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The role of the actomyosin network is investigated in the elongation of C. elegans during embryonic

morphogenesis. We present a model of active elongating matter that combines prestress and passive stress

in nonlinear elasticity. Using this model we revisit recently published data from laser ablation experiments

to account for why cells under contraction can lead to an opening fracture. By taking into account

the specific embryo geometry, we obtain quantitative predictions for the contractile forces exerted by the

molecular motors myosin II for an elongation up to 70% of the initial length. This study demonstrates the
importance of active processes in embryonic morphogenesis and the interplay between geometry and
nonlinear mechanics during morphological events. In particular, it outlines the role of each connected layer

of the epidermis compressed by an apical extracellular matrix that distributes the stresses during elongation.
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Mechanical stresses play a crucial role in animal embryo
genesis. At the macroscopic level, differential growth
generates compressive stresses creating the circumvolu-
tions of intestine [1-3], brain cortex [4—6], and fingerprints
of skin [7,8]. The folding of tissues is then directly linked to
the coupling between volumetric growth, tissue properties,
and geometry. At the cellular level, the interplay between
mechanics and morphological events such as division,
migration, and tissue organization is much more subtle.
The high deformability of cells is counterbalanced by
the cellular filament networks, especially by the actomyo-
sin cortex. It comprises a network of cross-linked actin
filaments located below the plasma membrane, so that the
local cell contractility results from the myosin molecular
motors which transform the chemical energy of ATP
hydrolysis into contractile stresses. How these microscopic
processes at the cell level cooperate to induce shape
transition at the tissue level is central in “active matter.”
At early stages in small organisms such as Drosophila [9]
or C. elegans [10], the number of cells is relatively small
and the structure is simple enough, giving perhaps a way to
bridge scales between microscopic activity and observable
tissue displacements. Both of these biological species are
considered as model systems where the theoretical frame-
work of active matter [11-15] can be applied and more
importantly quantified by analyzing experimental data.
Here we investigate the early stage of C. elegans elongation
up to 70% when the embryo contains 65 epidermal cells in
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the cortical position in an ovoid shell. Among available
approaches, laser cuts in different locations on live embryos
allow us to evaluate either the tension or the stiffness [16],
quantities necessary to assess the active stresses at the
origin of the elongation [17,18]. Since, in this process, there
is no cytokinesis or apoptosis and no position exchange
between neighboring cells, we select a continuum approach
of active matter to predict the fracture opening. However, as
highlighted in Refs. [19,20], the difficulty in active matter
consists in evaluating the stresses: active or passive for
samples with complex geometry and elastic properties. To
this end, one must comprehend the nonlinearities of shape
transformations in these small organisms with a limited
information on mechanical quantities.

The aim of this Letter is to investigate this problematics
when only some characteristics are known for C. elegans
embryos. Our scope is to estimate the activity of the
molecular motors and to compare it to the elastic resistance.
For that, we establish an analytical model based on non-
linear elasticity for soft tissues and compare our predictions
with measurements by laser ablation [16]. The proposed
treatment can be adapted to other morphogenetic events in
embryogenesis.

Laser ablation.—Fracture opening gives a way to deter-
mine the forces at the cellular level. This technique helps
to experimentally deduce the tensile stress in the
perpendicular direction to the fracture line when the cell
stiffness is known. Conversely, when the stresses are well

© 2018 American Physical Society
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FIG. 1. The ventral enclosure of C. elegans. (a) Schematic
representation before enclosure. (b) Horizontal section at enclo-
sure. Different colors are chosen: yellow for the dorsal (D), blue
for the seam (S), and brown for the ventral (V) cells. (c) Schema
of a planar fracture under tensile stresses. (d) Position of laser
fractures achieved in the embryo [16].

identified, it gives some insights on the fiber network
organization. Indeed, the crack opening in linear elasticity
is an ellipse [21] and the shape factor (opening b; along x;
divided by the crack length [/, along x;) is given by
Fu = b;/1ly ~20;/E, where o; is the tension and E the
Young modulus, see Fig. 1(c). For F;, other stress
components than o; do not play a role and for an
anisotropic sample, E must be replaced by E; the stiffness
in the x; direction [16].

In a recent work [16], Vuong-Brender et al. apply this
technique in different parts of C. elegans [in Fig. 1(d)] and
demonstrate that the cracks always open both in the dorso-
ventral (DV) and in the anterior-posterior (AP) directions. If
the crack opening is not a surprise in AP, it is more puzzling
in the DV direction for various reasons, Fig. 1(d). First,
cracks cannot open in compression (except in some very
specific conditions [22]). Because of volume conservation,
an extension in AP leads automatically to a contraction in
DV. In addition, myosin II, the actin molecular motors have
been observed [23-26] in the seam (S) domain [blue in
Figs. 1(a),1(b),1(d)], and these motors are contractile. Even
more intriguing, in S cells, the opening is larger in the DV
than in the AP direction [16]. The theoretical interpretation
of these experiments cannot be captured by the linear
elasticity framework. To recover the shape factor F;;
requires evaluating first the state of stresses or strains
inside the embryo before elongation and then incorporating
the active stresses due to molecular motors. By coupling
them, the modeling must recover the results of the laser
ablation but also the possibility to elongate the embryo up
to 70%. Nonetheless, in nonlinear elasticity, and to the best
of our knowledge, there is no general formula for crack
opening but only local analysis of the stresses at both ends
[27,28]. A simple analogy between linear and nonlinear

elasticities suggests to replace ¢ by the equivalent Cauchy
stress o; and E by the local stiffness E;. The following
addresses the evaluation of these two quantities in the
nonlinear elasticity framework beginning first by the
geometry analysis.

Geometry and strains.—The morphogenetic events of
the embryo elongation consist of cell intercalation and
ventral enclosure [10]. The displacements of matter are
strongly constrained by the limited space and induce
significant strains [29]. In particular, the ventral enclosure,
schematized by Fig. 1(a), cannot be achieved without local
forces to join the two parts of the epithelial cortex, as
demonstrated by myosin accumulation [23,24]. Hence,
when elongation begins, the tissues have already stored
prestrains and prestresses [20] and the measurements in
Ref. [16] result from those cumulated stresses. Their
evaluation requires a complete knowledge of the history,
which is difficult to assess. A possible simplified scenario
will be the enclosure of a cylindrical partial shell with a
lacking angular sector f, see Fig. 1(a), by orthoradial
stretching. But this shell is made of a nonhomogeneous
epidermis with 3 kinds of cells called hereafter dorsal (D),
seam (S), and ventral (V) cells; see Fig. 1(b). Once the
suture is achieved, the embryo becomes a composite
cylinder made of a row of epithelial cells and nascent
intestine. Besides, it is covered by the extracellular matrix
(ECM), a thin layer of secreted proteins. In the stress-free
configuration, before enclosure, the D cells occupy one
sector between [—¢py, dpy], S cells are located between
[ppv. B — ¢ppy], and V cells fill the remaining sector up to
p = — /2 [Fig. 1(a) and in the Supplemental Material
[30]]. From the mechanical viewpoint, we do not make a
distinction between the D and V cells and now call them
DV cells. As shown in the Supplemental Material [30], at
full enclosure [FE, Fig. 1(b)], the position of material
points are defined by R, ®, Z and then becomes r, 6, z with
elongation. At FE, the epidermis lies between the inner R;
and the outer R, radius. It is possible to map the stress-free
configuration onto the current one and then to define the
elastic strains, but one must keep in mind that the
experimental results refer to the beginning of elongation
which is not a stress-free state. This distinction is essential
in nonlinear elasticity. We call G the angular stretch
defined by 0 = G®;, which varies with the axial stretch
A, and the domain area. We hypothesize that at FE, all
parts are stretched in the orthoradial direction so G, > 1.
The two unknown parameters of the initial geometry
(e.g., p and Opy) are determined in the Supplemental
Material [30] by arclength measurements [16]. Looking for
the simplest solution where strains and stresses remain
diagonal, the deformation gradient tensor defined by F =
Diag(Ag, A, Ay) is then F = Diag(dr/0R, Gr/R,dz/dZ).
Resulting from both enclosure and elongation, the elastic
tensor F, defined by Diag (g, 4, 4;) reads F, = FF,. F is
the prestretch tensor defined by 2 independent eigenvalues:
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Fy = Diag((49doz)~", 49, A0z), since the incompressibility
imposes 1z = 1/(442). (See also the Supplemental Material
[30]). These tensors are defined everywhere in the cylinder
and are different in S or DV domains. Only the elongations A,
and Ay, will remain identical in all parts for reasons of
integrity. Since there is no cell division during the process, the
volume conservation in the epithelium gives

1
r?—r?

i T GA,

(R* = R}), (1)

which allows us to calculate G, knowing that at the border of
the interior zone, A = r;/R; = 1/+/Az. In the Supplemental
Material [30], it is shown how the angular stretch G for S and
DV cells, Fig. 2, is obtained from measurements of the
circumferential lengths published in Ref. [16]. Since data are
available only at A, = 1.3, 1.5, extrapolation at A, = 1 is
used. Agreement between modeling and experimental data
[30] validates the first steps with an epithelium thickness of
order 2 um. Mechanical stresses can now be evaluated.

Equilibrium equations and boundary conditions.—The
crack opening reaches its finite value after only a few
seconds, which is in the same order of magnitude as the
velocities of actomyosin flows (in the order of 1 um/s
[31,32]). Focusing on the equilibrium value of the slit
opening, we can neglect viscoelasticity [33,34]. Then, in
cylindrical geometry, the Cauchy stress o, diagonal as the
deformation gradient tensor F,, satisfies

Jo, 1 B
) @)

where o, and oy are the radial and orthoradial components
in the current configuration. This equation is identical in
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FIG. 2. Angular stretch for S and DV cells. Notice that Gg < 1
for S and Gpy > 1 for D cells. Theoretical curves, explained in
the Supplemental Material [30], are weakly dependent of the
epidermis thickness, represented by # = 1 — (R;/R,)? Compari-
son with experimental data from Ref. [16].

linear elasticity [35]. Equation (2) requires only one
boundary condition, chosen at the apical border, just below
the ECM whose thickness is about 1072 the embryo radius
[16,26]. So, it imposes a weak compressive surface stress,
o, ~0, during elongation. Defining Wp as the passive
elastic energy density, each stress component becomes ¢, =
M(OWp/OA)+06¢—p [17,18], where p is a Lagrange
parameter ensuring the incompressibility and ¢f the active
stress which only exists in the S cells. 6f can be decom-
posed into a volumetric 6% and a deviatoric 6 part
defined by: 6" =¢, I and 6*¢ =¢Diag(0,1,—1) [14,19].
{4, may be included into the Lagrange parameter p (a
detailed demonstration can be found in the Supplemental
Material [30]). Conversely, the deviatoric part is a traceless
tensor with no specific sign. Finally, the definition of a new
energy functional [36]: Wp = Wp[(447)~", A, Az] enforces
automatically incompressibility giving:

c.=0h+0,-¢
oW p
oy’

o9 =04 +0,+
OWp
04’

og =4 (3)

ngiz

where o}, and o7, decouple from the active part {. Once
Eq. (2) is solved, all stresses can be calculated explicitly
[30]. Since fractures are made superficially on the outer
surface where o, ~ 0, only o, and o, are the components of
interest for our study.

Evaluation of the stresses and fracture opening.—In
these epithelial cells, it was found [25] that both micro-
tubules and actin filaments are oriented mainly in the
orthoradial direction in both cells. So we choose the
simplest constitutive law as a superposition of a matrix
and a fiber network elasticity:

Wp:

=

G+ 2+ =3+ (P12 @)

when orientation along @ is imposed. Such superposition is
currently achieved with some variants concerning the last
term [37,38]. Choosing the S cell coefficient yg as the unit
of elastic energy, we estimate that ypy > 1 to represent a
stiffer material and 75 < 7py, to represent a weaker degree
of fiber alignment in S cells. Since orientation is the same
for actin or microtubules [16,25], a unique coefficient =
involves both filaments.

At FE, the state of the cylinder is characterized by 3
independent prestrain quantities which are the orthoradial
stretches (1ypg and Agpy) and the axial stretch Ayy; see the
Supplemental Material [30]. Within the thin epithelium
approximation, 7 = 1 — R?/R* < 1, one easily finds Gy~
Aov/ Aoz, from Eq. (1). From the geometry, the lacking angle
of the sector reads ff ~ 2(z — ) ~ 2z[1 — (\/Zoz0s) '] In
addition, Ags and Aypy values must be compatible with the
continuity of the orthoradial stresses oy s = oy py at FE,
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TABLE 1. Geometric and elastic parameters of the model in
different parts of the embryo.

Cos  Copv

pm pm Aoz Aos Aopv ! a

Head 145  33.0
Body 10.1 248
Tail 10.1 248

1.025 1.06 1.0326 2.2 1.27
1.025 1.09 1.05 1.15 32
1.0s5 1.05 1.0232 125 29

Elastic coefficients: upy = 1.44, 743 = 0.15, 7y = 0.67

The circumference lengths C, are extrapolated from
Refs. [16,30]. 4y, values at enclosure, differ in S and DV and
from head to tail. The coefficients a’s refer to active stress
evolution, see Fig. 3(c). The elastic parameters of Eq. (4) do not
vary along the embryo.

which fixes the ratio of stiffnesses between the S and DV
cells with 4ygpy < Ags. Post enclosure, the prestrains modify
the elastic strains into A = )A = A4yGr/R and A, = Ag;A,
(see the Supplemental Material [30]). This explains why a
tissue remains in tension even if contractile motors exert a
compressive work on it. For a thin epithelium, the elastic
stretch A is transformed into A ~ 4,G/+/A; and we have
now oy ¢ + ¢ = oy 5y, Which gives {. Gy decreases as A
increases leading to a decrease of the passive stress of,.
However, the active stress ¢, an increasing function of Az,
compensates the opening of cracks in the DV direction.
Finally, because the epithelial elasticity is both orthotropic
and nonlinear, the adapted mathematical formula for the
shape factor F;; is deduced from Wp, Eq. (4). The
equivalent Young modulus in the ith direction reads

2
ii 80'{7 6P+§i
(5)

(a) Crack opening in Seam cells

(b) Stress evolution in Seam cells

This evaluation presents no difficulty once the elastic
energy density is known, albeit this question remains
challenging for small organisms.

Results and  discussion.—The  incompressibility
hypothesis and the cylindrical shape are tested by
comparing the angular stretch G with the experimental
values of each domain: seam, dorsal, and ventral (see
Fig. 2 and Table I). There is a slow dependence with the
thickness of the epidermis which is reassuring since this
thickness in the order of 2 ym is not known with
precision. By extrapolation, we derive a value of each
arclength at the “supposed” beginning of elongation and
finally an angle of order ff ~ 26°, indicating a significant
prestretch at enclosure, associated with a prestress about
0.45 for o4 and 0.35 for 6;. As shown in Figs. 3(b) and
3(c) the amplitude of the active stress { is an increasing
function of A, which saturates around the value 1.8.
Above this value, a new mechanism involving muscle
cells [39—41] occurs, not considered here as we focus on
the role of the actomyosin network. Once the elastic
energy Wp is obtained from the body results, this energy
function is fixed everywhere: in the head and in the tail,
only the prestretch values due to enclosure are very
slightly modified as shown in Table I. After, the theo-
retical curves are derived from F, Eq. (5) and shown
in Fig. 3(a). Notice that the active stress { is derived
from the difference between passive parts of the S and
DV cells with an empirical formula of 2 parameters:
¢ =2a7 'tan"'ay (A, — 1). The agreement is good for
the crack opening in S cells. All the results concerning
this elongation step in the C. elegans embryonic life are
gathered in Table 1. The methodology to derive these
parameters, which rest on the border conditions and
available experimental data, is explained in detail in the
Supplemental Material [30].

(c) Active stress during elongation
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(a) Crack opening in S cells for head, body and tail in the DVor AP directions, Eq. (5). Difference between curves comes from

prestrain values, Table I and the Supplemental Material [30]. In the inset, the active stress { beginning at enclosure. (b) Comparison of
passive versus active stress in S cells [Egs. (3), (4)]. The scale for stresses is the stiffness of S cells y; = 1. (c) Active stress evaluated as
the difference of ¢/ between DVand S cells. In the inset, ¢, deduced from the model and approximated by ¢ = 2o tan (A, — 1)

with 2 parameters is given in Table I.
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To conclude, as emphasized in Ref. [20], it is especially
delicate to extract quantitative information from nonlinear
mechanical systems involving active and passive stresses
and, in addition, prestretch and prestress. The complexity
increases with the geometry for a multilayered inhomo-
geneous epidermis trapped between a central intestine
and the apical ECM. In vivo measurements, difficult at
the scale of the cell are made possible thanks to the
technique of laser ablation which, combined with this
analysis, gives a satisfactory picture of how molecular
motors can achieve cell and embryo deformations. Even if
the focus is put on C. elegans geometry, the theory
developed here can be adapted to other systems where
laser ablation is achieved to assess stresses and illustrates
how prestress can be accounted for in vivo. The role of
mechanics in embryogenesis needs not to be demonstrated
anymore. However, it is crucial to develop experimental
and theoretical tools to fully understand the origin of
morphogenetic events in model systems.
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