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Bibliographische Beschreibung

Die Embryonalentwicklung, das Wunder, wie aus einer einzigen Eizelle ein multizellularer,
hochkomplizierter Organismus hervorgehen kann, hat schon die alten Griechen fasziniert.
Aristoteles beschéftigte sich zum Beispiel mit der Frage, ob die verschiedenen Teile eines Em-
bryos sich nach und nach entwickelten (Epigenese) oder ob sie bereits von Beginn an vorge-
formt vorlagen (Preformation). Diese Frage 10ste eine Debatte unter den Wissenschaftlern
aus, die bis ins 18. Jahrhundert dauerte und erst durch das Aufkommen der Zellbiolo-
gie beigelegt werden konnte [169]. Obwohl unser Verstdndnis seit den Zeiten Aristoteles
durch die Entwicklung neuer Methoden kontinuierlich gewachsen ist, hat die Morphogenese
- die Erzeugung von Mustern und Strukturen durch Zellbewegungen, Differentiation, Wach-
stum und Zelltod - bis heute ihre Faszination fiir die Wissenschaft bewahrt. Ein besseres
Versténdnis der Morphogenese in der Embryonalentwicklung verlangt nach einer Adressierung
des Problems auf verschiedenen Léngenskalen: von der Struktur und Funktion des genetis-
chen Materials und Proteinen, iber die Organisation und die biomechanischen Eigenschaften
von Zellen, bis hin zu Zell-Zell Wechselwirkungen, Zellbewegungen, Gewebebildung und -
erhaltung. Auf der mikroskopischen Ebene exprimieren Zellen bestimmte Gene, die ihre
Identitat und damit auch ihr Schicksal wiahrend der Morphogenese bestimmen. Diese moleku-
laren, bestimmenden Faktoren fiihren dann zum makroskopischen Phdnomen der Zellbewe-
gungen und Gewebeorganisation, fiir welche man eine Kontinuumsbeschreibung in Form von
aktiven Fliissigkeiten bendttigt [84]. Fiir eine vollstdndige Beschreibung ist die Charakter-
isierung sowohl des mesoskopischen Verhaltens (individuelle Zellbewegungen) als auch des
makroskopischen (FlieB-) Verhaltens notwendig, da die Anzahl der Zellen ziemlich klein ist
(103 — 10%).

In der vorliegenden Arbeit werden verschiedene experimentelle Methoden angewandt um die
mechanischen und dynamischen Eigenschaften von embryonalen Zellen und Geweben des Ze-
brafisch (Danio rerio) zu untersuchen. Die Experimente zeigen, dass diese Embryonalgewebe
viskoelastische Materialen sind, i.e. es handelt sich hierbei um komplexe Fliissigkeiten [59]:
Auf kurzen Zeiten verhalten sich die untersuchten Gewebe wie elastische Festkorper und auf
langen Zeiten wie viskose Fliissigkeiten. Obwohl biologische Gewebe genaugenommen ak-

tiven Charakter haben, konnen sie hier unter bestimmten Umstianden mit den Konzepten



der gewohnlichen Fliissigkeiten beschrieben werden.

Um das viskoelastische Verhalten der Gewebe zu quantifizieren wurden physikalische Mess-
groBen wie Oberflachenspannung, Elastizitdtsmodul, Relaxationszeit und Viskositédt der Ge-
webe experimentell bestimmt. Dabei wurden signifikante Unterschiede in diesen Gréflen in
verschiedenen Gewebetypen deutlich, welche sich zum Teil in einem unterschiedlichen Ver-
halten der Gewebe widerspiegeln. Unterschiede in den Materialeigenschaften wurden auch
auf Zellebene mit Hilfe eines Optical Stretchers, der die viskoelastischen Eigenschaften von
einzelnen Zellen mittels Laserlicht testet, detektiert.

Den Abschluss der vorliegenden Arbeit bilden Studien zum dreidimensionalen Migrationsver-
halten von Zellen in Zellaggregaten und im sich entwickelnden Embryo. Das Kapitel zur
Zellmigration in Zellverbanden zeigt, dass sich die hier untersuchten Zellen in isotropischen,
sphérischen Aggregaten wie Brownsche Partikel verhalten. Hierfiir werden die mittlere qua-
dratische Verschiebung der Zellen, ihre Geschwindigkeitsverteilung und Geschwindigkeits-
autokorrelation untersucht. In den darauffolgenden Studien zur Zellbewegung im sich en-
twickelnden Embryo werden das FlieBverhalten der Gewebe charakterisiert und ein Ge-
schwindigkeitsprofil erstellt, das fiir eine Kontinuumsbeschreibung der Zellbewegungen be-

notigt wird.

Die hier présentierten Arbeit zeigt, dass sich die mechanischen Unterschiede der Gewebe
auch in Differenzen im dynamischen Verhalten widerspiegeln. Insbesondere fiihrt die Gren-
zflachenspannung zwischen den untersuchten embryonalen Gewebetypen zu deren réaum-
licher Separation in wvitro und in vivo. Mittels der ermittelten quantitativen Daten kann
auch abgeschétzt werden, dass die Grenzflichenspannung zwischen den Geweben allein als
treibende Kraft nicht ausreicht, um die beobachteten Zellmigrationsgeschwindigkeiten in vivo
zu erzeugen. Damit addressiert diese Arbeit ein grundlegendes und stédndig wiederkehrendes
Thema in der Entwicklungsbiologie: die Erzeugung von Grenzflachen zwischen verschiedenen

Geweben und die diesen Gewebegrenzen zugrundeliegenden Kréfte.



1 Introduction

2 Background

Contents

2.1 Structure and biophysics of eucaryoticcells . . . . . ... ... ... ... ..

2.1.1 Physical properties of the cytoskeleton . . . . . . ... ... ... ...

2.1.2 Cell mechanics . .
2.1.3 Cell migration . .
2.2 Cell adhesions and cell-cell

2.2.1 Biological structure

interactions . . . . . . . .. ...

of cell-cell and cell-matrix adhesions . . . . . . ..

2.2.2  The strength of adhesive bonds . . . . . ... ... ...

2.3 Material properties of tissues . . . . .. ..o L Lo oo

2.3.1 Viscoelasticity . .

2.3.2  Physics of Newtonian fluids . . . . . ... .. .. ...,

2.4 Tissue surface tensions and differential adhesion . . . . . . . . . . . ... ...

2.5 Zebrafish embryonic development . . . . . . .. ... Lo oL

2.5.1 The beginning of zebrafish embryonic development . . . . . . ... ..

2.5.2 Gastrulation period

2.5.3 Cell movements in the embryonic shield . . . . . .. ... ... .. ..

2.5.4 The role of Nodal signaling for mesendoderm induction . . .. .. ..

3 Materials and Methods

3.1 Preparation and generation of specific tissue types . . . . . . .. .. ... ..

3.2 Hanging drop experiments

10
11
13
14
16
17
17
19
24
29
30
32
33
35



iv Contents

3.3 Shield excision experiments . . . . . .. .. L L L L oo
3.4 Microscopy tools: Imaging of cells and tissues . . . . . .. .. ... ... ...
3.5 Tissue fusion and tissue rounding-up assay . . . . . . . . . .. ... ... ...
3.6 Tissue Surface Tensiometry . . . . . . . . . .. ... .. .
3.7 The optical stretcher . . . . . . . . . ...
3.8 Cell tracking in vitro and in vivo . . . . . . ...

3.8.1 Cell tracking in vitro . . . . . . . . . ..

3.8.2 Cell tracking in vivo . . . . . . . ...

Physical properties of zebrafish embryonic tissues

4.1 Effective tissue surface tension . . . . . . . .. ..o

4.2 Stress relaxation and tissue viscoelasticity . . . . . . .. ..o oL

4.3 Tissue surface tension and tissue viscosity . . . . . . . ... ... ... ...
4.3.1 Tissuesintering . . . . . . . . ...
4.3.2 Rounding-up . . . . . . . . L

4.4 DISCUSSION . . . .« v v o e e e e e e e e

Cell rearrangements in vitro.

5.1 Hanging drop experiments and germlayer organization in vitro . . . . .. . .
5.2 Quantitive analysis of cell sorting experiments . . . . . . . .. ... ... ...
5.3 The role of E-cadherin for surface tension and cell sorting . . .. .. .. ...
5.4 In vitro tissue positioning and germlayer organization in vivo . . . . . . . ..
5.5 Interfacial tensions and tissue flow . . . .. .. .. ... oo oL

5.6 DISCUSSION . . . . . . . e e e

Viscoelasticity of single cells
6.1 Conducting the optical stretcher experiment . . . . . . .. .. ... ... ...
6.2 Viscoelastic propertiesof cells . . . . . . .. ... o oL

6.3 DISCUSSION . . . . . . . e e

Cell movements in vitro
7.1 Cell velocities and velocity autocorrelation . . . . . . .. .. .. ... ...

7.2 Mean square displacement and diffusion . . . . . .. ..o 0L

55
55
58
64
64
68
68

71
71
74
74
77
78
81

85
85
87
92

95



Contents v

7.3 Collective behavior . . . . . . . . .. L 104
7.4 Discussion . . . . . . ... 104
Cell movements in vivo 107
8.1 Observed cell motion in vivo . . . . .. .. .. L oo 107
8.2 Velocity and velocity flow profile . . . . .. .. .. .. ... 0. 109
8.2.1 Instantaneous cell velocities . . . . . . .. ... ... Lo 110
8.2.2 Velocity flow profile . . . . . ... ... .. 112
8.3 Discussion . . . . . . ... e 117
Summary and Outlook 121
Protocols and Methods 123
A.1 Injection material: mRNA, morpholinos and flurophores . . . . . . . ... .. 123
A.2 Embryo keeping media: E3and E2 . . . . . ... o000 124
A.3 Reagents, Solutions and Media . . . . .. ... .. .. ... .......... 125
A.3.1 Phosphate Buffered Saline (PBS) and PBST . . ... ... ... ... 125
A.3.2 Bovine Serum Albumin . . . . ... ... 125
A33 Poly-HEMA . . . . . . .. . 125
A34 Fetalcalf serum. . . . . . . .. .. 125
A35 TrispH 9.5 . . . o . 125
A.3.6 Cell culture medium supplied with antibiotics . . . . . . ... ... .. 126
A.3.7 Hybridization buffer (Hyb+) . . ... ... ... ... ... ...... 126
A.3.8 MAB, MABT and Blockin MABT . . . . .. ... .. ... ...... 126
A3.9 20x SSC . . . L 127
A.3.10 4% PFA fixing solution . . . . . . . . ... ... 127
A.4 Embryo injection . . . . . . ... L 127
A.5 Agarose dishes for embryo handling . . . . . ... .. .. ... ... ... .. 127
A.6 Dechorionation of embryos . . . . . . . . . ... L 128
A.7 Tissue aggregate formation . . . . . . ... ... L. 128
A.8 Enzyme free cell culture . . . . . . . . ... ... 128
A.9 Data digitalization from the TST experiment . . . . .. ... ... ... ... 129

A.10 Cell preparation for the optical stretcher . . . . . . . .. ... ... ... ... 129



vi Contents

A.11 Hanging drop experiment . . . . . . . . . . . . . . . i
A.11.1 Unsealed drops . . . . . . . . . . .
A11.2 Sealed drops . . . . . . ..

A12 Western blot . . . . . . Lo
A.12.1 Recipes for Western blot . . . . . . . .. ...
A.12.2 Western blot protocol- version 1 . . . . ... ... .. ... ......
A.12.3 Western blot - version 2 . . . . . . ...

A.13 InSitu hybridization . . . . . . . .. ...

B Calculations
B.1 Image quantification of hanging drop experiments . . . . . . .. . .. ... ..
B.1.1 Dipole moment P
B.1.2 Tensor of inertia and ratio of scattering amplitudes S . . . . . . . ..
B.2 Surface area and volume of a compressed aggregate . . . . . ... ... .. ..
B.2.1 Surface area of a compressed tissue aggregate . . . . . . ... ... ..
B.2.2 Volume of a compressed tissue aggregate . . . . . . .. ... ... ...
B.2.3 Test of the calculation of aggregate area and volume . . . . . .. ...

B.3 Contact radius calculation in the TST experiment . . . ... .. .. .. ...

C Additional data and discussions
C.1 Additional data on cell sorting experiments . . . . . . . .. ... ... ....
C.1.1 Cell sorting controls . . . . . . . . .. .. ..
C.1.2 E-cadherin morpholino dose dependent cell sorting . . . . . .. .. ..
C.1.3 Cell sorting on longer time scales . . . . . . ... .. ... ... ....
C.2 TST - additional material and discussion . . . . . . . . . . ... ... ... ..
C.2.1 Surface tension of casanova tissues . . . . . . . .. .. ... ... ..

C.3 Optical Stretcher - Additional data and figures . . . . . ... ... ... ...

D Appendix D - Movies
D.1 Movie 1 and 2: Tissue movements in the zebrafish shield . . . . . . . ... ..
D.2 Movie 3,4 and 5: Fusion of liquid drops and tissue fusion. . . . . ... .. ..
D.3 Movie 6,7 and 8: Elastic and viscous tissue behavior . . . . .. ... ... ..

D.4 Movie 9 and 10: Sorting and envelopment in the hanging drop experiment . .

137
137
137
138
139
139
141
143
146

151
151
151
153
155
155
157
157

161
161
161
162
162



Contents  vii

D.5 Movie 11: Single cell deformation in an optical stretcher . . . . . . . ... .. 162
E Publications 163
Bibliography 164

Acknowledgements 177






List of abbreviations

AFM atomic force microscope

ATP Adenosine triphosphat

CAM cell-cell adhesion molecule

DAH Differential Adhesion Hypothesis

DEL deep cell layer; non-epithelial blastoderms that will compose the adult fish
Ecad-MO morpholino oligonucleotide against E-cadherin (cdhl)
ECM extracellular matrix

EVL enveloping layer

GFP green fluorescent protein

hpf hours post fertilization

MO morpholino oligonucleotide

mRNA messenger ribonucleic acid

MZoep maternal zygotic one-eyed pinhead (mutant zebrafish line)
MSD mean square displacement

SEM standard error of the mean value

STD standard deviation of the mean value

TST tissue surface tensiometry /tensiometer

WT wild-type (normal)

YSL yolk syncytial layer






Introduction

“Es wird ein Mensch gemacht... wie sonst das Zeugen Mode war, erklaren wir
fiir eitel Possen... Es leuchtet! seht! - Nun 143t sich wirklich hoffen, dass, wenn
wir aus viel hundert Stoffen durch Mischung - denn auf die Mischung kommt es
an - den Menschenstoff geméchlich komponieren, in einen Kolben verlutieren.”
(J.W. v. Goethe, Faust II.)

“A man is being made...The tender moment from which life emerged, the
charming power with which its inner urge... we now divest of all that dignity...
It brightens! See! - Now theres a real chance, that, if from the hundred-fold
substance, by mixing - since mixing makes it happen - the stuff of human life’s
compounded, and distilled in a flask, well-founded, and in proper combination,
grounded, then the silent work is done.” (J.W. v. Goethe, Faust II.)

Embryonic development, the rise of a complex multicellular organism from a single fertilized
egg, is a process that has fascinated people through the ages [169]. The ancient Greeks were
probably the first to intensively work on this topic. Aristotle, who proposed that the different
parts of the embryo arose progressively (epigenesis) and were not preformed in the egg from
the beginning (preformation), initiated a vigorous debate about these two models that lasted
until the 18th century [169]. Some preformationists believed that a “homunculus” was sitting
in the sperm head (Fig.1.1), and was just too small to be seen by the best microcopes at
that time. Thus, only after the emergence of cell theory in the 19th century was the debate
settled in favor of epigenesis [169]. Although the questions asked evolved during the course
of time and growth of scientific knowledge, tissue morphogenesis - the generation of spatial
patterns and structures via cell migration, differentiation, growth and death - has maintained
its fascination to modern researchers today. Developmental biologists try to elucidate how
it is possible for cells, all originating from the same egg, to develop into a variety of highly

specialized structures, such as muscles, skin, brain and limbs. What organizes the behavior

3



4 CHAPTER 1. INTRODUCTION

l

Figure 1.1: The preformationists’ view of a little homunculus sitting in the head of a sperm. Image from

Nicolaas Hartsoeker: Essai de dioptrique (published in Paris, 1694, page 230), and downloaded from wikipedia.

of these cells, and how can the information encoded in the DNA account for the observed
patterns and developmental processes [169]7 Cell movements and tissue flow during embryo-
genesis constitute a beautiful problem of bridging scales: On the microscopic scale, cells are
expressing particular genes which determine their identities and also their fate during mor-
phogenesis. These molecular determinants then lead to the macroscopic phenomena of cell
movements and tissue arrangements, for which one needs a continuum description in terms
of active fluids [84]. Taking into account that the number of cells is fairly small (10° — 10%),
a complete coarse graining is not possible, and a characterization of both mesoscopic (indi-

vidual cell motion) and macroscopic (flow) behavior is required for a full description.

In the here presented work, a set of different experimental methods was applied to investigate
the mechanical and dynamical properties of zebrafish embryonic cells and tissues. This thesis
is structured as follows: In chapter 2, we introduce the fundamental concepts that are impor-
tant for the study of cell motion during zebrafish embryonic development. In chapter 3, the
materials and methods applied in this work are described. The experimental results of my
thesis-work are presented in chapters 4-8: Chapter 4 concentrates on the physical properties
of whole tissues. It is shown that tissues are viscoelastic materials. Tissue viscoelasticity is
not a new concept [116, 117, 51|, but this study is the first one to quantify the mechanical
properties of tissues that are in actual contact in a developing embryo. In chapter 5, cell
rearrangements in culture, such as cell sorting and tissue wetting are discussed. These exper-
iments show that tissue interactions are largely determined by tissue surface and interfacial
tensions. In chapter 6, an optical stretcher device is applied to measure, solely by means of
laser light, the material properties of individual cells. Hereby it is shown that single cells
from the two investigated tissue types differ in their mechano-physical properties.

After the study of cell and tissue mechanics, the dynamics of cell migration in three di-
mensions in tissue aggregates and in developing zebrafish embryos is addressed: In chapter 7,

3D-cell migration in multicellular aggregates is analyzed quantitatively by studying the mean



square displacement, cell velocity distribution and velocity autocorrelation. In chapter 8, we
study the cell motion within the developing zebrafish embryo. By following the motion of
many cells in four dimensions, we are able to generate a velocity flow profile for this cell-flow.
Chapter 9 gives a brief summary of the obtained results and an outlook to future projects mo-
tivated by the presented study. The final part of this thesis are four appendices. Appendix A
contains protocols and additional methods. Appendix B contains several calculations, whose
results were used in the main part of this work. Appendix C contains additional data and
discussions, which were excluded from the main part due to space limitations. Finally, Ap-
pendix D consists of a compact disc with 11 movies and a movie description, which serves as

supplemental material to the presented data.






Background

Biophysics is an interdisciplinary science at the interface of biology and physics, which relates
to all levels of biological organization, from single molecule studies up to cell mechanics, tis-
sues, organisms and ecological phenomena [65]. Embryonic development poses an interesting
problem for biophysicists, since it involves complex cell rearrangements and tissue dynam-
ics, which have to be robust against environmental changes, suggesting that generic physical
mechanisms play an important role for this process.

From a physics perspective, biological tissues are active complex fluids. They are active,
because the tissue constituents, the cells, continuously consume energy by ATP hydrolysis,
which allows them to divide, move within the cell association and interact with their neigh-
boring cells. They are complex fluids, because they behave as elastic solids on short time
scales and as viscous fluids on long time scales [59]. A general hydrodynamic theory for
the description of such active complex fluids (gels) has recently been provided [77, 94, 93]
and was for example applied to the description of cell locomotion on a substrate [92]. For
a review on active gels, see [84]. In order to understand the complexity of tissue structure
and dynamics, the problem has to be addressed on multiple length scales: From the physical
properties of the cytoskeleton and cell membrane that determines the structure and migra-
tory behavior of individual cells, to the mechanisms of the adhesion machinery that governs
cell-cell-interaction in the tissue, up to the physical properties of multicellular aggregates and
whole tissues. In the following sections, these different length scales are discussed and central

concepts are introduced which will be used in the course of this thesis work.

2.1. Structure and biophysics of eucaryotic cells

All animal cells are eucaryotic cells, which are characterized by their compartmentalized
internal organization. Fig.2.1 shows an example of an eucaryotic cell and shows the different

organelles, which are separated from the cytoplasm by intracellular membranes [3, 118]. The

7



8 CHAPTER 2. BACKGROUND

centrosome
Golgi apparatus

vesicles

nucleolus

nucleus
microtubules (MTs)

endoplasmic

lysosomes reticulum (ER)

actin filaments

mitochondria

cytoplasm

plasma membrane

10-30 ym

Figure 2.1: The eucaryotic cell and its organelles. Illustration from [135].

spatial organization of the organelles is achieved by a complex matrix of biopolymers, called
the cytoskeleton. The cell itself is surrounded by a bilayered plasma membrane that separates
the cytoplasm from the cell’s external environment by a selective permeability to ions and
an impermeability to macromolecules [118]. The membrane also contains integral protein
receptors that cross the bilayer and can bind extracellular molecules and transport them
across the membrane. Furthermore, peripherial proteins are associated with both membrane
surfaces, participating e.g. in enzyme reactions or in the anchoring of the plasma membrane
to the cytoskeleton [118]. An important example of such a peripheral protein is the catenins.
Catenins bind to calcium-dependent transmembrane adhesion proteins called cadherins (see
section 2.2) and connect them to the cytoskeleton [118]. The interplay between adhesion
molecules, especially cadherins, and cytoskeletal components is complex and not fully under-
stood. Experiments with transfected cell lines have shown that the sorting of some cells can
be inhibited by nocodazole treatment (depolymerizes microtubules), while the aggregation
and sorting of others were insensitive to the drug [58, 82]. Similar results have been published
for the actin targeting drugs cytochalasin D and cytochalasin B [148, 58, 82]. These results
suggest that some cell-cell adhesion molecules (CAMs) may primarily be strengthened by

actin, while others are microtubule-dependent.

2.1.1. Physical properties of the cytoskeleton

The cytoskeleton is composed of three types of interacting cytoskeletal filaments: Micro-
tubules, actin filaments and intermediate filaments [3]. Each of these polymers is assembled

by repetitively recruiting monomers, which are of nanometer size, while the filament itself can
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be tens to hundreds of micrometers long [3, 118]. The different filament types have their own
dynamics and can rapidly undergo assembly and disassembly, thus allowing the structural
reorganization of the cellular network in response to environmental keys [3]. Furthermore,
the interplay of microtubules and actin filaments with different ATP-driven motor proteins
allow for the transport of cargo inside the cell, and is responsible for muscle contractions,

mitosis, beating of cilia and flagella, and cell locomotion [118].

The stiffness of the cytoskeletal filaments is given by their persistence length, which, in a
worm-like chain model, is defined as the length s over which correlations in the local bond
vectors decay, times the bondlength I: L, = sl = —ﬁl , where 6 denotes the angle between
two bonds [128]. In other words, on the length scale of the persistence length, a semiflexible
polymer behaves as a stiff stick. The ratio of contour length L to persistence length L, is
used to classify polymers in three regimes [36]: For L, > L, the polymer is regarded as a
stiff rod. In the intermediate regime, For L, ~ L, the polymer is called semiflexible, and
for L, < L, the polymer is considered flexible. The three classes of cytoskeletal filaments
occupy all three regimes: Microtubules are stiff rods, actin filaments are semiflexible, and
intermediate filaments are flexible polymers [118].

Microtubules are about 20 ym long and show a persistence length longer than a cell diameter
in vivo [118]. In witro, it has been shown recently by Pampaloni et al. that the persistence
length of microtubules is dependent on the contour length of the filament, and that it could
vary from 110 ym up to 5mm [111]. Microtubules are composed of globular tubulin proteins
that assemble into protofilaments. Generally, 13 such protofilaments build up a polar hollow
microtubule cylinder with an outer diameter of about 25nm [3, 118]. The the faster growing
end (plus-end) is typically located at the cell periphery, and the minus-end is anchored cen-
trally in a microtubule-organizing center, such as the centrosome [3, 118]. Microtubules serve
as tracks for kinesins (move towards plus-end) and dyneins (move towards minus-end) motor
proteins [118]. The cell cycle dramatically influences microtubule organization: Interphase
microtubules are long and stable, whereas mitotic microtubules are much shorter and more
dynamic [3, 118]. Microtubules can sustain both compression and tension, which makes them
useful for asymmetrical cellular processes, such as mitosis [118].

Individual actin filaments (also known as microfilaments) are more flexible than microtubules,
however, organized in cross-linked bundles by a variety of accessory proteins, they are able
to bear high compressive forces and tensile stresses produced by myosin motors attached to
them [3, 118]. Actin filaments (F-actin) are two-stranded helical polymers with a diameter
of 5-9nm, composed of globular actin monomers (G-actin) [3]. Actin filaments can grow up
to 100 um long, with a persistence length of about 17 um [63, 109]. The actin monomers
assemble in a similar fashion as the tubulin subunits do, and thus the created actin polymer
attains a distinct polarity. One end of the actin filament is called the barbed end, the other
one the pointed end. The barbed end is anchored in the plasma membrane, and myosin
motors, connecting filaments, pull on them in direction towards the pointed end [118]. Actin,
myosin and actin accessory proteins form stress fibers that apply tension between the ad-

hesive junctions on the cell membrane, where cell-cell contacts or cell-matrix contacts are
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established [118]. These motor proteins are required for the locomotion of most cells and
regulate actin assembly and disassembly during motion. Although actin filaments are dis-
tributed throughout the cell, they are most prominent beneath the plasma membrane, where
they form a cortical network (actin cortex) that reinforces the membrane. The thickness of
this actin cortex varies among different cell types from a monolayer of actin filaments up to
multiple layers with a thickness of 1 um [3, 118]. Polymerization and depolymerization of
cortical actin contributes to the extension of cell protrusions and cell locomotion. In resting
cells, only about half of the actin is polymerized. A large pool of unpolymerized actin allows
cells to respond rapidly to environmental changes [118]. Incoming stimuli are transduced into
cellular signals which specify the time and location for the assembly of specialized actin-based
structures [118]. The important tasks of actin-based structures can therefore be summarized
as: a) the stabilization modulation of the plasma membrane, b) cell locomotion and c¢) the
strengthening of adhesive contacts between cells and their substrates [118].

In order to sustain large stretching forces, cells need a third cytoskeletal component, the in-
termediate filaments. Intermediate filaments are flexible polymers with a diameter of about
10nm and a persistence length of about 1 pgm [91]. The main role of intermediate filaments
in the cell is to act as tendons and prevent excessive stretching of the cell under the influence
of external forces [3, 118]. While the building blocks of actin filaments and microtubules
are conserved, there are many different proteins involved in the formation of intermediate
filaments in vertebrates. It was found that most cells express predominantly one class of inter-
mediate filaments, e.g. epithelial cells express keratin, muscle cells desmin, and mesenchymal
cells vimentin, and that the protein expression depends also on the differentiation stage of
the cell [118]. The different composition of intermediate filaments could therefore account to
some extent for the different mechanical properties observed in different cell types. Individual
intermediate filaments bundle themselves by self-association or are held together by acces-
sory proteins. Vimentin filaments are bundles by the cross-linking protein Plectin, which also
links the bundles to microtubules, F-actin and myosin II. Furthermore, Plectin is involved
in the attachment of intermediate filaments to adhesive junctions in the plasma membrane,
through which they can transmit mechanical forces to other cells and to the extracellular
matrix. Mutations in the gene encoding for Plectin cause severe defects in mice and humans,

involving blistered skin, muscular dystrophy, neurodegeneration and early death [3].

2.1.2. Cell mechanics

Studying the rheological properties of cells and their cytoskeletal components is crucial
for an understanding of cell motility and cell-cell interactions in multicellular aggregates.
The behavior of individual cells is determined in a complex way by the cell membrane and
its associated actin cortex, and by the internal cytoskeleton and their associated proteins.
As mentioned in section 2.1.1, the cytoskeleton is a highly dynamic system with an intrin-
sic polarity. Furthermore, the cytoskeleton-associated motor proteins are able to actively
generate forces by converting chemical energy in form of ATP into mechanical energy. Dif-

ferent approaches have been taken in the past to measure the dynamical properties of the
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cytoskeleton in vitro and in vivo. Cytoskeletal filaments in solution, especially F-actin solu-
tions and networks, composed of actin filaments and accessory crosslinker proteins, have been
studied extensively by microrheology. Microrheology locally probes the sample over a large
frequency range by the study of microscopic tracer particles [27, 101]. Hereby, the complex
shear modulus, G*(w), is measured, which characterizes the material’s frequency-dependent
dynamics [27]. The probe particles are either actively manipulated, for example by magnetic
field gradients [175, 133], or the fluctuations of the particles are monitored [64, 60, 100]. In
[95], the authors measured cell intrinsic random stress fluctuations of the cytoskeleton by
studying the cross-correlated thermal motion of particle pairs (“Two-point microrheology”)
[27, 95]. These fluctuations are due to the active character of the cytoskeleton and its asso-

ciated motor proteins.

While these studies of cytoskeletal solutions and F-actin networks help us to gain a better un-
derstanding of the properties of the individual components, they have to be complemented by
studies in the living cell. Here, different methods are applied, including magnetic [165, 166, 14]
and optical tweezers [7, 8]. In these methods, micron-sized magnetic beads or gold particles
are injected or phagocytosed, and used to probe the cytoplasm in the living cell. These
studies allow to determine the cytoskeletal properties locally. Therefore, the heterogeneity

of the cytoskeleton in the cell can be studied and individual cellular organelles can be probed.

In order to investigate the properties of whole cells or the cells’ interaction with their envi-
ronment, different rheological measurements are applied that probe the cell from the outside.
These methods include optical tweezers [102, 28, 21], magnetic bead rheometers [15, 46, 47],
atomic force microscopes (AFM) [122, 112, 126, 127], micropipettes [45, 44] and microneedle
techniques [154], elastic substrates [138, 137|, optical stretchers [72, 73, 172, 99] and mi-
croplate rheometers [158, 35, 49](see Fig.2.2). A direct comparison of the results obtained
with the different methods is difficult. Since they all have their advantages and disadvantages,
different methods may be suited better for a particular question than others. Addressing the
same question with different tools may also elucidate different aspects of it, therefore the dif-
ferent techniques should be considered as complementary to each other [121]. Taken together,
these cell rheology studies showed that individual cells cannot be simply described by passive
viscoelastic behavior. Cell mechanics cannot be modeled by a finite number of springs and
dashpots (see section 2.3.1), because they show continuous relaxation spectra [121]. These
continuous relaxation spectra are a consequence of the active nature of the cells. For a recent

review on cell rheology, see [121].

2.1.3. Cell migration

Cell migration or cell crawling is exhibited by most cell types and requires the coordi-
nated activities of the three cytoskeletal filaments introduced earlier, together with a variety
of accessory proteins and molecular motors [3]. The understanding of cell migration is im-

portant for embryogenesis, wound healing, tissue maintenance, immune system function and
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cancerous diseases. For a cell to crawl, it needs an adequate substrate to which it can adhere
and exert traction forces via molecular motors [3]. Cell migration is a complex process that
depends strongly on the actin cortex beneath the plasma membrane and associated myosin
motor proteins. The active and contractile behavior of the cytoskeleton drives cell motion by
a continuous consumption of chemical energy in the form of ATP molecules. Cell locomotion
must therefore be described in terms of a polar active gel as presented previously [92]. For a
review on actin dynamics during cell crawling, see [123].

Cell locomotion can be divided into three main steps [3]: Protrusion, in which actin-rich
structures are extended in the direction of migration (leading edge), attachment, in which
the cytoskeleton connects with the substratum, and traction, in which the rear of the cell
contracts and bulk cytoplasm is moved forward. As new focal contacts are formed in the
front, old contacts are disassembled in the rear and the cell crawls forward. This cycle can
be repeated continuously, allowing the cell to move over large distances, as for example seen
in the migration of neural crest cells in vertebrates [3, 96].

Well studied systems of cell migration and cell traction forces include keratocytes [26, 156, 4]
and fibroblasts [41, 33, 107]. Although the basic principles are the same, the movement of
cells in cell sheets and multicellular aggregates is much less studied than single cells, probably
because it is experimentally and analytically more challenging and the interactions between
cells and their environment are highly complex. The migratory behavior of an individual cell
in a multicellular aggregate will depend not only on mechanical cell-cell and cell-substrate
interactions, but could also be influenced by cell-cell signaling and chemotactic gradients
within the aggregate. However, the study of cell migration within a multicellular aggregate
or tissue is crucial for a better understanding of morphogenetic processes such as embryonic

development, tissue formation, wound healing, and cancer.

The study of cell migration within multicellular aggregates allows us to investigate phenom-
ena on the mesoscopic scales of individual cells. One of the main questions in this context is
whether cells within multicellular aggregates perform a persistent random walk or whether
they show special behaviors, which arise from their active character. There are several stud-
ies which report such diffusive cell motion [124, 103, 18], but there exists also at least one
publication showing anomalous diffusion indicating collective cell behavior [164]. All of these
studies, however, have been carried out in two dimensions or were carried out on single cells
crawling in three-dimensional collagen gels [34, 134]. The work presented in this thesis is to
my knowledge the first study on 3D migration of cells within three-dimensional multicellular

aggregates.

2.2. Cell adhesions and cell-cell interactions

The overall architecture of mature tissues is determined by the mechanical properties of
the cells composing it, together with the specific adhesion of cells to each other and to the
extracellular matrix (ECM) [3, 74].
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2.2.1. Biological structure of cell-cell and cell-matrix adhesions

The ECM is a complex network of macromolecules, including collagens, fibronectins,
laminins and proteoglycans, whose main function is to form a supporting framework for
cells and tissues [3]. The nature of the cell-cell adhesion contributes to the functionality
of mature tissues: The manner in which two cells bind to each other is different in the
endothelium than e.g. in muscles. The adhesion machinery can differ substantially in different
tissues, but cell adhesion has common features across cell types and classes of adhesion
molecules [52]. Four large distinct families of adhesion molecules exist, of which three are
primarily responsible for mediating cell-cell adhesion (called CAMs). These are the calcium
dependent classic cadherins, the immunoglobulin cell adhesion molecule family (Ig-CAM),
and the selectins [118, 52]. The fourth family are the integrins, which mainly mediate cell-
ECM interactions. Cell-cell and cell-ECM contacts occur at specialized cell junctions, which
can also be classified into four types. While tight junctions create a seal between adjacent cells
to limit the diffusion of ions and small molecules, gap junctions, have the opposite role: they
provide channels for the exchange of small molecules between cells [118]. Another type of cell
junctions consists of adherens junctions and desmosomes, which use different cadherins to link
two cells together. In adherens junctions, the cytoplasmic domain of the cadherins is linked to
the actin cytoskeleton, and in desmosomes, it is linked to intermediate filaments. The fourth
junction type includes integrin mediated focal contacts and hemidesmosomes, which establish
contacts between cells and the ECM [118]. Similar to cadherin mediated adhesion, integrin
mediated adhesion works through anchoring proteins sitting on the cytoplasmic surface of
the plasma membrane that connect the adhesion molecule to actin or intermediate filaments.
During development and tissue morphogenesis, coordinated changes between cell-cell and cell-
ECM adhesions are strictly regulated, probably through an active cross-talk between integrin-
mediated focal adhesions and cadherin-mediated cell-cell contacts [118]. Both, integrins and
cadherins do not only work as adhesion mediators, but are also involved in signalling pathways
which regulate their effect [74]. Figure 2.3 shows an illustration of the different types of
adhesive binding mechanisms in a mature tissue [3]. The classic cadherin molecules [153,
75, 23] clearly mediate the most important and ubiquitous types of adhesive interactions
between cells. Classic cadherins are calcium-dependent molecules that interact primarily
homophilically, i.e. E-cadherin with E-cadherin and N-cadherin with N-cadherin. Strong
evidence has been found, however, that heterophilic cadherin binding occurs frequently [40,
55, 75], and that the binding strength of heterophilic bonds is comparable to homophilic
bonds for certain cadherins [55, 56, 108, 120].

During embryogenesis, cell movement and tissue formation depend on the bonds formed
between certain neighboring cells but not between others. For a tissue to form, the free
edges of cells have to approach each other and establish cell-cell contacts. Cells usually
establish the initial contact via cell extensions, such as filopodia and lamellipodia. These
first physical contacts are then stabilized by classic cadherins. Successively the adhesive
contact broadens and matures into a full adherens junction, which is strengthened through the
linkage between the cadherins and the actin cytoskeleton [155]. Although the establishment
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Figure 2.3: Summary of adhesive mechanisms linking two cells or a cell to the ECM. Integrins and cadherins
are involved in nonjunctional as well as in junctional adhesive contacts. The insert shows various junctional

adhesive contacts between cells in a freeze-fracture electron microscopy picture. Illustration taken from [3].

of adhesive contacts between cells seems to be independent of the linkage to actin, the linkage
is crucial for the stabilization of the junction, and for the production of forces which allow for
cell shape changes and/or cell movements [75]. The linkage of cadherins, their cytoplasmic
anchoring proteins (catenins) and the actin cytoskeleton was recently found to be a highly
dynamic process [173]. This finding raises the question whether additional anchoring proteins
are involved in the connection between catenins and the actin cytoskeleton, since it is difficult
to believe that a strong adhesion complex can be established if the different subunits are not
stably connected. The molecular details of bond formation between two adhesion molecules
is a subject of ongoing research. Most models up to date suggest that bond formation is not
instantaneous, but relies on the diffusion and accumulation of the involved molecules within
the plasma membrane [52]. The current view is that cadherins mediate adhesion by first
associating with cadherins on the same cell surface to form lateral cis-dimers. Then, they
adhere to a similarly formed complex on an adjacent cell to form a trans-adhesive bond. Since
cadherins are composed of several subunits, this trans-adhesive bond formation can include
several binding steps. It has been shown that cadherins form multiple bound states with a
differing number of bound subunits and thus differing binding strengths [120].
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2.2.2. The strength of adhesive bonds

At a time where adhesion molecules acting between cells were just beginning to be discov-
ered, Bell developed a theoretical framework for the adhesion mediated by reversible bonds
between cell surface molecules [17]. The following considerations about the strength of ad-
hesive bonds are based on his classic paper [17] from 1978.

Adhesive bonds between two CAMs are dynamic and continuously assembled and disassem-
bled. Bond stability is determined by small free energy changes, associated for example with
van der Waals interactions between them. Bond formation is reversible, i.e. no force is needed
to break a bond, instead one only needs to wait sufficiently longer than their lifetime 7y, and
the bond will come apart by itself. However, since CAMs often form complexes in cell-cell
junctions, many CAMs might be bound simultaneously, and the probability that they are
all unbound at a given instance in time is very small. Thus, in order to disrupt an adhesive
bond, a force has to be applied, sufficiently strong to separate the two molecules from the

energy minimum to the distance of separation rg, where the minimum has vanished:

E
Fpull = =0 (21)
To

Here, Ej is the free energy change on binding and 70 is the range of the energy minimum,

such that for a force F' the minimum has vanished. With Ej in eV and ry in nm, one obtains:
-5 Ey

Fpuy =1.6-107°— dynes per bond (2.2)
70

Thus, by knowledge of the binding cleft of an adhesive bond and the free energy change on
binding, Ejy, one can estimate the force needed to break the bond. For the description of two
adhering cells that are connected by many reversible adhesive bonds and stressed by a force
F, tending to separate the cells, Bell introduced an equation for the lifetime of an adhesive
bond, which comes originally from the description of solid-solid adhesion:

[Eo—’YF]>

i (2.3)

T:ToeXp<

In the context of adhesive bonds between two cells, 7y is the natural lifetime of such a bond,
Ey is the bond energy, F' the applied force per bond, and v must be approximately ry so that

T:TowhenF:%

. One can use EQ.2.3 to determine the time it takes for an adhesive
bond to dissociate under a constant force. Since bond lifetime is a statistical quantity, many
measurements are required to obtain the probability distribution of the bond lifetime as a
function of the applied force. Fitting the average of the obtained probability distribution
to EQ.2.3 provides values for 79 and v [52]. The group of Evans has confirmed this time-
and loading rate -dependence of molecular adhesion forces experimentally [43, 16]. The time
and force dependence of adhesive bonds is in contrast to equilibrium binding affinities, where
rupture strengths are constant [43]. Cell-cell adhesion is therefore a continuous process of
association and dissociation of molecule bonds that changes considerably under stress. One
can therefore only discuss interfacial forces when discussing cell-cell adhesive interactions, not

interfacial energies. Cells in a tissue are seemingly under static stress, however, forces still
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build up slowly over time on the individual bonds that connect neighboring cells until these
bonds break and the load is shifted to other bonds. The stress balance herein is achieved
through the formation of new bonds, which are driven by cytoskeletal movements, resulting
in a dynamic process of bond loading, failure and new formation [42]. For a recent review on

adhesive bond dynamics, see [42].

2.3. Material properties of tissues

Although tissues are active gels, they can under certain conditions be described by the
same mathematics as passive fluids. These conditions are fulfilled for an isotropic tissue, i.e.
the tissue is not polarized and cell divisions as well as the cell motion within the tissue are
random. Under these conditions, the tissue can be described in terms of a passive viscoelastic

material.

2.3.1. Viscoelasticity

When a viscoelastic material is deformed, it behaves like an elastic solid on short time
scales, and it exhibits viscous liquid properties on long time scales. This complex response
to an applied stress or strain can be modeled by mechanical systems composed of elastic
and viscous elements. The elastic behavior of the material is hereby modeled by Hookean
springs and the viscous part by damping elements (dashpots) [65, 59]. The spring reacts
instantaneous and proportional to an applied stress o. For small deformations, a linear

stress-strain relationship holds according to Hooke’s law:
o(t) =Ye(t) (2.4)

where o is the applied stress, and € is the strain [59]. The proportionality factor Y is called
the modulus of elasticity or Young’s modulus and has the units Pascal (Pa) (1 Pa = 1 Nm~2).
After stress removal, the spring jumps instantaneously back to its relaxed state (Fig.2.4,
model A). The dashpot behaves as a Newtonian fluid, i.e. the viscosity is independent of the
strain rate, v, and has a delayed response to the applied stress. It slowly elongates with a
constant velocity. Upon force removal, the dashpot does not go back to its original state, but
remains at its new elongated position (Fig.2.4, model B). The stress - strain rate relationship

of the dashpot is given by [59]:
o(t) = () (2.5)

The unit of viscosity is Pa-s or Poise (P), with 1P =0.1Pas.

The simplest viscoelastic model is the Maxwell model, where a Hookean spring and a dash-
pot element are combined in series. When a step stress is applied to such an element, the
spring elongates instantaneously, followed by a second continuous and slower elongation of

the dashpot. Upon force removal, the spring relaxes, but the dashpot remains in position,
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Figure 2.4: Mechanical models to describe elastic, viscous and viscoelastic materials. A-C illustrate different
mechanical elements together with their strain response curve to an applied step stress shown in the upper
most panel. (A) is a Hookean spring, (B) a dashpot element and (C) a Maxwell element. Illustration modified
from [65].

leading to a higher strain state than the original one (Fig.2.4, model C) [65]. The dynamics

of the Maxwell system can be described by the following differential equation:

o o
==+ — 2.6
W=+ 7 (2.6)
with u the total extension of the system. The dot denotes differentiation with respect to time

[65, 59]. EQ.2.6 can also be written as:

d du
1 — =nN— . 2.
< +Tdt>a o (2.7)

Here, 7 is the relaxation time of the Maxwell system:

Ui
T=y o (2.8)

EQ.2.8 shows that the elastic modulus and the viscosity are directly linked by the relaxation
time of the system.

We will now solve EQ.2.7 for the case of a stress relaxation experiment, where a step strain
is applied to the Maxwell element. This scenario will appear later in chapter 4 when the
dynamics of tissue surface tensiometry experiments are analyzed. The initial condition for

the Maxwell system is that the stress applied at ¢t = 0 affects the spring, but not the dashpot:

u(0) = Vv (2.9)

The deformation u(t) of the aggregate is given by the constant deformation u times the unit
step function O(¢):
u(t) = uO(t) (2.10)
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with:
0 fort <0
Ot)=1{ 1/2 fort=0 (2.11)
1 fort >0

The solution to the differential equation EQ.2.7 is thus given by a single exponential with

relaxation time 7 and constant deformation u [59]:

o(t) = Dwe " = Yue t/" (2.12)
T
While the spring represents the elastic or energetic component of the response of such a
viscoelastic system, the dashpot represents the conformational or entropic component. The
magnitude of the spring constant is related to the fraction of mechanical energy stored re-
versibly as strain energy, whereas the dashpot visualizes the loss of energy due to dissipation
[65]. When the Maxwell material is subjected to periodic oscillations, one can determine the
complex frequency-dependent modulus G*(w), that we mentioned already in section 2.1.2.
The complex shear modulus of the Maxwell system is given by [59]:
iw 1\t
G'(w)=iw | —= +— . 2.13
@=io(G+1) (2.13)
Here, G is the plateau shear modulus. G* can be written in terms of the loss modulus,
G"(w), and storage modulus, G’'(w), which correspond to the dissipated and stored parts of

the mechanical energy in the system:

G*(w) = G'(w) +iG" (w) (2.14)

In order to determine which model describes the properties of a given viscoelastic material
best, the material characteristics must be determined experimentally by a creep experiment,
a stress-relaxation experiment or a dynamic loading experiment (application of a sinusoidal
stress). In a creep experiment, a constant tensile stress is applied to the material and the
strain curve is recorded as a function of time. In a stress-relaxation experiment, a constant
strain is applied and the stress relaxation over time is recorded. In a dynamic loading exper-
iment, a periodic oscillation is applied to determine the complex shear modulus. The optical
stretcher experiments in chapter 6, which were used in this work to measure the viscoelastic
properties of individual cells, are an example of creep experiments, whereas the tissue surface

tensiometry experiments in chapter 4 are stress-relaxation experiments.

2.3.2. Physics of Newtonian fluids

As mentioned earlier, tissues are active complex fluids, which can be described in terms of
passive complex fluids when no anisotropy is present in the system. Furthermore, as shown in
section C.1, for time scales much longer than the relaxation time of a viscoelastic material, it

can be treated as a simple Newtonian fluid. Newtonian fluids are characterized by a constant
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viscosity, 1, given by EQ.2.5. The viscosity depends only on temperature, pressure and the
chemical composition of the fluid. In this section, we will discuss the physics describing

Newtonian fluids, which will be applied for the description of tissue behavior later.

Equation of motion for a Newtonian fluid

The viscous flow of a Newtonian fluid is generally described by the Navier-Stokes equation
[69]:

—

3}
p <3: + (UV) 17) =pF, — Vp+nV37 . (2.15)

Here, the first term on the left represents the local acceleration of the fluid particle at a
fixed point in space. (U'V)¥ is the convective acceleration, which is cause by a change in
flow from one space location to the next at the same instant in time. pFj, with p the fluid
density, represents the acceleration due to body forces acting on the fluid, such as gravitation.
Vp is the acceleration due to a pressure gradient, and nV>24¥ is the viscous deceleration due
to internal friction [69]. In the case of very slow fluid flow and large viscosities, the total

acceleration .
Dv  0v

Dt ot
and the acceleration due to gravity are both zero. This reduces EQ.2.15 to the Stokes equation
[69]:

+ (V)T (2.16)

1 1
—Vp = -—nV?7 (2.17)
p p

The kind of flow described by the Stokes equation applies when the inertial forces are small
as compared to the viscous forces. The Reynolds number, which describes the ratio of inertial

forces to viscous forces,
pv?L?

R
c nuL

(2.18)

is very small, i.e. Re < 1 [69]. For tissue flows, where inertia does not play any role, the
Reynolds number is very nearly zero and EQ.2.17 applies. Since tissues can also be regarded
as incompressible, it follows from the continuity equation (conservation of mass)

dp

o TV () =0 (2.19)

that V@' = 0 [69]. This description of fluid dynamics will be applied in section 5.5 to estimate

the velocity of tissue flow.

Surface and interfacial tensions

The two important quantities which characterize the macroscopic properties of a New-
tonian fluid are its viscosity, 1, and its surface tension, o. Surface tensions arise at the
interphase between the liquid and a gaseous phase from an imbalance between the forces
exerted on the surface molecules by their neighbors within the liquid and within the gas

phase. While bulk molecules experience equal forces in all directions due to the surrounding
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neighbors and thus experience on average zero force, surface molecules experience a weaker
force from the gaseous region on one side than of the liquid phase on the other side. Con-
sequently, the energy of the surface molecules is higher than the energy of the liquid bulk
molecules, and the surface molecules experience an average force directed into the liquid bulk,
with the effect of reducing the liquid surface as much as possible, i.e. to reduce the surface
free energy [65, 81]. Surface tension, the force in dynes (1 dyne = 10 uN) required to break a
liquid film of length 1 cm is thus identical with the work in erg, which is required to increase
the surface of a liquid against a gaseous phase by 1 cm? [65]. If the two phases are identical,
i.e. liquid-liquid instead of liquid-gas, the arising tension is called interfacial tension instead
of surface tension [81, 65]. Since the minimal surface and thus minimal energy configuration
for a liquid of a given volume is a sphere, the liquid will spontaneously assume a spherical
shape - in the absence of other forces. The radius of the liquid drop is determined by the

equilibrium between the surface tension, o, and the pressure, p, inside the drop:

_20

P (2.20)

r

The Laplace equation EQ.2.20 shows that small drops have large excess pressures and vice

versa [81].

When a liquid drop makes contact with a solid (or another liquid, with which it is im-
miscible), it will attain a geometry, which is determined by the interfacial tensions at the

phase boundaries of solid-liquid-gas (see Fig.2.5). At force equilibrium, the contact angle ¢

L.g

liguid
\

solid

contact angle

s.d

Figure 2.5: Contact angle at the interphase of a gas (g), a liquid (1) and a solid (s). The contact angle is
determined by the interfacial tensions along the phase boundaries.

between the tangent planes to the liquid and the solid along the line of contact is determined
by the Young equation:

Og + 019 Ccosp— 059 =0 . (2.21)
Here, o is the interfacial tension between the solid and the liquid, oy, is the interfacial tension

between liquid and gas, and o4 is the surface tension between the solid and the gas phase [81].

Since the interfacial tension between the liquid and the solid is equivalent to the work, Wy,

required to separate a unit of this solid-liquid interphase, with:

Wy = Osg + Olg — Og1 (2.22)
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EQ.2.21 can also be written in terms of energy [81] and is then called the Dupré equation:
Wy = 014(1 + cos ¢) (2.23)

There exist two extreme cases of the contact angle ¢ for which the equilibrium of the three
phases cannot be achieved. In the case of ¢ = 0°, the liquid completely wets the solid and
[81]:

Wy = 204 (2.24)
The other extreme is ¢ = 180°. In this case, the liquid does not wet the solid and Wy = 0.

Alternatively, one can also describe these two cases in terms of surface tensions, using EQ2.21:

0sg > 05+ 01y Complete wetting (2.25)
g > 0s9+ 014 No wetting (2.26)

These considerations also hold for two immiscible liquids [81].

The immiscibility of two liquids is determined by their surface tensions and the type of
molecular interaction between the liquid molecules. Water molecules for example are held
together by strong dipole-dipole interactions. Water is thus called a polar liquid, and other
liquids mixing with water are called hydrophilic. Water has a surface tension of 72.8 dyne/cm
at 25°C [65]. Ethanol (CH3CH2OH) is a medium polar liquid with a surface tension of
22.3dyne/cm [65]. Olive oil is nonpolar (lipophilic), with a surface tension of 33 dyne/cm at
25°C [62]. Although both ethanol and oil have a lower surface tension than water, they behave
very differently when intermixed with it due to their different degree of polarity. Water and
ethanol form a homogenous mixture, which arises from the ability of the OH group to form
hydrogen bonds with the water molecules. In contrast, mixed water and oil will separate into
two distinct areas, with the oil forming a film on the water surface. The reasons for this film
are a) that water molecules bind strongly to each other due to the dipole-dipole forces, and
b) that the water molecules induce a dipole moment in the oil molecules, which attracts them
stronger to the water molecules than to their own kind. Thus, to predict the interaction of
two liquids, knowledge of the polarity and of the involved surface tensions is necessary. As
we will see later, polarity in the same sense does not exist for (most) tissues, leaving us solely

with surface tension as the determinant of tissue-tissue interaction.

Liquid behavior is governed by viscosity and surface tension

Viscosity and surface tension together determine the fusion of liquid drops or the rounding
up of an ellipsoid drop into a sphere. Studying the time development of these processes can
therefore be used to measure the viscosity of a given liquid by knowledge of its surface tension
and vice versa. In 1945, Frenkel provided a theoretical description for the sintering of metals
[57]. By equating the rate of work done by surface tension to the rate of energy dissipation due
to viscous flow, he found that the neck radius a, that is the radius of the circular contact area
of two coalescing spherical drops, increases proportional to the square root of the sintering

time t [57, 98]:
ot

=4/— 2.27
= (2.27)

=V IRS
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Here, a is the neck radius, R is the mean initial radius of the drops, o is the surface tension, ¢
the time, and 7 is the viscosity. Fig.2.6 shows the process of this fusion process for the exam-
ple of two oil drops. As we will see later, the fusion of two spherical multicellular aggregates

strongly resembles this process, although it takes place on a completely different time scale.

. LV
5O §
Figure 2.6: The fusion of two oil drops, swimming on a water surface, due to the smaller density of oil, is

driven by surface tension and obstructed by the oil’s viscosity. The red square in A marks the two drops.

Time development goes from A-F. Images are snapshots of a homemade movie.

Similarly, Young showed in 1939 that the viscosity can be calculated from the rounding-
up of an ellipsoid viscous drop into a sphere [174]. This rounding-up process is, analogous
to the sintering process, driven by surface tension and resisted by the viscosity of the tissue
aggregate. If we assume that the aggregate forms an ellipsoid of revolution, i.e. an ellipsoid

which was generated by the rotation of the ellipse

22 2P

+5 =1 (2.28)

a? b2

around the z-axis, then the ratio of the axes, r = 3 ought to change according to:

dr 1o 3 A\ B
@~ (s 2
r2(4 —7r?) | sin7(r? - 1)%/7“
2y 1
[ " 2 — 1|z { In[(1+ (1 —r2)z)/r] H
= L% (2:30)
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with v = %ﬁabQ the volume of the ellipsoid. The upper term in the curly brackets is taken
for r > 1 (prolate ellipsoid), the lower for » < 1 (oblate ellipsoid) [67, 174].

Under the assumption that tissues can be treated as Newtonian fluids on long time scales, tis-
sue viscosities can also be estimated by the described methods. At a time when tissue surface
tension had not yet been determined quantitatively, Gordon et al. estimated tissue viscosities
based on these two methods, fusion and rounding-up, assuming tissue surface tension in the
range of 1-30 dyne/cm [67]. They obtained tissue viscosities of the order 10° — 107 Poise [67].
In [67] the rounding-up of a viscous ellipsoid into a sphere is expanded to the case of viscous
environments. This allows one to calculate the tissue viscosities for tissues within tissues,
and was applied previously to estimate the viscosity of two-dimensional hydra cell aggregates
[125]. The viscosities determined in [125] were of the order 10° Poise, in agreement with the

earlier estimates.

2.4. Tissue surface tensions and differential adhesion

In the middle of last century, the embryologists Holtfreter and Townes tried to explain
the self-organization of tissues in the amphibian embryo, and they came to the conclusion
that the transformation of a single fertilized egg into a patterned body was due to a certain
Gewebeaffinitdt (tissue affinity) [78, 79]. Support for this idea had come from cell culture
experiments, in which Holtfreter had shown rounding-up of tissue fragments, the spread of
one tissue over another and the sorting out of completely dissociated cells, rearranging in a
formation which would resemble the correct anatomical structure in the amphibian embryo.
Furthermore, the various cell types investigated did not only have specific affinities for one cell
type but not another, they also preferred particular positions within a multicellular aggregate
[149, 151]. Various mechanisms were suggested to account for these observations (see [5, 149]
for a review), but so far only the Differential Adhesion Hypothesis (DAH) proposed by
Steinberg was able to explain all the data [5, 149].

The central idea of the DAH is the analogy between biological tissues and ordinary liquids.
The DAH proposes that tissues can be treated as Newtonian liquids on long times scales,
since they are composed of motile, cohesive subunits (cells) and show typical fluid behavior.
Examples of such tissue fluid behavior is the rounding up of tissue fragments into spheres
(see movie 8 in Appendix D) or the fusion of spherical aggregates composed of the same
tissue type (see movies 3-5, Appendix D) into even larger spheres. A direct consequence
of treating biological tissues as Newtonian fluids was to attribute to them surface tensions
that would determine their mutual interaction in culture. Cell sorting was therefore the
analog process to the breaking up of a heterogenous fluid mixture. Tissue immiscibility
of two tissue types arose from differences in their surface tensions. We have introduced
surface and interfacial tension for ordinary liquids in section 2.3.2. Since tissues are never
in thermodynamic equilibrium, surface energy concepts do not apply, but configurations of

force equilibrium exist also for a nonequilibrium system. Thus, the concept of surface tension
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as a force per surface length can be introduced for living matter. Analogous to the liquid-gas
scenario, the term surface tension is used to describe the forces acting along the interphase
between a tissue and the cell culture medium, and interfacial tension is used to describe
the forces acting along the interphase between two tissues. The DAH proposes further that
tissue interfacial tensions arise from specific differences in the “cohesiveness” of the involved
tissues [53, 51, 149]. Cohesiveness in this context is thought to be determined by the intensity
of adhesion between cells [56], where the intensity is given by the surface tension. Strictly
speaking, the forces acting between the tissue’s constituent cells would have to be determined
experimentally to measure the cohesive forces between them and thus “tissue cohesiveness”.
So far, this task seems to be inexecutable for cells in tissues. Experiments exist only on the
single cell and/or single bond level, see section 2.2.2. The measurable macroscopic quantity
which is a direct consequence of the molecular cohesive forces is tissue surface tension. Thus,
tissue cohesiveness in terms of the DAH means tissue surface tension and does not include
information about the cohesive forces between individual cells. In this context, the minimal
surface configuration of a tissue is equivalent to a state of adhesion-maximization, which
is similar to an ordinary liquid, achieved in the rounding-up into a sphere [152, 150]. A
heterogenous mixture of cells on the other hand will sort out according to the relative surface
tensions of the mixed cell populations, in which the cell population possessing a higher surface
tension will form a compact sphere, enveloped by the less cohesive cell population [149, 53]. It
was shown experimentally that the process of de-mixing of a heterogenous cell population is
identical to the process seen in ordinary liquids. In both cases, the breaking of a heterogenous
mixture is achieved through coalescence, i.e. first small islets of the more cohesive type form
within the mixture, then fuse upon contact and build larger islets, and finally attain a stable
configuration with the more cohesive phase surrounded by the less cohesive phase [149]. In
summary, all behaviors displayed by embryonic cell populations mimicking the behaviors of
ordinary immiscible liquids could be explained by the DAH. These included (after [149]):

e 1. The rounding up of irregular shaped tissue fragments toward a spherical shape.

2. The spreading of one tissue mass over the surface of another.

e 3. The sorting of heterotypic cell mixtures to approach a particular anatomical config-

uration.

4. The pathway by which this cell sorting proceeds (coalescence of smaller islets to

form larger ones).

5. The approach to the same final anatomical configuration by alternative pathways,

e.g. cell sorting and tissue spreading.

6. The hierarchical ranking of tissues’ tendencies to envelop one another.

The group of Steinberg applied centrifugal forces to tissue aggregates in order to measure the
relative surface tensions between different chick embryonic tissues, and they could demon-

strate that tissue sheets as well as round tissue aggregates assumed the same final config-
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uration in these experiments [113, 115]. Different tissue types showed different degrees of
“roundness” for the same force. This implied that they differed in their surface tensions,
since the centrifugal force tending to flatten the aggregate was balanced by the tissue surface
tension trying to round the aggregate up [115]. The relative surface tensions of the investi-
gated tissues corresponded precisely with the experimentally observed mutual envelopment
[115, 149]. In these centrifugal experiments, the material properties of the tissues were also
addressed qualitatively, and the viscoelastic nature of tissues experimentally documented
[116, 117]. The first absolute values of tissue surface tension were obtained by Davis et al.
[32] for subsurface amphibian ectoderm, mesoderm and endoderm [149]. Furthermore, with
the development of the tissue surface tensiometer (TST), it was demonstrated that the rela-
tive values of tissues surface tensions consistently predicted the mutual spreading tendencies
of tissues [53, 54, 51, 152]. Fig.2.7 shows the surface tension values and mutual sorting be-

haviors of five different chick embryonic tissues from the classic paper by Foty et al. [54]. In

Tissue Surface Final configuration
Tension
Limb
bud

20.1

Pig.
Epith.

Heart

Liver

N. retina

Figure 2.7: Chick embryonic tissue surface tensions were determined by TST. The surface tension values are
increasing more than an order of magnitude from neuronal retina tissue to limb bud tissue. The envelopment
hierarchy corresponds exactly with the measured tissue surface tensions and confirms the transitive hierarchy

of surface tensions and cell sorting. Image modified from [54]

recent experiments, cell-cell adhesiveness was specifically modified in identical cells. In these



2.4. TISSUE SURFACE TENSIONS AND DIFFERENTIAL ADHESION 27

experiments, three possible scenarios of sorting were illustrated, whose realization depended

on the amount and type of adhesion molecules expressed[40]:

e a Cells expressing different levels of the same or a cross-binding adhesion molecule
attained a sphere-within-a-sphere configuration. The tissue with the higher expression

occupied the interior position.

e b Cells expressing the same level of the same or a cross-binding adhesion molecule did

not sort out.

e ¢ An increased expression level of the exterior cell population from (a) leads to phase
reversal, and the cell population with the elevated expression level is now occupying

the interior position relative to the other population.

Figure 2.8 illustrates these three cases (a)-(c) for cells which were transfected to express

different amounts of E-cadherin (green) and P-cadherin (red). These experiments strongly

Figure 2.8: Cells expressing E-cadherin versus P-cadherin sort out only when they differ in cadherin expres-
sion level. In (A), E-cadherin expressing cells expressing less adhesion moleculed than P-cadherin expressing
cells, segregate externally in a sphere-within-a-sphere configuration. In (B) and (C), an inducible E-cadherin-
expressing cell line was used. In (B), E-cadherin expression was approximated to that of the P-cadherin cell
line and no sorting-out occurred. In (C), the E-cadherin expressing cell line was induced to an expression level
greater than that of the Pcadherin expressing cell line, and thus E-cadherin expressing cells now segregated

internally. Confocal images. Scale bar represents 100 um. Image from [40]

suggest that cell sorting is not per se caused by the expression of different adhesion molecules
in different tissues. Different levels of the same adhesion molecule are sufficient for cell sorting
to occur. According to (b), different amounts of adhesion molecules are also necessary for
cell sorting. Additionally, these data indicate that cell contractility (cortex tension) does not
play a role for cell sorting as suggested in [20, 76]. However, since the adhesion machinery
interacts with the cytoskeleton (see section 2.1), changes in the mechanical properties of the
transfected cells compared to the original cells are likely. These changes may not only be
influenced by the expression level, but also the types of adhesion molecules expressed. Ex-
periments with drugs affecting cytoskeletal components have been shown to influence tissue
surface tension as well as cell sorting behavior (R.A. Foty, personal communication). Thus,
it is difficult to completely separate cell mechanics from cell-cell adhesion, since they are
intertwined and contribute together to the macroscopic behavior of the tissue.

Interestingly, Foty et al. showed in 2005 that the measured surface tensions were directly
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proportional to the number of adhesion molecules expressed on the cell surface of originally
identical cells, when these cells were transfected to express various amounts of a specific ad-
hesion molecule [56]. These experimental findings strongly suggest that tissue surface tension
is directly governed by adhesion molecule expression levels and significantly strengthened the
concept of the DAH.

Different physical models were suggested to model the experimentally observed cell sorting.
The probably most prominent type of these models is a type of cellular automata approach,
the extended Cellular-Potts-Model (CPM) or Glazier-Graner-Hogeweg Model. Originally,
Potts introduced the Potts model as a generalization of the Ising model to more than two
spins to describe magnetic systems. The model was later extended as the large-Q Potts model
to describe grain growth in metals and coarsening in foams; here a single structure, such as
a bubble, could occupy several lattice sites. Glazier and Graner extended this model further
to the description of the sorting out of two types of cell populations based on differential
adhesiveness [68, 66]. In the CPM, cell motion is described in terms of local energy gradients
and not through equations of motion in terms of explicit forces [85]. The dynamics of the
system are based on the free energy minimization principle: Cells exchange positions with
higher probability if that exchange is energetically favorable (for details, see [68, 66, 85]). The
crucial step in the CPM is to formulate a Hamiltonian for calculating the probability for the
acceptance of the update of lattice sites. The CPM is thus an thermodynamic energy-based
model. Cell membrane fluctuations, which have been shown to be crucial for cell sorting,
are incorporated via temperature [103]. Based solely on these membrane fluctuations and
differential adhesion, it was possible to reproduce the experimentally observed cell sorting by
CPM [103, 85]. Together with its free availability on the web and the possibility of incorpo-
rating additional parameters, such as chemotaxis, haptotaxis, and changes in cell shape, size
or cell differentiation [147], the CPM became a successful model. However, the CPM is not
fully satisfactory, since it works on the concept of energy minimization, thus treating tissues
as passive fluids. As we have discussed earlier, this treatment works well under certain con-
ditions. Ideally, however, a model would be more general and treat tissues as active complex
fluids. An interesting approach in this direction for the description of three-dimensional cell
movement in multicellular systems has been proposed recently [110]. The model in [110] is
based directly on the forces acting between individual cells, which can have different charac-
teristics, including cell stiffness, cell-cell adhesion, locomotive force generation and response
to environmental cues. The cell characteristics are allowed to differ not only between differ-
ent cell population, but the exact response of an individual cell within a population can also
vary. Thus, the heterogeneity often found in biological samples is taken into account. For

the application of this model to cell sorting and TST data, 