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Abstract

Epithelia form an important and ubiquitous class of tissues that show complex morphogenetic
movements in early embryos and deformations during diseases such as epithelial carcinomas.
Understanding the mechanical properties, environment and response of epithelial cells is crucial
to uncovering the mechanisms by which they fulfil their normal functions as well as the steps in
disease progression. We study epithelia using a two-fold approach combining 3D vertex model
simulations and analytical continuum theories. In this thesis, we present two projects that have
been conducted in collaboration with developmental biologists to understand the role of mechanics
in growth and morphogenesis. The first project deals with ventral furrow formation during
gastrulation in Drosophila. We propose a novel tissue-wide mechanism by which prospective
mesodermal cells initiate furrowing and subsequently compare simulation results to experiments.
Our second project looks at morphogenesis in the growing fly wing. We analyse experimental
data from fixed wing samples and propose a theoretical model that takes into account active
stresses and active topological transitions to explain the anisotropic growth of the wing.
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δlλ. External forces acting on vertices f e

v can yield an additional contribution
to the virtual work. (d) The force fv on a vertex v is obtained by taking the
virtual work differential with respect to the vertex position xv. The tissue is in
mechanical equilibrium when the force acting on all vertices is zero. (e) Topological
transitions in epithelia are cell-cell intercalations (T1 transitions), cell extrusions
(T2 transitions) and cell divisions. Figure adapted from [3]. . . . . . . . . . . . . 2

1.2 Continuum approaches by coarse graining of vertex models. (a) In a continuum
theory, the epithelium is represented by a 2D viscoelastic sheet [2, 4–6]. (b) The
shear modulus µ, the bulk modulus K and the bending modulus κ characterise
the resistance to shear, isotropic stretching and bending of a thin elastic sheet
in response to forces acting on the material. On time scales on which cellular
neighbour exchange, cell division and cell delamination occur, in-plane isotropic
and anisotropic stresses relax and the tissue exhibits a fluid behaviour. Figure
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2.1 The life-cycle of Drosophila melanogaster [7] (left), the processes of ventral
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2.2 Existing physical models of mesoderm invagination. Figure taken from [9]. . . . . 8
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2.3 A: The blastula of Drosophila shown in the sagittal (left) and dorso-ventral
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in the sagittal cross-section (left,above) at the time of furrow formation in the
dorso-ventral cross-section (right). The mesoderm midline moves along the
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Chapter 1

Introduction

1.1 Epithelial tissues

All living organisms are composed of basic building blocks called cells. Cells are often seen to
arrange themselves into groups in order to perform a specific function. These groups, known
as tissues, can be one of four major types: connective tissues, muscle tissues, nerve tissues and
epithelial tissues. Epithelial tissues line cavities and vital organs in the body and are the first class
of tissues to be formed during embryo development.

Cells in epithelial tissues are mechanically coupled to each other via adhesion molecules along
their shared interfaces (Fig. 1.1 a,b). They can thus exert forces on each other as well as on
the environment. Internal forces in cells are generally caused by the actin cytoskeleton which
generates surface and line tensions along cell membranes [12, 13]. Externally, cells might be
attached either apically, basally or on both surfaces to an extracellular matrix (ECM) [2, 4, 14, 15]
which is comprised of cross-linked structure proteins such as Dumpy in the fruit-fly, Drosophila
melanogaster. Cell-cell adhesion and cell-ECM adhesion counteract internal tensions [16–19].
Furthermore, epithelial cells have a well-defined apical-basal polarity which is defined by the
gradient of several kinds of proteins. This polarity leads to differences in the mechanical properties
of the two surfaces. The interaction between internal and external forces results in complex shape
changes of epithelia during both development and diseases such as epithelial carcinomas.

Physics can be used to study the response of cells to the forces acting on them and model
morphogenetic movements. In particular, the laws of classical mechanics, which require the
balance of conservative and dissipative forces can be used to obtain equilibrium shapes of epithelia
given the forces acting on them.

We shall now briefly discuss two quantitative approaches that have been used to model
epithelia. These approaches shall be used in Chapters 2 and 3 of the present thesis respectively.
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apical cortex

adherens junction

lateral cortex

basal cortex

basement membrane/ECM

Fig. 1.1 Properties of 2D and 3D vertex models for tissue mechanics (a) Apical view (from [1])
and cross section (from [2]) of the wing imaginal disc epithelium in the Drosophila embryo. (b)
Schematic of an epithelial tissue. Cytoskeletal elements generate forces inside the cells, which
are mechanically coupled to other cells and to the basement membrane. (c) A virtual work
differential for vertex displacement, depending on changes in cell volume δVα, surface area δAk

and edge length δlλ. External forces acting on vertices f e
v can yield an additional contribution to

the virtual work. (d) The force fv on a vertex v is obtained by taking the virtual work differential
with respect to the vertex position xv. The tissue is in mechanical equilibrium when the force
acting on all vertices is zero. (e) Topological transitions in epithelia are cell-cell intercalations (T1
transitions), cell extrusions (T2 transitions) and cell divisions. Figure adapted from [3].



1.2 Vertex models for tissue mechanics 3

1.2 Vertex models for tissue mechanics

In their most general form, vertex models treat epithelia as a three-dimensional (3D) lattice of
points or vertices forming polyhedral cells. Lengths of lines, surface areas and volumes of cells are
all defined by the positions of vertices. The shape of the tissue deforms according to the forces
acting on the vertices. Both two-dimensional and three-dimensional vertex models have been
employed to model a host of different epithelial tissues in the past. For a review on vertex models,
see [3].

The forces acting on each of the vertices of the cells are calculated by writing an expression
for the differential virtual work done in deforming the tissue and computing its derivative with
respect to vertex positions xv. The equilibrium shape of the tissue is obtained by minimising the
integrated differential work function

δW = −
∑

cell α

PαδVα +
∑

surface k

TkδAk +
∑

edge λ

Λλδlλ −
∑

vertex v

f ext
v · δxv. (1.1)

The first term takes into account volume deformation of the cells δVα, the second area deformations
of the faces δAk, the third deformations of the edges δlλ. The last term represents external
forces acting on the tissue such as the attachment of the tissue to the ECM. Pα denotes the cell
pressure, Tk the surface tension and Λλ the line tension (Fig. 1.1 c). The static force acting on
each vertex is

fv = −δW

δxv
. (1.2)

The dynamics of the tissue is important in order to make quantitative comparisons with
the time-evolution of tissues undergoing morphogenesis. So far, quasi-static approaches have
been used most widely in the literature [1, 2, 20–22]. In this approach, the tissue is allowed
to equilibrate at each time step of the simulation. This equilibration can be done using many
different algorithms. However, due to the existence of local minima of the integrated work function,
different minimisation algorithms might lead to different quasi-static dynamics. To overcome this,
alternative approaches in which dissipative forces are explicitly taken into account might be used.
In this thesis, we shall exclusively use this latter approach to compute the dynamics of the tissue.
Force balance between static and dissipative forces states that

fv
i =

∑
vertex v′,j

(
αvv′

ij + βvv′
ij

) dxv′
j

dt
(1.3)

where αvv′
ij is a friction matrix associated to external dissipative processes and βvv′

ij is a viscosity
matrix associated to internal dissipative processes (Fig. 1.1 d).

Cells in the vertex model, apart from changing shape, are also allowed to undergo topological
transitions such as cell neighbour exchanges (T1 transitions), cell divisions and apoptosis (T2
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transitions) (Fig. 1.1 e). For this thesis, a vertex model code written in C++ by Silvanus Alt
(former Ph. D. student in the group) was modified and used. For a review on the application of
vertex models to biological systems see [3].

1.3 Coarse-grained approaches

Another way to model an epithelium is by treating the tissue not as a discrete 3D lattice of
vertices but as a 2D continuous visco-elastic sheet. Large-scale flows and deformations can
be modelled well using continuum approaches. The continuum theory approach has several
advantages. First, the dimensional reduction results in a smaller number of parameters than in
vertex models. Second, the phenomenon of universality: a given continuum model corresponds to
the coarse-grained theory of several microscopic models.

The elastic nature of the epithelium is characterised by its coarse-grained bulk modulus K

and shear modulus µ which dictate how the tissue resists area growth and shearing respectively.
The continuum version of force, the stress σ, is given by

σij = 2µũij + Kullδij (1.4)

where u is the deformation, the continuum version of displacement. Topological transitions such
as T1 transitions, cell divisions and apoptosis constitute the viscous response of the tissue and
lead to its relaxation on longer time-scales (Fig. 1.2 a,b). Coarse-graining of vertex models can
be used to relate model parameters to coarse-grained parameters and to understand the physical
origin of perturbations.

1.4 Thesis Outline

In this thesis, we use both vertex model and continuum approaches to study two different
stages in the life cycle of Drosophila. In Chapter 2, we explore the process of ventral furrowing
during Drosophila gastrulation and use a vertex model representation to compute equilibrium
configurations and the time evolution of the tissue. We also compare our findings with experiments
and identify future directions related to tuning the dynamics in simulations.

In Chapter 3, we turn to pupal wing morphogenesis in Drosophila and model the epithelium
using a two-dimensional continuum theory taking into account active stresses and topological
transitions. Again, we compare our results with those of our experimental collaborators and point
out future experiments that might further corroborate our theoretical predictions.
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Fig. 1.2 Continuum approaches by coarse graining of vertex models. (a) In a continuum theory,
the epithelium is represented by a 2D viscoelastic sheet [2, 4–6]. (b) The shear modulus µ,
the bulk modulus K and the bending modulus κ characterise the resistance to shear, isotropic
stretching and bending of a thin elastic sheet in response to forces acting on the material. On time
scales on which cellular neighbour exchange, cell division and cell delamination occur, in-plane
isotropic and anisotropic stresses relax and the tissue exhibits a fluid behaviour. Figure taken
from [3].



6 Introduction

The material presented in Chapters 1 and 3 is based on the following publications:

• S. Alt, P. Ganguly, G. Salbreux “Vertex Models: from Cell Mechanics to Tissue Morpho-
genesis”, Philosophical Transactions of the Royal Society B (2017).

• M. C. Diaz de la Loza, R. P. Ray, P. S. Ganguly, S. Alt, J. R. Davis, A. Hoppe, N. Tapon,
G. Salbreux, B. J. Thompson “Control of tissue elongation via remodelling of the extracellular
matrix”, in review, Developmental Cell.



Chapter 2

Ventral furrowing in Drosophila

2.1 Introduction

2.1.1 Gastrulation in Drosophila

The life-cycle of the Drosophila begins, as in most multicellular organisms, with an embryo
that undergoes several rounds of cell divisions to give rise to a simple epithelial structure, the
blastoderm. The blastoderm is single-layered and surrounds a liquid-filled cavity called the
blastocoel. Gastrulation is the crucial process by which the blastoderm differentiates into the
ectoderm, mesoderm and endoderm, the three germ layers that give rise to all the essential organ
systems and tissues of the fly (Fig. 2.1).

The onset of gastrulation is marked by ventral furrow formation. During this process, cells of
the prospective mesoderm on the ventral side of the blastoderm, change curvature from convex to
concave in order to be internalised in the next step (Fig. 2.1). We sought to probe the mechanism
by which ventral furrow formation takes place in collaboration with Dr. Matteo Rauzi (iBV, Nice)
who carried out all the experiments reported in this chapter.

2.1.2 Existing mechanical models of mesoderm invagination

Previous mechanical models of gastrulation can be seen as being of two types – those that
take the principles and conditions of furrow formation as their starting point without aiming to
reproduce the exact shape of the biological furrow and those that reproduce the furrow’s shape
without prescribing a minimal set of conditions for the phenomenon. The former often failed to
replicate the in vivo furrow while the latter often relied on complicated mechanisms where cause
and effect were not always clear. A 2013 review by Rauzi et. al. [9] classified these models on the
basis of several features such as, active deformation, 3D geometry etc (Fig. 2.2).

The models which are of most interest to us are the ones that suggested mechanical drivers for
the process of mesoderm invagination. Most of these models approached the problem by looking at
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D

V

Fig. 2.1 The life-cycle of Drosophila melanogaster [7] (left), the processes of ventral furrow
formation and internalisation during gastrulation when the curvature of the mesoderm (nuclei
labelled) changes from convex to concave (right). D and V denote dorsal and ventral respectively.
Figure adapted from [8]

Fig. 2.2 Existing physical models of mesoderm invagination. Figure taken from [9].
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the dorso-ventral cross-section of the embryo and relied on the exertion of a torque by mesodermal
cells to initiate furrow formation [23–28]. Another model proposed that furrow formation was due
to a buckling transition, that is, bending undergone by a tissue under compression [29]. However,
experimental evidence has negated both these hypotheses. In [30] it was reported that acellular
mutant embryos, having no basal membranes due to failed cellularisation, formed ventral furrows
like their wild-type counterparts, thus suggesting that apical mechanics is sufficient for furrow
formation and that no torque is required. Another experimental study reported that laser ablations
of the blastoderm resulted in tissue-wide tears, suggesting that the embryo was under tension as
opposed to compression which is essential for the occurrence of a buckling transition [31].

2.2 Sagittal contraction mechanism

2.2.1 Experimental findings

The Drosophila blastoderm consists of ∼ 6000 cells of which a ∼ 22-cell-wide band of cells on
the ventral side form the mesoderm primordium [9]. It is surrounded by a membrane called the
Vitelline Membrane which forms a hard shell around the embryo and does not deform during
the process of gastrulation. Our experimental collaborator used Selective Plane Illumination
Microscopy (SPIM) to image gastrulating Drosophila embryos. It was observed that apical
contraction of an approximately 10-cell-wide band on the ventral side preceded furrow formation.
Using SPIM allowed us to see the shape changes in the embryo in 3D. Thus, for the first time,
it was observed that furrow formation in the dorso-ventral cross-section corresponded to an
interesting phenomenon in the sagittal cross-section, namely that of the straightening of the
mesoderm stripe (Fig. 2.3 B).

The mesoderm was also seen to straighten in acellular embryos. Our collaborator’s experiments
corroborated the findings of previous investigators who had reported the formation of a ventral
furrow even in the absence of basal membranes (Fig. 2.3 C).

Ventral furrow formation was seen to occur quite rapidly – about 4 minutes after the start
of apical constriction in the mesoderm while the entire process of mesoderm invagination was
seen to take about 20 minutes. For our simulations, we concentrated on the very first stages of
invagination, that is, the change in mesoderm curvature from convex to concave. In acellular
embryos, further steps following the formation of the ventral furrow were not observed. The
transient furrow disappeared and did not lead to the internalisation of the mesoderm.

Working hypothesis

Due to the initial curvature of the mesoderm in the sagittal cross-section, apical constriction of
the mesodermal cells leads to the straightening of the mesoderm in this cross-section. Sagittal
straightening corresponds to the formation of a ventral furrow due to the ellipsoidal geometry of
the blastoderm (Fig. 2.4)
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BASAL

APICAL

A

B

C

Fig. 2.3 A: The blastula of Drosophila shown in the sagittal (left) and dorso-ventral cross-sections
(right). A, P, D, V denote anterior, posterior, dorsal and ventral respectively. The membrane
is labelled. B: The mesoderm is seen to straighten in the sagittal cross-section (left,above) at
the time of furrow formation in the dorso-ventral cross-section (right). The mesoderm midline
moves along the anterior-posterior (AP) direction as shown by the furrow in several cross-sections
(left, below). C: Furrow formation is also observed in acellular embryos with no basal membranes.
The mesodermal stripe is seen to straighten (left) to form the furrow in the dorso-ventral (DV)
cross-section (right).
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Fig. 2.4 Our working hypothesis is that sagittal straightening caused by an increase in tension in
the mesoderm drives ventral furrow formation in the dorso-ventral cross-section.

A corollary of our hypothesis is that if the mesoderm was initially straight in the sagittal cross–
section, a situation that would be realised if the blastoderm was cylindrical and not ellipsoidal,
then ventral furrow formation would not occur due to apical constriction alone.

2.2.2 Vertex model simulations

Experimental shape change and myosin intensity quantification

In experiments, cell membranes were labelled with E-cadherin which allowed for cells to be
tracked during the entire process of gastrulation. The images were projected onto a cylinder and
subsequently flattened (Fig. 2.5 A). We thus had complete information on the positions and
velocities of individual cells as a function of time. We considered the anterior-posterior direction
to be x and the dorsal-ventral direction to be y. x and y were chosen such that the centre of the
mesoderm was at the origin. The mean gradient of velocities in the mesoderm is given by

vxx(t) =
〈

∂vx(x, y, t)
∂x

〉
x,y∈meso

, vyy(t) =
〈

∂vy(x, y, t)
∂y

〉
x,y∈meso

(2.1)

where vx and vy are the x− and y− components of cell velocities respectively. To calculate
the velocity gradient at a given cell midpoint at (x, y), the nearest neighbours of the cell were
obtained using a Delaunay triangulation of cell midpoints. Then, a polynomial function, linear in
x and y, was fitted to the x- and y- velocities of the cell and those in its neighbourhood using the
least squares method in the MATLAB function polyfitn. The gradients vxx and vyy at (x, y) were
then calculated from the fit. The mean was obtained by averaging over all x and y that were
inside the mesoderm. The deformation of the mesoderm is given by the integral of the velocity
gradients over time (Fig. 2.5 B)

Vaa(t) =
∫ t

0
vaa(t′)dt′ , a = x, y. (2.2)
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Fig. 2.5 A: (left) Live tracking of cells in the entire Drosophila embryo with cell membranes labelled.
(right) We used tracking data of ectoderm (red) and mesoderm (blue) cells to obtain an estimate
for the initial size of the mesoderm (dotted rectangle) and the dynamic size after constriction had
begun (solid rectangle). Using cell midpoint positions and velocities, we calculated the average
gradient of the x− and y− components of the velocities in the mesoderm vx and vy as a function
of time, see equation 2.1. The deformation of the mesoderm in both dimensions is given in
equation 2.2 B: Gradient of velocities (left) and the deformation of the mesoderm (right) as a
function of time. t = 0 was set to be the start of constriction in the mesoderm. C: Experimentally,
the extent of invagination of several points along the sagittal section was recorded. We considered
the lowest initial point to calculate the height increase of the furrow h and normalised it to the
dorso-ventral radius of curvature of the embryo R. The cumulative height increase was found by
integrating over time, see equation 2.3. D: The differential of height increase (left) and height
increase (right) of the mesoderm. It was observed that height increase in the mesoderm began
a few minutes after the beginning of mesoderm constriction. E: (right) For acellular embryos,
live movies were obtained by labelling Myosin-II. (left) For comparison, a wild-type embryo was
also imaged live using Myosin-II labelling. F: (left) The deformation of the mesoderm along y,
Vyy, as a function of constriction in x, Vxx. (right) Height increase h

R as a function of Vxx. It
was observed that both deformation and height increase were lower in acellular embryos than in
wild-type.
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The height increase of several points on the sagittal cross-section were recorded. We used
only the height h of the lowest point, normalised by the dorso-ventral radius of curvature of the
embryo R, to quantify furrow height (Fig. 2.5 C, D).

h

R
(t) =

∫ t

0

∂h/R

∂t′ (t′)dt′. (2.3)

It was observed that furrow height increase began after the start of apical constriction in the
mesoderm and not simultaneously (Fig. 2.5 D). This trend was also observed in acellular embryos
of which two were quantified. Acellular embryos were imaged by labelling Myosin-II and not
cell membranes. For comparison, a wild-type embryo was also imaged using the same technique
(Fig. 2.5 E). We used a custom Particle Image Velocimetry (PIV) code in MATLAB to quantify
the velocity gradients and deformations using 2.1 and 2.2 (Fig. 2.5 F). Plotting furrow height h

R

as a function of mesoderm anterior-posterior constriction, it was further confirmed that height
increase did not start simultaneously with apical contraction.

To include a realistic time course of tension change in the mesoderm, we quantified Myosin-II
levels in the central dorso-ventral cross-section of one wild-type and two acellular embryos using
ImageJ. We measured Myosin levels in the mesoderm by computing the total intensity of the arc
where mesoderm cells were present (Fig. 2.6 A, B). We normalised the intensity in the mesoderm
I with intensity in the ectoderm I0. This quantification revealed that Myosin-II levels gradually
fell on the basal surface and increased on the apical surface. Furrow height increase was seen
to occur once Myosin-II levels in the apical surface had reached saturation. In the wild-type
embryo, the difference between apical and basal heights was seen to increase in the time interval
between the start of constriction and increase in apical furrow height (Fig. 2.6 A). Thus, cells of
the mesoderm became taller before the beginning of furrow formation. The increase in apical
myosin levels was also observed in acellular embryos (Fig. 2.6 B).

To replicate the increase in apical myosin in silico, we thought to introduce a time-dependence
to the tension γm in the mesoderm. We assumed that the tension, normalised by the tension
in the balanced condition γ0

m, increased linearly till a certain time, t = τ , following which it
saturated to a constant value (Fig. 2.6 C).

Statics and dynamics of vertex model

Because furrow formation was observed in acellular embryos even in the absence of basal
membranes, we used only apical mechanics to simulate the blastoderm. To do this we used vertex
model simulations where the embryo was modelled as a 2D lattice in a 3D manifold, that is, even
though only apical cells were modelled, each vertex had the freedom to move in three spatial
dimensions.
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Fig. 2.6 A: (from left) Dorso-ventral section of wild-type embryo with ectoderm, basal mesoderm
and apical mesoderm labelled with red, cyan and green arcs. Furrow height increase h

R commences
with a delay of ∼ 5 mins. This is approximately the same time required for basal myosin levels
computed using the normalised mesoderm intensity I

I0
to fall and for apical myosin levels to reach

saturation. The time between apical constriction (t = 0) and furrow height increase corresponds
to an increase in the difference between apical and basal heights |ha−hb|

R thus making the cells
taller. B: (from left) DV section of acellular embryo. Height increase also commences with a
delay. This delay corresponds to an increase in apical myosin levels. C: In simulations, tension in
the mesoderm γm normalised with the tension in the balanced state γ0

m was modelled to increase
linearly till a timescale τ and then saturate. D: (from left) Dorso-ventral view of simulation
embryo where ectoderm cells were fixed, DV cross section and sagittal cross section. E (from
left) Dorso-ventral view of simulation embryo where ectoderm cells were fixed and tension was
increased anisotropically along the line between yellow and green mesoderm cells, DV cross
section and sagittal cross section. F (top) Anisotropic tensions in the mesoderm were introduced
where line tensions of bonds directed towards the anterior posterior axis (red) was greater than
those in the perpendicular direction (green).Thus, mesoderm line tensions had both an angle and
time-dependence.
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Fig. 2.7 Vertex model simulations, taking only the apical dynamics of cells into account, were
carried out. The contributions to the work function came from cell surface tensions, edge line
tensions and external forces. External forces were assumed to have two origins – a spring force
from the Vitelline Membrane on any vertices that crossed it and a volume elasticity of the yolk
which contributed to an internal pressure.

The energy contributions to the differential work function arose due to surface tension, line
tension and external forces (Fig. 2.7).

δW =
∑

faces k

TkδAk +
∑

edges λ

Λλδlλ −
∑

vertices v

f ext
v · δxv. (2.4)

In 2.4, Tk and Λλ denote surface tension and line tension respectively. δAk and δlλ stand for
changes in area of faces and lengths of edges while f ext

v and δxv are 3D vectors which denote
external forces and changes in vertex position respectively. Cells were assumed to have a preferred
cell area A0 and surface tensions were assumed to depend on surface areas as

Tk(Ak) = K2D
k (Ak − A0

k). (2.5)

K2D
k denotes the area elasticity of cell k.

Two sources of external forces on the embryo were modelled. The yolk inside the embryo was
assumed to have a volume elasticity Ky and resist changes to its preferred volume V 0

y . Also,
vertices that moved outside of the Vitelline Membrane experienced a spring force towards the
interior. The Vitelline Membrane was modelled to not exert any forces on vertices that were
already inside it. Thus, the integrated work function was given by

W =
∑

k

K2D
k

2
(
Ak − A0

k

)2
+
∑

λ

Λλlλ + Ky

2
(
Vy − V 0

y

)2
+

∑
v∈exterior

KV M

2 d2 (2.6)

where Vy denotes the volume of the yolk and d the perpendicular distance from a vertex on the
exterior of the Vitelline Membrane to the membrane surface.
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A coarse-grained theory describing the relation between vertex model parameters and coarse-
grained parameters is described in [10]. The relations obtained for a hexagonal two-dimensional
lattice are

γ = K2D
(1

ρ
− A0

)
+ 3

1
4

√
2

Λ√
ρ (2.7)

k = K2D

ρ
− 3

1
4

2
√

2
Λ√

ρ (2.8)

µ = 3
1
4

2
√

2
Λ√

ρ (2.9)

where γ is the coarse-grained surface tension acting on the tissue and k and µ are the coarse-
grained bulk and shear moduli of the tissue respectively. ρ is the tissue density given by the inverse
of the average area of cells in the tissue. The numerical factors are specific to the geometry of the
honeycomb lattice. It was assumed that initially forces between the ectoderm and mesoderm were
balanced, that is, the tension in the ectoderm at t = 0 γ0

e was equal to that in the mesoderm γ0
m:

γ0
e = γ0

m (2.10)

From 2.7, it can be seen that an increase in the coarse-grained tension can come either from an
increase in area elasticity K2D or from an increase in line tension Λ. Increased tension in the
mesoderm was modelled by modifying the second parameter, that is, via an increase in mesoderm
line tensions.

The dynamics in our simulations was governed by an effective friction constant that was equal
for all vertices in the tissue

αv
dxv

dt
= −∂W

∂xv
. (2.11)

Adjusting the parameter αv in 2.11 simply scales the timescale of the simulations without causing
any changes to intermediate steps. We shall now discuss how we used insights from quantification
of experimental data and testing limit cases in the vertex model to decide on the particular form
of mesoderm line tensions to use for our simulations.

Choice of angle and time-dependence of line tensions

As mentioned before, we introduced a time-dependence to the tension γm in the mesoderm to
mimic realistic dynamics. Since we used an increase in line tensions Λm to model increased surface
tension γm, this implied introducing a time-dependence to line tensions in the mesoderm. We
tested a limit case in our vertex model simulations in order to add the next feature to mesoderm
line tensions. The mesoderm stripe is anisotropic in shape since it is longer along the AP direction
than along the DV. We fixed the vertices of the ectoderm (simulating an infinitely stiff ectoderm)
and increased the tension in the mesoderm by increasing all line tensions uniformly. However,
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we observed that the mesoderm failed to straighten in the sagittal cross section and to form a
furrow in the DV cross section (Fig. 2.6 D). This suggests that the tension in the mesoderm along
the sagittal cross-section is not high enough to result in perfect straightening. Next, we fixed
ectoderm vertices and only increased line tensions along a line in the mesoderm. Since the line
was anisotropic, this increased tensions along the AP much more than along DV. We observed
that the mesoderm straightened more in the sagittal cross section and formed a furrow in the DV
in this case (Fig. 2.6 E). Thus, we theorised that isotropic line tensions in the mesoderm were
not sufficient to cause perfect sagittal straightening.

Bringing the two adjustments together, we implemented both angle- and time-dependent line
tensions in the mesoderm. In order to linearly increase the tension in the mesoderm γm, we used
linearly increasing line tensions. For a given edge

Λm(t) =

Λ0
m + (Λmax

m − Λ0
m) t

τ 0 ≤ t < τ

Λmax
m t ≥ τ

(2.12)

In 2.12 Λ0
m denotes the balanced condition line tensions in the mesoderm prior to mesoderm

invagination and Λmax
m the increased line tensions that lead to mesoderm constriction.

To introduce explicit anisotropic tension in the mesoderm, we required that line tensions in
cell edges parallel to AP were greater than in those parallel to DV (Fig. 2.6 F). To do this, we
introduced an angle-dependence to line tensions

Λm(θ, t) = Λ0
m + Λm(t)| cos(θ)| (2.13)

θ was defined using the following relation

| cos(θ)| = |ex|
|e|

(2.14)

where |e| denotes the magnitude of the cell edge vector and ex is its x−component.

2.2.3 Comparison between experiments and simulations

We performed vertex model simulations using the work function 2.6. We simulated an ellipsoidal
embryo of ∼ 6000 cells whose x (AP) radius was twice that of its y and z (DV) radii which were
assumed to be equal. Thus, the cell density in the embryo in our simulations was very close to
that in the real Drosophila blastoderm. The relative dimensions of the mesoderm stripe were also
in accordance with experimental measurements. Separating the contributions from the mesoderm
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Fig. 2.8 A: x is the AP direction and y the DV with the mesoderm at the centre. Deformations were
measured in simulations by recording the length L and width w of the mesoderm stripe at every
time-point and calculating the changes ∆L and ∆w. Subsequently, Vxx and Vyy were obtained.
The height increase of the lowest most point in the embryo was recorded and normalised to the
DV cross-section radius. B: (i) DV constriction as a function of AP constriction of two-wild-type
embryos compared to simulations. (ii) Time evolution of Vxx and Vyy in simulations compared
to WT 3. The time interval in simulations was scaled to 0.008 minutes after matching shape
changes in (i). C: (i) Furrow height increase as a function of AP constriction of two-wild-type
embryos compared to simulations. (ii) Time evolution of h

R in simulations compared to WT 3. D:
(i) x (top) and y (bottom) components of velocities in experiments colour-coded according to y
and x distance from the centre of the mesoderm stripe. (ii) x (top) and y (bottom) components
of velocities in simulations colour-coded according to y and x distance from the centre of the
mesoderm stripe. The mesoderm is marked by vertical black lines in both plots.
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and ectoderm, 2.6 can be rewritten as

W =
∑
km

K2D
m

2
(
Akm − A0

m

)2
+
∑
λm

Λmlλm

+
∑
ke

K2D
e

2
(
Ake − A0

e

)2
+
∑
λe

Λelλe + Ky

2
(
Vy − V 0

y

)2
+ WV M . (2.15)

Indices km and λm denote cells and edges in the mesoderm respectively while ke and λe denote
those in the ectoderm. WV M is the contribution to the work function from the vitelline membrane.

A reference length was defined from l0 = (V 0
y )

1
3 . A reference surface tension γ0 was defined

from K2D
e and the reference length.

γ0 = K2D
e (l0)2.

There were 6 dimensionless parameters to determine as shown below:

physical quantity parameter normalisation

yolk elasticity Ky
Ky(l0)2

K2D
e

preferred cell area
(ectoderm)

A0
e

A0
e

(l0)2

line tension (ectoderm) Λe
Λe

K2D
e (l0)3

preferred cell area
(mesoderm)

A0
m

A0
m

(l0)2

line tension
(mesoderm)

Λm
Λm

K2D
e (l0)3

area elasticity
(mesoderm)

K2D
m

K2D
m

K2D
e

In order to set the values of the parameters above we used the coarse-grained surface tensions
and elastic moduli defined in 2.7-2.9. The initial condition imposed that the effective surface
tensions in the ectoderm, γ0

e , and mesoderm, γ0
m, were equal. We denote this tension by γ.

Moreover, we assumed that both the bulk and shear moduli of the ectoderm, ke and µe, were
higher than the corresponding moduli in the mesoderm, km and µm, by the same factor β. We
called the normalised shear and bulk moduli in the ectoderm µ̄e and k̄e. Thus, we got the
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following six relations:

γ0
m/γ0 = γ0

e /γ0 (2.16)
γ0

e /γ0 = γ/γ0 (2.17)
ke = βkm (2.18)
µe = βµm (2.19)
µ̄e = µe/γ0 (2.20)
k̄e = ke/γ0 (2.21)

In a simulation, we specified the ratio β, γ/γ0, µ̄e and k̄e from which we obtained the vertex
model parameters using 2.7-2.9. Additionally, we specified the yolk elasticity, Ky and the stiffness
of the vitelline membrane KV M . The following tables list the values taken at the beginning of the
simulation as the initial state values for coarse-grained and vertex model parameters respectively:

parameter initial value
β 20

γ/γ0 4.6293 ×10−5

µ̄e 2.7776 ×10−4

k̄e 5.5552 ×10−4

physical
quantity

parameter normalisation normalised
initial value

yolk elasticity Ky
Ky(l0)2

K2D
e

0.0085

preferred cell
area (ectoderm)

A0
e

A0
e

(l0)2 0.0013

line tension
(ectoderm)

Λe
Λe

K2D
e (l0)3 1.7232 ×10−5

preferred cell
area

(mesoderm)

A0
m

A0
m

(l0)2 4.7632 ×10−4

line tension
(mesoderm)

Λm
Λm

K2D
e (l0)3 8.7395 ×10−7

area elasticity
(mesoderm)

K2D
m

K2D
m

K2D
e

0.0486

These parameters were obtained after a parameter search done by hand. The ectoderm was
chosen to be 20 times stiffer than the mesoderm both for bulk and shear deformations. Moreover,
the shear modulus of the mesoderm was taken to be smaller than the bulk modulus. The yolk
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elasticity was chosen to be high enough so as not to favour large deformations of the yolk but to
allow for the volume change required for mesoderm invagination. The quantity KyV 0

y

(K2D
e A0

e)/h
is a

measure of the relative stiffness of the yolk with respect to the two-dimensional stiffness of the
embryo surface. h is the characteristic height of the tissue. We estimated the characteristic length
of the blastoderm from experiments using the actual volume of the embryo l0 = (V 0

y )
1
3 ≈ 210µm.

Thus, we got an estimate for the normalised height of cells κ = h
l0 ≈ 0.19. Using this estimate

and the normalised initial values used for simulations, we found

KyV 0
y

(K2D
e A0

e)/h
= Ky(l0)2

K2D
e

(l0)2

A0
e

κ ≈ 1.24

in simulations. This implies that the stiffness of the yolk was comparable to the stiffness of the
tissue in the blastoderm in simulations. The stiffness of the vitelline membrane, KV M , was taken
to be large enough such that deformation was negligible.

To simulate mesoderm constriction, we increased Λm such that the dimensionless parameter
Λm

K2D
e (l0)3 was increased from 8.7395 ×10−7 to 2.5847 ×10−5 and the dimensionless surface

tension in the mesoderm increased about 17 times from the initial condition to 7.9370 ×10−4.
For the dynamics of the process, we numerically solved the force balance equation 2.11 using the
Euler method.

We compared deformation of the mesoderm and furrow height increase between experiments
and simulations. The best results are shown in Fig. 2.8. We calculated deformation of the
mesoderm stripe in simulations by recording the length of the stripe at its longest over time and
computing the change in length ∆L. We did the same for width w. To compare with experiments,
we computed the x and y deformations using the following formulae

Vxx = log
(

1 + ∆L

L

)
(2.22)

Vyy = log
(

1 + ∆w

w

)
. (2.23)

The height increase of the lowest point was calculated in simulations and was normalised to the
DV radius of curvature of the ellipsoid

h′ = h

R
. (2.24)

We plotted Vyy vs Vxx for two wild-type embryos and simulations (Fig. 2.8 B(i)). We rescaled
simulation time by matching shape changes of the mesoderm. One iteration of simulation time
was scaled to be 0.008 minutes. We compared the time evolution of mesoderm deformation
in simulation to the wild-type embryo WT 3 (Fig. 2.8 B(ii)). In simulations, line tensions
were increased linearly till a time τ = 4 mins. Both deformations in simulations resembled the
deformations in experiments. We also plotted the change in furrow height (Fig. 2.8 C(i,ii)).
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Fig. 2.9 A: Test tissue with mutant cells (green). B: Velocity profile along red line marked in
A obtained from vertex model simulations (red dots) compared to the expected profile from
continuum theory calculations (black line). C: The blastoderm in the vertex model. D: Velocity
profile of selected cells marked with a red stripe in C. The normalised vx is colour-coded according
to the y-distance. The centre of the mesoderm is at the origin as before.

Despite the fact that realistic time evolution of mesoderm line tensions introduced a small delay
in furrow formation, it did not match the delay in experiments.

We plotted the velocities of cell-midpoints along x and y from experiments and simulations,
colour-coded according to their y and x positions respectively (Fig. 2.8 D(i,ii)). We observed
that the AP velocity profile in simulations was flat except at the boundary between the ectoderm
and the mesoderm. This is a hallmark of the frictional dynamics that we have used for our
simulations and does not reproduce the experimental velocity profile well. We conjectured that
adding an internal viscosity to the tissue would bring the velocity profile closer to the one observed
in experiments.
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2.2.4 Viscosity in the vertex model

We introduced internal viscosity in the vertex model by making line tensions Λλ in 2.6 dependent
on the rate of change of edge length lλ

Λλ = Λnon-viscous + ηλ
1
lλ

dlλ
dt

. (2.25)

Λnon-viscous denotes the line tensions without viscosity and ηλ the line viscosity coefficient. In the
vertex model, the viscous force acting on each vertex was calculated by adding the contributions
from all the edges that the vertex was connected to. The velocities of vertices were calculated by
solving the modified equation 2.11

αvv = −∂W

∂x + fviscous(v) (2.26)

where fviscous(v) denotes forces arising due to line tension viscosity which are dependent on vertex
velocity v. 2.26 was computed numerically by introducing a mass m to vertices and relaxing
vertex velocities by solving

m
dv
dt

= −αvv − ∂W

∂x + fviscous(v) (2.27)

using the Euler method. 2.27 was solved without updating vertex positions until velocities reached
saturation. The value of the pseudo mass parameter m does not have any effect on the saturation
values of velocity. Following velocity relaxation, new positions of vertices were calculated

x(t + ∆t) = x(t) + v(t)∆t. (2.28)

To check that the code was giving correct results after the introduction of line viscosity, we
tested it with a simple case. We increased the tension in a band of mutant cells in a periodic tissue
comprised of regular hexagons (Fig. 2.9 A). For this tissue, we could compare the velocity profile
at t = 0 obtained from simulations with the expected velocity profile from the 1D continuum
theory calculations described below.

The active fluid constitutive equation for the stress tx in the simple tissue can be written
down as

tx = η∂xvx + γ (2.29)

where η is the coarse-grained viscosity coefficient and γ the active stress.
Force balance is given by

∂xtx = αvx (2.30)

where α is the friction coefficient.
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Thus, the equation for the velocity profile is

η∂2
xvx − αvx = −∂xγ (2.31)

We solved 2.31 using the following form for the active stress γ and ensured that vx and tx

were continuous at the boundary of each domain

γ(x) =


γ− −L < x < −l0

γ+ −l0 < x < l0

γ− l0 < x < L

, γ+ > γ−. (2.32)

This form corresponds to an increased stress γ+ in a band of width 2l0 in a tissue of size 2L.
Using periodic boundary conditions we found

vx =



e
− x

l l(coth( L
l )−1) sinh

(
l0
l

)
(γ−−γ+)

2η − e
x
l l(coth( L

l )+1) sinh
(

l0
l

)
(γ−−γ+)

2η −L ≤ x < −l0
e

x
l l csch( L

l ) sinh
(

L−l0
l

)
(γ−−γ+)

2η + e
− x

l l csch( L
l ) sinh

(
L−l0

l

)
(γ+−γ−)

2η −l0 ≤ x < l0
e

− x
l l(coth( L

l )+1) sinh
(

l0
l

)
(γ−−γ+)

2η − e
x
l l(coth( L

l )−1) sinh
(

l0
l

)
(γ−−γ+)

2η l0 ≤ x < L

(2.33)

with l =
√

η
α .

Next, we obtained relations between vertex model and continuum theory parameters. For a
regular hexagonal packing of edge length lλ, the lengths in Fig. 2.10, lx = 3

2 lλ and ly =
√

3lλ.
The tension generated inside the tissue due to line tensions Λ is given by [10]

tx = 1
ly

Λ = 1√
3lλ

Λ. (2.34)

Thus, the change in active stress ∆γ due to a change in line tensions ∆Λ is given by

∆γ = 3
1
4

√
2

∆Λ√
ρ (2.35)

where ρ is the cell density and is equal to 2
3
√

3l2
λ

. From 2.25, the viscosity dependent part of line
tensions Λ is given by ηλ

1
lλ

dlλ
dt . Thus, from 2.34,

tx = 1√
3lλ

ηλ
1
lλ

dlλ
dt

. (2.36)

Considering γ = 0 in 2.29,
ηλ√
3lλ

( 1
lλ

dlλ
dt

)
= η (∂xvx) . (2.37)
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Fig. 2.10 2D periodic hexagonal packing with nx cells in the x-direction and ny cells in the
y-direction. The lattice is characterised by lengths lx and ly. Figure taken from [10].

Thus,
η = ηλ√

3lλ
. (2.38)

To derive the relation between vertex friction and coarse-grained friction, we used the fact that
the external force acting on N cells in the continuum theory is given by

F = NAhαv (2.39)

where Ah = 3
√

3
2 l2λ is the area of a hexagon. The force in the vertex model is given by the total

force acting on the vertices of all cells. Since each vertex is shared between 3 cells in a hexagonal
lattice, each vertex contributes 1

3 to a given cell’s vertex number. Thus, each cell can be said to
be comprised of 1

3 × 6 = 2 vertices. The total force is thus given by

F = 2Nαvv. (2.40)

Equating the forces, we get
α = 4αv

3
√

3l2λ
. (2.41)

We used the following normalised parameters in simulations and subsequently matched the
results with the theory. Lengths were normalised to the system size L and the increase in line
tension ∆Λ to Λ, the initial line tension in the tissue.
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normalised parameter initial normalised value
lλ/L 0.03
ρL2 526.91

l0/L 0.31
∆Λ/Λ 19

αv
ηλ

L 2.69

We used a reference velocity given by v0 = ∆γ√
αη to normalise vertex velocities. The plot from

theoretical calculations matched the normalised velocity profile from simulations well (2.9 B).
Next, we introduced viscosity in the simulated embryo (Fig. 2.9 C). The velocity profile at

t = 0 obtained for αv
ηλ

V
1/3

0 = 0.21 shows the effect of the addition of viscosity (Fig. 2.9 D). The
shape of this profile is closer to experiments than the one obtained with solely frictional dynamics.
However, these are preliminary results and further simulations are required in order to make an
exact comparison.

2.3 Summary and Outlook

We have shown that using a sagittal straightening mechanism, the deformation of the mesoderm
as well as furrow height increase in the dorso-ventral cross-section can be reproduced fairly well.
This mechanism relies on apical mechanics alone and thus is a good example of a minimal model
for the phenomenon of furrow formation during Drosophila gastrulation.

It is not yet easy to pin down the dynamics of the real embryo, that is, whether it is friction
or viscosity dominated. We have shown that the velocity profile obtained using solely frictional
dynamics does not correspond to the real profile obtained from experiments. One way to find
a closer velocity profile would be to introduce viscosity in the tissue. However, experimental
evidence supporting this is still lacking.

An interesting future direction might be to reintroduce basal and lateral surfaces in simulations
to see if torques exerted on the tissue enhance the effect of furrow formation. This might also
help to answer the question of whether basal and lateral forces are required for the stabilisation
of the ventral furrow and the subsequent internalisation of the mesoderm.



Chapter 3

Drosophila pupal wing morphogenesis

3.1 Introduction

3.1.1 Epithelial morphogenesis in Drosophila

One of the most fascinating open problems in biology is the generation of form or ‘morphogenesis’
in living organisms. The fruit fly, Drosophila melanogaster has been frequently used as a model
system to probe this process [32, 33]. The life-cycle of the Drosophila begins with a fertilised egg
which grows and develops via gastrulation. Following the hatching of the egg, the Drosophila
larva feeds and moults twice before being encapsulated in a puparium. It is in the puparium, that
the precursors of organs like the wing and leg, known as ‘imaginal discs’, undergo morphogenesis
to achieve their final adult shape (Fig. 3.1). In particular, the small, rounded wing imaginal
discs undergo anisotropic expansion to generate the form of the adult wings. The mechanism
by which pupal wing morphogenesis occurs is an open question. In this chapter, we present our
investigation and findings based on [11].

3.1.2 General mechanisms of tissue elongation

Two general mechanisms by which epithelia can elongate are polarised cell intercalation [34–38]
and oriented cell division [39, 40]. These mechanisms have been observed in various species,
including the fruit fly Drosophila melanogaster, the zebrafish Danio rerio and the frog Xenopus
laevis. Moreover, both local forces at the cellular level as well as global forces at the tissue level
have been shown to cause the two processes [4, 15, 41, 42].

Epithelial tissue elongation has also been shown to be caused by changes in cell shape.
Three-dimensional cell shape changes have been seen to contribute to the morphogenesis of the
Drosophila wing and leg. For example, in the pupal wing, cells have been seen to change their
shape from columnar to cuboidal by reduction of apical-basal height [43, 44], a phenomenon that
is observed even when the wing is cultured ex vivo.
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Fig. 3.1 The life-cycle of Drosophila melanogaster (left) and the morphogenesis of adult organs
from imaginal wing discs (right). Figure taken from [7]

It has been previously observed that removal of the peripodial cells (a layer of squamous
epithelia that surrounds the imaginal wing disc) in the Drosophila wing and leg precedes the
elongation of the pupal wing and the columnar to cuboidal shape transition [45, 46]. However, the
precise link between the removal of the peripodial membrane and the initiation of wing elongation
has not been elucidated.

With our experimental collaborators, Dr. Barry Thompson and Dr. Maria del Carmen Diaz de
la Loza (Crick), we sought to probe the process of pupal wing elongation following peripodial
membrane release and to understand the drivers and mechanism of its anisotropic elongation.

3.2 Pupal wing elongation

3.2.1 Experimental results

Wing expansion and columnar-to-cuboidal transition

Our experimental collaborators reproduced previous work on Drosophila wing morphogenesis
[43, 44, 47, 48] by using live imaging techniques. Using Green Fluorescence Protein (GFP)-tagged
E-cadherin, they confirmed that between 4 and 7 hours after puparium formation (APF), the wing
expanded both along its length (proximal-distal, PD) as well as along its width (anterior-posterior,
AP) as seen in Fig. 3.2 A. The cells of the wing were seen to reduce their apical-basal height
resulting in the transformation of the initial pseudo-stratified columnar epithelium to a cuboidal
one (Fig. 3.2 B-C). Apical cell area increase simultaneous with height decrease was also observed
(Fig. 3.2 C).
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Fig. 3.2 A: Cross sections of developing Drosophila wings at 4 and 7 hours after puparium
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Scale bar, 50 µm. E-cadherin-GFP (E-cad-GFP) is shown in white and nuclei (DNA) are shown
in blue. B: High-magnification views of wing epithelial cells in side view Z-sections (top) and
apical view XY-sections (bottom) of the central region of the wing blade. At 4 hours APF cells
are distributed in a pseudo-stratified columnar epithelium, but have become cuboidal at 7 hours
APF. Scale bar, 25 µm. E-cadherin-GFP (E-cad-GFP) is shown in white and nuclei (DNA) are
shown in blue. C: Quantification of wing blade area and epithelial cell height from 4h to 7h APF.
Figure taken from [11].
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Removal of extracellular matrix

Next, our collaborators probed the events prior to the expansion of the wing in order to understand
the drivers for the phenomenon. In particular, they aimed at understanding the role of the
basal and apical extracellular matrices in triggering the shape changes in cells. To do this, they
imaged the apical extracellular matrix (ECM) component dumpy-GFP (dp-GFP) and basal ECM
component collagen IV-GFP (vkg-GFP) prior to and during pupal wing elongation. They found
that while both matrices were intact at 4 hours APF, they were both degraded prior to wing
expansion. In particular, the apical extracellular matrix was seen to completely disappear between
4 and 5 hours APF (Fig. 3.3 A, B). It was seen that the presence of the apical extracellular matrix
correlated with the columnar shape of cells while its absence signalled the transition to cuboidal
cells (Fig. 3.3 C).

A similar mechanism was observed in the morphogenesis of another appendage – the Drosophila
leg. Removal of the apical extracellular matrix at 5 hours APF was seen to correlate well with
tissue expansion and elongation [11]. Interestingly, matrix removal was not observed in the haltere
– a vestigial appendage in Drosophila that once grew into a wing in its four-winged ancestors.
The peripodial membrane in the haltere was seen to degrade but the apical and basal extracellular
matrices remained present and the appendage did not extend. When the apical extracellular
matrix was degraded in cultured halteres using trypsin, the tissue was seen to expand into a
wing-shaped structure [11]. It was also observed that inactivation of the expression of Ubx, a
master control gene whose expression determines the switch between the wing and the haltere
[49, 50], resulted in the removal of both extracellular matrices and the subsequent expansion of
the haltere. These observations led our collaborators to believe that extracellular matrix removal,
not peripodial membrane degradation, was the key event that triggered appendage expansion and
morphogenesis in Drosophila.

Dynamics of Myosin-II

To understand the role of mechanics in Drosophila pupal wing elongation, our collaborators imaged
the Myosin-II regulatory light chain by expressing a GFP-tagged spaghetti squash gene (sqh-GFP).
Analysis of the fluorescence intensity using ImageJ showed that prior to wing expansion, between
4 and 5 hours APF, Myosin-II was planar polarised. The Myosin-II intensity along the PD axis
was found to be twice that along the anterior-posterior (AP) axis (Fig. 3.4 A). The role of planar
polarised Myosin-II in driving the process of wing elongation was tested by inhibiting the activity of
Rho-kinase (Rok), a kinase that phosphorylates the Myosin-II regulatory light chain and activates
Myosin-II contractility. It was found that inhibition of Rok at 5 hours APF in cultured wings
resulted in pupal wings that failed to elongate and only expanded isotropically.

From 6 to 8 hours APF, Myosin-II was seen to relocalise to the lateral edges of cells. This
relocalisation was found to be simultaneous with the reduction in apical-basal height of cells
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(Fig. 3.4 B). These findings suggest that the dynamics of activated Myosin-II is required for both
wing expansion as well as cell height reduction during morphogenesis.

3.2.2 Quantification of wing and cell areas and elongation

We quantified wing width and length over time using ImageJ. Plotting the length of wing discs
L, normalised to mean wing length at 5 hours APF L0, vs. width w, normalised to mean wing
width at 5 hours w0, revealed that the change in aspect ratio (decrease in width and increase in
length) occurred between 4 and 5 hours APF, following which both width and length increased
isotropically (Fig. 3.5 B). This trend was observed in all wings sampled in experiments, thereby
suggesting that convergent-extension of the wing occurred from 4 to 5 hours APF followed
by isotropic expansion (Fig. 3.5 A). Almost no mitotic cells were observed in the pupal wing
(Fig. 3.5 C), thus, ruling out the possibility of oriented cell divisions accounting for anisotropic
expansion. Convergent-extension and isotropic expansion were seen to occur in accordance with
Myosin-II dynamics, that is, convergent-extension occurred when Myosin-II was planar polarised
and isotropic expansion after the relocalisation of Myosin-II to lateral edges.

To analyse the contribution of cell shape and apical area to changes in wing shape and size
during convergent-extension and expansion, we performed segmentation of the apical surface
of cells within wing ‘fixed’ samples (wings that were extracted from the puparium at different
time-points and fixed in 3:1 ethanol glycerol) from 4 to 7h APF, using E-cad-GFP to detect
apical cell membranes (Fig. 3.5 D). Segmentation was done using a watershed algorithm written
by John Robert Davis (Crick) in Mathematica. A correction algorithm in MATLAB written by
Andreas Hoppe (Kingston University) was modified and used to manually correct segmentation
errors. Cell areas were calculated from the segmentation. To calculate cell elongation we used
a triangulation method from the literature that has previously been applied to the pupal wing
[4, 51]. To obtain the triangulation at three-fold vertices (vertices where three edges meet), the
centres of any two cells that shared an edge were connected (Fig. 3.5 D). For four-fold vertices,
the mean of the four cell centres connected to the vertex is connected to each of the cell centres
and neighbouring cell centres are also joined. For each triangle in the triangulation, elongation
was calculated by using the affine transformation that maps a reference equilateral triangle to the
given triangle. For a triangle m, this transformation, in two dimensions, is given by a 2×2 matrix
Sm which maps the side vectors of the equilateral triangle Cm to the sides of the given triangle
Rm.

Rm
ij = Sm

ikCm
kj (3.1)

⇒ Sm
ij = Rm

ik(Cm
kj)−1. (3.2)

In (3.1), i, j, k correspond to spatial indices x, y while m is the triangle index. The polar
decomposition of the matrix Sm can be used to decompose the affine transformation into area
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Fig. 3.6 A: (i) The anisotropy of the wing, measured in natural strain variables L − H, increases
from 4h to 5h APF and remains roughly constant after 5h. (ii) The wing area increases slightly
from 4h to 6h APF and increases greatly from 6h to 7h APF. B: (i) Average cell elongation
< Qxx > increases sharply from 4h to 5h APF, indicating the cells elongated along the anterior-
posterior axis of the wing disc at 4h become almost isotropic at 5h APF. Cell elongation varies
slightly from 5h to 7h APF. (ii) Cell areas are approximately constant from 4h to 5h APF, increase
slightly from 5h to 6h APF and sharply from 6h to 7h APF. C: The increase in cell area is sufficient
to explain the increase in wing area since cell areas Ac, normalised by the average cell area at 5h
APF, A0

c , increase linearly with increase in wing areas Aw, normalised by the average wing area
at 5h APF, A0

w. Each of the points in this graph (colour coded according to development time)
corresponds to a single wing disc sample. D: The contribution of topological transitions to the
overall convergent extension of the wing given by Rxx = 1

2
d(L−H)

dt − dQxx

dt is most pronounced
from 4h to 5h APF and accounts for approximately half of the increase in anisotropy of the wing,
the other half being due to change in cell elongation. The data presented in graphs A(i)-B(ii),D
was obtained by averaging over 2, 3, 6 and 2 fixed wing disc samples at 4h, 5h , 6h and 7h APF
respectively. The error bars correspond to standard deviation among wing discs at the same time
point in development. Figure taken from [11].
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increase, elongation and rotation.

Sm =
(

Am

A0

) 1
2

eQmRot(θm). (3.3)

where Am denotes the area of triangle m and A0 the area of the reference equilateral triangle.(
Am

A0

) 1
2 eQm is the hermitian part of the decomposition Hm. The rotation matrix Rot(θm) is the

unitary part Um. The tensor Qm quantifies the elongation of the triangle with respect to the
reference. By virtue of eQm being hermitian and real, Qm is symmetric. Moreover, since area
change has been factored out, Qm is traceless. Thus, Qm can be written in the form

Qm =
(

Qm
xx Qm

xy

Qm
xy −Qm

xx

)
. (3.4)

Qm can also be written in the form

Qm = |Qm|
(

cos(2ϕ) sin(2ϕ)
sin(2ϕ) − cos(2ϕ)

)
. (3.5)

where |Qm| =
√

(Qm
xx)2 + (Qm

xy)2 and ϕ = 1
2 arctan

(
Qm

xy

Qm
xx

)
. Thus, triangle elongation can be

denoted as a nematic (vector identified with its rotation by π) with magnitude |Qm| and angle ϕ

with respect to the x−axis. In the wing, we considered the proximal-distal (PD) axis to be the
x−axis.
We calculated coarse-grained maps of elongation by using area-weighted averaging of triangle
elongation tensors (Fig. 3.5 D)

< Q >=
∑

m AmQm∑
m Am

. (3.6)

Comparison of wing and cell quantities

We compared the change in shape and area of cells with the change in shape and area of the entire
wing. We found that that the increase in apical area of cells (Fig. 3.6 A(ii)) coincided well with
the increase in area of the wing (Fig. 3.6 B(ii)) from 4 to 7 hours APF. This confirmed that the
increase in area of cells was sufficient to explain the area growth of the wing (Fig. 3.6 C). Cell and
wing areas were seen to be roughly constant from 4 to 5 hours APF (during convergent-extension),
to increase slightly from 5 to 6 hours APF and to increase greatly from 6 to 7 hours APF.

Initially, the cells in the pupal wing were elongated along the anterior-posterior direction
as indicated by the negative sign of the average value of Qxx. During convergent-extension,
the anisotropy decreased till the cells had acquired a nearly isotropic shape. During isotropic
expansion, the cells became slightly elongated along the proximal-distal direction (Fig. 3.6 B(i)).
We computed the wing anisotropy by using natural strain variables for length and width. For
each wing, L = l

l0
and H = h

h0
with l and h being the length and width of the wing and l0
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and h0 the mean length and mean width at 4 hours APF. The wing as a whole was initially
isotropic but increased its anisotropy between 4 and 5 hours APF. The anisotropy of the wing
remained approximately constant during 6 to 7 hours APF (Fig. 3.6 A(i)). We found, however,
that the change in anisotropy of cells did not fully account for the change in wing anisotropy. The
rates of cell and tissue elongation which should be equal in the absence of topological transitions
[4, 52] were found to be different. We found that the pupal wing elongated at a faster rate than
individual cells and therefore conjectured that cell-cell rearrangements played a role in anisotropic
expansion. Tissue shear due to cell rearrangements was found to be maximum between 4 and 5
hours APF and approximately equal to 0.2/h (Fig. 3.6 D).

We then asked whether autonomous cell shape changes and cellular rearrangements driven by
Myosin-II polarisation (Fig. 3.4) could explain the convergent-extension of the wing. To do this,
we wrote down the following continuum theory description of the anisotropic growth of the wing.

3.2.3 Theoretical model for anisotropic growth

For simplicity, the wing is described as a rectangular piece of tissue with length l and width h,
subjected to spatially uniform strain (Fig. 3.7 A). We denote by x the proximal-distal axis and y

the anterior-posterior axis. The deformation of the pupal wing is caused by shape changes of the
cells as well as cellular rearrangements. ṽij is the traceless part of the gradient of flow of the
wing and ⟨Qij⟩ the average cell elongation in the wing. We assume here that the shear occurs
entirely along the proximal-distal and anterior-posterior axis, such that non-diagonal elements
of ṽij vanish. The gradient of flow describes the rate of tissue anisotropic deformation and can
be decomposed into a contribution from cell elongation change and a contribution from cellular
rearrangements [52]:

ṽij = d⟨Qij⟩
dt

+ Rij (3.7)

with Rij a tensor of shear due to cellular rearrangements. We assume here that cellular rearrange-
ments are entirely driven by myosin cell anisotropy, such that

Rij = λqij . (3.8)

where qij is the nematic tensor characterizing myosin cellular anisotropy, and λ is a rate charac-
terizing the response of shear due to cellular rearrangement to myosin polarization.

We write the following constitutive equation for the traceless part of the stress, σ̃ij =
σij − 1

2σkkδij :

σ̃ij = 2K⟨Qij⟩ + ζqij + 2µ
d⟨Qij⟩

dt
. (3.9)

In (3.9), the coefficient K is a cellular elastic modulus and the coefficient ζ characterizes
active stresses arising from myosin anisotropic distribution in the cell.The last term is a viscous
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Fig. 3.7 A: The wing is approximated by a rectangular piece of tissue that deforms over time.
Active stress generation due to polarised myosin in the tissue and oriented active topological
transitions are responsible for the anisotropic growth of the wing. B: (left) Time evolution of
the cell shape anisotropy (Qxx) and (centre) wing anisotropy (L − H) obtained from a model of
tissue deformation. Theory curves are fitted to experimental data (black points with red standard
deviation bars) by taking different values for τs, the viscoelastic relaxation time of the tissue.
(right) Deformation of the pupal wing ∆(L − H) is caused by two processes as given in 3.7,
change in cell elongation which contributes to a shear given by 2∆Qxx and topological transitions
which contribute a shear of 2

∫
Rxxdt. C: (left) Time evolution of cell polarity qxx taken for the

fit, (centre) fitted parameter values of ζ
2K and (right) λ for a range of τs (black points with red

standard error bars). Figure taken from [11].
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contribution with coefficient of viscosity µ which ensures that under free boundary conditions,
the cell shape relaxes in finite time with a timescale τs = µ/K.

The coefficients K, ζ, µ and λ are assumed to be constant, while the myosin anisotropic
tensor qij varies with time. To describe the expansion of the pupal wing, we assume that the
tissue is free to expand, such that σ̃ij = 0. Therefore (3.9) reduces to

2K⟨Qij⟩ + ζqij + 2µ
d⟨Qij⟩

dt
= 0. (3.10)

which can be solved for ⟨Qxx⟩(t):

⟨Qxx⟩(t) = e− t
τs

(
⟨Qxx⟩(t0)e

t0
τs − ζ

2µ

∫ t

t0
dt′et′/τsqxx(t′)

)
. (3.11)

The anisotropic diagonal component of the velocity gradient ṽxx is related to the natural
strain rate in the tissue:

ṽxx = 1
2∂t(L − H) (3.12)

with

L = log
(

l

l0

)
, H = log

(
h

h0

)
(3.13)

where l and h are the length and height of the tissue respectively and l0 and h0 the corresponding
values at t = t0, the initial time point.

Using Eq. 3.7 and 3.10, the natural strain of the tissue is then given by:

(L − H)(t) = (L − H)(t0) − 2
∫ t

t0
dt′
(

1
τs

⟨Qxx⟩(t′) +
( ζ

2µ
− λ

)
qxx(t′)

)
. (3.14)

3.2.4 Fitting the model to experimental data

We chose the following form for the evolution of the myosin anisotropy qxx(t):

qxx(t) =


1 t0 < t < t1
t2 − t

t2 − t1
t1 < t < t2

0 t > t2

(3.15)

with t0 = 4h APF, t1 = 5h APF and t2 = 6h APF. This choice of time evolution of qxx is in
accordance with measurements of Myosin II anisotropy (Fig. 3.4 A).

We then varied the parameter τs within a range of values that are physiologically relevant
(from 0.1 to 1 hour). For each value of τs, we calculated the average cell elongation using Eq.
3.11 and 3.14, taking the initial values ⟨Qxx⟩(t0) to be equal to the experimental measured
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average cell elongation at t = 4h APF, and (L − H)(t0) = 0. We then fitted the parameters ζ
2K

and λ to experimental measurements of cell and tissue elongation (Fig. 3.7 B).
Fig. 3.7 C shows the parameter values obtained for ζ

2K and λ from the fits as a function of
τs. We find that the parameter λ takes a value around ∼ 0.1h−1 for all values of τs. This rate is
higher than the rate of T1s per cell per hour observed in high resolution live imaging experiments
(∼ 0.04h−1). This is because filming conditions were associated with increased phototoxicity to
the tissue, causing the wings to elongate less well than that observed in lower resolution movies
or in fixed samples.
The value of ζ/2K is negative and varies between −0.06 and −0.14. The negative sign of the
coefficient ζ corresponds to an overall anisotropic stress driving a contractile force along the
antero-posterior direction. This sign is consistent with experimentally observed myosin polarisation
along junctions oriented along the antero-posterior direction.

3.3 Summary and Outlook

Our study revealed that removal of apical extracellular matrix (ECM), rather than removal of
peripodial cells, resulted in the elongation of the pupal wing. Moreover, the mechanism was
discovered to be fairly general since ECM removal resulted in both the expansion of the leg as well
as the trypsin-treated haltere. Cells in the pupal wing, immediately after ECM removal at 4 hours
APF, were elongated along the anterior-posterior axis and underwent shape change to form nearly
isotropic cells at later times. However, the shape change of cells was not sufficient to account for
the anisotropy of the wing. Therefore, we predicted that T1 transitions along the proximal-distal
axis driven by the planar polarised Myosin-II must account for the remaining increase in anisotropy
of the wing. Indeed, oriented T1 transitions were observed in live imaging movies. The growth in
area of the wing was found to be solely due to the increase in cell areas. The wing expanded
anisotropically in the first hour of development following ECM release and subsequently grew
isotropically. In the isotropic growth phase, Myosin-II was seen to relocalise to the lateral edges
of the cells leading to height reduction and the columnar to cuboidal transformation of cells.
In future studies, it might be interesting to measure the rate of T1 transitions in live-imaged
wings to obtain a more quantitative comparison with our theoretical prediction. To do this, wings
must be imaged at high resolutions without experiencing photo-toxicity so that their growth
is replicated accurately ex vivo. Another direction to explore would be the cause of Myosin-II
polarisation and subsequent relocalisation since experimental observations and our theoretical
description rely on the dynamics of Myosin for the timing and duration of convergent-extension
and isotropic expansion.
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Conclusion

In this thesis we looked at two problems at the interface of physics and developmental biology
using vertex model and continuum theory approaches. In the first project on ventral furrowing in
Drosophila we addressed the long-standing question of the mechanics behind the process. Using
vertex model simulations we showed that a sagittal straightening mechanism driven by the apical
constriction of mesoderm cells is able to reproduce the deformation of the mesoderm and the
increase in furrow height observed in experiments. Our findings, coupled with our collaborator’s
experiments on acellular embryos, suggest that apical mechanics is sufficient for the initial steps of
furrow formation although basal and lateral forces might be important for furrow stabilisation and
internalisation. Our minimal model paves the way for future studies looking into the dynamics of
mesoderm invagination in simulations and testing model predictions in experiments.

In the second project on Drosophila pupal wing elongation we explored how active stresses
and active topological transitions could lead to anisotropic growth of the wing. Although morpho-
genesis of fly organs like the leg and the wing had been experimentally observed in the past, the
mechanism behind the process had remained an open question. We used a continuum theory
approach to pinpoint the role of T1 transitions and cell shape changes in the elongation of the
wing following the degradation of the apical extracellular matrix. Experiments confirmed that
oriented T1 transitions did contribute to wing elongation. Our results show the role of different
active processes in morphogenesis and are applicable to not only the wing but also the leg and
the haltere in Drosophila.

For both our projects we employed some fundamental principles of mechanics to tackle com-
plex biological problems. Our results show that this approach can lead to effective modelling
of biological systems and rigorous quantitative comparisons with experiments. The physical
approach is also general in scope and can be applied to a host of different systems of relevance to
developmental and disease biology. At present, experimental studies are able to gather a vast
amount of very detailed information regarding the properties and evolution of a biological system.
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Future studies using physical insights might be crucial to quantifying this large amount of data
and, more importantly, in finding general principles driving complicated biological processes.
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