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Measuring forces and stresses in situ in living tissues

by: "Forces in tissue" workshop participants'

Abstract

In living tissues, genetics and mechanics interact, especially during morphogenesis. Two main classes of mechanical
measurements are already established: live imaging helps quantifying tissue deformation, cell-level dynamics, and
protein distributions; cell or tissue rheology yields access to material properties such as elastic stiffness and viscosity.
The third one, measuring forces and stresses in situ at scales ranging from molecule to cell and to tissue, involves
different challenges. We review several emerging techniques, their fields of applications, their advantages and
limitations, their validations. We argue that they will strongly impact our understanding of developmental biology in
the near future.

I - Introduction

During animal development, tissues undergo extensive morphogenesis based on coordinated changes of cell shape and
position over time. Such developmental processes, like other biological phenomena, are under the control of genetics,
chemistry, and physics. Genetic information is translated into biochemical signaling, which regulates body axis
determination, tissue patterning, sequence and timing of cell divisions and differentiations. Mechanics provides another
layer of regulations of development, as evolutionally conserved as is biochemical signaling (Savin et al., 2011; Brunet
et al., 2013), and also contributing to plant development (Sampathkumar et al., 2014). Mechanics acts for instance
through size, position or shape changes inside cells, at the cell level or within a group of cells: these changes are
required for genetics to translate into actual cell organisation and tissue shape.

Genetics and mechanics mutually feedback on each other. Disentangling their respective contributions benefits from
quantitative characterisation of the physical mechanisms at play. Two main classes of mechanical measurements are
already established (Fung, 1993; Oates et al., 2009; Labouesse, 2011): live-imaging, and cell or tissue rheology. The
third class is measurements of force and stress (Fig. 1), which has been up to now mainly established in vitro (Paluch,
2015). Forces with which cells pull and push on their neighbours or environment during development deform tissue to
its final size and proportion, orient cell polarity, control transcription program of cell differentiation (Lecuit et al., 2011;
Mammoto et al., 2012; Heisenberg and Bellaiche, 2013; Sampathkumar et al., 2014). Understanding force generation
and sensation, feedbacks and integration of genetics and mechanics would therefore lead us to a comprehensive picture
of development, linking the scales of intra-cell components, cell, group of cells, and tissue. It would also improve our
understanding and diagnosis of muscle defects and other force-related diseases.

Live movies (or "kinematics") yield details on cell shape, size, position, neighbours and number, as well as on tissue
shape and size, and changes thereof. Material properties (or "rheology") include viscosity, stiffness and yielding, which
respectively characterise a liquid, an elastic solid and a plastic solid. Actions (or "dynamics") such as forces and stresses
arise mainly from the distributions and regulation of molecular motors. Understanding and modeling the role of
mechanics in morphogenesis should incorporate: different scales from cell level (or from molecule level) to tissue level;
both solid-like and liquid-like mechanical behaviours; cell mechanical activity due to molecular motors; coupling
biochemical and mechanical regulations. In simple materials with known liquid or solid properties, movies would
suffice to predict actions, and vice versa. Conversely, in living tissues, forces cannot simply be deduced from live
imaging and cell rheology: movies and actions should be incorporated in models to infer the complex material
properties. Direct force and stress measurement in a living organism is a prerequisite. Ideally, it should yield real time,
non-destructive space-time maps of absolute values with good signal-to-noise ratio and independent validations.
Addressing this challenge is a recent and blowing field of research.

We review here corresponding measurement methods (Fig. 2). We explain which quantity they measure, specify their
accessible range, and compare their advantages (Table 1). We explicit their underlying hypotheses, and mention when
they are applicable to plants too. We hope to help newcomers in the field to select techniques appropriate to their
studies, encourage the formation of a community with common cross-validation methods, and improve the integration
of mechanics data into models to deepen our understanding of physical principles of development.
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II - Methods
- Tweezers: magnetic, optical

Optical or magnetic "tweezers" refer to set-ups that apply forces to transparent or magnetic objects through gradients of
light intensity or magnetic field, respectively (Fig. 2A, B). The methods are non-invasive, as they allow
micromanipulation without direct contact.

The working principle of magnetic tweezers is that a magnetic particle in a magnetic gradient will be subject to a force
directed toward the source of the field (Fig. 2A top). The force depends on the magnetic properties and geometry of the
particle used as well as the intensity profile of the external field. Magnetic fields are produced either by permanent
magnets or electromagnets, which are mounted on a microscope stage and can come in different designs depending on
the specific application pursued (Tanase et al., 2007).

The working principle of optical tweezers is that a transparent particle (showing a higher refraction index than the
surrounding) in a focused beam is subject to a gradient force pulling it toward the high intensity region (focus) of the
beam, while a scattering force pushes it away from the focus in the direction of incident light (Fig. 2B top). An effective
optical trap occurs when the gradient forces dominate over the scattering forces. The optical force is a function of the
geometry and refractive properties of the particle as well as the intensity profile of the optical field. Optical tweezers
can be combined to most microscope setups as the infrared laser used to produce laser trap is focused by the same
objective lens as the one used for image collection.

Both methods usually rely on the introduction of particles such as beads of micrometer size; however, as some
organelles show refraction index mismatch with the surrounding, optical tweezers can eventually be applied directly
without the use of a particle. In both methods, the displacement of the tweezed object indicates the nature and the
magnitude of the mechanical resistance, which opposed to the applied force; the resistance can be elastic, viscous or a
combination of both properties (viscoelastic material). Tweezers experiments can yield access to both force (or tension)
and viscoelastic measurements. The forces are typically on the order of pico- to nanoNewtons with magnetic tweezers
and on the order of picoNewtons with optical tweezers.

Despite their potential advantages with regard to contact techniques, tweezers experiments have up to now mostly been
used for cell rheology. To provide quantitative force measurements, they require in situ calibration, which might turn
out to be delicate in living tissues. To date magnetic tweezers have been used in Drosophila to produce tissue scale
deformation thanks to the injection of large volumes of ferrofluid in the early embryo (Desprat et al., 2008). Recently
optical tweezers have shown to be applicable either using beads or by direct trapping in the early Drosophila embryo to
measure forces at cell junctions and delineate the propagation of deformation in the plane of the tissue (Bambardekar et
al., 2015; Fig. 2B bottom).

- FRET

Forster resonance energy transfer (FRET) is an energy transfer between transition dipoles of two fluorophores (Fig.
2C), namely donor and acceptor (Miyawaki, 2011). Its efficiency E sharply depends on the distance R between
fluorophores, as a power 6: E = Ro/R®+R,®, where R, is the distance where FRET efficiency is 50 % (Fig. 2C bottom
left). Measuring its efficiency is thus highly sensitive to variations in R, hence its nickname "spectroscopic ruler".

Now, if a spring of known stiffness is inserted between donor and acceptor fluorophores, the change is spring length
enables to infer the tension in the spring. A tension sensor such as a polypeptidic elastic spring, and a series of control
probes are genetically encoded and inserted into a protein of interest, by using standard molecular biology techniques,
to report the tension in that protein (Meng et al., 2008; Grashoff et al., 2010; Fig. 2C top).

FRET efficiency or index is measured by changes in fluorescence lifetime, spectral changes, or ratios of intensities. The
measurement is scalar and its dynamic range depends on the elasticity of spring; e.g. in Grashoff et al., (2010) the probe
is most sensitive to 1 to several pN forces. This is an ensemble measurement, though single molecule FRET could be
done in principle. The method has been successfully applied to adhesion and cytoskeleton-related proteins in in vitro
and in vivo model systems (Grashoff et al., 2010; Borghi et al., 2012; Krieg et al., 2014; Cai et al., 2014). The major
advantage of the method is that it could be applicable to any protein of interest as long as the tagged protein retains the
function and nature of the native protein. In addition, it is compatible with imaging of other proteins and/or structures
and with mechanical manipulation.

The high sensitivity of the FRET efficiency vs force relation makes its calibration (Fig. 2C bottom right) crucial,
especially if absolute values of force measurements are expected. Some already calibrated standard constructs are
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available. Else, after probe synthesis, calibration should be performed in vitro, for instance by single molecule
measurement. The method assumes that inserting tension sensor module into a host protein does not change the
efficiency-force relation, that other factors (e.g., time-average of orientation alignment of donors and acceptors) remain
constant during a measurement and in different probes, and that the calibration in vitro remains valid in vivo.

More generally, fluorescent materials exhibit a variety of properties that could be dependent on mechanics (Gomez-
Martinez et al., 2013; Watanabe et al., 2013).This opens up an opportunity to design and develop new force probes in
the near future.

- Birefringence : internal, external

When an otherwise isotropic material is subject to a stress, its electronic structure differs in the directions of larger and
smaller stresses. Such material, said to be "birefringent" (Fig. 2D), becomes optically anisotropic: its refractive indices
in both directions n;, n, differ by a term proportional (up to the so-called "photo-elastic constant”" ¢ which characterises
the material) to the stress differences along both axes. By placing it between two crossed polarisers, each oriented at 45°
from the main stress directions (Fig. 2D, top), the transmitted light intensity varies as a squared cosine of the index
difference n,-n, times the material thickness d.

The material thus acts as an indirect stress probe (Fig. 2D, bottom), which sensitivity is determined by both ¢ and d. The
object studied should be flat (or the profile of d is known), transparent and homogeneous. Measurements are non-
destructive, and simple if stress is the only cause of anisotropy. The signal is integrated along the z-axis, so the
information is mapped in the xy plane, and its space-time resolution is that of the camera. A crude version can be
implemented on any microscope or with any camera for a few Euros. The resolution can be improved by: using a liquid
crystal retarder (for a few kEuro), optimizing image processing (Shribak and Oldenbourg, 2003), or using several
polarizer and analyzer orientations which in addition determines the stress directions.

The relative precision can reach 10% while absolute calibrations require the determination of ¢, which is delicate in
vivo. Within a tissue, ¢ can be measured in an explant if birefringence measurements are combined with a micro-
manipulation setup to apply a stress. In Drosophila wing discs (Nienhaus et al., 2009), but also in other tissues (plants,
trachea) the photoelastic constants are of the order of 107" Pa" and stresses of 10 kPa are detectable (Schluck and
Aegerter, 2010). Soft embryonic tissue requires forces in the range of sub-uN, adult or larval tissues are in the 100 pN
range, plant tissues are in the 1-10 mN range; in a plant meristem, a typical range of measured stress is 2 to 500 kPa.
Forces exerted by cells on a solid substrate down to 1 pN per square microns have been measured (Curtis et al., 2007).

Alternatively, the birefringence of an external sensor placed in contact with the tissue yields a pattern of optical fringes
related to the stress field in the sensor (Fig. 2E, top). This yields semi-quantitatively the force exerted by the tissue on
the sensor (to make it quantitative requires to assume that the photoelastic material is truly linear, and to solve inverse
problems which are sometimes difficult). It is biocompatible, non-destructive and suitable for living systems above a
millimeter that move and/or grow. This was used to quantify radial force down to one Newton during root growth in
response to constraints (Fig. 2E, bottom) (Kolb et al., 2012). Validation is direct if the photoelastic material is well
calibrated: either commercial (a few hundred euros for a sheet in which several sensors can be cut), or preliminary
calibrated plexiglass or agar gels.

- Liquid drops

Liquid drops can be used as versatile stress sensors (Campas et al., 2014) (Fig. 2F). The shape of a drop contributes to
its energy as the surface tension multiplied by the surface area. At rest, the drop minimises its surface, and is spherical.
When a drop is introduced between cells in a tissue, it is deformed by local stresses. Fluorescence microscopy yields the
drop contour. Provided the drop surface tension is separately measured, image analysis directly infers how anisotropic
is the stress locally exerted on the drop by the neighboring cells or the extracellular matrix (equation in Fig. 2F).

Producing the drops requires fine chemistry, which costs more in term of work than of reagents (typically hundreds of
euros). Drops should be fluorescent, cell-sized; made of bio-compatible oil, but not internalized by neighbouring cells;
coated with surface integrin or cadherin receptor ligands, in order to be pulled (and not only pushed). The equipment
includes a fluorescent microscope, preferably three-dimensional; a tensiometer; and a micro-injector. Injecting at the
right place, and making sure there is an effective link with the cell adhesion molecules of neighbouring cells, is one of
the most delicate parts of the manipulation.

The drop contour is measured at video frequency, and analysed a posteriori. The experiment can last for days without
affecting for instance an embryo, where muscle forces are probed during development. The drop size is at maximum of
order of 600 micrometers, to be really spherical at rest. It is at least 5 micrometers, to avoid being internalised by cells,
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but the stresses themselves can be measured at a much smaller size, typically a few pixels. Measured forces and stresses
are in the range 4 to 30 mN/m and 0.3 to 60 kPa, respectively.

Drop contour curvatures can be measured up to 5% accuracy, so that the limiting factor is the precision of surface
tension measurement, around 20%. This relies on the hypothesis that the surface tension remains constant and uniform
when the drop is introduced between cells. Such hypothesis is reasonable if the drop surface has been beforehand
saturated in proteins, eg BSA, but should be validated independently.

Although cells may react on their neighbours stiffness, tests yield the same measurement of stress for cells in aggregates
or in tissues, and for drops with small or large surface tension, lending confidence to the method's validity and
reproducibility. An additional check is that when cells die, drops immediately recover their spherical shape.

This method has already been used to prove that anisotropic stresses generated by mammary epithelial cells are
dependent on myosin II activity (Campas et al., 2014). They apply to both mesenchymes and epithelia, where the drop
is only partially embedded and displays a free surface (so that it becomes possible to measure the pressure too).
Perspectives include: more stable drops; applications to fish and chicken embryonic tissues; also possibly flatworm, fly;
adult organs including tumors.

A possible variant would consist in replacing the liquid drop with a soft spherical elastic bead. If deformations remain
small, fitting an ellipsoid to the bead contour would yield the main directions of stress applied by cells on the bead. The
change in bead volume measures the pressure or traction in the surrounding tissue. The beads could be made of
polymers in a microfluidic setup; their rigidity (Young modulus) should be adjusted, typically around 1 kPa, and
carefully calibrated. Alternatively, embedding a Xenopus embryo in an external soft agarose gel has already enabled to
estimate the forces it develops during convergent extension (Zhou et al., 2015).

- Micro-manipulation: indentation, aspiration

Micro-manipulation (Fig. 2G, H) can be performed by applying an external force using tools such as microplates,
indenters or pipettes (Davidson and Keller, 2007). It applies to single cells or to tissues, which are directly accessible,
without rigid external layer. It normally determines the material rheology; for instance, the elastic modulus is calculated
from the initial deformation, and the viscosity from the long term constant flow rate (Fig. 2H right). Micro-
manipulation yields measurements of internal forces and stresses when they directly influence the material rheology.
This is notably the case for turgor pressure in plants, which contribution to the cell wall resistance can be explicitly
separated from the cell wall visco-elastic properties (Forouzesh et al., 2013; Beauzamy et al., 2014).

Between parallel microplates, one of which being a force transducer, uniaxial compression is applied on a large surface
area of the sample causing the sample undergo strain (Foty et al., 1994; Fig. 2G top left). Indenters are rods or shaped
cantilever tips (in atomic force microscopes), which push on the sample across a small contact area (Lomakina et al.,
2004; Fig. 2G top right). In micropipettes, an aspiration causes the deformation of the sample across the aperture of the
pipette. It requires an (inverted) microscope, a micromanipulator and a pressure device.

Pipette aspiration has been used to measure cell wall tension of single cells (Krieg et al., 2008) and study their
actomyosin cortex (Paluch and Heisenberg, 2009). The equilibrium shape of the cell into a pipette results from the
balance of its wall tension produced by its contractile cortex (Evans and Yeung, 1989) and the pressure aspiration. The
aspiration pressure is tuned at the critical value at which the cell deforms in the pipette to form a hemisphere with a
radius equal to the radius of the pipette (Fig. 2H left). The cell wall tension can be then simply determined from the
pressure in the micropipette and the radii of the cell inside and outside the micropipette (Young-Laplace law): typical
values range between tens of uN/m and tens of mN/m.

Similarly, microplates or pipettes have been used for tissue explants and cell aggregates. Surface tension measurements
require a few minutes and provide absolute values with precision of a few percents: the biological variability dominates
the experimental uncertainty. Surface tensions between tens of uN/m and tens of mN/m have been measured on cell
aggregates (Guevorkian et al., 2010, Marmottant et al., 2009) or zebrafish embryos (Maitre et al., 2012). With applied
forces ranging between 0.1-10 uN, elastic moduli of few hundreds of Pa and viscosities of hundreds of kPa.s have been
measured on cell aggregates. In the near future one expects to see results on single cells in live embryos, eg in mouse.

- Laser ablation: sub-cellular scale, tissue scale

Laser ablation experiments consist in severing biological structures taking part in the force transmission across the
tissue (cytoskeletal filaments, cell junctions) in order to provoke a sudden force imbalance (Fig. 21, J). The dynamics of
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relaxation after severing is governed by the remaining stresses and the friction forces.

In subcellular ablation, a tightly focused laser is targeted at cell-cell contacts to disrupt the biological structures which
support tensile forces (actomyosin network). This results in a force imbalance, which drives changes in cellular
geometries (cell vertex displacement for instance). Assuming the tissue was in equilibrium before ablation, the speed of
relaxation just after ablation is a local measure of cell junction tension to dissipation ratio (Fig. 21). It can be used as a
proxy for tension measurement, keeping in mind that it yields relative rather than absolute values of tension, and relies
on the assumption that the viscosity changes much less than the tension.

As it is a non-contact method, laser ablation can be applied to a large variety of tissues in different organisms such as
Drosophila (Farhadifar et al., 2007; Kiehart et al., 2000; Rauzi et al., 2008) or C. elegans (Mayer et al., 2010).
Relaxation measurements after ablation require a few minutes and can be repeated few times in the same sample (at
different positions in the embryo). The animal usually heals and apparently develops normally.

The method can be easily combined with different types of microscopes using simple optical elements. Molecular bond
rupture and laser-induced plasma formation (by generation of free electrons) are the main processes underlying laser
ablation. Their production depends on different parameters such as laser wavelength, power density, temporal
compaction of photons (pulse duration) and pulse repetition rate (Vogel and Venugopalan, 2003). In practice two types
of laser are used in living tissues. Ultra-violet nanosecond pulsed laser is cheaper, and it is easier to set a suitable light
intensity. Near-infrared femtosecond pulsed laser (NIR-fs) offers the advantage to produce very few collateral damages
and has been shown to preserve membrane integrity, while allowing disruption of single adherens junctions (Rauzi et
al., 2008).

Enlarging the scale, a laser can simultaneously ablate several cells (Hutson et al., 2003; Behrndt et al., 2012). The initial
velocity measures the stress-to-viscosity ratio within the tissue, in the direction perpendicular to the ablation line.
Alternatively, severing a large circle (Bonnet et al., 2012) reveals the main directions of stress and its anisotropy (Fig.
2J). In addition, having isolated a piece of tissue reveals its final relaxed stated, yielding the strain along different
orientations with percent accuracy. With additional hypotheses and a model, information can be obtained about the ratio
of external friction to internal tissue viscosity.

The ablation time and the time between successive images should be less than a second to remain much shorter than the
relaxation time. The maximal ablation scale is determined by the tissue curvature, since all cells junctions to be severed
should be simultaneously in focus. Proper axial and lateral alignment is required for efficient and well-controlled
ablation experiments, and becomes crucial for the large scale circular version.

At even larger scale (millimeters), the same principle applies when cutting with a scalpel a tissue under tension (Fung
1993). In flat tissues such as a floating biofilm, absolute values in the milliNewtons are measured up to percent
precision in an inexpensive set-up using a standard force sensor (Trejo et al. 2013).

- Force inference: static, dynamic

In epithelial tissues where cell shapes are determined by cell junction tensions and cell pressures, i.e. assuming
mechanical equilibrium, information on force balance can be inferred from image observation (Fig. 2K). For instance, if
three cell junctions which have the same tension end at a common meeting point, their respective angles should be
equal by symmetry, and thus be 120° each. Reciprocally, any observed deviation from 120° yields determinations of
their ratios. The connectivity of the junction network adds redundancy in the system of equations, since the same cell
junction tension plays a role at both ends of the junction.

Mathematically speaking, there is a set of linear equations, which involve all cell junction tensions, and cell pressure
differences across junctions. The coefficients of these equations are determined from observation of vertex positions.
The number of unknown can be larger or smaller than the number of equations, resulting in under- or over-
determination, respectively. According to the mechanical and morphological properties of the system of interest, one of
the following variants could be chosen.

Treating cell junctions as straight and neglecting pressure differences results in overdetermination (Chiou et al., 2012).
Treating more general cases which are underdetermined, for instance when taking into account the pressure differences
(assuming small cell curvatures), is possible using Bayesian force inference: it treats the ill-conditioned problem and
simultaneously estimates tensions and pressures by using Bayesian statistics (Ishihara and Sugimura, 2012; Ishihara et
al.,, 2013; Sugimura and Ishihara, 2013). Adding visual observation of cell junction curvature brings back to
overdetermination, by including the Young-Laplace law that relates the cell junction curvature to tension and pressure
(Brodland et al., 2014).
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These variants of the inverse problem infer tension to only one unknown constant, the tension scale factor, whether for a
few cells or for a few thousands. In the latter case, detection of contours of thousands of cells and precise measurement
of the cell contact surface curvature requires a sophisticated image processing algorithm. When pressures are
determined, there is an additional unknown constant, the average cell pressure. By integrating tensions and pressures,
tissue stress can be calculated at all places, again up to these two constants. These constants are not visible on the
image: if they are necessary, they have to be determined by another method.

The advantages of force inference are as follows. First, it offers both single cell resolution and a global stress map,
which allows to compare the inferred forces directly with the activity of the molecules and with the cell-level dynamics,
as well as with their effect on tissue scale. Second, it is non-destructive, so that the dynamics of forces or stresses can be
analysed along a live imaging movie in two or three dimensions. Third, the method is free from any assumption
regarding the origin of tension and pressures (unlike analytical or numerical models which assume contributions of cell-
cell adhesion or cell wall cortex contractility). Fourth, force inference lends it well to various validations, for instance
against myosin distribution; tests on a controlled pattern prepared using numerical simulations have shown its accuracy
and robustness to added noise. It is also suitable to perform cross-validations against other measurement methods (see
below).

For more quickly evolving tissues, a dynamic version of force-inference called "video force microscopy" assumes the
type of dissipation and uses temporal cell shape changes to infer forces. The original version solved an over-determined
problem with a special three-dimensional geometry of cells (Brodland et al., 2010). A revised version is applicable to a
general epithelial geometry (Brodland et al., 2014).

III - Discussion
- Comparison

Measuring forces is one contribution to our understanding of the link between the scales of intra-cell components, cell,
group of cells, and tissue. It is thus relevant to probe forces at different scales, and integrate them into tissue-scale
description in terms of stresses. This is possible by changing technique; or by changing scale within one given
technique, e.g. pipettes or ablations range from a single cell junction to a large group of cells. Measurements obtained
using a small scale probe can be gathered and presented at a much larger scale: FRET, force inference and birefringence
are measured at the scale of molecule, cell junction and group of cells, respectively, but each can yield a tissue-scale
map of stress measurements (which, incidentally, can be checked by measuring their divergence, which should be zero
in absence of any external force).

Together, the above techniques probe a wide range of force scales. Again, some of these techniques can in turn be tuned
to adapt to the object to probe: drops of different surface tensions, traps (optical or magnetic) or cantilevers of different
stiffnesses. The time scales too vary widely but this is less important, since most measurements are actually recorded at
the image acquisition rate which is typically a fraction of second, while the morphogenetic events have much longer
characteristic times from hundreds to thousands of seconds; exceptions such as pipettes, which require hundreds of
seconds, are suitable for slightly slower morphogenetic events.

Their results are complementary: drops, tweezers, pipettes, in vitro FRET, indentation and external birefringence yield
absolute values, while internal birefringence, in vivo FRET, ablation or inference yield relative values up to an unknown
prefactor. Methods such as birefringence apply mainly to thin tissues; FRET, ablation, indentation, pipettes or tweezers
apply to tissue outer surfaces; force inference and drops apply to both two and three dimensions.

- Cross-validation

Repeating the same measurement with different techniques cross-validates them and yields more reliable results, which
are less sensitive to choices and hypotheses, and help a consistent picture emerge. However, up to now, it is difficult to
conceive a single system where all above methods could be used, due to their different requirements. Internal
birefringence and optical tweezers require tissue transparency. Pipette and indentation act on cells accessible to direct
mechanical contact. Drops and beads require injection. Force inference requires images where cell contour can be
identified. In vivo FRET, force inference and ablations rely on hypotheses, which, although not yet directly proven,
progressively gather consensus.

Pairwise comparisons of techniques on adequate systems are thus more promising. /n vitro systems, in which most

techniques can be precisely calibrated (e.g., a cultured cell monolayer probed using traction force microscopy or
stretching devices), are useful for this purpose. Two different techniques can be cross-validated by comparing their
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results on a same in vitro system such as cultured cell monolayer, cell aggregate, or even foams. Whenever
simultaneous measurements are possible, for instance using drops coated with FRET sensors, they would yield a direct
comparison.

In vivo, Bayesian force inference has been tested against cell junction ablation in Drosophila. In pupal epithelia,
Bayesian force inference has been successfully compared to large-scale ablation anisotropy measurements (Ishihara et
al., 2013) and photo-elasticity patterns (Ishihara and Sugimura, 2012). Force inference could itself become an absolute
method if its unknown constants are determined independently, e.g. by optical tweezers. If validated by absolute
measurement methods force inference could in turn serve as a common benchmark to validate other relative
measurement methods. In the future, establishing more in vivo systems enabling for cross-validations will speed up the
development of in vivo force/stress measurement methods.

- Combinations

Most of the methods we reviewed here are now ready to be applied to interrogate quantitatively the mechanics of cells
and tissues in different organisms. It will be important to combine and apply them in a more integrated way. For
instance the combination of molecular force probes (FRET sensors) with mechanical manipulation (e.g. optical
tweezers) might reveal the connections between mechanical stress and the molecular basis of force transmission at cell-
cell contacts. Moreover local force measurements (e.g. with eil drops) could feed more global approaches based on
image analysis such as force inference.

Force and stress measurements will be crucial to understand how the tissue mechanical properties are related one to
another, from the subcellular scale to the scale of whole organisms and from millisecond to hour timescales. It is likely
that they will help us understand emergent properties of tissues, such as the fluid-like nature of tissues at the
developmental timescales (hours) as a property arising from the relatively fast dynamics of cytoskeletal and adhesive
structures, which generate and transmit forces. We also expect that combination of mechanical measurements with the
fast-growing opto-genetic tools will unveil important connections between mechanics and biochemical signalling.

- Links with modeling

Models, whether based on analytical equations or numerical simulations, assist force and stress measurements in several
respects (see Brodland, 2004; Anderson et al., 2007; Oates et al., 2009 for details of models used in tissue mechanics).
They help to propose and design new force measurement techniques and experiments (Bonnet et al., 2012; Campas et
al. 2014; Bambardekar et al., 2015). They extract measurements of relevant parameters: either directly, or through fits
of models to data (Hutson et al., 2003; Farhadifar et al., 2007; Ishihara and Sugimura, 2012; Brodland et al., 2010,
2014). They provide benchmark data, in controlled conditions, to validate an experimental measurement, and test its
sensitivity to a parameter or to errors (Landsberg et al., 2009; Ishihara et al., 2013; Brodland et al., 2014; Bambardekar
et al., 2015). They enable to extract more information from experimental results and refine their interpretation
(Farhadifar et al., 2007; Krieg et al., 2008; Rauzi et al., 2008; Mayer et al., 2010; Bonnet et al., 2012; Sugimura and
Ishihara, 2013; Forouzesh et al., 2013).

Biomechanical models are increasingly used in developmental biology (Keller, 2002). By determining which
assumptions are sufficient to describe an experimental observation, they assist and complement genetic experiments.
Models describe and reproduce phenotypes, predicting results and trying to match data. They investigate causes and
consequences of variability, contribute to determine causality, suggest hypotheses and tests, determine the separate
effect of a parameter, and tend to provide coherent explanations.

Most models of tissue mechanics hypothesize material properties and distribution of forces, which are often not
measured. Not only quantitative measurements will allow us restrict the number of unknown parameters but also help
us making the right hypotheses, by testing falsifiable predictions of different models. Models could then confront
images (or movies) and force measurements to determine the tissue material properties. This step is essential to develop
predictive models of tissue mechanics, in an attempt to explain how cells-level changes (deformation, growth,
displacement, neighbour swapping, divisions and apoptoses) do determine, though mechanical interactions, the final
shape and size of a tissue (Tlili et al., 2015).
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Figure 1:

Definition of mechanical terms.

(A) Uniaxial compression. When a material experiences a force perpendicular to one of its surfaces, stress is defined as
the ratio of the force to the surface area 4. Force has a magnitude and a direction; tension and compression correspond
to forces pointing respectively outwards and inwards of the body. Stress is a force per unit area, which units is Pascals.
Strain is defined as the relative increment in length. The elastic modulus is the ratio of stress to strain, also known as the
Young modulus, which unit is also in Pascals.

(B) Shear. When a material experiences a force parallel to one of its surfaces, the deformation is called shear. Shear
strain is defined by an angle. Shear modulus is defined as the ratio of shear stress to shear strain.

(C) Velocity gradient in a fluid. When a fluid experiences a shear stress, it flows but resists deformation. In a laminar
flow between two plates, one moving and the other being stationary, the shear stress is proportionnal to the velocity

gradient. The viscosity is defined as the ratio of the shear stress to velocity gradient, which is homogeneous in a simple
fluid.


https://doi.org/10.1101/016394
http://creativecommons.org/licenses/by-nc-nd/4.0/

A Magnetic tweezers B Optical tweezers

X,y
ﬂ F = MVB |:{> grad ~ VI & Fscat ~ I
{} u: Magnetic moment of bead I: Light intensity
O B: Magnetic field z z
= Deflection of cell—cell interface Force balance on the deflected cell-cell interface
% Force by direct optical trap
'% Elastic and Position 1 Position 2 Position 3 Ve =27Tcosf
o > viscous properties 0ty
< > F;: Trapping force
§ Time [sec] 5 T: Cell—cell interface tension
C FRET tension sensor D Internal birefringence E External birefringence
FOI’CG

/14 plate

Sample
.mvw <= ‘wmmm o> _ JAplate P
Polarizer

High FRET Low FRET

Calibration of a
photoelastic disk

Analyzer
Use the calibrated photoelastic disk to measure

310 10 In vitro
15 § calibration forces generated by a sample
S S ,
GLE Sos| - )
- - oX Transmission ~ cos”[red(oy — 03) /A
i o X o 2
“ 0 - — c: Photoelastic constant  o: Stress ‘ '
Tension [pN] d: Material thickness A: Light wavelength )

Dlstance [nm]

Figure 2:
Illustration of each method: see text for details.
(A) Magnetic tweezers. (B) Optical tweezers. (C) FRET tension sensor. (C) Internal birefringence. (E) External birefringence.
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(F) Liquid drop stress sensor. (G) Indentation. (H) Pipette aspiration. (I) Subcellular laser ablation. (J) Tissue scale laser ablation. (K) Force inference.

Adapted with permission from: (B) Bambardekar et al., 2015, (C) Grashoff et al., 2011, (E) Kolb et al., 2012, (F) Campas et al., 2014, (H) Guevorkian et al., 2010, (J) Bonnet et al.,

2012, (K) Ishihara and Sugimura, 2012.
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Measured quantities | Measurable | Time scale * Size scale ** | Advantages
range
Optical/ Cell junction tension | pN-nN ms-min 0.1 wum —10 | Non-contact
magnetic wm Absolute
tweezers measurements
FRET force Intramolecular pN >s nm Molecular
probe tension measurements
Birefringence | Tissue-scale stress >10kPa >s >um Global
Liquid drops | Cell-scale stress 4-30mN/m | 0.1 s-hours >5um Absolute
0.3-60 kPa measurements
Parallel
Indentation/ | Cell wall tension, 0.1 Pa s-hours Few pm - Absolute
microplates aggegate surface 100 um measurements
tension
Pipette Pressure, stress UN/m -10s >10s Few pm - Absolute
aspiration mN/m 100 wm measurements
Subcellular Cell junction tension | NA s-min 0.1 pum - 10 Non-contact
laser ablation | to dissipation ratio um
Tissue-scale | Tissue stress to NA s-min 100 um - Non-contact
laser ablation | viscosity ratio mm
Force Relative cell junction | NA NA >um Image based —
inference tension, cell pressure Global

* Time scale of the mechanical processes that can be probed
** Size scale of the mechanical processes or mechanical elements that can be probed

Table 1:

Synthetic view of method comparisons.
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