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Abstract Simple columnar epithelia are formed by in-
dividual epithelial cells connecting together to form s-
ingle cell high sheets. They are a main component of
many important body tissues, and are heavily involved
in both normal and cancerous cell activity. Prior exper-
imental observations have identified a series of contrac-
tile fibres around the circumference of a cross section
located in the upper (apical) region of each cell. While
other potential mechanisms have been identified in both
the experimental and theoretical literature, these cir-
cumferential fibres are considered to be the most like-
ly mechanism controlling movement of this cross sec-
tion. Here we investigated the impact of circumferential
contractile fibres on movement of the cross section by
creating an alternate model where movement is driven
from circumferential contractile fibres, without any oth-
er potential mechanisms. In this model, we: utilised a
circumferential contractile fibre representation based on
investigations into the movement of contractile fibres as
an individual system, treated circumferential fibres as
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a series of units, and matched our model simulation to
experimental geometries. By testing against laser abla-
tion datasets sourced from existing literature, we found
that circumferential fibres can reproduce the majority
of cross section movements. We also investigated model
predictions related to various aspects of cross section
movement, providing insights into epithelium mechan-
ics, and demonstrating the usefulness of our modeling
approach.
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1 Introduction

Simple epithelia are formed by individual epithelial cells
combining into a single cell high sheet. They are cat-
egorised by the shape of the individual cells, namely
flat (height less than width), cuboidal (height equal to
width) or columnar (height greater than width) epithe-
lia. Each cell within an epithelium generally has a cross
section located near the top (apical region) of the cell
that undergoes some form of contractile based move-
ment (Fig. 1) (Fristrom and Fristrom, 1975; Drenck-
hahn and Dermietzel, 1988; Major and Irvine, 2005;
Smutny et al, 2010; Ebrahim et al, 2013). This cross
section has a variety of different names throughout the
literature, but herein is referred to as the contractile
cross section (CCS). The CCS produces forces that help
hold epithelial cells together, and also plays a central
role in movement of the epithelium and its constituen-
t cells (Farhadifar et al, 2007; Liu and Cheney, 2012).
The movement of the simple columnar epithelium is
important for many body tissues, including the stom-
ach and intestines (Drenckhahn and Dermietzel, 1988;



A. R. B. Boyd et al.

Wang et al, 1996),and is involved in both normal and
cancerous activity. Understanding the forces and move-
ment of the columnar epithelium CCS can provide in-
sight into the movement of these tissues, and could help
identify new therapeutic approaches for cancer.

In the 1970s and 1980s, the ring of contractile fibres
surrounding the circumference of the CCS was identi-
fied (Mooseker, 1985) and found to have strong con-
tractile properties (Owaribe et al, 1981; Burgess, 1982;
Keller et al, 1985). These experimental investigations,
and theoretical work in the early 90s (Weliky and Oster,
1990), indicated that epithelial circumferential contrac-
tile fibres were the key mechanism driving the majority
of epithelial sheet processes (Davidson, 2012). Recent-
ly, however, new experimental investigations have sug-
gested that other cell mechanisms exist and may play a
part sheet movement (Gorfinkiel and Blanchard, 2011;
Mao and Baum, 2015). The main work for individual
epithelial cells was completed by Wu et al (2014), who
found contraction not related to circumferential fibres
throughout the top (apical) and side (lateral) regions
of individual cells.

More recent experiments have utilised laser ablation
to investigate many different aspects of epithelial cells
(Farhadifar et al, 2007; Bonnet et al, 2012; Louveaux
et al, 2016). A common experiment uses a laser to sev-
er the adjacent circumferential contractile fibres along
the edge of two cells (Fig. 4) (Farhadifar et al, 2007;
Rauzi et al, 2008; Ma et al, 2009) causing the colum-
nar epithelium to relax. This sheet relaxation is often
considered to give insight into the tension of the sev-
ered fibre prior to ablation (Landsberg et al, 2009; Wu
et al, 2014), and is also commonly used as a validation
technique for theoretical models (Farhadifar et al, 2007;
Hutson et al, 2009).

Theoretical approaches give insight into the mech-
anisms controlling the mechanics of specific epithelia,
and can also be used to investigate different aspects
of the epithelium, such as cell patterning (Farhadifar
et al, 2007). For a review of epithelium modeling refer
to Brodland (2004). The current approaches to mod-
eling epithelium movement can be categorised as ver-
tex (Weliky and Oster, 1990; Weliky et al, 1991; Na-
gai and Honda, 2001; Farhadifar et al, 2007; Hufnagel
et al, 2007; Hilgenfeldt et al, 2008; Honda et al, 2008b;
Landsberg et al, 2009; Aegerter-Wilmsen et al, 2010;
Staple et al, 2010; Mao et al, 2011; Schilling et al, 2011;
Wartlick et al, 2011; Aliee et al, 2012; Salbreux et al,
2012; Smith et al, 2012; Osterfield et al, 2013; Spahn
and Reuter, 2013; Du et al, 2014; Fletcher et al, 2014;
Bambardekar et al, 2015; Rauzi et al, 2008; Collinet
et al, 2015; Tetley et al, 2016), cell centre (Graner and
Sawada, 1993; Meineke et al, 2001; Li and Sun, 2014) or

sub cellular lattice (also called cellular Potts) (Graner
and Glazier, 1992; Glazier and Graner, 1993; Mombach
et al, 1993; Noppe et al, 2015). Vertex models describe
the boundary of cells as a series of points (vertices)
connected by straight segments (edges), where a ver-
tex can be defined as a point where three or more cells
are touching (Weliky and Oster, 1990). Forces are ap-
plied to the vertex points, causing them to move, and
therefore controlling the shape of the cells in the ep-
ithelium. There is also a series of models that combine
a vertex approach with finite element modeling (Brod-
land and Clausi, 1994; Chen and Brodland, 2000, 2008;
Hutson et al, 2009), and a number of three dimension-
al implementations of vertex modeling (Murisic et al,
2015; Osterfield et al, 2013; Honda et al, 2008a,b, 2004;
Okuda et al, 2013; Hannezo et al, 2014; Bielmeier et al,
2016).

Regardless of category, each model is driven by a
description of either the energy or forces of the epithe-
lium. These descriptions determine how the cells move,
and is developed based on the underlying mechanism-
s controlling the movement of the epithelium. Theo-
retical models generally focus on either columnar ep-
ithelia (Farhadifar et al, 2007; Hilgenfeldt et al, 2008;
Landsberg et al, 2009; Aegerter-Wilmsen et al, 2010;
Schilling et al, 2011; Osterfield et al, 2013; Li and Sun,
2014; Noppe et al, 2015) or the flat epithelium that
occurs during Drosophila dorsal closure (amnioserosa
epithelium) (Rauzi et al, 2008; Hutson et al, 2009; Ma
et al, 2009; Solon et al, 2009; Jayasinghe et al, 2013).
While the flat amnioserosa epithelium does have a se-
ries of circumferential fibres, it also exhibits pulse like
motions (Solon et al, 2009) and has a contractile fi-
bre meshwork throughout the CCS of each cell (Rauzi
and Lenne, 2011). Columnar epithelia do not exhibit
pulse like motions, nor the contractile fibre meshwork
(Drenckhahn and Dermietzel, 1988), and therefore have
both different epithelium scale movement and different
underlying mechanisms of movement to the flat epithe-
lium of the amnioserosa.

The movement of the CCS of the columnar epithe-
lium is commonly described based on three types of
mechanisms: cell geometry constraints, line tension, and
cell perimeter contractility. Various interpretations of
these mechanisms are used, which have exceptions, and
may not all be present in an individual model. Cell
geometry constraints are mainly individual cell conser-
vation of volume (Hufnagel et al, 2007), individual cell
CCS conservation of area (Hilgenfeldt et al, 2008) and
cell area elasticity (Farhadifar et al, 2007; Landsberg
et al, 2009; Staple et al, 2010; Mao et al, 2011; Salbreux
et al, 2012; Smith et al, 2012; Li and Sun, 2014; Rauz-
i et al, 2008; Collinet et al, 2015; Tetley et al, 2016).
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Cell area elasticity is where cell conservation of volume
causes a resistance of the CCS of each cell to changes
in area. This resistance is calculated from the difference
between each cell’s area and a reference area. The ref-
erence area is generally considered to be the same for
all cells in the epithelium.

Line tension (Nagai and Honda, 2001; Farhadifar
et al, 2007; Hilgenfeldt et al, 2008; Landsberg et al,
2009; Staple et al, 2010; Mao et al, 2011; Salbreux et al,
2012; Rauzi et al, 2008; Collinet et al, 2015; Tetley et al,
2016) generally represents any forces that arise from cell
to cell interactions along the cell boundaries. For energy
descriptions, line tension is mainly treated as propor-
tional to the length of each cell edge (Farhadifar et al,
2007), while force descriptions generally represent it as
a constant force applied along cell edges (Hutson et al,
2009). Line tension is generally considered to include
forces from both circumferential contractile fibres and
cell-cell adhesion (Brodland, 2002).

Cell perimeter contractility generally represents con-
tractile forces created by the circumferential contrac-
tile fibres, where the fibres are considered to be one
band surrounding the edges of each cell (Farhadifar
et al, 2007). In energy descriptions, contraction of this
band is treated as either proportional to cell perimeter
squared (Farhadifar et al, 2007; Landsberg et al, 2009;
Aegerter-Wilmsen et al, 2010; Staple et al, 2010; Mao
et al, 2011; Wartlick et al, 2011; Aliee et al, 2012; Li
and Sun, 2014; Noppe et al, 2015; Tetley et al, 2016)
or perimeter extension relative to a reference minimum
perimeter length (Hufnagel et al, 2007; Hilgenfeldt et al,
2008; Rauzi et al, 2008; Collinet et al, 2015). This refer-
ence length is considered to be the same for all cells. In
a force description, Smith et al (2012) also treated band
contraction as directly proportional to cell perimeter.

In the flat epitheilum, Solon et al (2009) and Jayas-
inghe et al (2013) represented contractile fibres with a
series of springs connected both along cell edges and
from cell edges to the cell centre. The forces of these
springs were determined by their displacement relative
to a preferred resting length that was the same for all
springs throughout the epithelium. Additionally each
spring had a representation of contractile movement
that was either oscillatory or tension based. Also, Hut-
son et al (2009) utilised viscoelastic descriptions of con-
tractile components of the amnioserosa, via either cir-
cumferentially located viscoelastic elements, or a mesh-
work of viscoelastic elements throughout the CCS. A
similar approach was used by Odell et al (1981) for a
different cuboidal epithelium.

As outlined in the above, experiments have identi-
fied that the CCS of the columnar epithelium has a ring
of force producing contractile fibres surrounding the cir-

cumference of each cell. These fibres could be consid-
ered to drive the majority of movement of the columnar
epithelium CCS. However, a variety of other potential
mechanisms have been identified, which may also play
a prominent role. These include other experimentally i-
dentified sub cellular structures that produce forces and
movement in and around the CCS, and theoretical ge-
ometric considerations such as conservation of cell vol-
ume or area. This leads to the questions: what impact
do circumferential contractile fibres have on columnar
epithelium CCS movement, and can they produce the
majority of the CCS movement?

The epithelium models provide a representation of
the movement of contractile fibres at the tissue scale.
There is, however, other work that investigates the move-
ment of contractile fibres as an individual system. This
work provides insight into both the stress strain re-
lationship (Deguchi et al, 2006; Matsui et al, 2009,
2013) and contractile properties (Hill, 1938; Besser and
Schwarz, 2007; Stachowiak and O’Shaughnessy, 2008;
Colombelli et al, 2009; Stachowiak and O’Shaughnessy,
2009; Kaunas et al, 2011; Thoresen et al, 2011) of indi-
vidual contractile fibres that are not captured in current
epithelium scale models. This raises the questions: can a
description of epithelial scale contractile fibre forces and
movement be developed based on research focused on
contractile fibres as an individual system, and can such
a description provide further understanding of colum-
nar epithelium mechanics?

In this work, we investigated the questions outlined
above by developing an alternate vertex description of
columnar epithelium CCS mechanics, where the cross
section movement is driven from the forces and move-
ments of circumferential contractile fibres without any
other potential mechanisms. Our description of the cir-
cumferential contractile fibre mechanisms was devel-
oped from work focussed on contractile fibres as an in-
dividual system. Additionally, in our model, circumfer-
ential contraction occurred from a series of contractile
fibres connected between vertex points, rather than one
unit extending around the periphery of each cell.

We tested the generality of our model by seeing if
it predicts two different laser ablation datasets (tak-
en from Farhadifar et al (2007) and Landsberg et al
(2009)) with the same parameters. We exactly matched
our simulations’ epithelium geometry to those in the ex-
periments, testing whether the model can predict the
exact response of each individual dataset rather than
a distribution of responses. The match of simulation
to experiment also allowed us to more accurately in-
vestigate the relative impact of different mechanisms
of movement. Once we tested the model, we explored
its predictions of mechanisms which have a substantial
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impact on columnar epithelium movement. This includ-
ed cell conservation of area, the impact of global sheet
movement, and an unknown mechanism that could be
related to minimum cell area or contractile fibre length-
s. We also further demonstrated the usefulness of our
model by investigating the relationship between con-
tractile fibre strain (or tension) and movement after
laser ablation.

2 Experimental Data Analysis Methods

The experimental datasets used in this paper are tak-
en from Farhadifar et al (2007) Supplemental Movie
S4 and Landsberg et al (2009) Supplemental Movie
S2. They are of the laser ablation of columnar epithe-
lial cells located in the third instar larval wing disc of
Drosophila, and are referred to as the primary and val-
idation datasets respectively. Details of image analysis
procedures used are described in the Online Resource
Methods.

3 The Model

A schematic of a columnar epithelium is shown in Fig.
la. The CCS is located in the top region of the cell
(apically), and is shown in more detail in Fig. 1b. Con-
siderable research (Ebrahim et al, 2013; Owaribe et al,
1981; Langanger et al, 1984; Drenckhahn and Dermi-
etzel, 1988; Sandig and Kalnins, 1988; Yonemura et al,
1995; Smutny et al, 2010) has shown that circumfer-
ential contractile fibres are located directly adjacent to
cell membranes.

3.1 Epithelium Scale Model

We defined a two dimensional epithelium scale model
focused on the forces created by circumferential fibres.
It is well accepted that large viscous forces occur in sys-
tems at the length scale of epithelial cells and tissues
(Odell et al, 1981; Fletcher et al, 2014), and therefore
they were also included. In our model, these viscous
forces can be considered to arise from the resistance of
the cytoplasm, and its various cell structures, to move-
ment created by the circumferential contractile fibres.
The mechanisms of our model are different to other
columnar epithelium models, in that we do not include
any geometry related terms, such as conservation of vol-
ume or cell area elasticity.

As depicted in Fig. 1b, we used a vertex representa-
tion of the system (Weliky and Oster, 1990). This rep-
resentation recognises the relatively polygonal shape of

an epithelium, where the peripheries of cells are a se-
ries of relatively straight segments connected together
by points where three or more cells meet. Herein, the
straight segments and points are called cell edges and
vertices respectively.

Circumferential contractile fibres produce forces tan-
gent to their length and are situated along cell edges.
Therefore we treated the contractile segment along each
cell edge as an individual fibre which applied forces to
the vertices located at each end. This is similar to the
way circumferential contractile fibre forces are applied
in Weliky and Oster (1990) and Weliky et al (1991),
though is different to more recent columnar epithelium
models where the circumferential contractile fibres are
treated as one unit via periphery length terms. This
approach approximates that all contractile fibres in the
epithelium show the same forces and movement regard-
less of their length. This approximation is supported
by experimental evidence that contractile fibres of dif-
ferent lengths have the same properties for their force
versus contraction relationship (Thoresen et al, 2011),
stall force (Thoresen et al, 2011), response to tension
(Deguchi et al, 2005; Matsui et al, 2009; Kaunas et al,
2011; Matsui et al, 2013) and total length reduction
after contraction (Katoh et al, 1998; Colombelli et al,
2009). It is noted that some experimental evidence sug-
gests that the maximum retraction velocity of contrac-
tile fibres under no tension can vary between fibres of
different lengths (Thoresen et al, 2011).

Based on the above assumptions, we described the
movement of the epithelium from equations of motions
at each vertex as:

D
pi = " (1)
d=1

where ¥ is a two dimensional vector representing
the location of the vertex, ﬁf I are the contractile fi-
bre forces, u is a damping constant, and the subscript
d represents the edges associated with the vertex. Here
we also applied the common overdamped assumption
(Fletcher et al, 2014), where inertial forces of an epithe-
lium are considered to be negligible relative to viscous
forces.

3.2 Contractile Fibre Scale Mechanisms

The epithelium scale model provides a framework in
which contractile fibre mechanisms drive epithelium move-
ment. There is a large body of experimental and theo-
retical literature which has investigated the movement
of contractile fibres as an individual system. This work
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Fig. 1: a Schematic of simple columnar epithelium showing cell membranes (grey), cell nuclei (blue), and CCS
circumferential contractile fibres (red). b Two dimensional view of CCS also showing vertices (yellow), and forces

from cell membrane adjacent contractile fibres (red).

provided insight into the mechanisms controlling the
movement of contractile fibres. It is focussed on con-
tractile fibres from various non-muscle cells. The con-
tractile fibres that occur in non-muscle cells are highly
similar to those that occur in the CCS of the colum-
nar epithelium. They are made up of the same proteins
(Wehland and Weber, 1980; Geiger et al, 1981; Sanger
et al, 1983; Drenckhahn and Dermietzel, 1988), show
the same sarcomeric type pattern (Sanger et al, 1983;
Langanger et al, 1984), and contract in the same man-
ner (Owaribe et al, 1981; Katoh et al, 1998; Kumar
et al, 2006). The only difference is that fibres of general
non-muscle cells have an additional cross linker called
Filamin (Wang et al, 1975; Wu et al, 2012). As such,
we based our epithelial circumferential contractile fibre
description on the non-muscle contractile fibre litera-
ture.In this literature, contractile fibres show both ten-
sion and contraction mechanisms of movement, which
we therefore include in our contractile fibre model.

3.2.1 Tension Mechanism

The tension mechanism of our contractile fibres was
developed based on the experimental work of Deguchi
et al (2005), Matsui et al (2009) and Matsui et al (2013).
They applied increasing tension to isolated contractile
fibres in the absence of myosin mediated length reduc-
tion. They found that the fibres had an approximate-
ly linear stress strain relationship, and could undergo
strains of up to three without breaking. We note that
some experimental evidence suggests that contractile fi-
bres may show some strain stiffening behaviour at high

strains (Deguchi et al, 2006). Based on this research, we
assumed linear elastic behaviour of contractile fibres as
shown in Eq. 2. We further assumed the same Cauchy
definition of strain as used in those experiments. In
this strain definition, structures are represented as lines
with a tension proportional to the ratio of the exten-
sion of a contractile fibre over its unstrained length.
This means that shorter fibres will produce greater ten-
sion than longer ones, when stretched the same amoun-
t. Contractile fibres have also been treated as a lin-
ear elastic material with a Cauchy definition of strain
in individual contractile fibre literature (Kaunas et al,
2011), where they investigated fibre behaviour under
cyclic strain. Most other columnar epithelium models
differ from our contractile fibre tension representation
by defining line tension as either constant along cell
edges (Hutson et al, 2009) or proportional to an exten-
sion of the cell edges from a resting length (Solon et al,
2009; Jayasinghe et al, 2013) in force descriptions, or as
directly relative to the length of cell edges (Farhadifar
et al, 2007) in energy descriptions.

As in other epithelium scale models, our tension
mechanism included any tension resistance created by
other cell structures. Any such resistance would be from
circumferentially located actin filaments, or the spec-
trin cytoskeleton which supports the cell membrane
(Drenckhahn and Dermietzel, 1988). It is reasonable to
assume that these structures can be represented with
the Cauchy definition of strain, especially as actin has
been experimentally found to have a similar elastic ten-
sion response as contractile fibres (Kojima et al, 1994).
The closest epithelium scale tension description to ours
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Fig. 2: Model relationship between contractile fibre ex-
ternal tension (load) and contraction velocity (recoil).
T, represents the maximum tension at which contrac-
tion will occur. V,,4. represents the maximum contrac-
tion velocity.

is from Hufnagel et al (2007), who used the ratio of
relative extension squared to the preferred perimeter
length for cell perimeter extension.

As contractile fibres reduce their length through
myosin mediated contraction, we considered the strain
as relative to a contractile fibre minimum length, rather
than the initial length used in the standard definition
of Cauchy strain. We defined the minimum length as
the shortest length that a contractile fibre has achieved
up to the current simulation time, and as such it is a
dynamically changing variable. Similar fibre minimum
length assumptions have also been applied to individual
contractile fibres by Kaunas et al (2011).

3.2.2 Contraction Mechanism

In individual non-muscle contractile fibre work, it is
common to base non-muscle contractile fibre mecha-
nisms on research conducted into muscle fibres in the
1930s and 1940s. For the contractile mechanism of our
fibres, we utilised a linear approximation of the recoil
versus load relationship originally found for muscle in
Hill (1938). Recent experimental investigations have al-
so found this linear recoil versus load relationship for
non-muscle contractile fibres (Thoresen et al, 2011). In
the load versus recoil relationship, the rate of contrac-
tion depends on the external load applied to the fibre,
as shown in Fig. 2. At zero load, the fibre contracts at
a maximum rate. The contraction rate then decreases
with increasing load until a stall force is reached, at
which the fibre no longer contracts. In our model (Eq.
2), the external load on an individual contractile fibre
was represented by the forces that other fibres apply to
the vertex point (Fig. 2).

Our model of contractile fibres assumed that myosin
mediated contractile forces were applied directly to ver-
tices, when physically such forces would be applied with-
in the fibre. While this meant that contractile forces
would actually be applied to vertices through a tension
rather than contraction force, it was not expected to
make any difference for the epithelium scale movement
of the model.

In other columnar epithelium models, contractile
behaviour is commonly included with general line ten-
sion curves proportional to cell edge length or perimeter
contractility relative to cell perimeter extension, rather
than the load recoil relationship we have used. It is
noted that the Solon et al (2009) and Jayasinghe et al
(2013) models of flat amnioserosa also treat circumfer-
ential contractile fibres as a series of individual unit-
s. However their description of these fibres are differ-
ent, in that they: use a spring representation rather
than a general strain definition; have the same non-
dynamic minimum length for all springs; and represent
spring contraction forces via a mathematical Hill equa-
tion (Goutelle et al, 2008) rather than the load recoil
representation we have used.

The contractile fibre and tension behaviours described
were combined with the epithelium scale model via:

D — - -
- F¢or  AE ||La|| — Lmin.a La
fo=y(f AR )@

= u 7 Liind || L]

where v is the vertex number, and for each edge,
ﬁdc”’”’ is the contraction force, A is the representative
cross sectional area, L, 4 the minimum length, E is
the elastic modulus, and Ed is a vector representing
the length and direction of the edge (Ed = Zq — Tp).
Note Lg/||Lg|| determines the directionality of the elas-
tic force vector.

3.3 Parameters and Solver

We assumed that each edge has the same elasticity cross
section, area and contraction force, which results in two
model parameters. These parameters represent the ra-
tio of contractive forces to damping (referred to herein
as the contraction force parameter) and the ratio of e-
lastic forces to damping. The equations of motion were
solved in Matlab via custom written code using the Ex-
plicit Euler Method (Butcher, 1987). This method was
found to be stable and accurate for all simulation runs.
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3.4 Matching Simulation Geometry to Experiments
via Initial Conditions

For each simulation, we matched the model geometry
to that of the experiment just prior to laser ablation.
As an initial condition, the simulation vertices were as-
sumed to have the same location as the corresponding
experimental vertices. The model was then allowed to
reach steady state, after which laser ablation was in-
duced (by removal of the edge corresponding to the
experimentally severed one). Initially we attempted to
match the simulation pre-ablation steady state to the
corresponding experimental geometry assuming unifor-
m minimum length (L., ) initial condition for all edges
in the sheet. However it was not possible to achieve a
close match with this approach (refer to Online Mate-
rials).

We instead used a variation of force-inference meth-
ods (Brodland et al, 2014; Ishihara et al, 2013). Force-
inference techniques use optimisation approaches to in-
fer cellular forces from cell shapes. In the optimisation
used here, we used the L,,;, values for each edge as fit-
ting parameters, and a vector of the magnitude differ-
ence between model and experimental vertex location-
s as the cost function. For this optimisation, we used
an inbuilt Matlab non-linear least squares constrained
approach (Isqnonlin). Our approach varies from other
force-inference work, as we solve for the L,,;, parame-
ters controlling edge strain, rather than forces directly.

Our force-inference approach achieved a very close
match between model and experiment, which is shown
in the Online Resources. As in other force inference
work (Brodland et al, 2014), it predicted a highly vari-
able strain distribution (refer to sheet L,,;, and strain
distribution in the Online Resources). This highly vari-
able sheet strain distribution is commonly assumed to
arise from a combination of edge lengthening and short-
ening mechanisms (Brodland et al, 2014; Brodland, 2004;
Lecuit et al, 2011). Specific to our model, we assume
that the strain distribution arises as a result of the non-
uniform geometry of the sheet edge, combined with the
cell proliferation process that produces the epithelium.
Whenever a cell proliferates, it creates a new edge. This
edge reduces in length until it is in force equilibrium
with the surrounding geometry. As the surrounding ge-
ometry, and the forces it applies to a specific edge, vary
throughout the sheet, so will the strain and L,,,;,, values
required to be in equilibrium.

3.5 Boundary Conditions and Global Sheet Movement

Vertices near the edge of the experimental microscopy
images were treated as boundary points. Cell edges

7
_ rm | Vector Mag: x4
— e K o
~ —_— -
Ty //\/ =, X
— ol —
e < T |
. o\ v g “—"—’—l-» < '
Now
- ~
= e S T
_; - ’/ it
— —— \
r
= N SN
AT~ T N, F
~ - o
- S TNy

Fig. 3: Global sheet movement of primary dataset oc-
curring prior to laser ablation (0 to 240 s). Displacement
vectors represent four times actual displacement. Scale
Bar: 5 microns.

which intersect the perimeter of microscope images were
not considered to be boundary points. Throughout the
course of the experiment, all vertices showed consider-
able movement not related to laser ablation. This move-
ment was most obvious in the experimental images pri-
or to laser ablation (Fig. 3). Here vertices throughout
the sheet were moving in a non-uniform manner. As
the sheet has not yet been ablated, this movement can-
not be related to laser ablation, and therefore must be
a general movement of the sheet. It has been shown
in other work (Mao et al, 2013) that larval Drosophi-
la wing discs have global patterns of tension, which
would cause the large scale movements seen in exper-
iments. Herein, this movement is referred to as global
sheet movement, which is defined as experimental sheet
movement not related to laser ablation of a cell edge.
We incorporated global sheet movement into the model
by translating the simulation boundary points in the
same way as their experimental counterparts.

4 Results

The primary dataset response to laser ablation of the
CCS of a simple columnar epithelial cell system is shown
in Fig. 4. This is a typical epithelial sheet response. The
laser is aimed at the edge of two cells between vertices,
and severs the contractile fibres of both cells on that
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Fig. 4: Experimental microscopy images of CCS of columnar epithelial cell sheet from primary dataset at different
time points. Scale Bar: 5 microns. Brown cross represents laser cut location.

edge. After ablation, the sheet moves or relaxes away
from the cut point.

4.1 Model Testing

To test the model, we first investigated whether the
model can predict the primary dataset. For this, the two
parameters of the model were matched to the primary
dataset output (FY°"/u = 2.36 and EA/u = 3.94);
predominantly using the average root means squared
displacement, though also the severed edge movement.

Fig. 5 shows a comparison between the model pre-

diction and experimental movement of the primary dataset.

In Fig. ba and Fig. 5b, it can be seen that the model re-
produced the experimental trends of anisotropic move-
ment of the experimental sheet (where vertices move
more in the parallel compared to orthogonal direction
of the severed edge), and reducing movement of vertices
at further distances for the severed edge. Additionally,
the model reproduced the distance that laser ablation
induced movement spreads from the cut point (four cell-
s).

The model prediction of individual vertex movement
over the laser ablation response was quantitatively com-
pared to experiment in Fig. 5c. Here the vertices were
grouped based on their distance from the cut point (as
shown in Online Resources). The radial and angular
displacement of each vertex was plotted against its an-
gular location relative to the ablated join. As can be
seen, the model quantitatively reproduced individual
vertex movement over the laser ablation response.

The amount of movement of the model over time
was compared to experiment via the average root mean

squared displacement and the severed edge length change,

as shown in Fig. bd. Here the model reproduced the
amount of movement of the experimental sheet with-
in experimental error throughout time. The model also
reproduced the dynamics of the experimental response

within experimental error, and importantly captured
the fast initial movement of the sheet (300 to 350 sec-
onds).

A comparison of severed edge length change be-
tween the model with global sheet movement and exper-
iment is shown in Fig. 5e. Here the model reproduced
the general trend of length change of the severed edge
over time; predicting a fast initial response, followed by
a slowed response. The model also predicted the final
length changes of the experiment within experimental
error, though over predicted the magnitude of the ini-
tial response. This can also be seen in Fig. 5b, where
the model severed edge vertex on the lower right moved
considerably more than the experimental one.

To complete testing, and check for generality, the
model was used to predict the movement of the val-
idation dataset with the same parameters as the pri-
mary dataset. The validation experimental dataset was
slightly different to the primary dataset. It showed less
of the sheet and did not include the final steady state of
the sheet after the laser ablation response. The details
of the validation dataset model to experiment compar-
ison are in the Online Resources Results. Aside from
the sheet final steady state post laser ablation, which
could not be compared, the model reproduced all the
same trends and quantitative matches for the valida-
tion dataset as seen in the primary dataset using the
same parameters.

4.2 Contractile Fibre Forces During Laser Ablation

The forces of two representative edges during the
initial laser ablation response are shown in Fig. 6. These
forces demonstrate that edge tensions change signifi-
cantly during the laser ablation response. During the
initial laser ablation response, twenty three edges not
located near the boundary showed greater than five



Apical Col Epithelium Mechanics

N . Model b _ Experiment
4 ector Mag: x: —_ Vector Mag: x4 |,
\\ \\\ \ Ly \ \ VNN T =
) \ (W M \ . . y | ¥ l .
e Vo N o \ ,
Ny N W N \ N NS N I \
| \\ ~ ~ " \ \ \\ g N\ \ > \’ | ~
N\ N > ~ N ~ = \ \ \\ \, \
N\ \\ \ ~ % \ ‘ N AV \
\ N
N A N L TN L T
-~ T * Rt
Sl ~ \
>N \:\\ \: -~ % e —_— = =
~ —_- o e
O\ o ™ 'y £y ) \ \\\\ K-
[\ A \\ ) \
‘. \
- > e K N N ™ - N\ N T
A N \ T N .
oL —~—
AW N . N . - .
— \ p P y Lo < \\_ L — A \\
. < T x . q . = X '
‘ e -~ »
N A YU A
40 Radial Change, Vertices 0.0 - 4.0 rad Angle Change, Vertices 0.0 - 4.0 rad
X R X ] R wx
Or XX XX b4 1
i R | §i X !Q ¥ X
“ 0 50 100 150 200 250 300 350 05 5750 100 150 200 250 300 350
4 Radial Change, Vertices 4.0 - 8.0 rad 05 Angle Change, Vertices 4.0 - 8.0 rad
0 [ R 20 mewo 3o ngoorcn W ¥ | 0 | 0K R oo e AR N 3¢
-4 -0.5
0O 50 100 150 200 250 300 350 0O 50 100 150 200 250 300 350
4 Radial Change, Vertices 8.0 - 12.0 rad 05 Angle Change, Vertices 8.0 - 12.0 rad
0 PROSEE MO s JOROTIR DR 0 RO MM SRORIN MORORDE J0sx
-4 b : : : : : : : 0.5 - : : : : : : :
0O 50 100 150 200 250 300 350 0O 50 100 150 200 250 300 350
4 Radial Change, Vertices 12.0 - Inf rad 05 Angle Change, Vertices 12.0 - Inf rad
0 | SIS Sty . X RO 0 HORNAIOROIIMDE SISO
-4 -0.5
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Vertex Angular Location Vertex Angular Location
d 1 _ 5 r e
0.8 | g 4 r
— c
Sosl Jst
[}
Q o
= L
z 04 g 2
D ©
202} Yt
o
(%}
0 1 1 1 1 1 1 ] 0 1 1 1 1 1 1 ]
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
Time [s] Time [s]

Fig. 5: a & b Comparison of model prediction a to experiment b for primary dataset vertex movement from just
prior to laser ablation (300 s) to 350 s. Displacement vectors represent four times actual displacement. Scale Bar:
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percent tension change. Fig. 6b and Fig. 6¢ also show
edges undergoing contraction mediated length reduc-
tion. When the external load (grey line) is below the
contraction forces (dashed line) the relative external
tension ratio (7'/T,) is less than one and the edge is
reducing in length via contraction. During the laser
ablation response eleven edges not located near the
boundary had contraction mediated length reduction,
with eight edges recoiling at faster than five percent of
the maximum contraction velocity. Many of these edges
were located adjacent to the severed edge (four of the
five edges connected to the severed edge), and six of
them had resultant minimum length reductions.

4.3 Epithelium Mechanisms of Movement During
Laser Ablation

After testing of the model, we used it to investigate

three potential columnar epithelium mechanisms of move-

ment: cell area change, global sheet movement, and a
kink which was not predicted by the model but occurred
in experiments.

The cell areas predicted by the model were inves-
tigated by calculating the area of each cell over the
course of the simulation. Many of the cells were found
to change area by greater than 5 percent. Two cells
especially, cells 4 and 5 in Fig. 7, showed approximate-
ly 20 percent area change over the simulation of laser
edge severing. This finding was verified experimentally
using the primary dataset. It was found that nine cells
had statistically significant cell area changes through-
out the course of the experiment (Fig. 7). The largest
area change occurred in cell 5, which had a 60 £+ 14
percent reduction in area. The area of cell 5 over time
is shown in the Online Resources.

To investigate its impact on the system, global sheet
movement was removed from the model. The simulat-
ed response of the primary dataset to laser ablation
without global sheet movement is shown by the dotted
line in Fig. 5d and Fig. 5e. In Fig. 5d, it can be seen
that the average root mean squared movement of the
sheet flattened out at approximately 400 seconds (100
seconds after laser ablation), and did not continue the
upwards trend of the experimental data. This indicated
that the experimental response was dominated by glob-
al sheet movement after 400 seconds, which was also
verified in the experimental data. Fig. 8 shows the im-
pact of global sheet movement on the experimental re-
sponse. As shown in Fig. 8a, initially the laser ablation
response caused sheet relaxation towards the top left of
the sheet. However, over the course of the experimen-
t global sheet movement caused the vertices to move
back to the right (Fig. 8b), and completely overrode
the laser ablation response. As shown in Fig. 5e, the

Cell  Area Change
1 22 +13

2 2315
3 19£38
4 43+ 14
5 60 + 14
6 29 £ 12
7

8

9

30+ 14
19+£13
18 +9

Fig. 7: Cell area changes of primary dataset during
experiment. Cells with statistically significant error
change identified on left. Severed edge shown in red.
Scale Bar: 5 microns. Maximum area change for signif-
icant cells on right. Error is two standard deviations of
a Gaussian distribution.

global sheet movement appeared to have only a minor
effect on the length change of the severed edge. Similar
global sheet movement was identified in the validation
dataset; refer to Online Resources.

The simulations also showed that the model did not
reproduce a kink that occurs in the experimental data.
This can be seen in Fig. 9, where the experimental cell
edges near the laser ablated edge have a kink (b), but
the model prediction does not (c).

4.4 Contractile Fibre Strain/Tension and Laser
Ablation Sheet Movement

We used our model to investigate the relationship be-
tween the strain of an individual edge and its move-
ment upon laser ablation. This was achieved by simu-
lating laser ablation of various centrally located edges
in the primary dataset. We found a strong correlation
between the stain of an edge and its movement when
severed (Fig. 10). As shown, higher strain lead to larger
movement, and this relationship appeared to be linear.

5 Discussion

In this work, we found that our model reproduced all
the trends of sheet movement, and quantitatively pre-
dicted both the final sheet movement and the total
sheet movement throughout the laser ablation response.
This indicates that the majority of CCS movement of
the columnar epithelium can be driven by circumfer-
ential fibres, without any other potential columnar ep-
ithelium mechanisms of movement.
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Experiment

Fig. 9: Non-straight kinked stopping of cell edges n-
ear severed edge in primary dataset at 965 s. a Whole
sheet microscopy view. b Magnified view of kinked cell
edge from microscopy image (left) and experiment im-
age analysis (right). ¢ Magnified view of model predic-
tion at kinked cell edge region of experimental data.
Scale Bar: 5 microns.
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Fig. 10: Plot of relationship between individual fibre
strain (or tension) prior to laser ablation and final fi-
bre relative length change after severing. The grey line
represents a best fit linear approximation.
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The model was less accurate in the immediate vicin-
ity of the laser ablation cut, predicting that sheet move-
ment in this region would occur much faster than in ex-
periments. It is likely that this inaccuracy results from
modeling assumptions related to the elastic recoil of
contractile fibres. Some research into the movement of
individual contractile fibres indicates that when a fibre
is relaxing from a strained position, it does so in a time

dependent manner (Stachowiak and O’Shaughnessy, 2009).

Our model did not capture this. It assumed that any
elastic recoil is immediate. The introduction of time
dependent elastic recoil should significantly slow down
the models prediction of sheet response in the immedi-
ate vicinity of the last ablation cut points, causing the
model to more accurately match experiments.

Our modeling approach is based on matching the
simulation to experimental geometry, allowing exact
comparison of model prediction to experimental move-
ment. Other columnar epithelium models are not matched
to experimental geometry, and therefore are only com-
pared via distributions of responses. This makes it dif-
ficult to compare model results. The most appropriate
comparison can be drawn with (Farhadifar et al, 2007)
who also evaluated their model’s predictions based on
final radial and angle vertex displacements (as in Fig.
5) of the primary dataset. The (Farhadifar et al, 2007)
model reproduces many of the experimental laser abla-
tion response trends, though in the radial displacements
the model appears to over-accentuate the anisotropy of
the experimental response, especially at distances far
from the severing location. Also the (Farhadifar et al,
2007) model angular displacements appear to be larger
than experiments close to the severing location, but s-
maller than experiments far from the severing location.
In comparison, our model reproduces all trends of the
final sheet movement.

The success of our model in predicting the move-
ment of the columnar epithelium CCS indicates that an
epithelium scale contractile fibre description can be de-
veloped based on research focused on contractile fibres
as an individual system. Our model also predicts that
during laser ablation cell edges can have both signifi-
cant tension changes and undergo contraction mediated
shortening. This shows that our contractile fibre based
modeling assumptions affect epithelium scale movemen-
t of the model during the laser ablation response. We
also matched our simulation to experimental geome-
try. This provided a rigorous test of whether the model
could predict the laser ablation response, and allowed
us to evaluate the exact impact of various epithelium
mechanisms on sheet movement. We initially found that
this matching could not be achieved using a uniform
minimum length for all edges, and therefore we devel-
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oped an alternate version of force inference methods to
achieve a close match.

The epithelium mechanisms of movement that we
evaluated were: columnar epithelial cell conservation of
area, global sheet movement, and an unexpected mech-
anism that resists cell edge movement in certain situa-
tions.

Cell conservation of area is a common geometric as-
sumption that has been used to model the movement of
the CCS of columnar epithelial cell during laser abla-
tion. Conservation of area has also been experimentally
investigated in (Hutson et al, 2009) for flat amnioserosa
cells. In that work, they found that cells near the laser
ablation location conserve area on short time scales.
The majority of those cells showed up to six percent
change in area, with the two cell on either end of the
severed edge showing up to ten percent area change.
Our model predicted that columnar epithelial cells do
not conserve area during the laser ablation response.
We validated this model prediction using the primary
dataset, finding cell area changes of up to sixty per-
cent. This experimental data shows that columnar ep-
ithelial cells do not conserve area on the time scale of
the laser ablation response. It also demonstrates a fur-
ther difference between the movement of columnar and
flat epithelial cells.

It is well known that global sheet movement occurs
in general epithelial tissue undergoing shape changes
(morphological events) (Butler et al, 2009). This move-
ment has also been recognised in the Drosophila Wing
Disc columnar epithelium (Farhadifar et al, 2007) while
it maintains a steady shape. In the wing disc, glob-
al sheet movement is thought to occur as a result of
global tension patterns resulting from uneven cell pro-
liferation throughout the disc (Mao et al, 2013). During
development of our model, we found that global sheet
movement causes non-homogenous movement in small
areas of the sheet. Our model also predicted that dur-
ing laser ablation global sheet movement can dominate
the movement of the epithelial sheet close to the sev-
ered edge. These findings have quantified the impact
of global sheet movement on the epithelium, and pro-
vided further evidence that global sheet movement is a
significant mechanism that impacts sheet movement on
the time and length scales of laser ablation. Addition-
al, these finding suggest that if global sheet movement
is to be taken into account, non homogenous methods
such as moving boundary points should be used.

When simulating the primary dataset, the model
predicted an additional movement mechanism that re-
sists cell movement. This mechanism was identified near
the laser ablated edge, where the experimental results
stopped in a kinked position, which the model did not

reproduce. This indicates that there is some unknown
mechanism in the experiment that is not included in the
model. This kink occurred where both contractile fibres
and cell areas had reduced by a large amount. Therefore
the mechanism could be related to a minimum length
of contractile fibres, which has been experimentally re-
ported in individual contractile fibre literature (Katoh
et al, 1998; Deguchi et al, 2005; Thoresen et al, 2011),
or some kind of internal cell resistance at a minimum
area. Resistance of cells to large sheet movements was
also found experimentally in Owaribe et al (1981) where
they stimulated extreme sheet contraction, though has
not been reported for physiological or laser ablation in-
duced movement of a columnar epithelium. Our work
shows that this cell resistance mechanism occurs dur-
ing laser ablation, and may be required to completely
capture general columnar epithelium CCS movement.

As our model provided individual strains, and ac-
curately predicted final sheet movement, we used it to
investigate the relationship between edge strain and fi-
nal edge movement after laser ablation. In experimental
approaches, it is common to use the movement of an in-
dividual edge after laser ablation as an estimate of the
tension which that edge is under. When doing this, the
tension (or strain) of an edge is calculated based on
its initial recoil velocity after ablation. Our model pre-
dicted a strong linear relationship between them. This
finding indicates that, based on simulations, the final
movement of an edge can also be used to estimate indi-
vidual edge pre ablation strain. The recording of edge
final movement could also be less reliant on measure-
ment technique than initial recoil velocity, and therefore
would be a more robust measure of pre ablation edge
strain.
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