that the mechanical response is quali-

tatively identical, capturing the features related to elastic,

viscous and surface tension effects. In analogy to the

experimental data, we fit the simulated data to a single

exponential plus a constant, and find a relaxation time of

98+ 14 natural time units, which corresponds to (6.7+
1.0) min. The fact that with no fit parameters the simulated

ectoderm has an emergent relaxation time that is similar to



(a) (b) (c)

Figure 5. Brightfield still images showing a piece of zebrafish embryonic tissue round-up. Scale bar, 30 mm. Electronic supplementary material, movie S1 shows the
entire sequence.
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Figure 6. (a – d ) Image series of an ectoderm explant compression in the TST: (a) precompression, (b) compressed, (c) right after release and (d) more than 10 min
after compression. Scale bar, 100 mm. (e) TST experimental ectoderm force-balance curve (thick solid line) and fit (thin solid line). For comparison, the normalized
ectoderm simulation fit is shown by a dashed line. ( f ) Simulation force-balance curves for ectoderm (dashed line). Solid line is a fit to ectoderm data. (Online version
in colour.)
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that for the experimental tissue is a strong validation of the

predictive powers of the model.

To analyse whether the surface tension in the simulations

matches experiments, we need an independent estimate of the

force scale. If we assume that Young’s modulus for a single

cell is the same as Young’s modulus for the entire aggre-

gate (which is reasonable since the tissue is confluent) then Y
� 40 2 50 Pa. This means that the natural force units in our

simulation should be approximately ~F � YR2 � 3� 10�4 dyn.

An alternative path to the same result is to note that pipette
aspiration experiments indicate that a typical effective cortical

tension for tissues is gc ¼ 1 dyn cm21 [49], which corresponds

to a natural force unit for our simulation model of
~F � gcR � 8� 10�4 [50]. For the remainder of this paper, we

use the value derived from TST data: ~F ¼ 3� 10�4 dyn.

Because the observables that are most robust to fits

in the simulations are different from those in the experiments,

we fit to a different form of Laplace’s law that involves

the radius of contact between the plate and the aggregate,

R3, as discussed in the electronic supplementary material.
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We find that Fwall ¼ 1.45, R1 ¼ 8.9, R2 ¼ 10.1 and R3 ¼ 5.3 in

simulation units, which leads to a calculated value for

the surface tension of g � 0.034 dyn cm21. This is about

25 times smaller than that seen in experiments, where

g ¼ 0.8+0.2 dyn cm21 (n ¼ 6) and indicates that our model

is not quantitatively capturing the surface tension effects in

real tissues.

In hindsight, this is perhaps not surprising, as we have

shown in previous work that the surface tension depends

sensitively on individual cell shapes at the surface of the

cell aggregate, as well as temporary mechanical polarization

of those cells [24,25]. As our simulation explicitly disregards

cell shapes and polarizations, it does not quantitatively

capture behaviours governed by surface tension, although

it does capture qualitative features such as rounding up

of aggregates. In the discussion, we will address how

our model might be augmented to better capture surface

tension effects.

A second test for the predictive powers of the model is

tissue fusion experiments. For tissue fusion simulations, we

initialize the system with two droplets of 1000 cells each

and position them so that the average radii of the two dro-

plets overlap by half of a single-cell radius. We then evolve

all of the COMs according to equation (3.2).

Figure 7a,b are snapshots from an experiment demonstrat-

ing that two rounded ectoderm explants join together to form

a single rounded tissue (see electronic supplementary

material, movie S2). To quantify this behaviour, we first

identify the convex hull of the two-dimensional images of

the aggregate using standard image analysis techniques

(see electronic supplementary material, text movie S3), and

the resulting hull is illustrated by lines in figure 7a,b. Using

a method similar to Brangwynne et al. [27], we define the

AR to be the ratio between major and minor axes, and

figure 7e illustrates that it varies from approximately two at

the beginning of a fusion experiment to approximately unity

when the fusion has completed for the example shown in

figure 7a,b. We fit the decay of the AR and find a character-

istic decay timescale of (207+23) min (mean+ s.e.; n ¼ 6)

for ectoderm explants.

We also perform the same test on simulated ectoderm

explants. Figure 7c,d are snapshots from the three-

dimensional simulations, with the cells denoted by spheres

and the mesh denoting the convex hull. A full-time sequence

is available in electronic supplementary material, movie S4.

We again calculate the AR for each timepoint using the

same definitions as for the experiments (scaled from two to

three dimensions). The resulting AR evolution, which is

qualitatively very similar to the experimental observation,

is shown in figure 7f. The AR does not quite asymptote to

unity because of the difference in the way the major and

minor chords are calculated in two versus three dimensions.

We fit this time evolution to the same exponential þ constant

function, and find a decay time of 33 500 in natural units or

2250 mins. This is more than an order of magnitude larger

than the experimental observation, but there are two impor-

tant differences between the simulated aggregate and the

experimental aggregate. First, the experimental aggregate

has about eight times as many cells as the simulated aggre-

gate; for consistency we used a simulated droplet of the

same size as those in the simulations in figure 4a,b. Second,

the surface tension of the simulated aggregate as measured

by the TST simulation is about 20 times less than that for
the experimental aggregate. In 1939, Young [51] derived an

analytical expression for the change in the AR (ra) of an ellip-

soidal droplet as it approaches a spherical droplet under the

influence of surface tension

dra

dt
¼ 1

V1=3

g

h
f ðraÞ; ð3:4Þ

where g is the surface tension, h is the viscosity, V is the

volume and f (ra) is a complicated function that depends on

whether the ellipsoid is oblate or prolate. This equation
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indicates that we can account for the known differences

between the simulated aggregate and the experimental aggre-

gate by multiplying the timescale by Rexp/Rsim � 2 and

dividing the timescale by the fit from the TST data gexp/

gsim � 23. The resulting curve for the ‘effective’ AR has a

time decay constant of 195 min, which compares remarkably

well with the experimental timescale of 207 min, given there

are no fit parameters. We also plot the effective simulated AR

in light grey in figure 7e, illustrating the similarity between

the two. Therefore, the simulated tissue fusion data are con-

sistent with the experimental fusion data under the

assumption that the simulated aggregate has the same bulk

properties but a reduced surface tension.
Interface
10:20130726
4. Discussion
We have shown that a minimal model for cell interactions

with three dimensionless parameters predicts several types

of emergent, collective mechanical responses in embryonic

tissues. It disregards a significant amount of information

about cell shapes and small-scale details of the mechanical

interactions between cells. It is simple enough that it can be

calibrated from experimental data using only single-cell

trajectories and static nuclei imaging. Despite this simplicity,

it captures complex features of the experimental data, such

as caging behaviour and crossover timescales. When we

additionally calibrate the force scale using TST data, the

model can also predict the fusion behaviour of two explants.

Our model indicates that macroscopic tissue behaviour is

most sensitive to the two model parameters that describe

forces actively generated by cells. Tissues do not change their

structure (i.e. they are solid-like) when cells generate weak

forces or change their direction rapidly, and they do change

their structure (i.e. explants round-up and behave like a

liquid) when cells generate larger forces or change their direc-

tion slowly. This is analogous to commuters trying to exit a

crowded subway train: a person must push persistently in

one direction or push harder to move others out of the way

and make a path to the exit. In addition, tissues become more

solid-like when the ratio between the adhesion and the corti-

cal tension is high. The more strongly cells stick to their

neighbours, the harder it is to get past them.

Calculating a phase diagram as in figure 4 and estimat-

ing how close a tissue is to the phase boundary between

liquid and solid has important biological implications. Tissues

that are near the boundary are much more adaptable: small

changes to the single-cell mechanical properties via mutations

or knockdowns can drastically change the macroscopic tissue

response. For example, our observations of caging and sub-

diffusivity in zebrafish embryonic explants suggests that they

are very close to the boundary, and therefore our model pre-

dicts that if individual cells became slightly more adhesive or

slightly less active, the tissue will transition to a solid. Since

the fluid-like behaviour of embryonic tissues is critical for pat-

tern formation in early development, our model will be useful

for determining what types of motility defects are likely to

lead to pathologies. More generically, it will be useful for pre-

dicting which embryonic tissues are fluid-like and therefore

governed by tissue surface tension, and which tissues are

solid-like and governed by elasticity, which will enable better

predictions about structure formation and organogenesis in

embryonic development.
If the specific details of single-cell mechanics are important

for the large-scale mechanics of the tissue, we would expect our

model to fail. The fact that the model succeeds does not mean

that single-cell mechanics are not important for bulk properties,

but suggests that details such as cell motility, directionality,

elastic modulus, etc., can be successfully coarse-grained into a

small number of properly chosen parameters.

Furthermore, we show that the motion of cells past one

another, which must be generated by cells actively exerting ten-

sion on contacts with other cells, is best modelled by a special

type of structured noise (both multiplicative and coloured),

instead of positional or angular white noise [41,44–46]. While

white noise is uncorrelated in time and thus describes

random fluctuations (and would allow a cell to at any instant

randomly switch its direction of motion), coloured noise has a

non-zero autocorrelation for non-zero time lags, thus enforces

that cells can exhibit persistent motion for a certain time in

the direction of an adhesive contact before switching contacts.

This choice for the noise is motivated both by experimental

observations at the single-cell scale and the fact that our

simple model cannot reproduce the macroscopic observations

without it.

Why does such a simple model work so well? As we and

others [16,52] have noted, active tissues display glassy

dynamics: the motion of individual cells is constrained

because they are surrounded by tightly packed neighbouring

cells that impede their progress. It has been shown that the

dynamics in non-biological glassy or jammed materials dis-

play universality: dynamical features do not depend on the

details of the interactions [53,54]. Our work suggests that

models with only a few parameters could be adequate for

describing active tissues near this glass transition.

An important observation about our experimental zebra-

fish explants is that the tissue boundary remains remarkably

coherent during all mechanical perturbations, including

hanging drop, TST compression and tissue fusion exper-

iments. No cells exit the aggregate, even though cells

move over large distances on the inside and together

behave collectively as a fluid. This remarkable property is

not observed in typical non-biological materials with short-

ranged interactions; if particles behave as a liquid inside the

droplet, they also necessarily leave the droplet and generate

a steady-state vapour pressure in a closed system. We note

that vapour pressures also occur in many models for biologi-

cal tissues. For example, the one introduced by Ranft et al.
[41] does possess a regime, where the bulk is fluid-like, but

unless the model also has artificially long-ranged inter-

actions, it will generate a significant vapour pressure in the

fluid regime. By contrast, the model introduced here has a

self-generated boundary that reproduces the experimentally

observed absence of a vapour pressure, because the direction

of the noise acting on one cell depends on the location of the

cell’s neighbours. A cell does not push off another cell, but

instead is biased to move in a direction where it can make

new contacts.

Although there is little or no vapour pressure in the three-

dimensional system, recent experiments [52] have shown that

cell aggregates can wet adhesive substrates and generate a

two-dimensional vapour pressure on the surface. By repla-

cing the non-adhesive walls in our TST experiments with

adhesive passive particles, we would be able to model

those behaviours. We expect that our model would very

naturally recapitulate the presence of a two-dimensional
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surface vapour pressure and lack of a three-dimensional

vapour pressure.

Another interesting direction is to investigate modifica-

tions to our model that could help explain the much larger

surface tensions seen in experiments compared to simu-

lations. We believe our model fails to correctly capture the

magnitude of tissue surface tension because it likely depends

on cell shapes and a strong feedback between adhesion

and cortical tension that occurs at tissue interfaces, as dis-

cussed in other work [24]. We could augment our model to

account for this by replacing the isotropic interaction given

by electronic supplementary material, equation S2, by a

non-isotropic interaction for surface cells.

While the model was inspired by and calibrated using

data from embryonic zebrafish explants, we expect that vari-

ations of this model will be applicable to a broad range of

biological tissues. Because it is simple, it can be effectively

calibrated for different tissue types. It bridges microscopic

mechanical information (cell elastic modulus, cell surface ten-

sion, adhesion and rate of protrusions) and macroscopic

tissue mechanics (tissue viscosity, tissue surface tension and

tissue elasticity). To expand the model to capture more com-

plicated tissues than the ones studied here, one could group

several spheres together to allow shape changes and cell

divisions. Another possibility is to allow for higher order

interactions between multiple cells; for cells that are very

soft, the surface area in contact and the elastic interaction

do not depend only on the two-body overlap, but also on

the direction of the contact and on the locations of neighbour-

ing cells. A cluster expansion borrowed from statistical

physics might be able to address such effects.
5. Conclusion
We have studied the trajectories of individual cells in embryo-

nic explants and find that although the tissue is fluid-like on

long timescales, it displays features of glassy or supercooled

dynamics, including subdiffusive MSDs on short timescales

and caging behaviour. This suggests that the tissue might act

as a viscoelastic material where the viscoelastic response is

governed by a nearby glass transition.

To explore this hypothesis, we have developed a three-

parameter model that makes predictions for the emergent

properties of simple embryonic tissues. Two key observa-

tions that we incorporate into our model are (i) that cells are
biased to move in the direction of their neighbours and

(ii) that this motion occurs over a time window that is not infi-

nitesimally small compared with other timescales in the tissue.

The model exhibits a glass transition between solid-like behav-

iour and dynamical arrest (when active forces are small and

occur over short time windows), and liquid-like behaviour

(when active forces are large and persistent).

We calibrated the model using only the tracking and

structural data from experiments on zebrafish embryonic

explants. The best-fit parameters suggest that embryonic tis-

sues are liquid-like but close to the glass transition, and

therefore our model can be used to help explain how small

single-cell motility defects might lead to large differences in

tissue response during development.

We verify that the calibrated model makes accurate quan-

titative and qualitative predictions about the macroscopic

tissue response in parallel plate compressions and tissue

fusion assays, including a coherent self-generated boundary.

Because this simple model can explain the bulk tissue

response, the exact details about individual cell shapes and

mechanics are not critical for this experimental system;

instead, we can effectively coarse-grain those details into a

few parameters that can easily be extracted from experiments.

The fact that the model fails to explain surface properties

suggests that cell shapes and mechanical polarizations play

an important role in those processes.

From a practical standpoint, this model can easily be

expanded to make predictions about other tissues in develop-

ment and disease. From an intellectual standpoint, it explains

how disordered tissue structures and high cell densities gen-

erate a viscoelastic response. It also provides an explanation

for the timescale for the crossover from elastic to viscous be-

haviour as a caging timescale. Because it is simple and

yet different from existing models for active matter, it pro-

vides a framework for thinking about the types of phase

transitions (such as jamming or flocking) that are possible

in biological tissues.
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