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Developing biological structures are highly complex systems, within which a robust and efficient
information transfer must happen to coordinate several dynamical processes. Through a reformu-
lation of cytokinesis in terms of its energetic cost, we propose that oriented cell divisions are one
mechanism by which cells can read and react to mechanical forces propagating in a tissue even in
the absence of cellular strain. This view can at once account for the standard geometrical rules for
cell division, as much as the known systematic deviations from them. Our results suggest the exis-
tence of a shape-dynamics to cell-division feedback loop, consisting in the competition between local
and long-range mechanical signals. The consequences of this competition are explored in simulated
tissues and confirmed in vivo during the epidermal morphogenesis of ascidian embryos.

I. INTRODUCTION

In a developing biological system several dy-
namical processes take place at specific posi-
tions in order to produce and change the sys-
tem’s shape. These local processes leading to
shape changes need either to be tightly coordi-
nated or dynamically adjusted to ensure global
coherence [1-3]. There must hence exist mech-
anisms through which shape dynamics informa-
tion is transferred and read. The nature of such
information, and how it propagates is an impor-
tant, yet open question.

Thanks to the burst of new technologies and
the consequent availability of quantitative mor-
phodynamic data [4-7], the dynamics of shapes
and its robustness against environmental and in-
trinsic noise is being investigated under a new
paradigm, in which the shape itself drives its own
change by feeding back on its own functioning.
Several works have shown different aspects of
this general idea [8-16]. One important process
known to be driven by cell shape is cell division.
In both animal and plant tissues the orientation
of a cell’s division plane often aligns orthogonal
to the long geometrical axis of the dividing cell
(Hertwig’s rule, or HR, in animals [17-19], Er-
rera’s rule in plants [20, 21]). The emergence
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of these rules in animal cells has been linked to
the action of mechanical forces [19, 22, 23]. In
all these cases the predicted rule is in very good
agreement with the direction of the cell’s long-
axis. Despite the generality of such phenomeno-
logical laws, systematic and reproducible devia-
tions from them are not rare [24-27]. Such devi-
ations are often found to correlate with states of
anisotropic tension in the surrounding tissue. A
theoretical picture of such systematic deviations
in connection to mechanical stress has only re-
cently started being developed [25], but its gen-
eral understanding is still largely missing.

Cell division is, in several contexts, also a pro-
cess which actively changes the shape of cells
(12, 28, 29], above all in animal tissues. Cells
increase their volume, expand their apical sur-
face, or generally alter their form before, dur-
ing and after cytokinesis [29-31]. Dividing ani-
mal cells push against their neighbours to create
space to accommodate shape changes and vol-
ume increase during and after mitosis [12]. If
a cell’s environment is too stiff for the cell to
deform it, the so-called spindle assembly check-
point prevents progression to anaphase and stalls
the division process. Division is thus a process
in which the cell’s surroundings feeds back infor-
mation, used by the cell to regulate its mitosis.

In this work, we develop a theoretical model
of a shape-division feedback loop, which can
at once account for HR and systematic devia-
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tions from it. We argue that, not differently
from other physical phenomena, cell division
minimizes (mechanical) energy dissipation by
putting together contributions from both short-
and long-range shape information. Such infor-
mation is mechanically supplied to (and inte-
grated by) a dividing cell and used as a cue to
orient its division plane, which contributes to en-
suring a global long-range coherence to evolving
biological forms.

II. CELL DIVISION IN CROWDED
ENVIRONMENTS

A. Shape dynamics

In a multicellular system, global equilibrium
comes from the competition between interacting
bodies trying to minimize their configurational
energy. Under normal conditions, this energy for
an isolated cell is minimized for spherical shape
due to the cell’s cortical tension [32]. The global
shape of a 2D tissue is often abstracted as the po-
sitions R; of its cellular junctions, represented as
vertices of a collection of polygons in the widely-
employed representation known as vertex-based
cellular model [33]. The dynamics of these ver-
tices has largely been studied and is well cap-
tured by the single-cell Hamiltonian [33]

HY = AP + k(A — AD)?) (1)

in terms of cortical tension A. along the cell
perimeter P, and surface elasticity k. of the cell
area A. around an equilibrium surface AL The
latter accounts at once for volume compress-
ibility and for the actomyosin-mediated elastic
properties of a cell’s surface. Locally, the equi-
librium shape M = {R;} can be altered either
by regulation of \., k. and AY or by individual-
cell active events such as cell migration, division

and death.

B. Cell division in multicellular systems: an
energetic viewpoint

In tightly-packed tissues, shape changes during
mitosis have an energetic cost [12] which is a con-
sequence of the cell-cell competition for space.

FIG. 1: 2D representation of cell division in a viscous en-
vironment. A cell with 5 neighbours and a given rest shape
(/\/l(5)) divides, creating two daughter cells with, respectively,

5 and 4 neighbours and shapes Df) and Dé4). These two cells
deform their surrounding environment to achieve regular ver-
tices distribution and increase their total area, tending to tar-
get shapes 791(5) and 73'2(4). Df’), D£4), 731(5) and 73'2(4) depend
on the orientation n of division plane. Each vertex follows
a trajectory T(i)(fl) from its initial position y® to its target
position z(¥.

In [24], a model for the influence of direct neigh-
bours on a cell’s division orientation was given in
terms of cell topology. However, only relatively
small deviations from geometric rules were pre-
dicted, and no connection to mechanical stress
patterns was studied. The results of [12] sug-
gest a strong connection between cell division
regulation and the amount of a cell’s internal
energy flowing to its environment by mechanical
forces. No physical model has been developed
yet to study this phenomenon: filling this gap is
the main contribution of our work.

Biological tissues are usually modelled as non-
equilibrium viscoelastic mechanical systems [9],
with properties changing with time and observa-
tion scale. In many circumstances one can, how-
ever, model the resistance offered by biological
matter to displacement as a fluid with viscosity
1. Due to the viscosity of the medium, energy
is consumed in the work of friction forces W), in
the surrounding tissue as
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where 71(2)2)

i-th vertex of daughter cell 1 (2), which depends

(n) is the trajectory followed by the

on the division orientation n, p%)(t) its instan-
taneous position along the trajectory, V§z()2)(t)
its finite velocity, Y™ (3."*) runs over all s,
(ko) vertices of daughter cell 1 (2) (common ver-
tices contribute with weight 1/2 in both sums).
The work (2) depends on the amount of defor-
mation required to accommodate the daughters’
final shape, as schematically shown in Fig. 1.
A natural consequence of this is that differ-
ent division orientations correspond to different
amounts of energy consumed by the dividing cell
AU¢(n) = —W,,. Such a formulation of the ener-
getic cost of cell division (and its generalization,
see Eq. (4) in the following) is the first contribu-
tion of this work.

Cells or tissues also actively change their
shape, as a result of intra-cellular processes
and/or the effect of external interactions. A lo-
cal change in shape implies the build-up of me-
chanical forces within the tissue, which propa-

J

AUC

AU*® stems from the multiscale competition be-
tween the local, passive contribution of Eq. (2)
and the active, long-range effect of Eq. (3), and
is a function of the cell’s division orientation
through the trajectories 7(V(n1). This competi-
tion is captured by the ratio ¢, = % This is
the cornerstone of our work and provides an en-
ergetic standpoint to understand energy fluxes
between a dividing cell and its local and far-
away environments. It provides a quantitative
ground to study oriented cell division by allow-
ing the identification of the most energetically-
favourable set of trajectories for cell division,
given by the direction ny maximising Eq. (4). It
is worth stressing here that effect of mechanical
forces in Eq. (4) is fully independent of the possi-
ble strain they induce on the cell. This is indeed

i[() (Zas” )= pf ;/m (Zas”

3

gate at more or less long distance depending on
the properties of the cellular medium. Be {o}
the set of cells or multicellular structures whose
shape is being actively changed. Any point r in
the tissue will feel a force exerted by each of these
structures, along a direction w,(r) and of inten-
sity 1,. The total force at a position r within
the tissue is

Z Uy W, (T Z Fof,( (3)

having written v, = F(,f(d(r7 OU)), where F,
is the force intensity at the position of the pro-
cess 0, f(z) is a monotonically decreasing func-
tion and d(r,O,) is the euclidean distance be-
tween r and the structure o. Finally, f,(r) =
Wo(r)f(d(r,0,)). These forces exert mechani-
cal work on vertices of a dividing cell. The total
change in a cell’s internal energy during division
is thus due to the energy spent against friction
forces plus the work performed by the external
forces (3) and reads

V9 ) eanf.

(

what was observed in several in vivo situations
26, 27]: mechanical stress in a tissue correlates
with division orientations even in the absence of
strain, leading to systematic violations of geo-
metric rules for cell division.

III. EMERGING BEHAVIOURS

A. Isolated tissues

Equation (4) has several interesting conse-
quences. For isolated tissues in the absence of
mechanical cues (¢, = 0), geometrical rules for
cell divisions are expected to be followed. The
local part of Eq. (4), i.e., (2), is able to account
for and physically explain this fact, as shown in
Fig. 2 for 10* cells, whose shape and vertices dis-
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FIG. 2: Distribution of deviation angles xur =
arccos |fg - Aigr| (a) and xcy = arccos A - Aigg| (b) for 10%
randomly simulated cells. Here np minimizes Eq. (2); fur
is the cell’s main elongation axis and ficy the main direction
of cellular junctions. Red points (right vertical scale) give
the average eccentricity of the ellipses approximating each
cell in each histogram bar. 90% of cells have xcy < 22° and
xur < 30°, in agreement with what is found in vivo [19].

tribution was randomly simulated as explained
in Appendix A. For each of them, Eq. (2) was
numerically minimized assuming linear trajecto-
ries Tliz). As shown in Fig. 2, the energetically op-
timal direction ny minimizing Eq. (2) correlates
with both the main elongation axis ngg and the
principal direction cell junctions (in our model,
its vertices) ncy. Interestingly, the agreement of
Eq. (2) to ngy is higher than to nygr, motivating
cell junctions as the main geometrical cue for di-
vision orientation in 2D structures, as shown in
[19].

This is our first main result, which shows how
cells following geometric rules have an energetic
advantage. This property is however not able to
explain the full phenomenology of oriented cell
divisions and HR violations observed in living
systems.

B. Multicellular structures under mechanical
stress: a paradigm to understand embryonic
morphogenesis

To study the consequences of the competition
between local viscosity and long-range propaga-
tion of mechanical forces, we analysed the situ-
ation depicted in Fig. 3(a) in which one shrink-
ing structure exerts a force ¢ofy on a simulated
system initially composed of n cells, with char-
acteristic linear dimension L, undergoing three
rounds of cell divisions. Such is the case in a
number of developing animal embryos, during
the shape changing process known as gastrula-

4

tion [35]. In particular, the situation in Fig. 3(a)
illustrates the process of epidermal morphogen-
esis during gastrulation in embryos of the ascid-
ian P. mammillata, a model organism to study
animal morphogenesis [36]. Around 4 hours
after fertilization, these embryos undergo radi-
cal shape change processes, collectively known
as gastrulation, which begin with the invagina-
tion of a group of cells [37], whose active shape
changes drive the whole process as schematically
depicted in Fig. 3(b) (see also Fig. B.1). Part
of the epidermis of these embryos is at one- to
few-cell distance from the gastrulating core and
is hence subject to the mechanical stress it pro-
duces. Interestingly, during these processes no
cell migration nor cell death is known to hap-
pen. Thanks to the transparency of these em-
bryos and to state-of-the-art 3D reconstruction
of live embryonic development, high-quality 3D
dynamic data on their development is now avail-
able [34]. Remarkably, ascidian embryos de-
velop with a fixed lineage, which allows to iden-
tify homologous cells across several different em-
bryos. We have hence calculated, as detailed in
Appendix B, the deviation Agg from HR for
each epidermal cell across three rounds of cell
divisions in two different embryos. The aver-
age value across all divisions and all embryos is
shown in Fig. 3(c), projected on the 24 cells at
the 64-cell stage which will give rise to epidermis.
A pattern of deviations emerges, for cells mostly
localised around the tissue border. This makes
the epidermal morphogenesis of P. mammillata
an ideal system to test our theory.

Assuming a constant vertex displacement speed
v one can introduce the dimensionless order pa-
rameter p = %, measuring the relative inten-
sity of external to viscous forces. Stress decay is
assumed here a time-dependent exponential of
typical length-scale Ls(t) = 6(t)Lq (6(t) = 1 for
the first two divisions and §(¢) = 2 for the last),
in order to account for the increased density of
cell junctions which help generating tissue-scale
stress profiles [38]. The fractional stress decay
length is ¢ = Lg/Lg. Between divisions, the
system evolves towards its equilibrium accord-
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FIG. 3: System of 20 cells, of characteristic linear dimension
Lo, in contact with a shrinking structure (panel (a)), with
exponentially-decaying stress profile of length scale (Lo. This
serves as a model to study the morphogenesis of the epider-
mis of embryos of P. mammillata during gastrulation (panel
(b), adapted from [37]). Thanks to the invariant lineage of
ascidian embryos, homologous cells can be identified in differ-
ent embryos. Panel (c) shows the average angular deviation
Amnr (in degree) from HR for three rounds of divisions in as-
cidian epidermis. The average for each cell is taken over all
divisions and across two embryonic datasets, taken from [34]
and visualised through the morphological browser MorphoNet
[7].

ing to the Hamiltonian H = Y HY with param-
eters initially fixed at \./(k.L3) = 7 x 1078, to
account for cell volume incompressibility. Note
that no effect of external stress on individual cell
shape during interphase has been taken into ac-
count. This simplification allows us to decouple
the purely-stress-induced effect on tissue shape
from the strain-induced effect, and is motivated
by the high value of k.L} compared to the simu-
lated values of force intensities. The agreement
between Eq. (4) and the geometrical rules for
cell division is captured by the parameter a =
1 — (xc1)/90, with (xcs) = (arccos|ng - ngygl),
the average being taken over every cells at each
round of division. « is 1 for perfectly aligned
and 0 for fully orthogonal predictions.

The left plot of figure 4(a) shows « as a func-
tion of p and (. Two phases appear in the re-
sponse of the system: as expected at low p (dom-
inant viscosity), Eq. (4) correlates very well with
individual-cell geometry; increasing p, however,

5

the system undergoes a behavioral phase transi-
tion of the continuous type at a critical value p,.
of the order parameter. At high p a new phase
emerges in which the agreement between Eq. (4)
and cell geometry is rapidly lost (« sharply de-
creases). To understand the cause of this phase
transition we looked at the correlations between
cells within the simulated tissue. It is known
that the agreement to geometrical rules give rise
to alternating orthogonal directions for division
orientations within one clone [22]. For a set of

(0)

initial cells S¢ "’ consider the parameter

= (i), g0 (5)
measuring the correlation between the predicted
orientations n of any two consecutive divisions
at t and ¢t + 1 within the same clone (the set
of progeny of a single initial cell) of any cell

c € Séo) The average is taken over all cells
and all pairs of consecutive division rounds. Fig-
ure 4(a) (right) and 4(b) show that the tran-
sition to the new phase in the tissue is corre-
lated to by the appearance of time-correlations
within each clone. These time-correlations are
in turn induced by the stress dynamics within
the tissue. To test the influence of mechanical
relaxation parameters of Eq. (1), simulations at
fixed ¢ = 1/6 were run with random values for
Ao/ (KeL3), drawn out of a Gaussian distribution
centered around 7y = 7 x 107% and of width 1076.
Figure 4(b) shows, for each simulated value of p,
the average and the standard deviation (in black
vertical bars) for 20 random values of \./(k.L3).

The onset of time correlations v past the crit-
ical value p. suggests that the shape of clones
may be strongly altered in the presence of ex-
ternal forces, even without individual-cell strain,
simply due to time correlations between division
orientations and shape changes during cytokine-
sis. This is indeed the case, as shown in Fig. 4(c):
past the critical value p., clones start showing a
more elongated form, tending to a linear shape
at high p values. This also affects the global tis-
sue shape, which tends to follow the change in
shape of the external shrinking structure. The
two phases can coexist in the same tissue, as
shown in the rightmost example of 4(c), in which
the cells facing away from the external force are
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phase with high temporal correlations and high
deviations from geometry (o = 0.4,y = 0.8).

in the viscosity-dominated phase and follow geo-
metrical rules (v = 0.9,y = 0.2), while the ones
directly facing the force are in a stress-dominated

0.25 Pc
(b)g 09 : 0.7 -
""""""""""""""""""""" 2 os 4:1/6: 06
E . . 05 5
& 0.7 Viscosity a
2 06 -dominated 0.4 %
i~ .

L _ ) i _ ] & (short-range) Stress 03 =
1072 10 100 10 102 1072 10 10° 10 10? ~ 05 -dominated -
] = 02 2

0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.88 0.96 0.080.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 0.4] : e (l"“lg‘ra“ge)z

10- 10~ 10 10 10

a=1-{xcs)/90 v = (ng -ngp) P
(c) (d) Ph.mam1 Ph.mam?2

[

o
a=0.6

N/

Pe increasing p

Gastrulation

FIG. 4: Panels (a) and (b) show the predictions of Eq. (4) for the simulated system of Fig. 3(a). A marked transition is found
between two phases, (panel (a)), for both the agreement of Eq. (4) to geometrical rules o and the average time-correlation of
division orientations in clones 7, as a function of the order parameters p and . The first phase, (viscosity-dominated, low p)
shows a high agreement « to the geometrical rules for cell division and a low time-correlation parameter «y. The second phase
(stress-dominated, high p) shows poor agreement to geometrical rules and high temporal correlations. The transition between
the two is continuous, as seen in panel (b), showing the transition at fixed stress fractional penetration length ¢ = 1/6 (-y in red
triangles, right vertical scale; « in blue dots, left vertical scale). Black vertical bars give the standard deviations for 20 randomly
simulated values of the ratio A./(k.L3). Panel (c) shows the consequences of this transition on the global tissue shape: above
the critical value p., the shape of the whole tissue start being affected by the externally-induced mechanical stimuli. This is a
consequence of the time correlations of division orientations, building up in the tissue due to long-range mechanical cues. The
dynamics of stress propagation can be clearly read in the shape of the clones (collection of all progeny) of each of the 20 initial
cells. These predictions were tested in the development of the epidermis of embryos of P. mammillata (panel (d)) which, due
to shape changes of invaginating cells during gastrulation, shows the same transition in clones shape and cellular distribution.
Embryonic 3D reconstruction from [34], visualized in MorphoNet [7].

Thanks to the availability of several 3D recon-
structions of live embryonic development [34], we
analysed division orientations and apical geome-
try of epidermal cells in two embryos of P. mam-
millata (see Appendix B for details): the coexis-
tence of these two phases is observed in vivo, and
elongated epidermal clones are built up while fol-
lowing the active shape changes of gastrulation
as exemplified in Fig. 4(d). The clones cellular
distribution observed in this process is the same
as the one predicted by Eq. (4). In addition, the
overall tissue shape shows the same structure as

the high-stress tissues of Fig. 4(e), with a similar
phase transition marked by a change in « from
0.7£0.01 to 0.6 = 0.03 and in ~ from 0.3 +0.03
to 0.51 + 0.04.

IV. CONCLUSIONS

In this work, we suggest a mechanism by
which developing biological structures maintain
a global coherence in spite of local radical
changes in their form. Thanks to a reformulation
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of the process of cytokinesis in terms of its ener-
getic cost, we have shown that, through oriented
cell division, cells can read and react to shape dy-
namics of their local and far-away environments
(both of which alter the local stress state per-
ceived by cells) by minimizing the work spent
against the passive resistance of their surround-
ings. The cell’s main geometrical axis emerges
as the direction along which the work performed
during division by a cell against the passive resis-
tance of its local environment is minimal. How-
ever active processes of shape dynamics can bias
such energetic cost and provide multiscale cues
to guide cell division, in agreement with what re-
ported, for instance, in the Arabidopsis meristem
[25]. In these cases, reproducible and system-
atic deviations from long-axis rules emerge, as
repeatedly experimentally reported [25-27]. The
competition between local and long-range stim-
uli gives rise to a transition between two distinct
phases of a multicellular system, marked by the
onset of time-correlations within cellular clones.
Remarkably the co-existence of these two phases,
predicted by our model, is found in vivo in the
epidermis of the developing embryo of the ascid-
ian P. mammillata.

Our theory is able at once to explain the known
geometrical rules for cell division and the sys-
tematic deviations from them. Both geometrical
rules and deviations emerge as particular cases of
a more general rule, which is the consequences of
an energy exchange between a dividing cell and
its environment. This exchange provides a way
by which cells can sense and react to external
mechanical forces, even for intensities below the
minimal value to induce a meaningful cell strain.
In this way, tissue deformation and shape dy-
namics can be produced without the need of in-
dividual cell deformations. Our result sheds new
light on the physics of morphogenesis and on the
mutual interplay between morphodynamics and
mitosis, and suggest that oriented cell division
is one of the contributing mechanisms allowing
long-range transfer of information in biological
structures. Such information transfer, under the
form of internal mechanical stress, can be read
in the shape of cellular clones within a prolifer-
ating tissue, providing a new paradigm to infer

and follow force dynamics in living systems.
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Appendix A: Random simulations of isolated cells

To test the agreement between Eq. (2) and
either Hertwig’s rule or the cell junctions rule,
we have simulated divisions for 10* cells, whose
geometry and vertex distribution was randomly
chosen as follows:

- each cell was given as a collection of vertices
lying along the perimeter of an ellipse;

- for each cell, the vertex number was a ran-
dom integer drawn from the interval [4, 50] with
uniform probability;

- randomly drawn vertices were selected to be
positioned at irregular angles, while the rest were
placed along the ellipse’s perimeter at the ex-
pected positions of a regular angular distribu-
tion;
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- the angular position of each irregular vertex
with respect to the ellipse center was drawn at
random from a Gaussian distribution, centred on
the angular position of a regular vertex and with
constant standard deviation o, = 0.3 rad;

- the eccentricity of each ellipse was randomly
drawn out of a uniform distribution over the in-
terval [0.2,1) in order to avoid shapes without
clear geometrical cues;

- the in-plane orientation of each ellipse’s ma-
jor axis, which gives also the cell’s long axis,
was randomly simulated by drawing two num-
bers x, and y, out of a gaussian distribution of
zero mean and unit variance and using then the
vector n, = m(aﬁv, Yu);

- the main direction of cellular junctions was
calculated by a principal-component analysis of
each cell’s vertices distribution in plane.

Appendix B: P. mammillata embryonic epidermal
cells and analysis of their division directions

In order to calculate main elongations and di-
vision directions of cells in the embryonic epi-
dermis of P. mammillata, we started from the
cell-level 3D volume reconstruction of two whole
embryos produced in [34].

On these embryos, thanks to their invariant
lineage, cells over several generations can be
unambiguously named [39, 40]. At the 64-
cell stage, symmetric pairs of cells a7.11, a7.12,
a7.13, a7.14, a7.15, a7.16, b7.11, b7.12, b7.13,
b7.14, b7.15 and b7.16 were selected, corre-
sponding to cells who will give rise to the embry-

onic epidermis after fate determination (green
cells in Fig. B.1).

Each of these cells and their epithelial progeny
for up to three rounds of division have been se-
lected along the timestack of 3D volume recon-
struction of each of the five chosen embryos. It
being known that division of these cells always

happens within the local tangential plane given
by each cell’s apical surface, to determine their
main elongation we first selected their apical sur-
faces only out of the full 3D information on cell

V

. Epidermis
DEndOdem (gastrulating)
D Other tissues

V: vegetal view L: lateral view A: animal view

FIG. B.1: Reconstruction of a gastrulating embryo of P.
mammillata [34]. Epidermal cells are labeled in green and
endodermal cells (actively changing their shape) in yellow.
Transparent cells belong to other embryonic tissues. Data
visualized in MorphoNet [7].

shapes. For each cell i, we performed a principal

component analysis on its apical surface to de-
{®

termine the direction of its main elongation 1, .,

and the position of its center of mass bgl))ical‘ Fi-

nally, division direction of a cell ¢ was defined as
the direction dgical of the line joining the api-

cal centers of mass bg;gcal and b.'(;;i)cal of its two

daughter cells iy,i5. The directions iggieal and
(;lgical are sufficient to calculate the parameters

Agg, a and v shown in Figures 3,4.
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