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Abstract

Although it is not difficult to observe the healing of induced wounds in animal embryos, mapping the
forces that drive lesion closure has proved challendiager microsurgeryitomic Force Microscopy
(AFM) andother techniques can provide local inforroatiat fixed timesput all are invasive and some
disrupt further development. Video Force Microscopy (VFM) has been able to map driving forces during
ventral furrow formation irDrosophila (fruit fly), but challenges arose when it was applied under the
assimption that the only driving forces are intracellular pressures and forces (includingtpugseacton)

along cell edges. Other possible forces of relevance includieli@rstresses and 4plane cellular
contractions.Mapping the forces that drive wd closureis an important problem, and so farhias
remainedunsolved.

To investigate the process dbrsal closure, this study used a dxbked finite element (FE) model to
identify the mechanical signatures ofwade variety of possible driving force§eometric parameters
were developed to characterize thssociatedcell shapes and tissue motions andgt@ntitatively
compare FEsimulationswith each other and witbxperimentatiata. It was discovered that edgasions
and pressures were not sufficient to drive wound healif@und healingcan only be achieved when far
field boundary motions, edge tensions and a@icedh tensiosmact together

This thesis shows that a suitable FE model can provide infornetioum the forces that drive wound
healing and itssimulations take us orsep closer to understanding the mechanics of wound hetling
also contributes to ougeneralunderstanding of the forces that dris@rphogentic movements and
ultimatelyhelpsus to better understand eblised process@sportant for human quality of life.
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Chapter 1
Introduction

One of the most fascinating phenomena in nature is the ability of biological systems to heal and recover
from injuries that range from the cellular to skeletal scale. The ability to healdglto survival. In an

epithelial injury, the cells surroundjrthe wound undergo significant changes and rearrangements so as to
reseal the damaged area. Much research has been done during the last several decades to understand the
morphogenetic movements of the wound healing processes in different animals arsqBnsek et al,

1996; Galko & Krasnow, 2004; Hutson et al., 2003; Jacinto &tiMa2001; Kieharet al, 2000; Ramet

et al, 2002; Wang et al., 2009; Wood et al., 2002pwever, identifying the forces that drive lesion

closure has proved to be a challenge.

For many years, researchers have been trying to map the forces that drive morphogenetic movements
such as wound healing and embryogenesis. Although progress has beerbiolagieal tissues are
fragile and the forces generated are of the order of mixrpico-Newtons, and physical measurements
are difficult to make.

One technique that can be used to determine the forces that drive wound healing involves ablating
parts of one or more cells using a laser mixalpel(Hutson et al., 2003; Kiehart et al., 200Qaser
microsurgery has been refined over many years to the point where a single cell, membrane, or even a
single cytoskeletal component can be ablated in a controlled manner. Tha Brasp from Vanderbilt
University in Tennessee, who is one of our collaborators, uses this technique to study morphogenetic
movements irDrosophila(fruit fly) embryos and the experimental data presented here are from his lab.
Although advancements wereade in understanding morphogenetic movements through this technique,
it has a number of drawbacks. When a laser insertion is made, it causes significant damage to the cells.
The biological system is changed, and so stress from recoil information carabmdhunly at a single
location and instant in time. Despite the drawbtckhis techniqgue, measurements acquired using this
technique in conjunction with biological morphology studies have led researches to identify a number of
possible driving forces sponsible for wound healing including actomyosin cables, lamellipodia, area
contractions, and purstring tensiongJacinto & Martin, 2001; Martin & Lewi, 1992; Ramet et al., 2002;

Wood et al., 2002)

An important question to ask regarding this probleniii$vhy i s it i mportant to
f or chlegedtl answer ighat it will provide a deeper understanding of how tissues move and iggrran
At a fundamental level, it offers the possibility to manipulate motion through controlling the driving
forces at its source. Whether the motion is mechanical or chemically induced, having the ability to control
the driving factors will allow the manifation of cell movements for experimental or therapeutic ends.



Likewise, through genetic engineering, certain genes may be enhanced or suppressed to control the cell
structures and proteins that contribute to morphogenetic movements. In the case of emalsigpthere

are many birth defects that arise from incomplete or incorrect morphogenetic movements. Common birth
defects such as spirtafida and cleft palate arise from incomplete morphogenetic movements. For
example, the failure in the closure of theural tube will result in spinkifida. Thisbirth defect could be
prevented if the driving forces that cause the neural toilméose functioned normallyBrodland et al.

2010y, Stark, B77). A better understanding of the forces that drive wound healing, in particular, could
help improve the recovery of patients suffering from injuries by shortening recovery time and preventing
scaring. Thus, information about driving forces could adee the biomedical industry and enhance
patient quality of life.

Mapping the forces of morphogenetic movement was an unsolved problem until a biomechanical
research group at the University of Waterloo under the supervision of Professor Wayne Brodland
developed a technique called Video Force Microscopy (VE®Panston, 2009)the first technique able
to map the forces that drive morphogenetic movemerEM is a computational method that uses
engineering principles, Finite Element Modeling (FEM) and inverse methods. It is comrR@&Mito
consider the force as an in input and the displacement as an output. In contrast, VFM uses the
displacement historysaits input and calculates the driving forces responsible for the observed motions as
the output. Here in ouab, celtbased Finite Ement(FE) modelshave beerdeveloped and are used to
track changes in motion, thereby computing the edge tensionsessilip@s in the cells that induce shape
changes and rearrangements of c@odland, 2002; Brodlanét al, 2007) This technique not only
overcomes the drawbacks of the laser inmertechnique, but also advances the way morphogenetic
movements are studied. VFM was used to map the forces that drive ventral furrow formation in
Drosophila melanogasteambryos(Brodland et al.201(; Conte et al., 2012)

When a version of VFM in which edge tensions and pressures alone were assumed to act was first
applied to wound healinghe edge tensions and pressuresultswere notconvincing Could other
mechanical forces be at worRPe objectiveof this study is to determine the driving forces responsible
for wound healing iDrosophilaembryos during the dorsal closure stage through finite element modeling.

A wide range of possible driving forces will be considered and mechamidajeometric tools used to
assess the computational results.



Chapter 2
Background

This chapter provides background information on the biology of wound healing and morphogenesis in
Drosophilaembryos. It also providebackground informatiorelevant tahe modeling of biological cells
including forward modeling and simulations, inversion techniques, and biological experiments.

2.1 Wound Healing

2.1.1 Uncovering the Secrets of Wound Healing

For many years, reseamrshawe been trying to answer tlgiestion iHow does wound healing occar?

and that questionhasremained largely unanswered/hen a wound is introduced, cells rearrange and
reduce the wound hole unttlis completely sealed¥oung infants are prone to recover from a wound
much faster ad in completion than full grown adulf®eddet al, 2004) Continual research in the
therapeutic work has been progressing to improve healing for patients recovering from injuries. There are
many theories suggestinpw cells rearrange and wound healing may occur but it has clearly been a
challenge to pin point its driving forces and how this process o@usdland, 2002; Hais, 1976; Redd

et al., 2004) One of the challenges is the lackesjperimental techniques fstudying lesion closure. In
many cases, studies are conducted on isseat small mammaland theymay not necessarily reflect the
morphogenetic response of humaAkhough there are many challenges, researchave managed to
advance our understaingd in wound healingand morphogenetimovementgHutson et al., 2003; Jacinto

& Martin, 2001; Kiehart et al., 2000; Wood et al., 2002)

2.1.2 Wound Healing and the Drosophila Embryo

Drosophila (fruit fly) embryos are widely used for studying wound headg and morphogenetic
movementgBelacortu & Paricio, 2011; Galko & Krasnow, 2004) Drosophilahas a shortcycle time

from the formatiorof anegg to becoming a full grown fruit fly ansleasily accessiblas it growsDorsal

closure, an important process in embryo development, has been an excellent model for studying healing
and cell movement®orsal closure can be considered the last pranessrphogenetic developmentan
Drosophila embryo (CamposOrtéga & Hartenstein, 1997Puring this processthe epidermal cells



overlap the amnioserosa cellatil the two leading edgaweet Figure 2.1 showshe 3 step proess of
dorsal closure.

Dorsal _
Amnioserosa

— Leading Edge of the
A/_ Lateral Epidermis
\'.‘..

Lateral Epidermis

Section AA Ventral Epidermis

Ventral

Figure 2.1 i Drosophila embryo. The figure on the left shows the process
through which dorsal closure occurs The figure on theright illustrates a typical
cross sectionlmage courtesy of Dr MartinezArias, Cambridge, UK. (Kiehart et al.,
2000)

Intensive studies have been conductedrtderstand the biomechanigtdorsal closureOne of the
most common techniquesed to studyhis phenomenonbesides genetic perturbations, was through the
use ofmicro laser surgeryMicro laser surgenhas been refined over many years to the point where a
single cell, membrane, or even a single cytoskeletal component can be ablated in a cordroimdBy
ablating a cell edge, the stress at that location may be acquired through relating material properties and
recoiling of neighboring cells

Using this techniqueit was shownthat there are four n@a biological processes that may be
responsiké for dorsal closurand are shown in Figure 2(Blutson et al., 2003; Kiehart et al., 2000;
Peraltaet al, 2008)

1. Contractile force of the actomyosiith purse string

2. Contractile force of the cortical actomyosin networks of the amnioserosa cells

3. Resistant forces that arise from stretching of the lateral epidermis

4. Zipping at each canthus



Amnioserosa

2. Contraction 4. Zipping

1. Purse String
Leading Edge of the

Amnioseros Lateral Epidermis

Leading Edge of the Lateral Epidermis

Lateral Epidermis
3. Stretching

Figure 2.21 Forcesacting on aDrosophilaembryo

While other forces contribute to dorsal closure, the stretching of the lateral epidermis resists dorsal
closure and is counter balanced with isotropic tensions acting on the amniosesesaperturbations
introduceonly a small delay in the closing praseof the amnioserosa while the presence of amnioserosa
is crucial in closure and zipping of the epiderhisitson et al., 2003; Scuderi & Letsou, 2005)

Although Drosophilaembryos are an excellent model for analyzing wound healing, traditional laser
ablation techniques have been shown to have challenges of their own. Traditional laser micro surgery
cause significant damage to the cells and provide stress data at a siainland instage in time.

Despite the drawbacks of micro laser surgery technique, studies have shown that lesion closure may still
be achieved through actin cable and dynamic protrugfmsn et al., 12; Wood et al., 2002)

Jacinto et al.(2002) use micro laser ablation techniques to study the wound healing process in
Drosophilaembryos during dorsal closurEhey noted that wound closure is achieved by changes in cell
shape and rearrangementsiletactin cable and dynamic protrusions are the driving fdidasnto et al.,

2002) Previousstudy have shown that the prote@iTPases Rhi responsible for the formation of actin

cable andCdc42is responsile for the formation of filopodigWood et al., 2002) Through genetic
perturbations of5TPases Rhand Cdc42 it was suggested that at theund sight, actin cable fored

around the perimeter of the wound to act as @esiring, causing the hole to close Rho mutant
embryos were not able to assemble actin cable at the site of the wound, but were still able to close the
wound, suggestinthat pursestring contractiorwas not the only driving force in wound closure hén
Cdc42was modulated, wound closure was still achieved however, it took twice as long and the hole was
not fully repaired.The modulation ofCdc42suggested that dynamic filogial/lamellipodial protrusions

were responsible to knihg the wound while ther factorscould have beeresponsible for lesion closure
(Jacinto et al., 2002)

Interestingly enough, lesion closure was achieved with modulating either actin cable or dynamic
protrusion, but there still remned a possibility that neither may have been the driving force to which
wound closure was achieved. Whether the conclusions obtained through various experiments may be
correct, there is an emerging need for studying wound closure usirigaddional techniges to provide
a different perspective and insight to this problem. Furthermore, understanding these changes in shape
and healing abilities during embryogenesis is significant into providing insight to healthy and normal
embryonic development.



2.2 Tissue Mechanics Modeling and Experimentation

The use of computer modeling has been increasing, especially in the bioengineering field. In the past,
computer aided design (CAD) and computer simulations have been carried out on mechanical systems
and materials Wit in recent years, researchers have been utilizing computer modeling and simulations in
the bioengineering field. Many discoveries made in cell mechanics and morphogenesis would not have
possible without the use of computer technol(@sodland et al., 201 Brodland et al., 201 Chen &
Brodland, 2008) Before we apply modeling technigques to embryonic development and wound healing,
cell modeling and existing modeWill be introduced.

2.2.1 The Anatomy of a Cell

A cell can be considered to be the fundamental building block in all biological beings. There are many
different components that form the cell. Figure 2.3 is an example of a cell model showing aiteew of
main parts. The cell membrane is a flexible bilayer composed primarily of phospholipids. At the surface
of the cell membrane, there are various molecules that control transportation through the membrane while
other molecules are responsible for cehas i on. The cel |l 8s membrane i s

Cell Membrane Microfilament

Bundle

Cell Adhesion
Molecule (CAM)

Extra Cellular
Matrix (ECM)

Nucleus

Basement
Membrane

Control Biochemicals

Microtubule
Intermediate Filaments (IFs)

Figure 2.31 Cell structure and components

Inside the membrane, are the cytoplasm and cytoskeleton, where the cytoplasm is a clear gel
containing various proteins and the cytoskeleton gives structure to thé¢kthlesr & Simmons, 2007)
The cytskeleton is composed of microfilaments, intermediate filaments and microty@desn &



Doty, 2006) Microfilaments are flexible and relatively strong, which give structural integrity to the ce
while resisting buckling, and are composed of actin. Intermediate filaments are protein fibers that brace
the microfilaments and microtubules, giving mechanical strength and also supporting organelles within
the cell. The largest cytoskeleton structuaes microtubules, which are hollow cylindrical tubes that aid

in the transportation of nutrients and play a key role in mitosis (cell division). At the core of the cell is the
nucleus. The nucleus contains DNA, RNA, and chromosomes and it controlstieély &y regulating

gene expression.

2.2.2 Quantif ication of Cell Properties

There are many reasons to why itnscessaryto understand the mechanical properties of the cells.
Designing biocompatible materials, modeling biological tissues, tissumeenigg and many other
applications all depend on understanding the mechanical behavior of cells and tissue. Haaldaer,
measurements on cels not an easy task becauseftirees generated are of the order of miaopico
Newtons Despite thalifficulty of the protocol, researchehave managed to develop techniques to obtain
themechanical properties cells

One of the technigues used to measure cell properties is micropipette asfiftition& Simmons,
2007; Mitchison & Swann, 1954This is one of the first devices used to measure mechanical properties
of cells. A glass pipette is placed on the surface of the tissue and a negative pressure is created, allowing
the cell to bulge into the glass pipette as shown in Figure 2.4. From the deformed geometry of the cell, the
mechanical properties of the celll can be obtained
be used to relate the pressure, membrangature and tension by Eq. (2.®hereais the surface tension,
p Hs the pressure gradient ands the radius of curvatu@®lorris & Homann, 2001)

DP3 r

g-= (2.1)

2

Figure 2.47 Micropipette aspiration (Cranston, 2009)

In addition to the cell edge tensions, the adhesive strength of the cell can be measured using a second
pipette. Aslhe first pipette holds the cell in place the second pipette is used to pull them apart.



Atomic force microscopy (AFM) is another method used to obtain cell properties. In this method, a
flexible beam with a probe attached to its tip is used to deformutiace of the cell. Using a laser, the
position of the beam is determined and by approximating the beam as a linear spring, the force is
calculated using Eq. (2.2\vhereE is the stiffness of the cell}is the halfangle of the conical probe tip,

F isthe applied forcejis the displacement,ared s t h e P o(Etles & Sindmrons,r2807)i o

42 = p_M (2.2)
2 Etana

Another method used for measuring properties of cell is optiedzers. Optical tweezers use a pair
of laser beams to manipulate a bead that is manually inserted inside the cell. Through the exploitation of
the photonsdé moment um, the bead <can be displace
manipulated using ngmetism rather than laser beams. In either case, the force on the bead is calculated
using empirical calibration because it cannot be calculated directly. By using Eqg. (2.3), the bead is
calibrated in a known medium and the forces are calculated using 8tek , whareF is the drag force,
¢ is the fluid viscosityr is the radius of the bead, ani the velocity(Dai et al, 1997)

F =6pmv (2.3)

In most cases, the cell of interesteddo be in isolation to conduct these tests due to the nature of the
test devices and method protocbhese tests aneot only invasivebut wouldbe difficult to conduct on
biological tissues that are in a dynamic environnseich asnorphogenesis ovourd healing Although
it may be difficult to use these methods four purpose and studyhe results obtained frorthese
experimentareessential to tissue modeling and finite element models that exist today.

2.2.3 Tissue Rearrangement and D ifferentiation

Biological cells have the ability to rearrange and differentiate during embryonic development,
morphogenetic processes, cell sorting, and wound healing. Although chemical or genetics may trigger the

outcome of the cell s6 mo eleontgadnd differentiation are es¢eatigllg s h o v
mechanical Ar r kas, 1994; Bel oussov, 1998,; Cowin & Doty,

Wilson (1907)was the first person to observe cell sorting in multicellular organfdmikas, 1994)
In the case of embryonic vertebrates, it was determined that cells dissociated and mixed randomly,
suggeshg that cells themselves produced the driving force necessary to differentiate and rearrange
(Wilson, 1907) Later on, morphogenetic experiments were conducted with different types of cells by
Townes and Holtfrerr (1955) They observed that the grouping of cells tended to have the same final
configuration despite different starting configuratighewnes & Holtfreter, 1955)They suggested tha
cell engulfment, invgination and sorting had the same or similar driving mechar(&mkas, 1994)
Besides the scientist mentioned previously, extensive research has been conducted in cell sorting and
differentiation and all evidence ggest that it is a self driven and mechanical in ngi8teinberg, 1962;
Steinberg, 1970)



There have been two hypotheses to describe how cellularesethtngements are driven: the
Streingerg'sDifferential Adhesion Hypothesis (DAH) anBrodland'sDifferential Interfacial Tension
Hypothesis (DITH) (Brodland, 2002; Harris, 1976 DAH suggests that cell sorting Heeves like
immiscible liquids. In other words, depending on the adhesion molecular force, cells will engulf or be
engulfed by cells that have different adhesion molecular fdi®esnberg, 1970)However, the DA
theory has been deemed unviable in recent y@aesDITH is an alternaé theory that suggests that cell
selfrearrangements are driven by differences in interfacial tengionmkas, 1994; Brodland, 2002;
Harris, 1976) The interfacial tensions atBe consequence of membrane tcaction, actin forces and
adhesion systems.

If cells are in equilibrium, the interfacial tensions will determine the geomethedfiple junctions.
In a perfectly annealed cell patch, the triple junction of three cells will form 120 degrees angle with one
another if all boundaries carry the same effective tension. Studies have suggested that the principle stress
direction is corriated with cell geometryBeloussov, 1998; Goodwin & Trainot985; Hutson et al.,
2009; Hutson et al., 2009; Odefl al, 1981; Steinberg, 1978; Thompson, 194&hen analyzing tissue
mechanics, manyhree dimensional3D) problems can be simplified into ®vo dimensional ZD)
problem because generally speaking, tissues are composed of planar aggregates and 2D models have been
shown to be sufficient for these proble(Bsodlandet al, 2006)

2.3 Finite Element Modeling

As theresearch field of tissue modeling and testing advanced, mathematical models of cell behavior using
aone dimensionallD) equivalent mechanical circuit were developed. The 1D cell models were based on
viscoelastic material comprised of Maxwell, Kelvin akid@xwell-Kelvin models(Ethier & Simmons,

2007) These models were later used in conjunction with the DITH to develop 2D cell models. Other
models includdensegritycell structure, lattice, and cellulautomata model which were essential to the
development of the finite elemefifE) models of cells and tissuéSoughlin & Stamenovic, 1997; Ingber,
1993; Ingber, 1997)Computational models of cells were developedearly as 1981 by Odell et &h

more recent years, Davidson et @l995)developed a FE model to simulate the gastrulgii@mtess in

sea urchin. Through finite element modeling and experiments, Davidson was able to test the feasibility of
several potential driving mechanisrfi3avidsonet al, 1999) In 2006, a celbased constitutivenodel

was developed by Brodland et alhich related tissue deformations,-glane stresses, topological
evolution of cellular fabric, mitosis, and cell rearrangement. This was the first of its kind for studying
embryonic development using finite elemembdeling. Other finite element modelere developed by
Brodland et al. and provided a new avenue in studying morphogenesis and embryonic development
(Brodland & Chen, 2000; Brodland et al., 2007; Chen & Brodland, 2008; Clausi & Brodland, 1993;
Hutsonet al, 2008)



2.3.1 Finite Element Model

A finite element modelcalled Simba was used as the basis of our finite element anah&imbais a

custom writtenC++ simulator developed in our lab over tlast 20years.Similar toother finite element

analysis software, an input geometry risad by the codeand the algorithm calculates rsulting
displacements from the applied forces, mechanical properties, and consivairdsseries of successive

time steg. The details of the finite element model and analysis are explained in the folkvisections

Figure 2.5 shows an example o2B finite element model of a collection of biological celfie cells

appear as contiguous polygons which are assumed to be connected with each other at their vertices or
nodes. Their mechanical properties derive from thelame areas and their edges.

Node

Edge

Element

Figure 2.571 Cell 2D finite element model

Nodes:

In a 2D model ach nodénastwo degrees of freedom (DORyith displacement in the-xandy-directiors,

only. In most cases, nodésrm a double or triple junctigrwhere twoor three cells meetiowever, it is
possible for a node to form a qujathction which commonlyoccurs duringsell neighbor change These
neighbor changes are frequeatens and have an important role in morphogenesis and cell
rearrangementA neighbor changeccurs inthree major stepg&sdemonstrateth Figure 2.6.Two cells

labeledB and D, begin with a short horizontal contacting edge. As this edge shortens to zero length and a
new vertical edge formgells B and Dbecomeseparated and celf and Ccome into contactlthough
neighbor exchanges are a common o@nge in mostissues, they are raia the amnioserosduring

dorsal closure

10



Figure 2.6 7 Neighbour change(Cranston, 2009)

Edges:

Edges are straighHine segmentghat representthe interface between adjacent cells or a cell and the
surrounding medium, and thejways connect two node&ccording tothe DITH, anettensionforceacts
alongeach edgea forcewhich arises from variousub-cellular componentsThe net foce that arises
from intracellular forces can be representedygs for an edge that is between cell A andFgure2.7
depictsthe structural componentthat contribute to the net interfacial tensionEq. (2.4)(Brodland &
Chen, 2000Q)

G = FACYIO + FBCyto + FAMem + FBMem _ FA/;dh + FA(:her (24)
CAL Cell
Membrane
YAB\ ‘
Cell
Cytoplasm

Apical

CAMs Microtubules

Figure 2.71 Contribution to interfacial tensions (Cranston, 2009)

The terme 2° represents théorces that arise from the cytoplasm atsl embeddedntermediate
filaments. The term: " represents the membrane tension acting along the particular interface and also

includes the tensions arising from the cortical actin layer (C&bjces fromcell adhesion molecute
(CAM) arerepresented by * andtheylower the interdcial tensionOther forces which have not been

mentioned abovemay contribute to the net interfacial tensions acting along the cell edge and is
represented by o .
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Elements:

The cytoplasm iniblogical cells can be modeled agassless, viscous, incompressible flsiigcestrain
ratesaretypically in the order of 1&s during tissue remodelin@lausi & Brodland, 1993; Hutson et al.,
2009) This allows the cells to be modeled as a viseoaterial usinglashpotsDashpots are models that
resist motion where its resulting forces are dependent on the velbo#ye are three differemicous
models available in the Cell2D element class, aliisctriangls, radial/circumferentialdashpots and
orthogonal dashps{Figure 2.8)

Microtubule Cell Cytoplasm

Node
cmB

Radial Dashpot

" Circumferential Dashpot
Gap Junction Desmosome

Tight Junction Intermediate Filament Basement Membrane

(a) (c)

Node

Rod Element /

Triangular Element

(b) (d)
Figure 2.81 (a) The components in cells. (b) A viscous triangle viscous model. (c)
Radial and circumferential dashpot model. (d) Orthogonal dashpot model.
(Brodland et al., 2007)

The viscous triangle model breaks a cell into multiple triangular elementsawghterpoint The
radial/circumferential dashpot model has dashpots along the radial and circumferential direction. The
orthogonal dashpot modallows each dashpot to be connected to one node and a common ground. Figure
2.8(d) only displays the dashpots along thganaxis for clarity whereas in the mog#iere are dashp®
along the major and minor iaxof the cell. A comparative study was conducted to analyze the different
approacksto model cells and the orthogonal dashpas deemed more viab{Brodland et al., 2007)

As a resultthe orthogonal dashpot model will be uded our studywith the stiffnessof the dashpot
defined byEq. (2.5)(Brodland et al., 2007)

_ 4gp B

A (2.5)
nA

whereg is the form factor = 0.682nis the viscosity, n is the number of nodesell, h is the cell
thickness, A and B are the major and mi@length)axes ofthecells, respectively.
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2.3.2 FE Model Solution

An object in motion can be governed by a gendggamicsequationas shown irEq. (2.6) where the

first term accounts for the inertia forces, the second term accounts for the viscous forces, and the third
term accounts for the elastic forcés the caseof morphogenesis and embryo development, the inertia
forces may be ignored because the saalt accelerations asall. As a result, the general equation of
motion can bereduced to a first order equation. In the case of biological cells, cells hageawi
behaviorrather than an elastic behavior and this allows the elastic forces edbected Thus, the

general equation of motion i®educed to Eqg. (2.7)whereC is the damping matrixgptis the time
incrementu is the displacement, ardis the egivalent joint force vector

Mé#+ Cd+ Ku = f_+ f_+ f =F (2.6)
al ¢
Ce—up=F (27)
¢Dt =+

The nodal displacements are solved for a given increment of time from the simplified equation of the
general equation of motion. The problem is geometrically nonlinear asolhvied incrementallyThe
resulting solutiorgivesvectoss of nodal displacemestind Lagrange multiplieraluesfor eachtime step.

UNBOUNDED
MEDIUM

Figure 2.91 The differential tension finite element modelCranston, 2009)
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2.4 VFM Inverse Approach

In traditional finite element modeling, the driving forces are apphed the model outputs the
displacementsHere, weusean inverseformulationin which driving forcesare determined from tissue
displacements. The first generation of this inverse fgcienwas developelly P. Graham Cranston in
2009aspart of histhesis(Cranston, 2009)This software packageas calledScar.

2.4.1 Inverting the FE M odel

In forward FE methods,Eq. (2.7) is used to solve for the nodal displacements. HowérnevFM, Eq.

(2.7) is first solvedfor the forces at each noded then for the edge tensions and pressures, as described
below In any FE model, boundary conditions and constraints must be specMigthout proper
constraints and conditions, the system will not be statically determ{hagt 2003) In the model
demonstrated in Figure 2.10, the cell patch is constrained by a pin joint at one node and a spring joint at
another. The pin joint constrains tdDF while the springassigned a low stiffnesadds a thirdNodal
forcesare assumed @riseonly from viscous forcegpressureandcell edge tensions.

Figure 2.107 Constraining the input model for inversion (Cranston, 2009)

With the system well constrained, the nodal forces can be calculated using Eq. (2.7). The resulting
nodal forces can be decomposed to forces geidefaimn subcellular structures through the geometric
matrix, a matrix thatelates nodal forces to subcellular forces based on ttis sglicture.

Force Generators:

Someof the subcellular forces acting artypicalcell areshown inFigure 2.11There are two forces that
contribute to nodal forces, edge tensions and pressure.firisceassumed that all edges are under tension

14



and is the case for node 26. The edge tensions surrounding node 26 are shown in red and it is assumed
that the tensiondiffer in magnitude.

Figure 2.117 Translation of forces acting on nodegCranston, 2009)

The nodal force contribution from the cell pressure is shalwngedges 12 and 13The gessure
load acts normal to the surface andnisdeledas a distributed load. The pressure load can arise from in
plane load generated alonthe apical and basal memlmesand volume constancgf the cell. The
intracellularpressure is represented as a negative load. The distributed pressure load can be represented as
two point load, equal in magnitude, acting on both ends perpendicular to the edge. The mabttiasge
forcescan be calculated from Eq. (2.8), whéris the pressure ards the length of thedge

lpr| = - (2.8)
2

Assembling the Geometric Matrix :

Equivalent joint loads are calculated usk (2.9), wheré& is ageometric matrixF is a vector of nodal
forces, andl is a vector of unknown tensions and pressubesails of the equations are given below, but
briefly, the first term relates edge tensidosnodal forcesand the second term relagressures to nodal
forces.

GT =F (2.9)

(o Hr 3+ [6 KT b =le, 16, i =F (2.10)

|pr
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Tensions:

The geometric matrixGt relates the edge tensidir to the forces exerted at timmdes on which they
impinge For a given edgéoflengthl), t he componential forms of @x
of the edge are usgedespectively.Figure 2.12 and Eqg. (2.11) demonstrates how the edge tension
geometric matrix is assemblddom the associated components (direction cosinés) detais, see

Cranston(2009)

Figure 2.127 Development of elge tension geometric matrixCranston, 2009)

G, % o & 0
4 6 Yoop Tl
é u 47 i 1
é v, = Dx/I ui_l_ u=ip @ (2.11)
é ' ul e T T
é Tsa 33 = Dy/l L‘j’l\ 4 T, T FTsAT
& 6 0' Yy 4 y

The rowsof GT correspond to the degree of freedom (DOF) of the maddlthe columns to the
edge tensiondn the example above, Node 26 correspondkes3® and 54' DOF and the matrix shows

how edge tension,  contributes to the calculated forces

Pressures:

The geometric matrixGp relates the pressure in a cell to the forces exertétd perimeternodes. For
each side, the effect is equivalent taliatributed load normal to the edge. To represent the force in
Cartesian coordinates, binormal vectors are employed as shown in Figure 2.13.
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R

Figure 2.137 Development of pressure geometric matriCranston, 2009)

Two vectors are defined where vectorextends from the node to the center of the ealll vectore
extends along the edga which the pressure is actindgy taking the cross product of the two vectors
Eq. (2.12), a new vectorn (normal to the celplang is defined. Taking the second cross patdwith
vectore andvectorn in Eqg.(2.13), vectorr pointing perpendicular to the cell edge is created. Vector
r' IS then scaled to give , such that the resultant force on the noderisdetermined fronEqg. (2.8).

The resultingr is determined fronkq. (2.14), wherel is the length of the edge the pressure is being
applied.

n=e3c (2.12
R'=e3n (2.13

_ 1 e2fere) 2.14
2 ||e3 (e c)”

The resultant vector is defined inA °, having 3 components x, y, and z. However, tive
dimensionalnature of the problem allows thecemponent to always be zerwhile the x and y
components are incorporated in tBe geometric matrix. Equation 2.15 demonstrates the placement of
these components for Cell 3 at Node 11 from Figure 2.11gThehas two terms, £ and R*¥ where

the symbol R refers to the x component of vecterand includes the contribution of the distributed
pressure from edge 12 and 13.

‘G .. ~
6 ceT, 0 &Fel
e 4 6 UT IT i 4 i
€ 47 1 7
é L =RM™AR® N GTip @ (2.15)
é e . aiTed 1
— (12) (13) 3
é Paus R, +R, 6 U} 4;L, TFP24T
é Y ity
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Solution;

With the tension and pressure geometric matrix assembled, the unknown edge tensions and pressures in
the system of equations can be solved by equating Eq. (2.7) and Eqg. (2.9). Generally speaking, a system
of equations carither be underdetermined, overdanined, or hold a unique solution. If a system is
underdetermined, it will have an infinite number of solutions whereas, an overdetermined system will
have no unique solutiorA patch of cells surrounded hyediumgenerally has more equations than
unknowrs and tends to kenoverdetermined system.

There are many different methodsfited anapproximate solution for an overdetermined system. The
most common method is known as the least square matttbildetermines the solution with the lowest
residual(RMS) errorr. A suitable set of agations is formed by premultighg the left and right side of
Eq (2.17)by GT (Nash, 199Q)

r=GT - F (2.16)
G'GT =G'F (2.17)

2.4.2 Applying VFMto Synthetic Data

Extensive tests and simulations were conducted to verify the inversion algdvitmysynthetic patcas

of cellsweregenerated usin§imba &D Voronoi Generatoand these were run in the standard forward
direction ® that thetime course was obtained@he data from this forward model was thesed as the
input for the Scar algorithm, so it could calculatethe edge tensions and pressures throtigh
mathematical algorithm described in the previous section. Diffemnftguration and load experiments
were conducted and the inversion algorithm was able to accurately depict the driving forces.

2.4.3 VFM on Live Data for Ventral Furrow Formation

Ventral furrow formation(see Figure 2.04is an importantmorphogenetigrocess irDrosophila and it
occurs overa period of approximately twenty minutes. This process is relatively simple and well
understood by researchemthougha lack of quantitative and numerical analysis still ex{teptin,
1999) VFM, however, allowed thedge tensions and pressures that dhiseprocess to be mapped
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Figure 2.1471 Ventral furrow invagination (Brodland efal., 201(®)

The first step in conducting VFM cexperimentabatais to collectimages of the embryat regular
intervalsduring the development process. The cell edges are made visible through floneadaars
(Kaltschmidt et al., 2002)A sample ofa typical image with florescewtyed embryo is shown in Figure
2.15.Individual cells are then demarcatasing the watershed technig{iBeucher & Meyer, 1992)

a) S b)

Figure 2.15 7 Sample image ofa florescent dyed embryo a) The whole
Drosophilaembryo dyed in florescent markers. b) Image capturing a section of the
embryo. The upper half of the image shows the amnioserosa cells and the bottom
half of the image shows the epidermis cell§Kaltschmidt ¢ al., 2002)

The cellularizedimages werghen digitized and used as input #éFM. VFM showed that a strong
tension acted along the apical surfateéhe dorsamost cells while the inside surface @he upper cells
(the ectodermmwas also under teim. Figure 2.16 shows the tensions as a function of angular position
and time. The edge tensions yielded a parabolic profile as a function of angular position where the
maximum edge tension occed at the base of the cross section or the angular positiaero degrees
(Brodland et al., 2018) Conte et al., 2012)
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Figure 2.167 VFM results of ventral furrow invagination (Brodland et al., 2018)

This study was able to demonstrate the potential of using VFM to study embryogéhetsist
phenotype embryosere also studiedBnt was used to test the contribution of surrounding foraas,
was usd to determine the role of cetlell adhesion, andta/t48was usedo test the contribution of apical
constriction. The potential of VFM as a tool to study morphogenetic problem was well demonstrated and
was of great interest to analyze other morphogenetepseg¢Conte et al., 2012)

2.4.5 VFM Applied to Wound H ealing

Wound healingn Drosophilaembryc is anotherwell known morphogenetic process. When a wound is
introduced, the surrounding cells undergo significemivements andhape changes as the healing
progresses. Figure 2.17 is a sample of one of many wound healing experiments conducted in Professor
Hut sonds |lasdypoint wbuedrwas irtiated anthe healing progreswas captured using
confocalmicroscope.

13160s “ta370s | ' ta870s

Figure 2.171 Point wound experimental data healing process

20






































































































































































































