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Symmetry breaking in regenerating hydra: The role of fluctuations and cell

mechanics

by Heike DOBICKI

The transition from an isotropic tissue to an anisotropic one is one of the first steps in
the development of multicellular organisms and not yet fully understood. While some
keyplayers of the molecular processes after the initial polarization are well known, the
discussion about the conclusive mechanism is ongoing. Here experiments investigating
de novo symmetry breaking in hydra spheroids suggest a mechanical basis of the self-
organized symmetry breaking process. Mechanical oscillations on several timescales,
fluctuations of the main axis orientation, and scale free behavior are connected to sym-
metry breaking. The process is closely linked to the cytoskeleton. Especially the presence
of polymerized microtubules is crucial during the establishment of the new symmetry.
A self- organization process based on inherent mechanical abilities that is able to induce
polarization and a link to the wnt-pathways that are known to play a role in establish-

ment of polarization is proposed.

Symmetriebruch in regenerierender Hydra: Die Rolle von Fluktuationen

und Zellmechanik

Der Ubergang von einem isotropen in ein ansiotropes Gewebe ist noch nicht vollig ver-
standen. Wahrend einige beteiligte genetische und molekulare Mechanismen der Polari-
sation bekannt sind, wird der zugrundeliegende Mechanismus des Symmetriebruchs noch
diskutiert. In dieser Arbeit wird die Fragestellung mit Hilfe von regenerierenden Hydra
Fragmenten untersucht. Es zeigt sich, dafl mechanische Fluktuationen der Symmetrie
und skalenfreies Verhalten im Zusammenhang mit dem Symmetriebruch auftreten. Der
zugrundeliegende Mechanismus steht in engem Zusammenhang mit dem Vorhanden-
sein von polymerisierten Mikrotubuli. Es wird ein mechanischer, selbstorganisierender
Prozess des Symmetriebruchs vorgeschlagen und eine Verbindung zu den bekannten wnt

pathways vorgeschlagen.
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Chapter 1

Introduction

Symmetry breaking and axis formation are among the first steps in evolution and em-
bryonic development of multicellular organisms. All multicellular organisms originate
from a hollow spherical isotropic tissue. During development, they break the initial
symmetry and form an elongated, asymmetric body. This process is concluded by the
formation of an organizing center that maintains the new symmetry. The formation of
this organizing center requires a concerted action of tissue cells. Without superordinate
structures, synchronization of the cells based on next-neighbor communication needs to
take place. The decision process that induces symmetry breaking is not yet understood.
Different species seem to have developed an individual solution to this decision problem,
which appears counterintuitive from an evolutionary point of view. In Xenopus, the
entrypoint of the sperm and the subsequent, microtubule mediated cortical rotation of
the cytoplasm dictate the dorsoventral axis [I]. In Drosophila, the maternally transmit-
ted asymmetry is irreversibly locked during oogenesis through a hierarchical series of
symmetry-breaking steps[2].

The decision process of the localization of the organizer has been discussed using different
models, as reaction diffusion, pre-patterning, asymmetric cell division, cell -migration
and -sorting, or the position of the individual cell in the embryo [3]. However, there is no
conclusive theory that describes the common mechanism on which all these symmetry
breaking processes are based and whether one exists. Coherent understanding of all
experimental findins, among them an observed stochastic fluctuations of RNA and Pro-
tein expression levels [4H6]. Recent publications [7, 8] suggest a mechanically induced
symmetry breaking, driven by the cytoskeleton in tissue and cells. The cytoskeleton is
an evolutionary very old structure found in all cells. A substantial part of the cytoskele-
ton, including tubulin structures, evolved before the last common prokaryotic ancestor
[9]. The cytoskeleton is therefore a good candidate for a common element in symmetry

breaking.
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An important molecular component in cell and tissue polarization is the genetic wnt
pathway, a complex signal transduction pathway which allows the cells to react to ex-
ternal influences. Brunet et al [7] showed that a cytoskeleton mediated mechanotrans-
duction process can cause the activation of the canonical wnt pathway by activating a
component downstream of wnt in zebrafish as well as drosophila. The canonical wnt
pathway is conserved throughout the eukaryotic superkingdom. Wnt and its associated
pathways play a role in both initial polarization and mesoderm invagination in bilateria
and the setting up and maintaining of an organizer in coelenterata [I0HI2].

Here I investigate symmetry breaking using hydra, a member of the coelenterata and
a model organism for early embryonic development[I13]. The fresh-water polyp consists
of a cell bilayer with a radial-symmetric body plan. Aggregates from single cells and
sufficiently small tissue pieces form hollow spheres that undergo osmotically driven os-
cillations [I4], break the initial symmetry and regenerate into fully functional, albeit
small adult polyps with a head and a foot. The role of the canonical wnt pathway in
the set up of the head organizer and in body plan maintenance of hydra has been quite
well investigated [15H20].

However, there is no consensus about the exact mechanism how and why the wnt head
organizing center is initially established at a specific location. In Hydra, the possibility
of a self-organizing framework for this process has also been introduced [21]. Gamba et
al. proposed a process based on self organized criticality that reproduces RNA expres-
sion fluctuations during regeneration as well as the influence of a temperature gradient
on the axis orientation [22].

Soriano et al. [23] presented a Turing model driven by the mechanical stimulus provided
by the osmotically driven oscillations. This approach has been refined by Mercker et
al., who postulate a feedback loop between tissue stretching, resistance to lateral tissue
stretch and the behavior of a head-defining morphogen [24]. This implies a connection
between mechanical behavior and symmetry breaking in hydra regenerates. However,
the exact nature and dynamics of the morphogen behavior is not settled yet. Tur-
ing mechanism, self organized criticality and curvature mediated approaches reproduce
experimental results equally well. The unifying factor is the mechanical tissue stress,
indicating a possible role of the cytoskeleton.

In this work, I investigate and confirm the hypothesis that the cytoskeleton plays a cru-
cial role in symmetry breaking of hydra regenerates.

Using video microscopy I find that within the investigated size range, hydra regenerates
adjust themselves to an ideal regeneration size. Below a critical size, symmetry is almost
always lost. Besides large osmotically driven oscillations, fast rhythmical trembling and
shape fluctuations play a role in symmetry breaking of hydra regenerates. 1/f noise
and power law distribution of the fluctuations are observed. A local mechanical stim-

ulus applied on the regenerate using a micropipette aspiration system determines axis

2



Introduction

orientation.

Investigations using confocal microscopy and application of cytoskeleton drugs reveal
the predominant role of microtubule polymerization. Large contractile actin structures
need to be absent during the symmetry breaking moment, but seem to play a role in
the subsequent elongation of the spheroid.

The results in this work imply a symmetry breaking process in hydra based on inherent
polarizing properties of the microtubule cytoskeleton that is stabilized by the subsequent
polarization of the actin cytoskeleton. From an evolutionary point of view, this suggests

that the cytoskeleton substantially contributed to the emergence of complex body plans.



Chapter 2

Fundamentals

2.1 Early embryonic development of animals

The existence of the animal embryo starts with the fertilization of the oocyte by the
sperm. First, a cleavage process, cell division without growth, occurs. This results in a
dense sphere of 16 cells called the morula. The individual cells in the morula that are
produced by cleavage are called blastomeres. After additional cell divisions and reor-
ganization, the blastula, a hollow sphere consisting of a cell monolayer, emerges. The
blastula undergoes a first symmetry breaking process that defines the mouth opening
in diploblastic animals, like hydra. In triploblasts, after the emergence of a hollow cell
bilayer sphere, gastrulation induces a mesodermal invagination at one specific location.
This leads to the formation of a hollow bilayer sphere with one opening. For this invagi-
nation, a synchronized movement and deformation of cells is necessary. At this point
the mechanical cues, among other signals, cause the differentiation of cells into different
germ layers [25] (section . The embryonic cells undergo their first differentiation
step. The role of the cytoskeleton in embryonic development is described in section
[26].
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2.2 Symmetry breaking in development of organisms

Multicellular organisms have several organizing centers that establish the axes of the
developing embryo [27]. The first organization step in embryonic development involves
a polarization of an isotropic cell aggregate and the subsequent development of an orga-
nizing center. The outcome of these processes is conserved. However, the biochemistry
and the mechanics of the process can vary, even within a phylum [28, 29].

Several mechanisms that lead to the emergence of the organizing centers have been pro-
posed:

Pre-patterning presumes an external factor to dictate the axis orientation [26]. Xeno-
pus, a frog, is an example for pre-patterning. The first body axis of the developing em-
bryo is defined by the entrypoint of the sperm into the egg and the subsequent formation
of the spermaster, which is a specialized centrosome. The consecutive spatio-temporal
organization of the fertilized egg is promoted by the arrangement of microtubules, which
establish dorso-ventral polarity [30]. Another example of pre-patterning is Drosophila
melanogaster. Depending on the position of the oocyte in the maternal body, molecular
determinants are asymmetrically localized within the oocyte and distributed differently
among the daughter cells.

The inside—outside model [31] proposes that the position of the cells within the
morula (section determines their fate. Cells on the outside differentiate into the
trophoectoderm, cells on the inside into endoderm. Mammalian embryos are completely
symmetric until the 8 cell stage. All cells have the same potential and are genetically
and morphologically indistinguishable [3]. They only differ in their position within the
embryo. No biochemical signal is needed in this model, the positional information alone
induces cell differentiation. However, the heterogeneity of cells in the morula cannot be
explained by position alone [4].

The cell polarity model [3] is based on the asymmetry of blastomere membrane do-
mains. Initially, the asymmetry stems from the orientation of cells within the division
plane, leading to a polarization into an apical and dorsal domain. The cells are capable
of dividing either symmetrically or asymmetrically, transmitting the apical domain to
either both or one of the daughter cells. Cells that inherit the apical domain grow into
trophoectoderm. However, no causal link between the orientation of the division plane
and the cell fate specifications has been shown.

Recent experimental results demonstrate the importance of stochastic mRNA fluctu-
ations during embryonic development and symmetry breaking [22, B2]. None of the

presented models takes these processes into account.
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In addition, all animals share a common ancestor that precedes the emergence of mul-
ticellular organisms, presuming a common mechanism underlying the breaking of sym-
metry.

Piccolo et al. proposed an explanation that the mechanics of embryonic development,
specifically at the onset of gastrulation, is evolutionary conserved [29]. Cytoskeletal
drugs (including nocodazole, section and blebbistatin) can arrest the early steps of
gastrulation in zebrafish as well as in drosophila [7, 33]. The effect can be rescued by
mechanical stimulation in drosophila and zebrafish. Current knowledge states that early
gastrulation is induced by the evolutionary highly conserved wnt pathways (see section
. However, mechanical stimulus results in wnt independent nuclear translocation of
[B-catenin. This demonstrates that mechanical stimuli can have an effect on embryonic
development and cell fate using a pathway that is evolutionary highly conserved. Me-
chanical stimulus is either independent or higher in the regulatory hierarchy (upstream)
of known biochemical pathways that play a crucial roles in gastrulation processes (see
section [2.4)), [7].

It is unlikely that every organism developed its own symmetry breaking mechanism dur-
ing evolution.

In support of this, van den Brink et al. observed that isolated aggregates of ~300 mouse
embryonic stem cells self-organize into polarized structures. These structures exhibit
collective behavior including symmetry breaking, axial organization and axis elonga-
tion [34]. Self-organization may be an intrinsic ability of cells in a collective. This
self-organized behavior has been linked to the wnt pathway (see . Krotov et al. pos-
tulated a self-organized system at criticality in the embryonic development of Drosophila
[6]. To explain the early organization and polarization in regeneration, a self organiza-
tion process involving mechanical forces on individual cells was postulated, which takes

into account the different biochemical pathways [3].

2.2.1 Self-organization in biological systems

In physics and chemistry the term self-organization is an expression that refers to out-of-
equilibrium processes. A self-organized out of equilibrium system continuously consumes
and dissipates energy to maintain itself [35]. Self-organization leads to the emergence
of complex patterns in systems from units of less complexity. No shaping external
stimulus is necessary to determine the outcome of the patterns. Common features found
in self- organized systems are non-linearity, breaking of symmetry and the emergence
of patterns from stochastic fluctuations [36]. Examples of self organization in biological
systems were first reported in 1790 by Immanuel Kant in his Critique of Judgement [37].

Self organization is found in Bird flocking, the formation of neuronal patterns and in
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microtubule polymerization and depolymerization [3§].

Self-organized criticality is a mechanism where a self-organized system develops towards
criticality, a state where very small stimuli can determine the outcome of the system.
Typical properties observed in self-organized systems close to the critical state are scale

invariance, self similarity and 1/f noise [39].
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2.3 Hydra

Hydra is a model for early embryonic development, especially the first symmetry break-
ing steps. It is a predatory fresh water polyp with a radial symmetry. It belongs to the
phylum Cnidaria, class Hydrozoa, family Hydridae and genus hydra.

The size of the animals varies between 2 and 5 mm. The body plan of an adult Hydra
(Figure is a hollow tube with one main axis consisting of a head, body column and
foot. The apical end exhibits a head with a hypostome and 3-12 tentacles arranged in
a ring around the mouth opening. The foot or basal disc at the basal end produces a
sticky substance that allows the animal to reversibly attach to different surfaces.
Hydra consist of two epithelial layers, the endoderm and the ectoderm, connected by
the mesoglea (Figure . The mesoglea served as an attachment substrate for the cells
and allows exchange of signals and nutrients (Figure . A third cell lineage, the inter-
stitial cells, are multipotent stem cells [40] that differentiate into all non-epithelial cells
within Hydra [41], including neurons, gland- and mucous- cells and the nematocytes,
the distinctive characteristic of the cnidarians (section 1421 [43]).

The hydra species used in this work have strong regenerative capabilities due to its
multipotent interstitial cells. The multipotent interstitial cells in Hydra are stationary
[44] except during morphallaxis, the regrowth of a lost limb or body part. Migration of
interstitial cells takes place to allow for a rapid position dependent nerve cell differenti-
ation [45].

The current understanding of the body axis control and maintenance in the adult hy-
dra is based on a model proposing two morphogens emerging in the hypostome: the
head activator and the head inhibitor. Both are produced by the head organizer and
form gradients along the body axis with the highest concentration at the head. The yet
unknown morphogens are probably transported via gap junctions [46]. The operating
distance of the inhibitor is shorter than of the activator, leading to the formation of
new heads and subsequent buds in the lower third of the hydra. The molecular basis
of the signals is unknown. However, wnt is a probable candidate for the head activator
[27]. The head organizer is a structure in the hypostome that is molecularly similar to
the embryonic Speman Organizer on a molecular level. The emergence of this organizer
depends on hydra-wnt orthologues [17] (see section [2.4)).

Hydra is flexible and reacts to its surroundings. A network of neurons synchronize the
movement throughout the body [47]. Supercellular myonemes (contractile actin bundles)
provide muscle like functionality. The bundles can span 6-8 individual cells and are in-
volved in body contraction. Hydra can sense and adapt its body length via microtubules
[48], although the exact mechanism and regulation of this process is not understood.

Hydra reproduces sexually and asexually and is able to switch between the reproduction
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modi. Sexual reproduction takes place with the help of ovaries and testes growing on
the body column. Asexual reproduction occurs through budding, the emergence of new,
smaller animals that grow out of the lower part of the body column, develop from the
apical to the basal end and detach after forming a foot. The animals can stretch im-
mediately to the length of adult animals [48] and reach the cell mass of an adult within
a week, if fed. This reproduction is possible due to a dynamic equilibrium between
loss and production of tissue. Stem cells proliferate constantly. The excess tissue is
discarded either via the mouth opening or during budding. A constant low motility of
cells is observed [49]. Hydra does not age, however, the individual differentiated cells
do. Senescence of the animal is induced following sexual reproduction [50].

The most striking capability of hydra is the regenerative ability. Lost body part are
regrown and aggregates and small tissue pieces of approximately 20.000 cells regenerate

into whole new animals. This process is described in section [2.3.1

2.3.1 Regeneration and axis formation in Hydra

Aggregates of single cells [21], 51} [52] and small (around 200 pm in diameter) fragments
cut from the body column of hydra can regenerate into whole animals [49]. The process
of regeneration of small Hydra tissue pieces (200 um) before starts with the formation
of hollow spheres and healing of the tissue. These spheres undergo osmotically driven
slow inflations that last between 1 and 7 hours. The inflations end with a rupture of
the bilayer and a following fast deflation during which some cells are disgorged [14].
The purpose of this expelling is yet unknown. Three regeneration phases have been
identified: The first phase is characterized by large, slow inflations and fast deflations.
The hydra is mostly spherical, during this phase, no axis can be recognized. The breaking
of symmetry happens at the transition between the first and the second regeneration
phase [22]. The second phase is characterized by smaller inflations and a body axis
elongation. The third phase involves the development of the tentacles and the foot of
the regenerated hydra. During the whole regeneration, no cell- division or -migration
was reported.

The regeneration is temperature dependent, there is a temperature optimum at 26 °C.
Temperatures above the optimum cause death of the regenerates, temperatures below
slow down the regeneration. The effect is strain dependent [53]. The hydrae used in this
work have their optimum at 21 °C. It has been hypothesized that during this regeneration
positional information is lost and a de novo formation of the oral-aboral axis and the head
organizer is required [23]. Breaking of symmetry is supposed to induce the development

of a head organizer which is producing morphogens to establish and maintain the adult
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F1GURE 2.1: Schematic representation of the Hydra body plan. Hydra is a hollow
cylinder that consists of a cell bilayer. The inner cavity is called the coelenteron. The
body can be subdivided into three parts: In the lower third, the foot with the pedal
disk produces a sticky substance and attaches to the substrate. Above the foot, buds
are branching from the body. In the center of the body column, testes and ovaries can
develop under unfavorable conditions like famine. The upper third includes the head

with the hypostome, the mouth opening and the tentacles with battery cells.
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FIGURE 2.2: Epithelial bilayer of hydra. The entoderm and ectoderm are connected by
the mesoglea, an acellular structure composed of water, collagens and heparan sulphate
proteoglycans. The inner epithel or endoderm is called gastrodermis and is composed of
epitheliomuscular cells end enzymatic gland cells. The ectoderm, also called epidermis,
is composed of muscle cells, interstitital cells (among those nerve cells), and cnidocytes.

hydra body plan and thus defining the axis [22]. An early characteristic of the potential

emergence of a head organizer is the local expression of ks1 mRNA [54].

2.3.2 Hydra head organizer

The head organizer is a structure located in the hypostome of adult hAydra. It constantly
maintains the structure of hydra body through its steady state tissue dynamics [49].
Several wnt genes (section , TCF (T Cell factor, a gene activated for the de novo
creation and maintenance of the head organizer), elevated levels of S-catenin and ksl are
expressed in the head organizer. Wnt genes have been shown to induce head organizer
formation, while -catenin plays a crucial role in maintenance and activity [55]. The
importance of S-catenin during the polarization preceding the mesodermal invagination
in zebrafish (-catenin has been demonstrated by Brunet et al.. Artificially induced

[-catenin activity can initiate gastrulation independently of wnt [7].
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Ectoderm

Entoderm

F1GURE 2.3: Detailed view of hydra epithelial bilayer. The mesoglea is perforated
by transmesoglean holes through which cells of the ectoderm and the entoderm can
communicate, exchange food and signals.

2.3.3 Head specific protein 1(Ks1)

Ksl, a hydra specific gene first described by [54], is expressed at the base of the tentacles
in adult hydrae. During regeneration, clusters of ksl mRNA appear throughout hydra
regenerates and, at the axis locking moment, exhibit a scale free distribution. Cells with
head forming potential need to express ksl but not all ksl expressing cells develop into
head organizers. Ksl expression is modulated, among others, by Protein Kinase C (PKC)
and is part of the second non-canonical wnt pathway [56], (section[2.4). PKC modulates
multiple cellular processes, including the morphology of the F-Actin cytoskeleton [57].

2.3.4 Self-organized criticality in Hydra regeneration

A possible explanation for axis formation dynamics in hydra is based on self organization
in tissue. It solely relies on next neighbor cell-cell interactions. The model proposes a

factor X that is produced by every cell with a specific, temperature dependent rate v. If

12
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a concentration threshold within the individual cell is reached, X is distributed between
the neighboring cells, with a certain loss. The concentration of X in the distributing cell
is reset to 0 and additional X that it receives from neighboring cells above the threshold,
and the production continues. The distribution between the neighbors is much faster
than the production of X. The probability of the appearance of an avalanche consisting
of X distributing cells and a resulting cluster of Cells with X above the threshold bigger
than a specific site follows a power law with a negative exponent. If a cluster of sufficient
size appears, the concentration of X stabilizes and the cluster does not participate in
the dynamics of the system. The hydra sphere is polarized.

This self organization based on a production and decay rate and local distribution of
a factor leads to a synchronized behavior of the whole system based on next neighbor
interactions. This model reproduces the experimentally observed large clusters of ksl
mRNA (see section and the observed ksl mRNA fluctuations, that are scale
free during the axis defining moment. In addition, the model predicts the behavior of
the regenerating hydra in temperature gradients [23], by assuming that v depends on
metabolic rates and is therefore temperature dependent. The exact nature of the factor

X remains elusive [22].

2.3.5 Nematocytes

Nematocytes are cells that, upon mechanical stimulation, discharge a harpoon-like ven-
omous structure. They are the unique feature of the cnidaria. Nematocytes are used for
hunting and defense and are located in the ectoderm of the whole animal with the high-
est concentration in the tentacles. Every nematocyte contains an organelle called the
cnidocyst which is comprised of a bulbous capsule with a hollow tube structure coiled
around it. On the outside, a hair like structure (cnidocyl) works as a trigger for the
discharge. The discharge causes the tube-like structure to be ejected and to penetrate
the target organism. The toxic content of the cnidocyst is then injected through the
hollow tube [26]. Within the cnidocysts, intermediate filaments have been identified,

showing that these are evolutionary as old as these simple metazoans [5§].
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2.4 'Wnt signaling pathways

WNT is an evolutionary conserved protein family that plays a critical role in embryonic
development. Wnt genes are defined by the similarity to the mouse wnt-1 protein and
the wingless protein in Drosophila [59]. Homologues are found in organisms ranging from
mammals to hydra [18]. Mutants lacking specific wnt-proteins fail to develop mesoderm
and to initiate gastrulation [I0]. Inhibited axis formation in (artificially or naturally)
developmentally impaired embryos can be rescued by injection of several wnt-mRNAs.
A duplicated body axis in Xenopus wildtypes can also be induced by wnt-mRNA injec-
tion [59] [60].

Wnt ligands have three major roles in organisms: Change of cell fate (canonical wnt
pathway), change of cell polarity and embryonic induction (the induction of new em-
bryonic tissue). Wnts are secreted proteins and their ligands are membrane bound [61].
There is one canonical and several noncanonical wnt pathways.

The canonical wnt pathway changes cell fate. In absence of wnt signals, the frizzled re-
ceptor binds to dishevveled, allowing a complex of proteins to destroy cytosolic S-catenin.
Binding of wnt to the dishevelled/frizzled complex inhibits the S-catenin degradation.
[-catenin is subsequently transported into the nucleus and activates TCF (T Cell fac-
tor). TCF activations causes cells to change their fate and, in hydra, to develop into head
organizer cells [15, [I7]. In zebrafish and drosophila nuclear translocation of S-catenin
activates mesoderm specification, a crucial step during gastrulation [7), 62].

The non-canonical planar cell polarity wnt (wnt-pcp) pathway interacts with JNK (c-jun
N terminal Kinase) to regulate convergent extension movements in embryonic develop-
ment [62H64]. JNK also controls microtubule reorganization in cell polarization events
[65], a wnt induced JNK mediated reorganization of microtubules has been observed
[66]. A major restructuring step of the cellular polarization is the microtubule-mediated
asymmetrical transport of wnt-8 mRNA, requiring an asymmetric cytoskeleton reor-
ganization beforehand which is induced by the so called Dorsal Determinant [10] [12].
Additionally, JNK is activated by actin stress fiber mediated polarization events of the
cell (section . Conserved wnt pathways play a role in cellular polarization and the
subsequent change in tissue shape is similar to gastrulation in vertebrates [10]. Sepich et
al. found that the wnt-pcp pathway controls the positioning of microtubule organizing
centers within the cell, thus playing a role in cell polarization [67].

The wnt/frizzled /dishevelled complex also activates the Rho-ROCK pathway, a major
regulator of the cytoskeleton. The Rho-ROCK Pathway controls acto-myosin contrac-
tions in cells (see section . In addition, it mediates the spatial and temporal

integration of wnt. ROCK is also involved in the de novo formation of stress fibers.
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The Rac-Rho complex, another member of this pathway, mediates the nuclear accumu-
lation of B-catenin. Thus it interacts with the canonical wnt pathway [68]. ROCK also
mediates the binding of profilin to actin, which in turn can result in restructuring of
the cytoskeleton and gastrulation [64, [69]. This provides a link between cytoskeleton
reorganization and cell or tissue polarization.

In addition, the wnt/frizzled/dishevveled complex controls PKC, a protein involved in
microtubule dynamics (section and also in hydra specific ksl (see section .
Another non-canonical wnt pathways involves local stabilization of microtubules via di-
shevveled [70]. The wnt -catenin induced formation of the body axes has been observed
in multiple vertebrates [71] and invertebrates [7, 15 27, [62]. In Hydra, inhibiting the
wnt signaling pathway prevents head organizer formation (section , [16].
Recently, an integrated pathway that connects the canonical and the non-canonical path-
ways has been proposed [72] and observed for one specific wnt (wntba) [73]. A review
about the role of the wnt pathway (in Hydra as well as other organisms like zebrafish
(Danio rerio)[12] and Xenopus laevis [(4]) embryonic axis formation has been published

by Broun et al. [I§].
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2.5 Cytoskeleton

The cytoskeleton is a dynamic protein scaffold found in most eukaryotic cells. Its main
structural components are actin filaments, microtubules and intermediate filaments.
They form a connected network connected between each other, to other cellular struc-
tures and the extracellular matrix by a large collection of accessory proteins. Cellular
morphology and properties as migration, polarization and attachment to the substrate
are determined by the cytoskeleton. Within the cells, nutrient and organelle transport,
cell division and the perception of mechanical stimuli is mediated by the cytoskeleton.

[26]

2.5.1 Intermediate filaments

Intermediate filaments are rope like structure with a diameter of ~10 nm. The interme-
diate filament protein family is structurally very diverse. The common structural unit
of the intermediate filament proteins is a ~340 Amino acid region which is structurally
similar in all filament types. The common building block is the coiled coil, a parallel
a-helix dimer. Intermediate filaments are non-polar and were generally believed not
to be involved in cell polarity [75]. However, recent studies indicate that members of
a specific family (Septins) which form non-polar polymers that resemble intermediate

filaments are important for cell polarity in a number of cell types [T6H78].

2.5.2 Actin

Actin filaments are cable-like structures with a diameter of 6 nm. They consist of a
family of over a dozen protein classes. In this work, Filamentous Actin (F-Actin), one
of the most abundant and structurally important actins, is investigated. Actin filaments
are a left handed helix of actin monomers [79]. The filaments are polarized. They have
a fast(+)- and a slow(-)- growing end. Actin generates mechanical forces in the cell and
can exert mechanical forces on the surrounding. One possibility is by polymerization and
depolymerization, frequently observed in cell motility. Another possibility for actin to
generate forces in cells is the assembly with myosin, an action associated motor protein,
and connecting proteins into contractible stress fibers. Actin contractility is under the
control of the Rho-ROCK pathway [80].
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2.5.2.1 Stress fibers

Stress fibers are bundles of actomyosin that can be compared to the actomyosin arrays
of muscle cells. They are the main mediators of cell contraction. Stress fiber bundles are
formed by 10-30 actin filaments. Their structure exhibits a periodic banding of alpha
actinin, F-actin and myosin. New stress fibers are formed de movo or by cutting of
and elongating existing filaments. A nucleation-promoting protein is Formin [81]. The
formation of stress fibers is modulated by Rho GTPase signaling cascades [82], which
is in turn part of the wnt pathway [68](see section [2.4)). Inhibiting elements of the Rho
GTPase signaling cascade with y-27632 (section leads to a disassembly of stress
fibers [83] [84] and has been observed in this work as well.

Most stress fibers originate from focal adhesions, large macromolecular assemblies that
provide a connection between the cytoskeleton and the extracellular matrix of the cell.
Another stress fiber connecting structure are adherens junctions which connect the actin
cytoskeleton of neighboring cells in tissue. An important component bound in these
junctions is S-catenin, which functions in cell adhesion and as transcription factor. The
choice between these two roles depends on wnt induced conformational changes [85]
(section . There are three main stress fiber structures. Ventral stress fibers are
attached to focal adhesions at both ends. Dorsal stress fibers, which start from one focal
adhesion and point away from the extracellular matrix. Transverse arcs, bundles that
form on the dorsal side of migrating cells, appear behind the protrusive part of the cell.
The ventral stress fibers play the mayor role in contraction of the cell, the exact roles of
the other two configurations is not yet understood [86]. Stress fibers are important in
migration and cell shape changes during embryogenesis [87].

In hydra, myonemes, large supercellular F-actin structures spanning 6-8 cells can be
observed that act as muscles and play a role in folding of healing hydra tissue during
regeneration. Their contraction occurs in less than a second, relaxation is slower and

takes several seconds [49] 88, 89).

2.5.3 Microtubules

Microtubules have a pipe-like structure with an outer diameter of 25 nm and an inner
diameter of 16 nm. The tubulin family contains five protein classes. Here, only the «
and S-tubulin are considered.

The subunits are organized in heterodimers, which form protofilaments that associate
laterally to form a sheet that folds into a cylindrical tube that is called microtubule.
Due to the asymmetry of the heterodimer subunits, microtubules are polar. Microtubule

associated motor proteins as Dynein and Kinesin allow directional transport of vesicles,
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biomacromolecules and organelles in cells. Microtubules can be either static, as in
flagellae, or dynamic, as in the cytosol of cells, and undergo constant cycles of growth and
shrinkage. They exhibit periodic, synchronized oscillations of their length. The observed
in vitro periodicities are about 10 min, depending on the exact conditions and on the
temperature [38]. In vivo, growth rates are about 30 nm/sec over times of approximately
4 minutes [90]. The dynamics of this process can be altered by microtubule stabilizing-
and destabilizing agents. Assembly of microtubules depends on Guanosintriphosphate
(GTP), that is converted into Guanosindiphosphate (GDP), thus, the process requires
energy. The oscillations depend on a constant conversion of GDP back into GTP. After
every assembly, the GTP concentrations decrease quickly below the threshold necessary
for tubulin assembly. When the GTP in the solution is depleted, microtubules start to
disassemble into Oligo-GDP Tubulin, oligomers of tubulin that bind GDP. Only when
this GDP is set free and available in the system it can be conversed back to GTP. The
constant, slower conversion of GDP back to GTP restores the necessary threshold levels
and allows another pulse of assembly. The difference between the time of the tubulin
assembly (depletion of GTP, and increase of GDP) and the lag time until the GTP is set
free leads to spatially and temporally synchronized oscillations. The conversion between
GTP to GDP and back is mediated by Rho GTPases, which can act as biological timers
[91].

Microtubules can act cooperatively. Multiple microtubules exhibit a fluctuating behavior
in their growth and shrinking patterns which is different from a single microtubule. In
addition, it is easier to add a subunit to a growing microtubule than to a shrinking one,
thus adding a nonlinear sub-reaction to the system. The oscillations have been observed
in vivo and in vitro. The oscillation behavior of microtubules has been suggested as a
possible mechanism behind a biological timer [38]. [92] described rhythmical microtubule
dependent oscillations of the cell margin in chicken embryonic fibroblasts. The average
microtubule assembly rate in cells is 30 nm/sec, disassembly rate is 500 nm/sec [90]. The
behavior depends on the shape of the reaction space and on the oscillation dynamics
as described above [38, [03]. Microtubules are, among others, under the control of at
least two non-canonical wnt pathways (section . Dishevelled can locally stabilize
microtubules, thus contributing to cellular cytoskeleton asymmetry (section . In
addition, phosphorylated [-catenin initiates microtubule regrowth at the centrosome
[94] and a Dynein-f-catenin complex tethers microtubules to adherens junctions [95],

thus plays a role in tissue polarization.
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2.5.4 Role of cytoskeleton in cell and tissue polarization

In cells, polarity is defined by two fundamental properties. First, the asymmetric accu-
mulation of mobile components between opposite poles of the cell, as in the fertilized
oocyte. Second, the asymmetric organization of inherently polar cytoskeletal filaments,
particularly actin and microtubules, as in all structurally polarized cells as epithelial
cells. The translation of the polarity of cytoskeletal structures into polarized functions
is realized via motor protein mediated directional transport along the structures, as in
polar secretion of vesicle content in synapses [96]. Cell polarization is needed for main-
tenance or change of cell, as during macrophage permeation of tissue [97]. The ability
of cells to react to anisotropic mechanical stimuli, for example different muscle cell reac-
tions to being pulled orthogonally or parallel to their main axis, depends on asymmetry
as well. Contrary to historical beliefs, the cytoskeleton is not under the passive instruc-
tion of pre-existing spatial cues, but drives its own symmetry breaking process [96].
Actin and myosin can rapidly and locally reorganize in response to polarity signals.
These can be mechanical signals as pulling or pushing [9§], biochemical signals as in
elongation of tissue during development or next neighbor cell-cell interactions as in the
development and reorganization of cell junctions.

Two main aspects in the polarization of cells are the de novo establishing of a polarity,
called symmetry breaking, and the maintenance of polarity. For the formation of polar-
ized cytoskeletal arrays, cytoskeletal building blocks as tubulin and actin must assemble
into organized structures.

In the case of the assembly of polarized actin, the activation of nucleation factors as
actin-related protein-2/3 (Arp2/3) complex or formin-family proteins (see section
at defined locations is a key factor. Formin or Arp2/3 promoted actin nucleation occurs
most strongly at sites with Rho GTPase activation (see section for the connection
between wnt and the Rho-ROCK pathways). The nucleation of actin during polymer-
ization is mostly located close to the cell membrane. Actin mediated symmetry breaking
can occur due to anistotropic mechanical stimulus.

Microtubule nucleation occurs near the cell center at the centrosome or other micro-
tubule organizing centers (MTOCs). This nucleation is distal to membrane derived
signals that stimulate cell polarity. However, deformation of the cell still affects mi-
crotubule organization [99]. Microtubule-induced cell polarity is described in neurons
[96] T00]. A more common role of microtubules in other cell types is the reinforcement
of the initial polarity that has been established by the actin cytoskeleton, especially in
larger cells or cells that require stable polarity, like in T-cells. In adherent migrating
cells, two sources of microtubule induced asymmetry exist: Centrosome orientation and
selective stabilization. Selective stabilization is a process where microtubules are stabi-
lized by post translational modifications [I01] and the Rho-GTPase [102, [103].
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2.5.5 Microtubules play an important role during cellular symmetry

breaking

Microtubules play a major role in symmetry breaking of individual cells upon mechan-
ical stimulus. Malek et al demonstrated that in individual cells upon shear stress, the
symmetry breaking of the cells that is evident on the actin and microtubule level can
only occur if microtubule polymerization is possible [I04] . The mechanical polarization
of individual cells, mediated by actin stress fibers, is strongly dependent on an existing
microtubule cytoskeleton polarization [105]. Shape changes in individual cells can be
caused by microtubule reorganization [I06]. Therefore, microtubules can be seen as a
mechanotransducer that translates a mechanical stimulus into polarization. Actin stress
fibers follow this microtubule rearrangement. However, in some cases actin can create an
intrinsic mechanical stimulus and induce microtubule polymerization, which in turn is
stabilized by actin, making these two cytoskeleton components strongly interdependent
[96].
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2.6 Cell- and tissue mechanotransduction

Mechanotransduction is the mechanism which allows cells to convert mechanical signals
into biochemical responses. The stimulus or signal can be externally applied or intrin-
sically generated[107]. The attachment to an extracellular matrix plays a crucial role in

mechanosensing of tissue [108]. Mediators of mechanotransduction are

e cell-Cell adhesions, as adherens junctions (see section [2.5.2)) or gap junctions,

e membranes with stretch sensitive ion channels, caveolae (indentations of the mem-

brane) or surface receptors,

e the extracellular matrix and the cellular reaction to changes of its rigidity, cell-
extracellular matrix adhesions like focal adhesions (see section [2.5.2]),

e the nucleus with ion channels and

e the cytoskeleton with all its components (section [2.5)).

Organisms use structural hierarchies composed of interconnected networks that span
from the nanoscale to the macroscale in order to focus stresses on specific mechan-
otransduction mediators. The presence of isometric tension (prestress) ensures that the
various mechanochemical transduction mechanisms proceed simultaneously and produce
a concerted response [25]. The perception of a mechanical signal can cause a change in
gene expression, as in differentiation of stem cells in response to a changed rigidity of
extracellular matrix [109]. Further, a reorganization of the cytoskeleton and cell polarity
[110] as in wound healing and tissue patterning [I11] is mediated by mechanotransduc-

tion.

2.6.1 Mechanics in gastrulation

Traditionally embryonic development was understood as a process controlled by spatio-
temporally coordinated changes in gene expression patterning [I07]. The mechanical
origin of the rearrangements during embryogenesis have been investigated as early as
1983 [30]. Only recently a global model incorporating both molecular and mechanical
processes has been proposed [28], [107].

During gastrulation (see section, a single layer of identical cells starts to fold on itself,
a process during which the germ layers are produced. Cells are deformed and borders,
hinges and folds are created [29]. Gastrulation is a fundamentally biomechanical process
[28]. [7] proposed mechanical cues as the evolutionary conserved mechanism to induce

gastrulation and mesoderm differentiation in zebrafish.
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2.7 Cytoskeleton altering drugs

There are several drugs that can be used to alter the cytoskeleton by interacting with
tubulin, motorproteins or connecting proteins (see . Drugs can either stabilize or
destabilize cytoskeletal components. Destabilization can happen either by actively de-
stroying crosslinkers or by inhibiting polymerization or the formation of new crosslinks.

Drugs used in this work are presented in detail here. For the application protocol in this
work see [3.2

e Nocodazole
interferes with the polymerization of microtubules. The drug arrests cells in the G2
or M phase and inhibits spindle apparatus formation. In hydra, Nocodazole is non
lethal and inhibits the cell-proliferation independent elongation of the hydra polyp
[48]. This makes it an ideal candidate to investigate whether the asymmetry in
the hydra sphere is based on stretching of a group of cells. Takaku et al. proposed
a mechanism for hydra to detect the metrical distance between its poles based on

the microtubule network, an effect which is inhibited by Nocodazole [48].

e Paclitaxel
is a chemotherapy drug that interferes with the normal breakdown of microtubules
by changing the conformation lattice and arresting the cell cycle. The conforma-
tional change is stronger if microtubules polymerize in the presence of Paclitaxel.
Drug effect lasts for days after application [112, 113]. In addition, applied on
the timescale of hours, Paclitaxel has been demonstrated to completely inhibit
catecholamin release and to provoke an increase in cytosolic Ca®™t [114]. Cate-
cholamines are neural regulators. Cytosolic Ca™ concentrations affect the func-
tion of a multitude of pathways like the Phospholipase C Pathway. In addition,
changes in the cytosolic Ca™" concentrations alter the membrane potential of cells.
For this work, the influence of Ca™ concentrations on contraction of cells is of

interest.

e Y27632
selectively inhibits p 160 rho-associated protein kinase [I15]. This kinase is also
known as rho-associated, coiled-coil-containing protein kinase 1 and is further ref-
erenced as ROCK1. ROCK 1 is a regulator of the actomyosin cytoskeleton which
promotes contractile force generation and therefore plays a role in cell motility
[116]. OCK1 also plays a role in smooth muscle contraction and actin cytoskeleton
organization, stress fiber and focal adhesion formation. Its inhibition by Y-27632

leads to dissolving of the stress fibers [84].
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e SMIFH2
is a selective inhibitor of formin homology 2 (FH2) domains involved in stress fiber
assembly. SMIFH2 inhibits de novo formation of stress fibers[I17] but does not

affect actin polymerization.

e Phalloidin
binds and stabilizes filamentous (F-) actin and inhibits actin depolymerization. It

can be bound to rhodamin and used as an fluorescent probe.

e Cytochalasin B
prevents polymerization of actin filaments. It inhibits both the actin polymeriza-
tion and the interaction of actin filaments in solution. The polymerization rate is
reduced by inhibition of actin monomer addition to the fast growing end of the

filament [118].
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2.8 Biological oscillators

To understand a biological oscillator, three parameters are necessary: First, the biolog-
ical variables that are essential to the oscillator. Second, how the interaction between
the variables is arranged and third, whether these interactions can lead to oscillations
[119]. An essential elements of a simple biological oscillators is an inhibitory feedback
loop which includes one or more oscillating variables. Furthermore a delay source in this
feedback loop is needed which allows an oscillation variable to overshoot a steady state
value before the feedback inhibition is fully effective.

Oscillations in biology can modulate the response to stimuli over time. The same stim-
ulus, received at a different point during the oscillation, can have a different effect. In
addition, oscillations can lead to a synchronization of processes in the animal called en-
trainment. The oscillation stimulates and modulates subsequent effects and development
[120]. One example described in the previous sections is the Rho-GTPase induced mi-
crotubule polymerization based oscillator described in section[2.5] Kruse et al. proposed
the emergence of intrinsic mechanical oscillations occurring in vitro and in developing or-
ganisms based on the cytoskeleton and its motor molecules[121]. The cytoskeletal origin
is independent of their length- and time- scale. The oscillations generated by the motor
proteins can be tracked by and causally linked to rearrangements of the cytoskeleton
[122]. Such oscillations were observed for actomyosin systems as well as for kinesins or

dyneins interacting with microtubules [92} 121].
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Chapter 3

Materials and methods

3.1 Laboratory animals and experimental settings

All experiments with hydra, unless stated otherwise, were performed in Volvic mineral
water (Danone Waters Deutschland GmbH). Hydrae are very sensitive to plastic, direct
contact needs to be avoided. Contact with glass surfaces and short contact to plastic

Petri dishes is mostly tolerated if no close contact, pressure or confinement is applied.

3.1.1 Hydra strains

The wildtype strain hydra vulgaris and the transgenic strains hydra magnipapillata ksl
GFP, hydra vulgaris 12ASAktin+GFP Ecto- and hydra vulgaris 12ASAktin+GFP en-
todermal are used. For most experiments the transgenic hydra magnipapillata ksl-GFP
are used, the wildtype strain serves as a control to confirm that the findings are not due
to the genetic modifications. hydra vulgaris ksl GFP contains green fluorescent protein
coupled to the cytosolic protein ksl (see section .

Both 12ASAktin+GFP strains contain actin promoter driven GFP with 12 Actin Amino
acids between the promoter and the GFP. Thus the Actin expression and the GFP ex-
pression are simultaneously driven. These strains were used for the actin imaging.

The excitation wavelengths of both GFP strains are 395 and 475 nm, the emission wave-
length is 509 nm.

All transgenic strains are stable. For more information about hydra spec see section
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FIGURE 3.1: Schematic of the hydra cutting steps. First, a toroid piece with the height

of approximately 0.3 mm from the center of the body column is cut. This toroid is cut

another 4 times, resulting in 8 rectangular pieces, who then can heal into spheres, as
described in section [2.3.1}

3.1.2 Hydra culturing

Animals are cultured in glass bowls using Volvic mineral water (Danone Waters Deutsch-
land GmbH) and fed with artemia (approximately 10 artemia per hydra) purchased and
cultured from aquaristics supply. The saline artemia were washed with deionized water
prior to feeding. 30 min after feeding the remaining artemia are removed. 8 and 24
hours after feeding the hydra containers are cleaned to remove excrement. In suitable

intervals all animals are transferred to clean bowls.

3.1.3 Hydra cutting

Hydra are cut under a Stemi Microscope using disposable scalpels. The lids of plastic
Petri dishes are used as cutting boards. Foot and head are removed first. If ovaries and
testes are present, those areas are not used for experiments. A toroid-like cut from the
body axis is subdivided with 4 cuts into 16 square pieces. From these regenerates with
a diameter between 150- and 300 pm form. The figure B.Ikhows an overview of this

process.

3.1.4 Experimental environment for hydra during imaging

Confinement of the hydra regenerates needs to be carefully done since under most circum-
stances they have a tendency to either escape or dissolve and die. The best regeneration
rates are achieved if the hydra is freely floating. Two techniques, depending on the
experimental requirements, have been used:

Agarose wells:
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FIGURE 3.2: Schematic of the hydra in hanging drop experiment. The Petri dish is

filled with water and sealed with laboratory film (not shown) to avoid evaporation. On

the lid of the dish a drop of 20 ul is placed with the hydra regenerate inside. The dish
is placed in a microscope and illuminated with red light.

To keep hydra in focus 0.5% agarose in Volvic is prepared with 1 mm wells that are
either cut out with a micropipette or imprinted using a homemade gel comb made from
a fine-toothed plastic hair comb with blunted tips. The hydra sink to the bottom of
the well which is usually in a glass container, either the temperature chamber (see sec-
tion or a petri dish. The size and the position of the holes can be individually
adapted. Other possibilities are wells made from PDMS, although the regeneration suc-
cess rate decreases with most materials other than agarose.

Hanging Drop Experiments:

To avoid imaging artifacts and limit the contact of the hydra to the container the hang-
ing drop technique was used. The freshly cut hydra pieces are placed in drops of 20 ul
on the inside of the lid of a 2.5 cm radius plastic petri dish. The dish is filled with 4 ml
of water, the lid is closed and sealed with strips of Parafilm M. The hydra pieces sink to
the bottom of the drop and due to its shape can only move within an area that is easily

covered by the microscope camera.

3.1.5 Flow chamber

The flow chamber was made from a glass pipette. One side was closed with a piece of a
cell culture straining mesh attached using UV glue. The other side remained open. The
side with the mesh was attached to a pump, the open side to a reservoir Erlenmeyer

flask with a hole inside. The chamber was installed at a slope to avoid the escape of the
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F1GURE 3.3: The chamber used to simulate convection turbulence. A peristaltic pump
is connected to a reservoir and a cylindrical chamber, secured with two meshes, indi-
cated by a white circle. The regenerates are kept between the meshes and constantly
moved around by the water flow. On the bottom a glass Petri dish with a hole in the

lid used for the pipette experiments (3.1.6.1)) is shown.

hydra into the reservoir. The pump was pumping the medium from the reservoir and
pushing it through the mesh into the chamber. The hydra regenerates were constantly

moved. The flow chamber is depicted in figure [3.3

3.1.6 Manipulations of hydra
3.1.6.1 Micropipette aspiration

Micropipettes are fabricated using a Sutter Instruments pipette puller. Glass capillaries

with an outer diameter of 1 mm and an inner diameter of 0.5 mm are used. After the
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pulling the pipettes are trimmed to achieve blunt ends with an outer diameter of 200 pm.
For the hydra to tolerate the contact the tips need to be smoothed on the outside and
the inside of the opening and the diameter needed to be as small as possible. A Leica
microforge is used for the processing. The capillaries are connected to a homemade low
pressure system using a syringe installed on a screw thread and, to control the pressure,
a U shaped capillary with markings. Thus the pressure applied to the hydra sphere can
be standardized and compared between the experiments without the need of absolute
values of pressure.

The setup is mounted on an Olympus IX7 Microscope.

To account for the plastic sensitivity of hydra and to avoid evaporation, the capillary
experiments are performed in glass Petri dishes with holes in the lid for access of the
micropipette. The hydra regenerates are allowed to rest and heal for 30 minutes after
cutting. The capillary tip is moved to close proximity of the hydra and kept in focus using
a Xeno Works Micromanipulator from Sutter instruments. After contact the pressure
within the capillary is quickly decreased to avoid the escape of the hydra. After closing of
the seal between the hydra and the opening, the pressure is decreased until the marking
on the U-shaped capillary is reached and the hydra is confined. If necessary, adjustment
in the positioning of the hydra can be made using the micromanipulator to move it into

focus.

3.1.6.2 Temperature gradient

The temperature chamber consists of two Sapphire Alumina ceramic temperature ele-
ments and two CP10,127,05,.1,W4.5, CP Series Peltier solid state thermoelectric coolers
which are independently controlled by a RHM 4000 temperature controller. PT 1000
temperature sensors are positioned within each sapphire ceramic plate. The distance
between the two temperature elements is 2 mm, the whole construction is glued to a
glass plate and the Peltier elements are covered with cooling fins. In the gap between
the two temperature elements agarose wells are inserted which contain the regenerating
hydra sphere, thus keeping it centered between the elements. The gap is filled with
hydra buffer and covered with a glass lid, see figure [3.4] The temperature chamber is
mounted on a moving stage to follow multiple regenerations and a microscope below
takes the pictures. The control of the temperature in the Alumina elements, the control
and synchronization of the stage and the microscope camera is realized using Labview

software.

A 0.32mm 1 cm x 1 cm PT100 temperature sensor has been inserted into the chamber
(see figure [3.4). The temperature across the chamber (in the direction of the gradient)

and along the temperature elements has been measured . There have been approximately
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F1GURE 3.4: Schematic of the chamber used for the temperature gradient experiments.

The regenerate is indicated in orange. The black heating elements have a distance of 2

mm within the chamber and are heated with Peltier elements (pink). The temperature

is monitored by a PT 1000 Sensor (Red) and controlled by a RHM-4000 temperature

controller. Within the chamber the hydra is enclosed by agarose gel without touching

the walls of the enclosure. The setup is installed on a stage that allows to monitor
multiple regenerates at once with the microscope.

700 measuring points per sweep along the chamber (3 cm) and 9-10 measuring points
across the chamber. The shape of the gradient across the chamber was investigated, so
the error due to the width of the sensor along the chamber, giving an average of the
temperature over the width of 1 cm, was acceptable. The gradient is read out with
a Labjack and Labview Software. The sensor was moved within the chamber using a

stage.

3.1.6.3 Bead experiments

Microbeads are used to track the hydra movement during regeneration and to allow
to investigate a correlation between the rupture points and the axis. An Olympus Ix7
Microscope in phase contrast is used with a HighPower-LED-Modul Rot 1 W 51.2 Im
10 © 2 V ledxon 9008103. An Olympus 10 x phase contrast objective is used. The Beads
are 0.5 pum silicium dioxide beads purchased from Sigma-Aldrich. 1 ul Bead suspension

is diluted in 1 ml Volvic.
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FIGURE 3.5: The temperature sensor used to measure the temperature gradient in the

chamber (figure The (orange) sensor is a pt-1000 with the thickness of 0.28 mm

x 5 mm x 5 mm that allows to measure with a high resolution in one direction. The
sensor is fixed and the chamber is moved in two directions.
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3.2 Drugs

Several cytoskeleton altering drugs have been used. For a precise description of the effect

of the drugs see section

e Y27632: The working solution was 10 nM. The stock solution was 100 uM in
DMSO, stored at -20°C.

e Nocodazole: Nocodazole from Sigma Aldrich was stored in 6 - 1075 Mol/l in
DMSO, the working concentration was 10~3 Mol/1.

e Paclitaxel: Paclitaxel was used in a 10~Mol/1 working solution and stored as a
10~3 M solution in DMSO at -20°C.

e SMIFHZ2: he Stock was stored at -20°C in DMSO, Working solution was 25 uM.

e Phalloidin: Phalloidin was used at a 20 pM concentration.
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3.3 Microscopy and staining

3.3.1 Antibody and Rhodamine labeling of cytoskeletal structures

Prior to working with transgenic hydra the actin structures were labeled with rho-
damin/phalloidin, a fluorescent probe specific for F-actin in fixed cells. The excita-
tion/emission wavelenghts are 540/565 nm respectively. Phalloidin inhibits actin de-
polymerization. Also, staining with Green fluorescent protein labeled human F-actin
antibodies that showed to be compatible with hAydra actin, was performed using the
same protocol.

Staining protocol:
1. Rinse in Standard PBS (Phosphate buffered saline, both with and without Mag-
nesium and Calcium were sucessfully used).

2. Relax in 2% Urethane
3. Wash in PBS, 3 x 5 min
4. Fix in Paraformaldehyde 4% 10 min
5. Wash in PBS, 3 x 5 min
6. Permeabilize in Triton X 300 0,1% in Distilled Water 10 min
7. Wash in PBS 3 x 5 min
8. Stain in Phalloidin (40 g 1 auf 1 ml), 45 min
9. Wash in PBS 3 x 5 min

10. Treat with Hoechst 33258, or, if long term fixation is desired, with Moevio-

1/Hoechst Solution, both with Hoechst working concentrations of 1 pug/ml.

The antibody used against Vimentin was Vimentin Antibody (V9): sc-6260 from Santa

Cruz Biotechnology. The actin antibody was an anti human F-actin antibody.

3.3.2 Confocal microscopy

Confocal microscopy was performed on a TI-Eclipse inverted microscope from Nikon
Spinning head : Yokogawa head CSU-W1 from Andor, pinhole 50 pym
Laser: Nikon combiner LU-NV. 488 and 561 nm, 70 mW; 405 nm with 20mW and 647
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nm with 125 mW
Camera : ORCA Flash 4.0 V2 CMOS camera from Hamamatsu. 4 million pixel
Objective : 20 x CFI-Plan Apo NA 0.75, working distance 1,0 mm with a 20 x objective

to allow for the large working distance required by the living animals.

3.3.3 Brightfield and phase contrast microscopy

Brightfield and phase contrast microscopy were performed on a modified Olympus IX7
with a HighPower-LED-Modul Rot 1 W 51.2 Im 10 ° 2 V ledxon 9008103, an objective
adapter to allow for the increased working distance in the hanging drop regenerations

and a custom made phase blend to work with the objective.
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3.4 Regeneration pattern analysis

3.4.1 Processing of the regeneration image stacks

Brightfield Microscopy yields Image stacks of different grey values. To automatically
calculate the projected plane of the hydra, binary pictures need to be generated. The
Open Source Fiji/ImageJ Software was used for all Imaging analysis. The interpretation
of the regenerations in agarose Wells requires some preparation steps, the hanging drop

experiment analysis at step 4.

1. The Image sequence is loaded into a virtual stack, processed into 8 bit pictures

and saved as a .tiff file.

2. Unwanted light gradients and darker gray areas need to be removed from the
picture. For this the a posteriori Shading correction plugin 514 V 3 (open source)
is used. The shading model is used as mask to correct all the pictures in the stack.
If the shading changes during the experiment a macro can be used to automatically
make the shading model and the subsequent correction for every single picture of

the stack, although this was rarely necessary.

3. The agarose Well needs to be removed from the picture in order to allow clean
binary pictures of the hydra sphere. The Region of interest (within the agarose
well, outside of all the hydra positions during the experiment is chosen, inverted

and the outside cleared).

4. From here on the Image processing is the same for all experiments. If necessary
the contrast of the stack can be enhanced using either the ”‘Contrast”’ option or

the thresholding tool, both yielding the same result.

5. For the subsequent steps Batch Processing is needed for the virtual stack. The
following commands are used: run(”8-bit”); setOption(” BlackBackground”, false);
run(”Make Binary”); run(”Fill Holes”); and the resulting Binary files are saved
into a new folder. If the hydra is bright on dark background the ”BlackBack-
ground” Option needs to be true to achieve black particles on a white background.
The ”‘Fill Holes”’ option is necessary to compensate for brighter areas at the cen-
ter of the sphere or in the rim regions caused by the thinning of the sphere during

movement or the cellular structures visible in the rim.

6. Analyze particles: Fiji/ImageJ automatically analyzes the Area of the sphere, the
Major and the Minor axis, the angle of the major axis with respect to the x axis

of the picture, the circularity 47 area/perimeter? of the picture.
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7. Special case: If the pictures are in Phase contrast the Variance filter allows to

change them into binary pictures.

3.4.2 Analysis of the oscillation patterns

The subsequent interpretation of the Fiji Files is performed using Origin Pro 8.6 Data
Analysis Software. The regenerating hydra is approximated as a rotational ellipsoid. In
the hanging drop pictures hydra tends to oscillate with the major axis perpendicular to
the optical axis of the microscope, so the area and the measured axes can be directly
used to calculate the volume. Most of the time the regenerating hydra has a pronounced
major axis so the calculation of the volume is better suited to observe the physiological

changes.

1. The data files produced by Fiji/ImageJ are imported into Origin. To allow for a
comparison between experiments the Volume is normalized to 1. The normalized

volume over time is plotted.

2. The angle between the major axis and the x axis of the image is plotted over time

and compared to the volume over time.

3.4.3 Interpretation of the normalized oscillation data for the Fast

Fourier Transform analysis

The inflations were linearly detrended and a spectral analysis using Fast Fourier Trans-
form (FFT) was performed after [123].

The Amplitude over Frequency data was analyzed using the impulse analysis, using a
threshold of 20% and the absolute and local maxima to define a signal. Hidden peaks
were extracted using the second derivative.

The received impulses were directly compared to see whether there are some common fre-
quencies during different experiments. The impulses were multiplied with the duration
of the oscillation to allow for comparison between different oscillations and experiments.
To compare the development of the frequency contributions over the regeneration time

the amplitude was also normalized to 1.

3.4.4 Analysis of shape fluctutations

To analyze the shape fluctuations, the same processing steps as described in were

performed. Resulting binary pictures were analyzed and the angle was calculated by
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the particle analysis tool. The angle is measured between the main axis of the particle
and the lower frame of the image. The difference between two subsequent angles was
calculated, resulting in the ”angle difference”. Angles between 0- and 180- result in very
high angle differences that do not reflect the reality. To remove this artifact, a threshold
was chosen and, for angles 10- around 0 or 180 the smaller possible difference was chosen

using the following matlab code:

function Angle=Winkel(angle)

for i=1:(length(angle)-1)

a=angle(i);

b=angle(i+1);

if (a > 175&&b < 5)|(a > 175&&b <<= 5);
A=max(a,b)-min(a,b);
B=180-max(a,b)+min(a,b);
Angle(1,i)=min(A,B);

else

Angle(1,i)=max(a,b)-min(a,b);

end

end

To see how the angle behaves, the time the hydra spends in a state of high angle dif-
ference or low angle difference state was counted. The threshold to define what high
or low difference means was chosen based on hydra behavior with a fixed angle. The
probability of the hydra to stay in one of the states longer than a given amount of time
was plotted. The following code in matlab was used: function test=zweiteZeile(data)
n=0;

A=zeros(1,length(data));

L=length(data);

k=1,

erg=5%ones(1,L);

if data(1)10

A(1)=1;

else A(1)=0;

end;

for i=2:L

if data(i);0.2

A(i)=1;
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else A(i)=0;

end;

it A(i)==A(-1)
n=n+1;

else erg(k)=n;
k=k-+1;

n=1;

end;

end;
c=max(erg);
b=zeros(3,c);
erg=erg(erg =5);
for i=1:c
b(1,0)=i;
b(2,i)=length(erg(erg==i));
end;

for i=1:c
b(3,i)=sum(b(2,i:end));
end;

cl=b(2,:)¢0;
fi=find(cl);
test=b(:,fi);

subplot(2,2,1)

plot(data)

subplot(2,2,2)

plot(log(b(1,:)) log(b(3,),");
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4.1 Very small temperature gradients are sufficient to af-

fect axis orientation of regenerating hydra

4.1.1 Specification of the gradient

Prior experimental work by Soriano et al. demonstrated an orientation of the body axis
of regenerating hydrae in the direction of a temperature gradient (see section [23].
In the experiments and the proposed model, a linear gradient was assumed. The exact
temperature difference was calculated, but not measured [22].

Temperature gradients were generated in a chamber constructed of glass and sapphire
ceramic heating elements, as described in the supplementary of [23]. The gap between
the heating elements was 2 mm. For temperature control, a feedback system involving
a temperature sensor and controller was installed. For the exact shape and construction
of the temperature chamber see section figure [3.4] The temperature gradient
was measured using a flat PT-100 Sensor and simulations were performed to optimize
the gradient regarding steepness, linearity and stability.

The temperature gradient experiments were performed by Dr. Aravind Pasula. In some
of the experiments the orientation of the hydra exhibited an unexplained 30° tilt of un-
known origin.

Partial differential equation simulations using Matlab (PDE Tool) predicted a strong
dependence of the gradient on the shape of the chamber. In addition, a strong depen-
dence of the external temperature was observed. The simulations indicated that only if
the temperature settings are perfectly symmetrical around the room temperature, high
temperature differences can be achieved. In addition, simulations with Energy2D, an
interactive heat transfer simulation tool that considers convection, were performed and
predicted that a tilt in the gradient could be caused by insufficient lateral temperature
insulation of the chamber.

The shape and the actual temperature values of the gradient have been measured using a
custom made PT 1000 temperature sensor that was moved using a stepper motor driven
stage. The sensor dimensions are 0.2 mm x 0.5 cm x 0.5 c¢m, allowing to achieve a high
spatial resolution (approximately 700 data points for 2 mm) of the measurement in the
direction of the gradient. The absolute temperature and the shape of the gradient in the
temperature gradient chamber have been measured and determined. Experiments were
performed with and without lateral thermal insulation of the temperature chamber us-
ing polystyrene. Experiments with symmetrical and asymmetrical temperature settings
were performed.

Contrary to the simulations with the Matlab PDE Tool, higher and more homogenous

gradients were achieved using an asymmetrical temperature setting shifted towards the
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cold side. Adjusting the hotter side further away from the room temperature resulted
in a very irregular gradient or a complete gradient breakdown. Symmetrical adjustment
of the same temperature difference caused up to a 50 % drop of the gradient (see table
1),

Adding lateral polystyrene insulation to the chamber significantly increased the area
with a homogenous gradient and removed the 30° tilt in the center of the chamber (see
figure for before and figure for after the improved insulation).

The absolute gradient values were much lower than expected (see table . The high-
est possible gradient with this setting exerted a temperature difference of 0.6 °C on the
hydra. This gradient caused a high mortality in the regenerates and can be considered
the maximal viable gradient. See figure for the qualitative results of 0.13, 0.19 and
0.6 °C gradients.

The tilt in the data due to the inhomogeneity in the temperature gradient was solved

A T expected (°C) A T mea-
sured (°C)

0.6 (with insulation) 0.3

0.9 (with insulation) 0.315

1 (as used in previous experi- | 0.195-0.225,

ments, without insulation) depending
on the
position

1.2 (asymmetrically adjusted, | 0.6

with insulation)

1.4 (symmetrically adjusted, | 0.345

with insulation)

TABLE 4.1: Comparison of the expected and the measured gradients.

by using polystyrene as an insulation of the chamber (see .

4.1.1.1 Summary and Discussion

The experimental setting strongly depends on the environment, responding to even
small changes, such as changing the type of the insulation. Small fluctuations in room
temperature can also strongly change the gradient up to 50 % in the course of the
experiment. To achieve a reproducible quantitative result, the room temperature as
well as the insulation need to be tightly controlled. Alternatively, the gradient needs to
be verified prior to each experiment.

The 30° tilt demonstrates that the axis orientation is influenced by the temperature,
not the chamber itself.

The results demonstrate that gradients as low as 0.13°C influence axis formation. This
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0.195-0.255 ° C Gradient
m H\‘I l

20.68 °C
20.78
20.88
20,98
21.08
21.18
21.28
21.38
21.48
21.58
2168
21.78
21.88
21.98
22,08
22,18
22,28
22.38
22.48

Position in Gradient in mm

100 200 300 400 500 600 700
Measuring steps (Position in chamber)

FIGURE 4.1: Left: a schematic depiction of the temperature chamber, T1 and T2 are

the thermoelements, hydrae are indicated in white. Right: Measurement of the gradient

exhibits an inhomogeneity that causes the tilt in the axis orientation. This effect was

seen in various intensities depending on the gradient boundary temperatures. In this

case, gradient over the hydra regenerate (200 pm diameter) was calculated to span 1
°C, but, in fact, amounted to 0.195-0.255 °C, depending on the position.

conforms with the prediction of [22] and the model of self-organized criticality (see
section [2.2.1] in fundamentals). In a self organized system on the point of criticality, a
small stimulus is sufficient to induce a change in the system. Thus, the result that even
smaller than assumed temperature gradients induce axis formation supports the model
of self-organized criticality.

Technically steeper gradients are possible by improving the insulation and adjusting the
symmetry of the chamber. At one point the gradient breaks down and convection takes
over. However, in an optimized setting, this takes place at temperature differences that
are not viable for the regenerates. The cause of death in high gradients is unknown, an
inability to break symmetry due to asynchronous behavior of hydra cells on the cold and
hot side is possible. In addition, hydrae are very sensitive to mechanical stimuli. One of
the first control experiments was performed to investigate the question whether irregular

flow within the chamber caused by convection is the cause of death in the experiments.
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0.315 °C Gradient
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FIGURE 4.2: The temperature gradient after adjustment of the insulation and temper-
ature regulation parameters. Left: Schematic depiction of the temperature chamber,
T1 and T2 are the thermoelements, hydrae are indicated in white. Right: The actual
measured temperature gradient differs strongly from the assumed gradient of 1 °C. The
insulation and temperature setting adaptation removes most inhomogeneities.
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700 measuring steps, 4 mm
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F1cURE 4.3: Experimental data with a depiction of the applied gradients. The upper
panel demonstrates the distribution of the head formation in three gradients. Effective
gradients for the regenerates are calculated. The 0.13 °C gradient induces no preference
for an orientation. The 0.6°C gradient exhibits a bimodal distribution with no prefer-
ence of the head orientation. The amount of experiments is low because of the lethality
of this gradient. The 0.195 °C gradient exhibits a bimodal distribution, with a 30° tilt
on the cold side. Lower panels demonstrate the measured gradients, the regenerates are
indicated as white circles. The lower left panel shows the temperature in the chamber.
On the cold side, the gradient is perpendicular to the chamber. On the warm side,
irregularities can be observed and the gradient is distorted in several areas. This could
explain the 30° tilt in the results.
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4.1.2 Influence of irregular flow due to convection on the regeneration

success

Convection as a possible cause of death in steeper gradients (as described in section
was investigated. Convection could expose the regenerates to a constantly chang-
ing mechanical stimulus by touching the bottom or the walls of the chamber. As shown
in sections and the regenerates are very sensitive to mechanical manipulations.
A flow chamber was built to expose regenerating hydra to constant movement in the
medium, thus simulating irregular flow and constantly changing mechanical stimulus
(see figure in section [3.1.5]).

In total, 4 Experiments have been performed using between 10 and 20 regenerates each.
The success rate of the regeneration was close to 100 %, 2 Hydra regenerates were lost

during the process. This corresponds to a normal regeneration success rate.

4.1.2.1 Summary and Discussion

The mechanical stimulus caused by irregular flow does not prevent regeneration of the
hydra, indicating that movement due to convection in higher gradients does not play a
role in the mortality.

The gradients used in the experiments are within the viable and regeneration-friendly
temperature range for hydrae [53]. Therefore the metabolic asynchronism in the sphere

is probably the cause of axis orientation and of death in steep gradients.
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4.1.3 Discussion and Conclusion

The actual temperature gradients used in the quantitative measurements are almost 50 %
lower than the assumptions based on the calculation of the gradients. Settinga 1°C (1°C
assumed, 0.2°C in reality) gradient based on the calculations gave and actual gradient
that was lower than the lowest assumed gradient (0.6°C assumed, 0.3°C in reality).
The quantitative experiments demonstrate that the regenerates are sensitive to small
temperature differences. The setting of the temperature gradient cannot be calculated
based on a linear temperature gradient without convection. Experimental measurement
and control of the gradient is necessary. Simulations that are taking convection into
account are a useful tool to predict the shape of the gradient. The temperature gradient
is easily distorted by a change in lateral insulation. A possibility to further improve
the gradient would be to add insulation on the top and bottom of the chamber without
blocking or distorting the path of light of the microscope. Very thin double layered
glass could be a possible solution. Simulations of different chamber geometries (without
taking the convection into account) predicted that blunt points in the cross section of
the thermoelements could also allow to establish higher gradients. However, since the
highest possible gradient in this chamber is not viable for the regenerates anymore, higher
gradients are not useful for hydra experiments. Investigation of expression patterns
demonstrates that the head is induced prior to the foot [I7]. In the gradient with a 30°
tilt on the hot side the foot is oriented in the direction of the tilt. This points to an
indirect, perhaps head-suppressing effect of the hot side of the gradient, which agrees
with the orientation towards the cold side of the head demonstrated by [22]. Another
explanation of the effect could be that in a situation with competing gradients there are
ideal gradients or temperatures that influence the head formation stronger than either

higher or lower gradients.
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4.2 Hydra regeneration from small tissue pieces follows

specific regeneration patterns

Small tissue pieces are cut from the center of the body column. They heal and turn
into spheres of approximately 300 yum in diameter (for more details on size see section
4.2.5). After cutting and healing, hydra regenerates undergo sawtooth-like oscillations.
Soriano et al described a specific oscillation pattern that is linked to symmetry breaking.
Three phases were described, first large slow oscillations followed by faster oscillations
after symmetry breaking. The transition is distinct and sudden. The second phase, as
described corresponds to the elongation of the regenerate . The third phase describes is
distinguished by the emergence of the head and the foot [124].

In this work the oscillation patterns were investigated more closely and new tools were
introduced. At the first glance, most hydra regeneration follows this basic pattern simi-
lar to the one described by Soriano et al. [124]. However, there are individual deviations
with respect to regeneration time, number of oscillations and other factors that are de-
scribed in the following section. In total, three regeneration phases before head and foot
emerge could be identified, thus, 4 in total (see section .

The circularity during regeneration was investigated. Mechanical symmetry breaking is
characterized by an irreversible elongation of the regenerate. The process of the circu-
larity highlights the regeneration process further (see section .

To pinpoint the exact time of symmetry breaking, a marker for mechanical symmetry
breaking, the directionality, or angle, was established. This marker allows to confirm
whether a symmetry breaking process takes place in regenerations with deviating pat-
terns (see section {4.2.3). Regenerations were recorded with 1 frame per second and
turned into binary pictures. Fiji Imaging Software was used to analyze Volume over
time, Circularity and directionality/angle. An overview of the investigated parameters
is shown in figure [£.4]

4.2.1 Volume over time

Volume of the regenerates during every recorded point in time was calculated by per-
forming a particle analysis of the binary pictures (see section [3.4). The two main axes
(a= major axis, b= minor axis) were measured. As shown in figure the hydra is

fitted by an ellipsoid and the volume in every individual image is calculated using

4
V:§7T~a-b2 (4.1)
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FIGURE 4.4: An overview of the investigated parameters. Temporal resolution is 1
data point per second. The regenerate is indicated as a brown circle/ellipsoid. Volume
as a function of time demonstrates the course of the osmotically driven oscillations.
One oscillation is indicated in green. During the inflations, rhythmical trembling is
observed. The angle of the main axis, with respect to the image frame, is plotted
over time. The blue frame shows the correlation between the trembling and the angle
during regeneration. Circularity C shows the proportion between the minor and the
major axis. 1 means the axes are equally long, smaller values indicate a more oblong
shape. Four phases can be distinguished regarding the regeneration and are indicated
by the schematic regenerates on top, brown. Phase 1 is defined by an (on average)
spherical regenerate that undergoes large oscillations and has an unstable angle. Oscil-
lation period correlates with regenerate size. In Phase 2, the regenerate is smaller, still
spherical on average. The oscillations are irregular and shorter, the angle is undefined.
Phase 3 exhibits regular oscillations, a stabilization of the angle and an elongation of
the regenerate. Phase 4 marks the appearance of the tentacles and foot.

Volume V=%n ab?

FI1GURE 4.5: The volume of the regenerate is calculated by fitting of an ellipse and
calculating of the volume from the two main axes of the ellipse.
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In reality, the regenerate exhibits bulges and takes up irregular shapes, investigated in
section Since these bulges are very small compared to the overall hydra size they
were neglected in order to obtain an analysis of the global behavior.

The parameter of normalized volume over time allowed to gain a more detailed insight
into the oscillating behavior. For the biological background of the inflations see section
2.9l

Most regenerations exhibit sawtooth like oscillations in volume (See supplementary for
more regeneration patterns). The volume change happens in slow, between 10 min
and 7 hours long, inflations and quick deflations, determined to last between 1 and
20 seconds. During the first oscillation the regenerate reaches its maximum size. The
slope of the inflations was calculated using a linear fit of the individual inflations and
is 2.3-107° % of the normalized volume per second (standard deviation of 9 - 1076) in
all regenerations. This indicates that the duration of the oscillations corresponds to the
size of the regenerate, since larger regenerates need a longer time to be inflated until
they burst. The deviation in the slope is due to the irregular course of the regeneration
and the resulting discrepancies while performing the linear fit. After 2-3 oscillations, the
oscillation amplitude drops. In most cases, a phase with irregular oscillations, which do
not necessarily look like a sawtooth, appears. After this irregular phase a third phase
appears where the hydra resumes regular sawtooth-like oscillations until the head and
foot are formed. Deviations from this pattern were the following: either less, irregular
or no large oscillations. A more or less pronounced irregular second phase could be
observed, in addition, not every regeneration exhibited this phase. An example of the
volume during regeneration is shown in figure [4.6

An example for a deviating regeneration is shown in figure [4.7]

The exact shape and pattern of the oscillations did not depend on the initial size of
the hydra. The size of the spheroids ranged from 0.19 mm to 0.3 mm (fully deflated)
at the beginning of the regeneration. Before the elongation, the size of the regenerates
remained stable independently of the initial size of the freshly cut fragments. This
indicates an internal size correction mechanism, a phenomenon that is examined and
discussed in more detail in section [£.2.5

During the large inflations, rhythmical patterns of smaller inflations and deflations that
I termed ”trembling” (see figure were observed and further investigated in section
4.5.9

4.2.1.1 Summary and Discussion:

Most regenerations exhibit sawtooth-like changes in volume, as described by [124]. The

oscillation patterns show, despite large discrepancies, some commonalities between the

49



Results

regenerations. Large oscillations and fast deflations, the possibility to distinguish sev-
eral phases and trembling are always present. The differences are characterized by the
time until the oscillation pattern changes and in deviations of the pattern itself. The
exact point when the symmetry is mechanically broken or whether a symmetry breaking
happens at all cannot be decided from the oscillations alone. To pinpoint and describe

the symmetry breaking event, further parameters need to be investigated.
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FIGURE 4.6: An example of a regeneration. During the first three oscillations the

amplitude decreases. This is caused by discarding of tissue during the deflations. After

10 hours (first line), irregular oscillations start. Regular sawtooth-like oscillations are

resumed after 17.5 hours (indicated by the second line). After 28 hours the behavior

of the regenerate changes again. The head with tentacles becomes visible at this stage,
indicated by the third line.
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FIGURE 4.7: Volume as a function of time for an atypical (but successful) regeneration.

There is a lag time of almost 5 hours with small, irregular oscillations. After two large

oscillations, two smaller ones appear, the second irregular. The first line indicates the

point in time of the elongation of the sphere, the second line the appearance of tentacles.
This regeneration took place within 19 hours.
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Minor/major axis =

QJ‘CF

FIGURE 4.8: The Circularity of Minor/Major axis ratio is obtained by fitting an ellipse

to the regenerate at every measured point in time. The ratio of the minor to the

major axis of the ellipse corresponds to the circularity, with a value converging to 0
corresponding to a line and a value of 1 corresponding to a perfect circle.

4.2.2 Circularity or the ratio between the minor to the major axis is

a visible manifestation of mechanical asymmetry

The visible manifestation of a mechanical symmetry breaking is the transition between
a symmetrical spherical object to an ellipsoid object with an irreversibly fixed axis.

The Circularity C has been investigated and correlated with the oscillations. Circularity
is calculated from the ratio of the minor to the major axis of an ellipse fitted to the
regenerate at every measured point in time, see fig. . A Circularity 0 corresponds

to a line, 1 to a perfect circle.

The hydra regenerates are not perfectly spherical. They oscillate in ellipsoid shapes
even before the elongation. The circularity changes quickly during the regeneration.
It varies mostly around 0.8 and never exceeds 0.95 during the first phase. During
the oscillations in the first 2 regeneration phases the circularity decreases and increases
again, demonstrating that the inflations and deflations do not follow an isotropic spheroid
shape, but are ellipsoid with an unstable main axis direction. There does not seem to
be a correlation between elongation and oscillations (see figure , except that fully
inflated regenerates are in general more circular than more deflated ones.

A phase where the average circularity remains constant is followed by a phase where the
circularity decreases and an irreversible elongation of the ellipsoid takes place. The start
of the final elongation coincides with the change in oscillation pattern. The oscillations

change from either phase 2 to 3, if present, or from phase 1 to 2, if the undefined
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phase is skipped (see figure [4.10]). The circularity drops repeatedly prior to irreversible
elongation. This indicates that the the hydra undergoes short reversible periods of
elongation before symmetry is broken. This demonstrates that there is a reversible

asymmetry (see 4.9) even before the regenerate elongates.
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FI1GURE 4.9: The progress of the Circularity as a function of time. At the beginning of

the regeneration, there are reversible phases of higher or lower circularity. Irreversible

elongation of the regenerate starts after several hours (beginning indicated by line).
Tentacles were visible after 27 hours.

4.2.2.1 Summary and Discussion:

As described by [23], circularity is a suitable parameter that can be used as an indicator
of mechanical asymmetry. Before irreversible decrease in circularity, regenerates experi-
ence short peaks of asymmetry and never reach perfect circularity. The shape seems to
fluctuate between different shapes before stabilizing, investigated in section Con-
trary to the initial thesis that the symmetry breaking is defined by the emergence of an
axis, so far it seems that symmetry breaking is the process of irreversibly stabilizing one
of many axes that emerge over time. This indicates that symmetry breaking manifests
as a mechanical process. The regenerate seems to slowly change between an isotropic

and anisotropic state, a phenomenon which is investigated more closely in section
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4.2.3 The process of the main angle direction implies a directionality,
which can be taken a marker for mechanical asymmetry and

symmetry breaking

To further investigate and quantify the fluctuations of the regenerate, a different pa-
rameter to define the mechanical symmetry of the regenerate needs to be established.
As shown in section [£:2.2] the regenerates exhibit shape fluctuations. Conveniently the
experimental conditions in the hanging drop force the hydra to oscillate perpendicularly
to the path of light. Even if it is elongating within the direction of the path of light, the
regenerate quickly reorients due to gravity.

During the regeneration, hydra orientation can be specified by the angle between the

major axis and a line parallel to the bottom frame of the image, see figure [£.11]

Since the regenerate is never a perfect sphere, orientation is well defined at any point in
time. For the exact analysis see section [3.4] and subsection |3.4.4

Within the experimental setup, no preferred directionality that could be induced by
external factors, was observed.

In addition to the absolute angle, the angle difference between two subsequent point in
times was investigated. The angle difference is a measure of the stability of a direction of
the main axis. A high difference indicates a quick change of angle, a low difference indi-
cates a slow angle change. To set the threshold and define what ”high” or ”low” means,
the angle differences of hydra with a defined axis were investigated. These changes yield
the minimum threshold to distinguish turning from the whole regenerate from a shape
change. The exact procedure of the analysis is described in section

The change in angle behavior between scattered and stable correlates with an elongation
of the sphere (figures and . Correlation between directionality and circularity
is, on average, 0.832, standard deviation of 0.19. This shows that the elongation corre-
sponds to a change in directionality.

All regenerations exhibit two different phases. The main axis orientation during the first
phase is scattered between 0° and 180°, with short intervals of stability in between. The
stability intervals correspond to periods with a lower circularity.

The final transition into the irreversible stability period does not appear different from
the other transitions. The transition between the fluctuations is always very abrupt (see
figure [4.11]). With regard to the angle difference, the same behavior can be observed.
The results exhibit fluctuations in main axis orientation between a stable angle (low
difference) and changing angle (high difference), see figure These fluctuations have
been closer investigated in section The transition between the fluctuating and

the stable phase correspond with a change in oscillation behavior and the circularity, as

shown in [A.101
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F1GURE 4.10: The Volume, Angle and Circularity of one regeneration are plotted

over time. Correlation between the change in oscillation pattern, the stabilization of

the directionality and the decrease of the Circularity are visible and indicated by a

line. The change in oscillation pattern corresponds to a change in the angle fluctuation
behavior, as described in figure and section [£.2.3]
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Angle

FIGURE 4.11: The angle is calculated at every given measurement by comparing the
angle of the main axis of the regenerate to the picture frame. The series of these values
that describes the angle in the course of the experiment is the directionality.

4.2.3.1 Summary and Discussion:

The stability of the axis orientation with respect to the image frame is a suitable tool to
determine the exact point in time of mechanical symmetry breaking. The abrupt transi-
tion between the stable and unstable phase indicates a global mechanical synchronization
of the regenerate. The slowly changing circularity corresponds to the shape fluctuations,
indicating that phases with a low change in axis orientation induce an elongation. The
stability of the main axis direction over time has not yet been described in literature
and is therefore more closely investigated. The shape fluctuations are discussed more
closely in section
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FIGURE 4.12: The time course of volume, angle and circularity during the regeneration

of a hydra fragment. The first, large oscillations and the following irregular oscillations

coincide with a fluctuating angle. With the beginning of the regular oscillations, the
angle stabilizes and the hydra has a preferred direction.
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4.2.4 Examples of deviating regenerations

Regeneration in agarose wells (contrary to regenerations in hanging drops) caused most
regenerations to display a mechanical asymmetry from the beginning (see figure .
2 regenerations in 8 exhibited a clear transition between mechanical symmetry and
asymmetry. Symmetry breaking could possible be induced by the mechanical stimulus
of the agarose well, however, the reason why a temperature gradient seems to be able
to override this stimulus is unknown. Some regenerations lack the second phase with
irregular oscillations. A defined axis direction can either be present from the beginning
or not (figures and . In some cases, oscillations are not present and
, the latter being an example without a pronounced change in directionality. All
regenerations exhibit trembling, discussed in section [4.5.5l To illustrate the diversity
of the regeneration patterns and their commonalities, examples are shown in figures

4. 1204, 10l

4.2.4.1 Summary and Discussion

The volume oscillations exhibited by the regenerates follow very individual patterns.
However, symmetry breaking does not always seem to correlate with oscillation pat-
terns. Soriano et al [23] presented only one type of regeneration pattern. However,
the regenerations took place in agarose wells, not in hanging drops. It is possible that
the lack of mechanical disruption in the hanging drops allowed some fragments who
would not have survived in an agarose well, to regenerate. A possible background of the

oscillation patterns and a cause for their individuality is discussed in the next section.

58



Results

1.00

— 075
0.50

0.25

0.00

180

120

60

0

1.0

0.8

0.6

FIGURE 4.13: An example of an uncommon regeneration. The first and second oscil-

lation phases seem to be exchanged. First, a phase with small irregular oscillations, at

the end of which the directionality stabilizes, takes place. At the beginning of the large

oscillations with decreasing amplitude and duration, the axis is already stabilized and

the irreversible elongation takes place. Active behavior with appearance of tentacles
starts after 13 hours.
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FIGURE 4.14: A regeneration that is an example of a stable angle before the start of
the oscillations. A short period of unstable angle is present at the beginning (end of this
period indicated in green). The total volume does not change as in other regenerations,
the symmetry breaking is either achieved quickly or the asymmetry present from the
beginning. However, the latter is unlikely, for reasons discussed in section
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FIGURE 4.15: An example of a regeneration in an agarose well. The angle appears

fixed from the beginning. However, clear oscillations and two regeneration phases are

visible. The elongation is indicated in green. The regenerate is very small compared to

other regenerations. This regeneration demonstrates that agarose wells can change the
appearance and possibly the outcome of the regeneration.
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FIGURE 4.16: This regeneration exhibits symmetry breaking without clearly developed

oscillations. Symmetry breaking and oscillation patterns do not necessarily correlate.

The trembling behavior and shape fluctuations, however, are visible, as magnified in
the box.
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4.2.5 Hydra regenerates self-adjust to their ideal regeneration size

during oscillations

As described in section during the first inflation cycles, regenerates decrease in
size by disgorging cells during each deflation. The total disgorged amount of cells differs
between individual inflations and experiments. Some regenerates do not disgorge cells
at all. This section investigates whether the amount of disgorged cells is random and
whether this phenomenon correlates with symmetry breaking.

The size of the hydra regenerates at the beginning of the regeneration depends on the
size of the cut fragments and is determined by the experimentalist. As described in
the size of the regenerates stabilizes before symmetry breaking. Initial size was measured
at the minimum after the first oscillation. Size was measured again at the point in time
after which the regenerate size stabilized, at the minimum of the oscillations after the
size reduction. The initial and final size were compared.

The diameter before the adjustment, measured at the peak of the first oscillation, is 0.3
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FIGURE 4.17: Comparison of the size of the hydra regenerates at the minimum of the

first large oscillation and at the minimum of the first oscillation after the finished size

change of the regenerate. The standard deviation decreases, suggesting an ideal size

for regeneration. N=15. The standard deviations are strikingly low for both cases,

indicating that during healing of the regenerate a first size correction could already
take place.
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FI1GURE 4.18: The time that is needed until the size change is finished seems to roughly
depend on the amount of the size change, although a variance is observed.

mm with a mean deviation of 0.04 mm. The diameter after the adjustment is 0.2 mm
with a mean deviation of 0.01 (N=15), see figure The time until the hydra regen-
erate reaches its final size depends on the amount of the reduction. The time needed for
the size correction depends on the size difference of the regenerate, as shown in figure
There seems to be an ideal regeneration size of 0.2 mm in diameter to which the
regenerates always adjust prior to mechanical symmetry breaking (see fig. . This
indicates that the symmetry breaking mechanism is size dependent. The mechanism is
strikingly accurate, as demonstrated by the small standard deviation of the corrected
size.

The time until symmetry breaking after scaling of the regenerates differs. Hydra spheres
that undergo a size change between 0.06 and 0.15 mm have a higher regeneration success
rate than initially smaller or larger regenerates. Within a size change of 0.06 to 0.15
mm the individual times until symmetry breaking vary substantially, ranging from 3 to
24 hours, and do not correlate with the size change (Spearman correlation coefficient
-0.01, significance 0.97.). For the regenerates outside of this range, the time until sym-
metry breaking is considerably longer (see figure and the regeneration success rate
lower. Only three out of 10 regenerations outside of the ideal size range were successful,
compared to a regeneration success of 100% in regenerates within the ideal size range,

if performed in the hanging drop.
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FIGURE 4.19: The time until mechanical asymmetry (T(BOS), normalized) in corre-

lation to the size change (d(s)) of the hydra regenerate. There seems to be an ideal

size change range between 0.06 and 0.15 mm that allows to reach the BOS faster in

some cases, but the parameters do not correlate (Spearman correlation coefficient -0.01,
significance 0.97.)

4.2.5.1 Summary, Discussion and Conclusion:

There is a size range where sucessful symmetry breaking and regeneration occur more
frequently. The mechanism for size correction and the mechanisms for symmetry break-
ing are uncorrelated, however, symmetry breaking only occurs within the observed size
range. The process of size correction seems to have other benefits besides the adjust-
ment, as hydra that exhibit a certain size change regenerate more often and in shorter
timespans than hydra that do not reduce their size (Fig. . One possibility is that
the hydra removes cells that have been damaged during the cutting process. The mech-
anism that allows the hydra to perceive and correct its size is unknown. A strain rate
dependent mechanism of size perception is possible. The end of the size correction pro-
cess correlates with a change in oscillation pattern. The time for size correction depends
on the amount of size correction that is necessary. The time between the size correction
and the mechanical symmetry breaking varies independently of any observed parameter.

Since the mechanical breaking of symmetry always happens after the size correction and
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the size is within very narrow limits, one may assume an ideal symmetry breaking size.
One may assume that the tissue ruptures always happen at a specific maximum or total
strain applied on the tissue[124], 125]. In addition, the slope of the volume progress over
time does not change if the size changes. What changes is the time that is needed to un-
dergo one inflation (deflations allways take place within seconds). In smaller regenerates,
the same maximum strain occurs in a shorter time, as smaller regenerates do not take
as long to fully inflate. Thus, the time in which a specific strain is applied, decreases,
and the strain rate increases. This is in agreement with the results of the micropipette
stimulus experiments (discussed in section . There the strain distribution in the re-
generate was changed by excluding a part of the regenerate from the oscillations and by

pulling on an area. The exact role of the strain rate in symmetry breaking is not clear yet.

An important aspect is that the fluctuations of the angle and the fluctuations of the
shape already appear during the size correction process. However, the stabilization
of the asymmetry only takes place after the correct size is reached. This could be
explained by two separate mechanisms that are responsible for either transient symmetry
breaking (size independent) or stabilization of the new asymmetry (size, or strain rate,
dependent). The transient symmetry breaking manifests in the fluctuations of the main
axis orientation and seems to be microtubule dependent. The stabilization of the new
asymmetry could also be cytoskeleton dependent. Especially the stabilization of actin
stress fibers is strain rate dependent [I126]. Therefore, the stabilization and subsequent
elongation of the new asymmetry in the regenerates could be stress fiber mediated.
The role of stress fibers and large contractile actin structures during regeneration is
investigated in the next section[d.6] The hypothesis of stress fiber dependent stabilization

of the new asymmetry is investigated in section (4.7)).
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4.2.6 Discussion and Conclusion

Every regeneration exhibits an individual pattern regarding the large oscillations. Most
(20 of 25) regenerations exhibit clear oscillation patterns with three phases. First, reg-
ular large oscillations, where the regenerate adjusts to an ideal regeneration size, occur.
After that, a phase with irregular large oscillations with varying duration occurs. The
beginning of a third phase with shorter, regular sawtooth like large oscillations coincides
with mechanical symmetry breaking. After the third phase, hydrae develop a head and
a foot and start to move actively. In other regenerations, the irregular phase is more or
less pronounced or completely missing.

One function of the large oscillations seems to be the size correction.

The orientation of the main axis with respect to the image frame of the regenerating
ellipsoid over time can be used as an indicator of mechanical symmetry breaking. The
stabilization of the angle always coincides with the beginning of the elongation of the
sphere. The close correlation between angle- and shape fluctuations indicates that re-
generates alternate between a state with transient asymmetry and asymmetry, until

asymmetry stabilizes.

Only two regenerations did not exhibit a sign of mechanical symmetry breaking (fig-
ure no large oscillations, and with large oscillations). In conclusion, most
regenerates of the appropriate size seem to loose their symmetry. The maximal size of
regenerates that allows a symmetry loss is investigated in section |4.6

The patterns of the volume oscillations over time are helpful, but not sufficient to de-
scribe the symmetry breaking process in hydra regenerates. Every regeneration exhibits
an individual pattern, but all share common traits. Mechanical stimulus from agarose
wells seems to influence the fluctuations of the main axis orientation(Example see figure
. Therefore the effect of a mechanical stimulus on axis determination is investigated

in more detail in the next section
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4.3 Mechanical stimulus by Micropipette aspiration deter-

mines direction of body axis

Hydra regenerates exhibit a remarkable sensitivity to mechanical stimuli. Confinement
leads to death or escape. This suggests a mechano-sensitivity or adhesion of regenerates
which, in combination with the mechanical changes during regeneration (see section ,
may play a role in the determination of the body axis.

Micropipette aspiration was used to investigate the effect of local mechanical stimulus

on the regenerating hydra sphere. After a healing phase of 30 minutes, regenerates were

fixed to the pipette by aspiration (see section [3.1.6.1] and 4.20). The regenerates only

touched the pipette, not the bottom of the glass dish. The depth of the aspirated tissue
in the pipette was 60 pum, roughly one quarter of the diameter of the sphere, leading to an
elongation of the sphere perpendicular to the pipette (see figure . Only regenerates,
who were held by the micropipette for the whole regeneration process (defined by the
appearance of a head and foot), were analyzed.

Deviations in the aspiration pressure, the micropipette tip shape or diameter lead to
either escape or death of the regenerates. Oscillations occurred and different regeneration
phases could be distinguished. The tissue within the pipette contained no lumen and is
excluded from osmotic inflations. The time until symmetry breaking and occurrence of
tentacles corresponded to the control experiments.

The regeneration success was 60% (dead and escaped regenerates were counted as not
successful). The angle of the axis in the focal plane was plotted (ﬁgure. Some hydra
were oriented in the path of light (n=3), the others in different directions, but always
in a circular area around the pipette tip (see figure . Interestingly no surviving
hydra regenerated with the tentacles facing down, pointing to a sensitivity to gravity,

as introduced by Hiroshi Shimitzu [127].

4.3.1 Discussion and conclusion:
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Regenerate
Increased head

forming probability

Pipette

100 pm

FIGURE 4.20: On the left, a hydra regenerate fixated with micropipette aspiration

immediately after healing. The hydra regenerated in the plane oriented 40-70 ° to the

pipette. Tissue was aspired 60 pym into the pipette, this part contained no lumen. On

the right side, a schematic representation of the fixed hydra is shown, Head orientations

are indicated as asterisks, the area of possible head appearance is lighter grey. No heads
outside of this area were observed.
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4.4 Location of rupture spots during first regeneration phase

does not correlate with the later mouth opening

During regenerations hydra spheres inflate until a tissue rupture causes deflation. During
deflation, excess cells and tissue are disgorged. It is possible that these ruptures are
caused by a weak spot that is determining the head orientation from the beginning.
Thus, no symmetry breaking process would take place.

To investigate whether these rupture spots predetermine the location of the later mouth
opening and to distinguish turning and location of the later mouth opening, movement
of the hydra and the locations of the ruptures were tracked and correlated with the new
body axis and mouth opening. The regenerates move and turn during the regeneration,
making it difficult to track the specific rupture spots on their surface. For experiment,
the hydra was embedded in silica micro-beads, which allowed to track its movements
during regeneration and pinpoint and follow the exact position of the rupture points
despite its activity. Best tracking results were obtained in Silica Beads of 0.5 um, the
experiment also worked with larger or smaller beads, as long as the observation was
performed in phase contrast. An exemplary picture is shown in figure exact bead
type and protocol are described in section [3.1.6.3] Turning and rupture of the hydra left
traces in the beads, allowing to track the rupture points during regeneration.

The first rupture point is assigned as 0°. The last data point is the direction of the
mouth opening and the tentacles. For the comparison of different experiments, the
mean of the angle values during the first and the second regeneration phase and their
standard deviations were calculated, see figure

There was no correlation between the rupture points during the first phase of the regen-
eration and the axis. However, during the second phase, the rupture points corresponded

to the later mouth opening, as shown in figure

4.4.1 Discussion and conclusion:

The rupture points occurring in the first phase with unstable directionality do not deter-
mine the mouth opening. During the phase with stable directionality, the correlation is
stronger, suggesting a structural reorganization of the sphere after the symmetry break-
ing. Deviations fall within the scope of the turning of the regenerate and correspond to
the variation of directionality after symmetry breaking, as described in section The
changes in the mechanical properties of the regenerate point to a mechanical symmetry

breaking and confirm the loss of symmetry.
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. Remains of older burst

o
VoD,

Regenerate

FIGURE 4.21: A regenerate surrounded by silica beads in phase contrast. The well is
made of agarose (1,2%), the fine structure on the bottom of the well are the beads.
The coarser structures surrounding the hydra regenerate are discarded cells. Those
stick partially to the hydra surface and leave traces in the beads. This allows to track
the turning of the hydra. The lighter areas in the beads indicate previously occurred

ruptures.
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FIGURE 4.22: Comparison of the relative orientation of the rupture spots. Direction of
the bursts (mean, and the standard deviation), comparison before and after symmetry
breaking (as determined by oscillation patterns). Before BOS, the standard deviation
is very high and no correlation between the bursts is observed. After BOS, the standard
deviation is low, showing that there is a correlation between the bursts. Turning and
movement of the hydra have been accounted for, as described in [3.1.6.3]
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4.5 Global mechanical behavior of the regenerates exhibits
rhythmical behavior and correlates with symmetry break-

ing

The nature of the mechanical behavior of the regenerates and its role in symmetry
breaking is investigated in this chapter. As shown in section and figure hydra
regenerates exhibit active mechanical behavior. Their quickly changing shapes are il-
lustrated in section The inflations exhibit trembling behavior that is reminiscent
of a signal, which is investigated in section In addition, inflations are character-
ized by alternating phases. Rhythmical trembling, where volume and angle are quickly
changing, alternates with phases of angle stability (see figure right panel). The
dynamics of this process are investigated in section |4.5.3] The correlation between the
fluctuating shapes and the trembling behavior is investigated in section Finally,

the role of the active mechanical behavior is investigated in section 4.5.5

Phase 1 Phase 2 Phase 3  Formation of head
and tentacles
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FIGURE 4.23: Overview of the mechanical behavior of hydra regenerates. The left

panel schematically shows the investigated parameters volume, angle and circularity.

Center panel shows an example regeneration. Red lines indicate changes in mechanical

behavior. Right panel shows a magnification of the parameters volume and angle to

illustrate the rhythmical changes between stable (low amplitude angle fluctuations) and
unstable (high amplitude angle fluctuations) state.
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4.5.1 Regenerates fluctuate between different shapes

Before mechanical asymmetry, the shape of the regenerates is, on average, spherical (see
section . During each point in time, however, unique shapes can be observed. At
each point in time, the regenerates can be either ellipsoid, pear shaped or exhibit up
to three bulges in the plane of observation. An overview of observed shapes is given
in figure The shape changes correlate with high amplitude angle fluctuations and
the behavior changes after symmetry breaking. The effect of microtubule manipulating
drugs on the shapes is observed (see figures and [1.25)). Paclitaxel causes the pear
shapes to be more pronounced compared to control. Nocodazole treated regenerations

seem to lack pronounced pear-shapes and exhibit less bulging.

First Inflation
A ‘II B

Second Inflation
D

100 um

FIGURE 4.24: Examples of different possible shapes the regenerates can generally as-

sume before mechanical asymmetry are shown. A-C during first inflations, D-F during

second inflation, all before mechanical asymmetry. (A) Shows the regenerate immedi-

ately after healing. (A) Spherical, (B) Beginning pear shape, (C) elongated pear shape
(D) rectangular-ellipsoid, (E) angular, (F) Pear shaped.

4.5.1.1 Summary and Discussion:

As described in sections and hydra regeneration is characterized by fluc-
tuations that coincide with symmetry breaking. The regenerates can change from one
shape to the other within seconds. The possible or preferred shapes depend on micro-
tubule polymerization. In regenerates with successful symmetry breaking, bulges can be
observed with or without drugs. Drug treatment that inhibits symmetry breaking causes

less pronounced bulges. Shape fluctuations are reminiscent of vesicle shape fluctuations,
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First inflation
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FIGURE 4.25: Example of regeneration treated with paclitaxel. First inflation: (A) Be-
ginning of regeneration, spherical. (B) Spherical with bulges, (C) Two bulges. Second
inflation: (D)Pear shaped with two bulges, (E) Pear shaped, (F) Two bulges.

as described by [128]. The bulging, which corresponds to the shape fluctuations, is

microtubule polymerization dependent and plays a role in symmetry breaking.

74



Results

\
100 um

FIGURE 4.26: Examples of regenerate treated with nocodazole. (A) shows regenerate

immediately after healing, rectangular ellipsoid. (B) rounded ellipsoid, (C) Ellipsoid

with bulges, (D) Angular-pear shaped. In comparison to untreated or Paclitaxel treated
regenerations, clear pear-shapes with small bulges are not observed.
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4.5.2 Spectral analysis of large inflations reveals 1/f scaling behavior

and biological timer

All regenerations exhibit high and low angle fluctuations before regeneration. To the
bare eye, these fluctuations occur on the timescale of minutes. They can manifest as pos-
itive or negative peaks of the volume with respect to the average linear volume increase
during the inflation. The behavior of the fluctuations during the symmetry breaking
process has been investigated.

To investigate the characteristics of the trembling, a spectral analysis using Fast Fourier
Transform (FFT) was performed on individual, detrended inflation cycles. Fast Fourier
Transform allows to unravel a function or a signal into its sinusoid and cosinusoid compo-
nents, example see Fig: The significance of the spectrum depends on the frequency
of the input signal. The Nyquist—-Shannon sampling theorem establishes a sufficient con-
dition for a sample rate that permits a discrete sequence of samples to capture all the
information from a continuous-time signal of finite bandwidth. If a function contains no
frequencies higher than N hertz, it is completely determined by individual datapoints
spaced 1/(2N) seconds apart. A sufficient sample rate would be anything that is 2-N
samples/second.

Here the frequencies were analyzed up to 0.1 hertz. According to the Nyquist-Shannon
sampling, analyzing these frequencies requires a sample rate of 1 per 5 seconds. The
imaging rate in the experiments was 1 image/second, therefore the data and the analy-
sis satisfy the Nyquist Shannon criterion. Applying FFT to the detrended oscillations
allows to investigate whether the course of the inflation is random or whether it follows

a rhythmical pattern. A Fast Fourier Transform was performed as described in section
The Amplitude spectrum

V R? + I?(w)
is analyzed.

Inflations where the beginning end end could be clearly identified were analyzed. This
excluded some of the irregular inflations observed after size correction . Fast Fourier
Analysis reveals a spectrum that exhibits two main components (see figure : For
low frequencies up to 0.01 Hz, individual signals can be distinguished.

The spectrum, of all large inflations (N=20) exhibits a peak at 0.001 Hz in all inflations
that were possible to analyze. This means that hydra regenerates undergo oscillation
cycles of 16 minutes. This oscillation occurs no matter the state of regeneration or the
shape of the oscillation patterns. Control experiments using particles instead of regen-
erates in the experimental setting did not exhibit this signal, therefore an experimental
artifact is unlikely.

Except for the 0.001 Hz peak, the other observed peaks do appear to be at different
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FIGURE 4.27: A Fourier analysis unravels the sinusoid and cosinusoid components of
a signal. Left panel shows an example for the superposition of two sinusoid signals.
Right panel shows the corresponding Fourier spectrum with a peak for each sinusoid.
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FIGURE 4.28: Comparison of Fourier spectrum of uniform noise (left) with an example

of a Fourier spectrum of an oscillation (right). Intensity of the peaks (in uniform noise)

or amplitude (in hydra) is plotted as a function of frequency. In uniform noise, the peak

distribution is uniform across the frequency range. In hydra, spectral analysis of the

detrended oscillations exhibits individual strong peaks (pronounced signals indicated by

circles) and signal decay for frequencies higher than 0.01 Hz, which is also investigated
in this section.

frequencies in each individual regeneration. However, normalizing the frequency with
respect to the duration of the inflation, reveals a different picture. The frequency was
multiplied by the duration of the inflation. As all experiments were recorded with 1 fps,
the frequencies were multiplied by the amount of the datapoints within each inflation.
This normalized the signals with respect to the duration of the inflation. This demon-
strates that all oscillations exhibit the same periodicities in their mechanical behavior.
Every oscillation in the 20 oscillating regenerations in reference to its duration exhibits
a peak in their normalized fourier spectrum at 1, 2, 3, 4 and 6. This indicates that the
course of every inflation follows a sinusoid (indicated by the peak at 1 in the normalized
fourier spectrum) which is superposed by 2, 3, 4 and 6 sinusoid waves.

In other words, the course of all oscillations is not random, but exhibits periodicities

which are the same with respect to the duration of the oscillations. As the duration
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of an inflation depends linearly on the size, larger spheres undergo a longer inflation
than smaller spheres (see section [4.2). The obtained Fourier signals are therefore size-
independent.

This indicates that no matter the size, the shape or the course of the inflation from
totally relaxed to bursting always follows the same pattern.

The third observation in the Fourier spectra is the 1/f scaling behavior for frequencies
above 0.01 Hz. The decay of the intensity in the Fourier spectra above 0.01 Hz can be

reproduced by a power law fit using the following equation:

1
=5

I (4.2)

with o between 1.25 and 1.8. The average exponent « is 1.41 +0.2, N=9. The influence of
cytoskeletal drugs on the trembling was investigated. As described in section|4.7] altering
microtubule polymerization with drugs can influence the symmetry breaking process.
Nocodazole can suppress symmetry breaking, paclitaxel changes the dynamics of the
fluctuations described in section [4.2] Therefore, the oscillation spectra of regenerations
that were treated with microtubule polymerization altering drugs were investigated as
well. Considering this parameter, there was no difference between control and paclitaxel
treated regenerations. However, nocodazole treated regenerations exhibited an average
exponent of 0.84 +0.12 (N=9), see figure In addition, in control and paclitaxel
treated regenerations, two regimes can be observed. Signals can be observed from the
smallest frequencies to 0.01 Hz. Between 0.01 and 0.5 Hz, noise with the same exponent
as in control is present. The transition between the two frequency ranges is very clear
in all oscillations. In nocodazole treated regenerations this transition is not visible, the
whole spectrum looks like noise (see figure . Therefore the presence of polymerized
microtubules seems to play a role for the presence of the two regimes. However, the
degree of polymerization is not important if it is at or above the natural polymerization

level.

4.5.2.1 Summary and Discussion:

The fourier analysis of the inflations of the regenerates allowed three observations: A re-
peating signal that occurs every 16 minutes, an inflation pattern of superposed sinusoids

that is independent of the duration of the regenerates and 1/f scaling behavior.

0.0001 Hz signal The 0.001 Hz signal seems to correspond to an intrinsic trembling
frequency of the regenerates. This corresponds to a sinusoid every 16 minutes. The
presence of the peak in the spectrum does not change depending on drug treatment or

regeneration success. This rhythmical movement of the regenerate could be either the
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FIGURE 4.29: Double-logarithmic plot of Fourier spectra of control (left) and noco-

dazole treated(right) regeneration. The average exponent « in control regenerations

is 1.43, standard deviation 0.21 (N=8), in nocodazole treated regenerations 0.84 stan-

dard deviation 0.12 (n=9), see fig. The spectrum of nocodazole treated animals
exhibited only noise.
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FIGURE 4.30: The average exponent « in the noise of the regeneration trembling is

shown. In non-treated regenerations, the average exponent is 1.43, standard deviation

0.21 (N=8). In nocodazole treated regenerations, the exponent is 0.84 on average,
standard deviation 0.12 (n=9)

eigenfrequency of the system, induced by the mechanical movements generated by the

tissue. However, as eigenfrequencies depend on the material properties, the stiffness,

the thickness etc..., a size dependence could be expected.
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4.5.3 Shape fluctuation dynamics of regenerates exhibit power law be-

havior

Regarding the mechanical symmetry, hydra can be either in a state of high amplitude
angle fluctuations or low amplitude angle fluctuations (see section . The angle
difference (see Fig. demonstrates how much the spatial orientation changes within
a second and is a measure for axis stability. This parameter also allows one to vizualize

the fluctuations of the main axis orientation.

To investigate the dynamics of this behavior the angle difference has been normalized.
Comparison of the fluctuating phase with the stable phase suggested a threshold of 0.2,
see Fig. |4.31] The threshold clearly separates the two different conditions: Either the
main axis is stable and the hydra turns and ”wobbles” without changing its symmetry,
or the main axis changes within seconds and is unstable.

If the angle is close to 0 or 180, artificially high angle differences can occur (for example,
the hydra turns from 170 ° to 10 °, which is actually a movement of 20 °, but is displayed
as a change of 160°. These artifacts have been corrected by the following procedure (see
section for the exact coding): For every data point, if it is close to the boundary
of 0 © or 180 ° either a larger or a smaller step can occur (170° to 10°= 20° or 10° to
170° = 160 °) Of these two possibilities, the smaller ones have been chosen. The allowed
distance to the boundary for this correction was based on the average change in angle
after symmetry breaking.

The time points the hydra spends in one of the states have been counted. The normalized
frequency of occurrence of a period of stability longer than a given value is plotted against
the duration of the period of stability, see figure [£.32]

The shape fluctuation stability follows a power law.
y=B-z4 (4.3)

The fit is applicable from very short periods of low amplitude angle fluctuations in the
range of less than 10 seconds and ends just before the longest period of low amplitude
angle fluctuations after the symmetry breaking. The amount of the periods of specific
durations follows a power law with an exponent A of -0.62 4+ 0.003 for periods of dura-
tions between 1 and 200 seconds. A longer period of low amplitude angle fluctuations
occurred only after the symmetry breaking as a stabilized asymmetry. Changing of the
microtubule polymerization with paclitaxel (1 uM, applied after cutting) changes the

power law exponent, see figure |4.32] Differences in the drug treatment can be caused by
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FIGURE 4.31: Example of the angle difference in context with other regeneration pa-
rameters and symmetry breaking, green. Volume demonstrates the development of the
volume over time. The angle shows the spatial orientation of the hydra main axis.
Minor/Major axis shows the circularity of the regenerates. The angle difference shows
the difference of two subsequent angles of the spatial orientation of the hydra main
axis. It measures how much the orientation changes within one second. Red indicates
the threshold chosen to distinguish unstable from stable angle. Indicated by the cyan
boxes is a common artifact from the angle difference calculation: If the angle changes
between 180° and 0°, it cannot be distinguished whether it is a very small or a very
large change. This is partially corrected by setting a threshold that determines how
close the individual data points can be to either 0 or 180 °. The two possible differences
are calculated and the smaller one is chosen in the subsequent analysis, visualized by
the divided cyan box in the angle.
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dosage imprecision caused by transferring the cut regenerates into the drugs with vary-

ing amount of liquid, or by initial size differences in the regenerates, or other unknown

reasons.
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FIGURE 4.32: Time distribution of a period of stability (P(Period of stability>)) value

against the duration of this period, logarithmic plot. The data is averaged and, between

1 and 200, fitted with a power law. The resulting power is -0.62 with an error of 0.003 for

control. Treatment with microtubule stabilizing drug paclitaxel changes the power of

the dynamic to a lower value, indicating that shorter periods of mechanical asymmetry

are sufficient to break the symmetry of the regenerate. The paclitaxel experiments
differ, probably due to size dependent or dosage variation effects.

4.5.3.1 Summary and Discussion:

The distrubution of low amplitude angle fluctuations before the final stabilization of
the main axis follow a power law. Before the irreversible mechanical asymmetry sharp
transitions from stable to unstable state occur.

The sharp transitions indicate a global mechanical synchronization of the regenerate.
In addition, the existence of a second mechanism for stabilization of the mechanical
symmetry breaking can be postulated, that correlates with the elongation of the sphere,
since the final phase of low frequency angle fluctuation does not fit into the power law.
Stabilization of the mechanical asymmetry could depend on the time the regenerate
spends in this asymmetry, as the elongation correlates with the time spend in the asym-

metric state, see section [4.5.4]
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Treatment with Rho Kinase inhibitor Y-27632 and Formin inhibitor SMIFH2 does not
change fluctuation dynamics. Modification of microtubule polymerization changes the
fluctuation behavior, stabilizing microtubules changes the power and the coefficient.
Inhibiting microtubule polymerization suppresses shape fluctuations. This points to a
microtubule mediated mechanism of shape fluctuations.

Gamba et al [22] demonstrated that a temperature gradient influences axis orientation,
an experiment which was confirmed in this thesis in section Based on fluctuating
RNA expression patterns of head formation associated genes a model was proposed that
exhibited 1/f scaling behavior and self-similarity.

Mechanical shape fluctuations as a key player in symmetry breaking in hydra could ex-
plain the results of the temperature gradient experiments as well. The results presented
in section demonstrate the dependence of the fluctuations dynamics on microtubule
polymerization dynamics, which are also temperature dependent[90]. In a high temper-
ature gradient, the colder side would fluctuate at a different frequency than the hotter
side.

Temperature dependence of axis orientation is in agreement with a microtubule depen-
dent non-equilibrium driven dynamic that plays a role in the symmetry breaking process

of hydra regenerates.
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4.5.4 Correlation between Shape Fluctuations and Trembling patterns

During the grouped peaks investigated in sections [£.5.5 and [£.5.3] differences between

subsequently measured angles of the main axis appear, indicating a quickly fluctuat-
ing shape. The question whether the trembling either correlates with or causes the
shape fluctuations was investigated. The difference between two subsequent angles was
calculated and called the angle difference. A cross-correlation (N=17 regenerations)
between the Oscillations and the Angle difference revealed that there is a strong corre-
lation between trembling and high frequency angle fluctuations (without the sawtooth
inflation/deflation patterns) with a correlation coefficient of 0,9+0.0306, for individual
oscillations. In addition, the Circularity also exhibited a high correlation of 0.834+0.19
with the angle. Drops in the circularity ratio correspond to peaks in the trembling
pattern (see figure . If the large oscillations are taken into account by analyzing a

complete regeneration, the correlation coefficient drops to 0.8 £0.08.

4.5.4.1 Summary and Discussion:

The volume course over time and the stability of the directionality exhibit a strong cor-
relation, indicating that these two phenomena are be linked, and they may be caused
caused by the same source. The influence of microtubule polymerization and depoly-
merization on the trembling indicate that microtubules play a crucial role in the process

of symmetry breaking.
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FIGURE 4.33: Normalized Volume, angle, circularity and angle difference of a regen-

eration exhibit correlated behavior. Rhythmical deflations of the volume correspond

to increased minor/major axis ratio. During these rhythmical deflations the angle dif-

ference is also increased. The change in angle during these deflations is about 90°.

One exemplary group of correlating volume, angle circularity and angle difference is
highlighted by the frame.
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4.5.5 Rhythmical trembling and fluctuations of the main axis orienta-

tion correlate with symmetry breaking

As described in section hydra regenerates tremble rhythmically during large infla-
tions. All successful regenerations exhibit trembling, while characteristics of oscillation
patterns can vary. Thus, trembling is a more general mechanism.

To investigate whether this trembling plays a role in the regeneration and the mechanical
symmetry breaking, cross-correlation with the shape fluctuations has been performed.
In the volume over time plots it appears that the individual inflations follow specific

patterns and the fast movement of the hydra is rhythmical (figure [4.34)).
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FIGURE 4.34: Example of fast rhythmical twitching of the regenerate during the oscil-

lations before symmetry breaking. The peaks seem to be grouped, here with a distance

of 1 min for either in- or deflations. Noise is also present and interfering with the signal.

In addition, regenerations can also exhibit peak groups with a distance of 2 to 5 minutes
between maxima or minima. Within individual groups, the peaks are equidistant.

Groups of equidistant peaks appear throughout the inflations, exhibiting quick rhythmi-
cal twitching of the hydra approximately every 2 to 5 minutes. The volume during this
twitching sometimes increases, sometimes decreases, both directions appear as groups.
Twitching appears as groups of volume increase or decrease with respect to the baseline.
Before symmetry breaking, fast trembling appears and coincides with changes in the
angle. The angle changes up to 90 ° in 25 seconds, see figure After symmetry
breaking there are also peaks, but they do not appear in rhythmical groups.

This behavioral change can also be observed during the transition between stable and
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unstable phases (section |4.5.3]) before symmetry breaking. The transition is very sudden

(figure |4.36)).
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FIGURE 4.35: Detailed view of angle, volume and angle difference. Both panels are

equally scaled. Left panel shows behavior of regenerates before symmetry breaking.

The fast change in the angle, also seen in angle difference, coincides with the trembling,

as shown in volume. After symmetry breaking, the change in angle is much lower and
the trembling is replaced by a wave-like Volume change.

4.5.5.1 Summary and Discussion:

The trembling seems to correlate closely with a change in the angle and main axis direc-
tion (see and therefore the shape fluctuations (chapter . The transitions are
very sudden, there are no intermediate states. The regenerate undergoes fluctuations of
the main axis orientation that change whether a main axis direction is present or not. he
changes in trembling during the periods of stability that occur before the final symmetry
breaking are identical to the changes in trembling after final symmetry breaking. This
indicates that even before the symmetry breaking a mechanical asymmetry is present,
but does not stabilize. Therefore the fluctuations give the regenerate a reversible asym-
metry. Between the symmetrical and the asymmetrical state a clear differentiation is
possible. The transition occurs withing less than a second. The transition into the final

low amplitude fluctuation of the main axis orientation which is defined as the symmetry
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FIGURE 4.36: A complete regeneration (left)and a detailed view at the fluctuation

behavior during the first regeneration phase. Both panels show angle (top), volume

(center) and the difference between two subsequent angles (bottom). On the right side

a time window of 30 minutes shows that the shape fluctuations correlate with a change

in angle (indicating a shape change) and that the transition between the two states,
stable and unstable, is sudden.

Angle

FIGURE 4.37: The angle is the direction of the main axis of the regenerate with respect

to the image frame. The course of the angle over time reveals whether the main axis

direction stays stable and can reveal whether fluctuations of the main axis orientation
are present or not.
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breaking (the irreversible asymmetry of the regenerate) is not different from the transi-
tion between the high and low amplitude angle fluctuations prior to this moment. For
final symmetry breaking an additional mechanism is therefore necessary to stabilize the
new asyminetry.

These results lead to the conclusion that the symmetry breaking and the elongation of
the regenerate are controlled by two different mechanisms. This is supported by one of
the experiments described in [£.7] that exhibits symmetry breaking without subsequent
elongation following treatment with a formin inhibitor. This is in agreement with the
conclusion of Bode et al [49], who claim that the setup and the maintenance of the head

organizer in hydra regenerates are controlled by two different mechanisms.

4.5.6 Summary and Conclusion:

Mechanical symmetry breaking is the stabilization of the main axis orientation. Sym-
metry breaking of hydra regenerates is connected to its global mechanical behavior.
Fluctuations of main axis orientation occur and demonstrate a microtubule dependent
power law dynamic. Both the mechanical behavior and symmetry breaking depend on
the microtubule cytoskeleton. This indicates that the mechanism to generate fluctua-
tions of the main axis orientation is microtubule based. The mechanism that stabilizes
the shape fluctuations is not known. To elucidate these mechanisms the behavior of the
actin cytoskeleton (see section and the influence of cytoskeletal drugs (see section
during regeneration are investigated in the next chapters.
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4.6 Cytoskeletal components, especially actin, reorganize

during regeneration

The active behavior of the regenerating hydra and mechanical manifestation of symme-
try breaking suggests an involvement of the cytoskeleton. The three main cytoskeletal
components are actin, intermediate filaments and microtubules (see section in fun-
damentals). Here, F-actin and vimentin as an example of intermediate filaments during
regeneration were investigated with confocal fluorescent imaging. Microtubules were

investigated indirectly, described in section [£.7]

4.6.1 Actin

Hydra contains three major actin structures:

Myonemes, supercellular structures spanning = 6 cells (see section ;

Stress fibers, contractile actin structures within the cells (see section and

cortical actin.

To visualize actin components, confocal imaging of either fixed, rhodamin/phalloidin
stained hydrae or of transgenic life-act hydra (see section was performed. The
main difference between the two staining methods is that rhodamin/phalloidin stains all
actin, while the life-act-gfp construct binds to polymerized cytosolic actin. The phal-
loidin staining protocol is relatively harsh and requires fixation steps, thus, some actin
structures are destroyed during the staining process. Actin was investigated before cut-
ting, 1 hour after cutting, 4 and 9 hours after cutting and after symmetry breaking
(18-20 h).

4.6.1.1 Cellular and supercellular actin strucures disappear in small regen-

erates and reappear after symmetry breaking

Myonemes were investigated using Rhodamin/Phallodin staining. The structure of the
myoneme network in the adult animals was investigated (see figure . Myonemes
form two orthogonally arranged layers of actin filaments spanning several cells. The
inner layer is oriented in the direction of the body axis, the outer layer perpendicular to
it. They disappear 1-2 hours after cutting and reappear after the mechanical symmetry
breaking. The structures are visibly re-established after 18 hours, which is after the
longest symmetry breaking time, but prior to the appearance of structures like tentacles

or foot. The exact point in time of reestablishment differs between regenerates, which
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agrees with the differing time until mechanical symmetry breaking described in section
4.2

Stress fibers can be directly observed in transgenic life-act hydrae (see figure . Y-
27632, a drug which inhibits pl60ROCK and leads to dissolving of filamentous actin
and reduced contractility of acto-myosin, see section caused a visible dissolving of
the stress fibers within a short time (10-30) minutes.

In control animals, the stress fibers collapse one hour after cutting and appear as short-
ened and recoiled structures, indicating a tearing process, as opposed to a slow degra-
dation (see figure [4.40)).

After symmetry breaking (18-20 hours after cutting), the hydra exhibits a higher and
diffuse actin signal around the future mouth opening (figure . This indicates either
unstructured actin without the presence of stress fibers, which could be the result of
insufficient or nondirectional mechanical stimulus of the cells; or a biochemical suppres-
sion of stress fiber formation (see sections and . A strong actin expression could
also mask the signal of stress fibers, however, even investigations with high resolution
and high contrast did not reveal any structured actin within these cells. Except for the
cells surrounding the mouth opening, stress fibers are clearly visible. This indicates that
the cytoskeletal and probably the differentiation status of cells around the future mouth

opening is different from the rest of the regenerate.

4.6.1.2 Maintenance of cellular actin structures depends on the size of the

regenerate and indicates symmetry status

The minimum tissue size for aggregates to regenerate is 300 cells [52]. Larger aggregates
and tissue fragments regenerate as well, however, the maximal size where the symmetry
is lost and a new symmetry breaking needs to take place is not known yet. The cellular
actin structures disappear in the regenerates that undergo symmetry loss and symmetry
breaking. The size dependence of the loss of the cellular actin structures was investigated
(see section . Several regenerates of different sizes were prepared from the center
of the body column and incubated for 1 hour. Confocal imaging to investigate the cellular
actin structures was performed. Regenerates were investigated via confocal imaging.
Regenerates smaller than 400um in diameter all lost the cellular actin structures (figure
. The hydra toroids and large hydra fragments above 500um in diameter maintained
the actin structures, as shown in figure Fragments above the size of the actin
structure loss are very active and constantly changing their size, especially during light
exposure, supporting the connection between the contractile actin structures and the

ability to actively respond to stimuli by movement. Not only the loss of actin structures,
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FIGURE 4.38: The myonemes in adult hydra tissue, stained with rhodamine-phalloidin.

The orthogonally arranged structures can be seen in one focal plane. Surrounding the

individual cells, the cortical actin cytoskeleton is labeled. Other intracellular actin
structures are destroyed during this staining process.

but also the loss of directional movement in response to an external stimulus can be seen

as an indicator of symmetry loss.
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FIGURE 4.39: Stress fibers in ectodermal hydra tissue in adult animals. The actin
stress fiber network and the cortical actin are visible.
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FIGURE 4.40: Hydra actin 1 hour after cutting. The cortical actin is still visible, while
the stress fibers are only seen as recoiled residue at the cortex of the cell.

95



Results

FIGURE 4.41: Mouth opening of hydra regenerate 20 hours after cutting in two focal

planes. The left image shows the ectoderm and the outer surface of the mouth opening,

the right image shows the endoderm. The cytosol of cells surrounding the opening

in both focal planes seems diffuse, contrary to the remaining cells, which are clearly

structured. In addition, the cells have an elongated and asymmetric shape that differs
from the surrounding cells.
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500 um diameter

1 h after cutting 23 pm

FIGURE 4.42: Confocal images of transgenic life-act regenerates. Both pictures display

regenerates 1 hour after cutting. Upper panel shows a regenerate larger than 500 pum.

The actin network is visible within the cells. The lower panel shows a medium (400 ym

in diameter) sized regenerate. The cortical actin is visible, stress fibers are only seen
as residues attached to the cortical actin.
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FIGURE 4.43: Confocal imaging of life-act GFP transgenic hydra, 1 hour after cutting. The left panel shows the dissolving actin structures, recoiled

and visible as small residues attached to the cortical actin. Center panel shows the total size of the regenerate. Right panel shows an overlay of both
pictures to visualize the cell /regenerate ratio.
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4.6.1.3 Summary and Discussion

In all observed regeneration of regenerates less than 500 pum in diameter(N=9), all
visible large contractile actin structures except cortical actin disappear during the first
large oscillation. A reorganization of myonemes in hydra toroids upon cutting has been
observed by [129].

Regenerates undergo significant mechanical stimuli during the oscillation. Individual
cells are stretched approximately 6 times their area during the large oscillations.The
amount of stretch the hydra cells receive was approximated by measuring the size of
cells before the first large inflation from the confocal imaging (12 pm in diameter) and
calculating the average size increase of the sphere (60%). In addition, after cutting, the
turgor pressure is lost until the regenerate heals into a sphere (approximately after 1
hour). This and the loss of tension resulting from the fast deflations is substantial and

could be responsible for the loss of stress fibers in the cells.

The behavior of actin around the mouth opening is different from the behavior in the
surrounding cells, indicating divergent mechanical properties in this area upon symmetry
breaking. This appearance of actin can occur either due to a local change in biochemistry
or, more directly, due to a change in mechanical stress surrounding this location, or both.
A similar appearance of actin was observed during sea urchin gastrulation, as shown by
[130]. During gastrulation in sea urchins, the vegetal plate (the first pole of the embryo)
exhibits increased actin concentration and a change in cell shape, comparable to the
cells seen in figure

Actin stress fiber degradation probably occurs due to the quick change in substrate
stiffness after cutting and during the deflations (see Tojkander et al. for substrate
stiffness dependent stress fiber behavior [131]). The process of stress fiber and myoneme
degradation after cutting is probably a part of the symmetry loss mechanism in hydra
regenerates. The symmetry loss after cutting can therefore also be interpreted as a loss
of mechanical symmetry, in addition to the loss of biochemical gradients described by
[124].
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4.6.2 Vimentin

Vimentin was investigated as it is a representative of the intermediate filaments and im-
portant in cell adhesion and wound-healing. A BLAST (Basic Local Alignment Search
Tool, an algorithm to compare gene sequences) genome search revealed that hydra vul-
garis contains vimentin-like sequences at the Locus100199525 (Gene ID: 100199525),
although the protein itself has never been verified. An anti-Human vimentin Antibody

staining demonstrates that vimentin epitopes are present in the cnidocytes of the hydra
in the tail and harpoon of the nettles (see figure and [4.45]).

FIGURE 4.44: The body of an adult hydra. Vimentin is labeled in green, actin in red.
The fork-like vimentin structures are part of the nettle apparatus within the Cnidocytes.
All nettle-cells are discharged.

4.6.2.1 Summary and Discussion:

The nettle cells are too low in number and differentiated to play a role in symmetry
breaking. Therefore the observed vimentin-like structures are unlikely to play a role
in the change of the mechanical properties during regeneration. This does not exclude

a participation of other intermediate filaments, which could not be investigated here.
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FIGURE 4.45: Charged Vimentin stained nettle cells.

Nevertheless, the presence of vimentin-like structures in specialized cells is a very inter-
esting result since most publications only stated collagen-like proteins in the harpoon
apparatus [132]. Further characterization of the vimentin-like protein and confirmation

of its nature are necessary.

4.6.3 Summary and Conclusion

Major reorganization of the intra-and intercellular actin cytoskeleton takes place during
hydra regeneration. This indicates that bio-mechanics or cytoskeletally transmitted
signalling plays a role during regeneration. Large contractile actin structures are mostly
absent during the symmetry breaking.

Actin structures are a large contributor to the mechanical asymmetry of the regenerates.
Symmetry breaking itself however seems to depend on additional components, such
as microtubules. Microtubule staining was not possible with available protocols, the
effect of microtubules has been indirectly investigated in After symmetry breaking,
the cells surrounding the mouth opening have a different morphology and cytoskeletal
structure than surrounding cells, even before the emergence of head and foot, indicating a

role of actin structures after symmetry breaking. The role of actin as well as microtubules
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during the regeneration process is investigated more closely using cytoskeletal drugs and

is discussed in section .17
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4.7 Microtubules need to be present and contractile actin
structures need to be absent for successful symmetry

breaking

The results presented in the previous chapter indicate a strong correlation between the
symmetry breaking and the mechanical behavior of the regenerate. The disappearance
of the actin structures after cutting (described in chapter disagrees with the
involvement of large contractile actin structures in the regeneration process. However,
short lived cellular actin structures would be invisible due to the indirect staining of the
actin-gfp transgenic hydrae or destroyed during the rhodamin-phalloidin staining. To
determine which cytoskeletal components play a role in symmetry breaking, the influ-
ence of cytoskeletal drugs on the regenerates was investigated. All drugs were tested
for lethality on adult animals, and the highest non-lethal dosage was used (for exact
dosage see section . The drugs are either involved in the control and modulation of
actin (phalloidin, actin stabilizing agent), actin associated proteins (Y-27632, inhibits
the Rho Kinase, part of the ROCK pathway and leads to decomposition of stress fibers,
contractile actin-myosin fibers within cells; SMIFH2, an inhibitor of stress fiber con-
necting protein formin, see in fundamentals), or in the modulation of microtubule
polymerization (Nocodazole, inhibitor of tubulin polymerization, and paclitaxel, micro-

tubule stabilizing agent).

4.7.1 Actin does not play a role in symmetry breaking but is important

for the subsequent elongation of the regenerates

As visual investigation of large actin structures revealed their absence during symmetry
breaking (see section |4.6)), cytoskeletal drugs were used to further investigate the role of

the actin cytoskeleton during regeneration.

4.7.1.1 Inhibition of actin contractility does not inhibit regeneration.

As regenerates exhibit rhythmical inflations and contractions within one oscillation
phase, the influence of the Rho Kinase, which play a role in the regulation of the shape
and movement of cells, was investigated using Y-27632 as an inhibitor. All three regen-
eration phases are present in the regenerations with Y-27632 (see figure . Y-27632
treated animals exhibit a sigmoidal inflation, indicating that the mechanical properties

of the regenerates are influenced by some components of the Rho-kinase pathways. In all
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phases the angle is more scattered throughout the whole regeneration compared to con-
trol regenerations. However, axis stability and instability can be clearly distinguished.
The fluctuation behavior does not differ from untreated animals (see figure [£.32)). The
elongation of the regenerate after symmetry breaking, indicated by the Circularity, is
less pronounced, however the regenerated animals are viable. The rhythmical trembling
of the regenerate did neither change qualitatively nor quantitatively compared to the

control (compare to section for a detailed analysis of untreated regenerations).

Y-27632 Control Parameters
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FIGURE 4.46: Example of a regeneration under the influence of Y-27632 (a) compared

to control (b). The investigated parameters are schematically displayed in the outer

right panel. Y-27632 inhibits pl60ROCK. In hydra y-27632causes a visible disassembly

of stress fibers within 15 minutes (see section . The angle exhibits more pronounced

scattering than control. Nevertheless, symmetry breaking takes place, as indicated by

the red line. The elongation, as pictured by the Circularity, is less pronounced than in
the control. The regenerate developed into a viable animal.

4.7.1.2 Formin-inhibitor SMIFH2 does not influence symmetry breaking,

but inhibits the elongation of the regenerate

To investigate whether the de novo formation of stress fibers plays a role during sym-
metry breaking formin inhibitor SMIFH2 was used. Regenerates exhibit mechanical
symmetry breaking as well as fluctuations and trembling (see figures and in
section . The oscillation pattern is atypical. Large oscillations start late during
the regeneration. The elongation of the regenerate after symmetry breaking does not
take place. Foot, mouth and tentacles do not appear. The fluctuation behavior of the

angle stays the same as in the control group.
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FIGURE 4.47: Example of a regeneration under the influence of SMIFH2 (a) compared

to control (b). The investigated parameters are schematically displayed in the outer

right panel. SMIFH2 inhibits formin, a protein necessary for stress-fiber formation.

The mechanical symmetry breaking takes place (indicated in red), but no elongation of

the sphere occurs. Inflation rate varies within the regeneration. Regeneration was not

successful. The drop in normalized volume as well as circularity between 1 and 2 hours
is an artifact due to image analysis.

4.7.1.3 Stabilizing polymerized actin inhibits regeneration and large oscil-

lations of the regenerate.

Phalloidin was used to stabilize all actin structures in the regenerate. No shape fluctua-
tions or angle scattering are observed, apparently the symmetry is not lost. Despite the
inhibition of the inflations by phalloidin, deflation-like behavior is visible. However, the

shape of the deflations is different than in control regenerations.

4.7.1.4 Cytochalasin B is lethal to regenerates in small dosages

Treatment with cytochalasin B to dissolve actin structures proved to be lethal in very
small dosages. A concentration assay was performed to investigate the viable dosage,
concentrations above 0.05 uM were lethal, concentrations below did not show any effect

on symmetry breaking or oscillation patterns.
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FIGURE 4.48: Example of a regeneration under the influence of Phalloidin (a) compared

to control (b). The investigated parameters are schematically displayed in the outer

right panel. Phalloidin inhibits oscillations of the regenerating sphere. Stable angle

indicates that the asymmetry is not lost. Strong deflation-like behavior is observed and

indicated with red circles. The shape of the deflations is different, the deflation process

itself is much slower than in control regenerations. Circularity rises. Regeneration was
not successful.

4.7.2 Summary and Discussion

Actin contractility does not influence the symmetry breaking dynamics. Inhibition of
actin contractility neither prevents symmetry breaking nor changes the timescale of the
oscillations. However, the shape of the large inflations is different than in control re-
generations without drugs, indicating that Rho kinase dependent activity, probably de
novo stress fiber formation, takes place during the regeneration and is visible in the
mechanical properties of the regenerates.

Symmetry loss depends on the degradation of actin structures, which supports the idea
that the body axis is, among other factors (see section in fundamentals), encoded in
directional actin structures, as investigated in section [£.6] Experiments show that the
fast trembling of the regenerate that correlates with symmetry breaking (see section
takes place even if contractile stress fibers are not present. Contrary to that, the elonga-
tion of the regenerate after symmetry breaking seems to depend on de novo formation
of contractile actin structures via formin (see in fundamentals). The fluctuations

leading to symmetry breaking itself do not require polymerized actin stress fibers.
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A stress fiber degradation due to the changing directionality of the stress due to the shape
fluctuations during the large inflations (see section could take place. Another pos-
sible cause for degradation could be the absence of mechanical cues after deflation [I31].
A cell polarization using the stabilization of stress fibers therefore can only occur if
the isotropic stress during shape fluctuations and inflations becomes continuously di-
rectional, as only uniaxial stress polarizes actin filaments [98]. The differently shaped
inflations during Y-27632 treatment of the regenerates can be the manifestation of the
supressed short-lived actin stress fibers formed during the stable phases of the shape
fluctuations. However, surprisingly, the presence or the de novo formation of stress fiber
is not a prerequisite for symmetry breaking.

Supported by the absence of visible cellular and supercellular actin structures during
regeneration presented in conclude that the symmetry breaking process or the estab-
lishment of the main axis are not directly associated with actin stress fibers. However,
the stabilization of the symmetry and the subsequent shape change in the regenerate

depend on stress-fibers.

4.7.3 Symmetry breaking depends on microtubule polymerization sta-

tus

To investigate the influence of microtubules on the symmetry breaking, the microtubule
stabilizing agent paclitaxel and the destabilizing agent nocodazole (see section [2.7)) were

used in the highest viable concentration, as tested on adult animals.

4.7.3.1 Suppressing microtubule polymerization using Nocodazole inhibits

symmetry breaking

Nocodazole inhibits symmetry breaking. The hydra follows large clearly defined oscilla-
tions as found in phase 1 without establishing a new axis (see figure [4.49)). The longest
process recorded is 75 hours of continuous large oscillations with a duration of 4.5 hours
on average. Neither an elongation of the regenerate nor the development of a head or
a foot were observed. Shape fluctuations were less pronounced (see section [4.5.1)), no
fluctuations of the main axis orientation were observed and the characteristics of the
hydra oscillation patterns was fundamentally different (see section . No symmetry

loss nor symmetry breaking was observed.
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FIGURE 4.49: Example of a regeneration under the influence of Nocodazole (a) com-
pared to control (b). The investigated parameters are schematically displayed in the
outer right panel. Nocodazole inhibits microtubule polymerization. No loss of symme-
try nor symmetry breaking is observed. The regenerate seems to expand during the
first 6 inflations. The trembling of the sphere during the large oscillations is almost
absent and does not exhibit any visible regularity (see figure and sections m
and . After 40 hours, trembling starts, indicating that the drug effect wears off.
A process that could be a size correction takes place. After 62 hours, hydra starts to
disassemble.

4.7.3.2 Stabilizing polymerized microtubules using paclitaxel does not in-

hibit symmetry breaking

Paclitaxel treatment does not prevent symmetry breaking. The average time until sym-
metry breaking occurs does not change compared to controls. The angle scattering is
stronger than in controls. The fluctuation behavior of the axis stability is present, the
frequency distribution follows a power law with a different power exponent than the
control (see figure . The trembling is much stronger. As described in section m,
the spectral analysis of the hydra trembling does not change. However, in control re-
generations the trembling occurs in positive and negative direction with respect to the
average linear inflation, while in paclitaxel treated animals only negative peaks can be
observed (see figure 4.51)).
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FIGURE 4.50: Example of a regeneration under the influence of paclitaxel (a) com-

pared to control (b). The investigated parameters are schematically displayed in the

outer right panel. Paclitaxel stabilizes polymerized microtubules. The regeneration

with paclitaxel follows a typical regeneration pattern with 3 phases. The mechanical

symmetry breaking is indicated by the red line. The symmetry breaking cannot be

directly seen in the amplitude of the angle fluctuations, as in other regenerations, but
can be observed by the elongation of the sphere.

4.7.3.3 Summary and Discussion

Both nocodazole and paclitaxel changed the trembling behavior of the hydra regener-
ates (see figure [4.51]). Paclitaxel is causing a more pronounced rhythmical deflating
trembling. Inhibiting microtubule polymerization inhibits trembling, fluctuations and
symmetry breaking, while stabilizing polymerized microtubules reinforces trembling and
allows symmetry breaking. This indicates that the trembling is at least partially depen-
dent on the presence of polymerized microtubules. In addition, symmetry breaking
seems to depend on the presence of polymerized microtubules, but the degree of the
polymerization does not play a role, since stabilization of microtubules does not inhibit
symmetry breaking despite a change in the dynamics of the process.

Stability of polymerized microtubules is temperature dependent [I133]. In vitro, cooling
polymerized microtubules leads to disassembly into individual subunits, heating micro-
tubules up to 37 °C favors the polymerized state. The implication that polymerized
microtubules play a crucial role in symmetry breaking therefore agrees with the results
from the temperature gradient experiments in this work as well as in [23]. Different mi-
crotubule polymerization dynamics on the sphere (see section during application

of a temperature gradient could well be the cause of the induced axis orientation.
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FIGURE 4.51: The normalized volume of the first large inflation of three different

experiments are shown. Normalization was performed with respect to the maximum

regenerate size. Control shows an untreated animal, paclitaxel and nocodazol show

drug experiments. In nocodazole treated animals, the trembling almost completely

vanishes. In paclitaxel treated animals, the rhythmical deflations are more pronounced

than in control, rhythmical inflations are not present. Microtubules seem to play a role
in the presence and modulation of the trembling.

4.7.4 Conclusion
The presence of polymerized microtubules is a prerequisite of symmetry breaking while

stress fiber formation is crucial for the elongation of the regenerates after symmetry

breaking.
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Chapter 5

Discussion

. In this work the hydra motion and shape change during regeneration has been inves-
tigated in detail. Morphogenetic motion on several timescales has been observed and
analyzed. The mechanical symmetry breaking instant manifests as an irreversible tran-
sition from a spherical to an oblong average shape.

After cutting, hydra fragments heal into hollow tissue spheres made of a cell bilayer.
After healing, tissue fragments of hydra undergo periodic volume changes that follow a
sawtooth-like course over time, described by Fuetterer et al [125]. The osmotic pressure
inducing these cycles is caused by the regenerate itself [I4]. The duration of these cycles
depends on the size of the regenerate (see section {4.2)).

The size of the regenerates yields a narrow size range of the regenerate that break sym-
metry successfully, not matter the initial size after the cutting by the experimentator, see
section The dependence of regeneration time on size, as observed by [51] 52] [124],
could depend on the time that the regenerates need for their size correction.

In artificial aggregates that are larger than the regenerates in this work, a regeneration
with multiple heads and probably without size correction occurs (the size at the symme-
try breaking moment was not explicitly mentioned, only the initial size)[124]. Artificially
created aggregates made of individual hydra cells can result in much larger regenerates.
In this case multiple heads are observed. A possible effect of the size correction would be
to ensure that only one head can emerge. It is possible that the size correction requires
an at least partially connected mesoglea, as mechanical deformation applied on a tissue
is transmitted through the extracellular matrix [134]. Therefore, the process cannot take
place in artificial aggregates.

The question remains: How do the regenerates perceive and modify their own size?
Allometric changes can influence metabolic rate, genetic behavior and morphology [135].
It is not surprising that the size also plays a role during symmetry breaking in hydra

regenerates, especially if the process affects the regenerates globally and synchronizes

111



Discussion

their mechanical properties.

Tissue size control during embryonic development is a very robust process. It is con-
trolled via a coordination of growth, proliferation, apoptosis and movement and me-
chanically regulated [136]. [137] and [138] presented models to explain a mechanical
regulation of tissue size in embryonic development, the former based on a mechanical
vertex model and the latter based on self-similarity in tissue. However, the question of
how tissues and organs perceive their own size remains unsolved [139].

Strain rate dependent apoptosis as described by [140] for astrocytes, induced by a size
dependent change in the large sawtooth oscillations, could be the explanation of the size
correction mechanism in hydra. A possible mechanism could be that in larger regener-
ates with lower strain rate the stimulus received by the individual cells is not sufficient
for all cells to survive[20].

In vascular endothelial cells, a change in applied shear stress modulates endothelial func-
tion. A lack of mechanical stimuli, in this case shear stress, induces apoptosis, indicating
that a constantly present mechanical stimulus is essential for the maintenance of the en-
dothelial structures|[I41].

Considering the correlation between size and duration of inflation of the regenerates,
a strain rate dependent cell survival would explain how the regenerate "knows” when
size correction is achieved. The large oscillations can therefore provide a defined strain
with a specific strain rate (automatically adjusted via size correction) which points to
a strain rate dependent symmetry breaking process. However, this cannot explain how
symmetry breaking in larger artificial regenerates, that experience a different mechanical
stimulus due to their sawtooth inflations, occurs.

Besides the sawtooth oscillations, regenerates exhibit a variety of oscillations on shorter
timescales. The observed size independent frequency of 0.001 hz is within the range
where the cytoskeleton responds readily to a mechanical stimulus[I42]. The observed
mechanical stimulus of this frequency could serve the purpose of preparing the individ-
ual cells for a mechanical reaction.

A large-scale sinusoidal superposition of the volume over time behavior is observed. A
regenerate seems to undergo a defined series of oscillations from fully deflated to fully
inflated. The repeating normalized values indicate an internal timer or oscillator.

In other words, every sawtooth inflation cycle follows the same course. There was no
apparent change in the Fourier spectra of the trembling over the course of the regenera-
tion, except during the phase with undefined oscillations before symmetry breaking, see
section [1.2] Here the signals are more difficult to analyze due to undefined beginning
and end of the oscillations, so no conclusion could be drawn. The inflation rate (dV/dt,
volume change over time) during the inflations has been considered to be linear [14] 23].
The Fourier analysis revealed a size independent course of the regenerations (short in-

flations follow the same course as long inflations, scaled to their duration), which is
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probably a manifestation of both the reaction of the hydra tissue to strain and the work
of ion channels that provide the osmotic potential causing the inflation in response to
this strain. As described in the reviews by [143],[144], the work of ion channels can be in-
fluenced by several factors, including mechano-sensitivity. Therefore the stress exercised
on the regenerates is probably not constant in the course of an inflation. In addition,
the active behavior of the regenerate has to be taken into account, especially considering
the lower-frequent signals. The current knowledge about the inflation of the regenerates
therefore does not give enough evidence to further characterize or discuss its nature and
course during a cycle. There is no possibility to differentiate between the influence of
stress generated by ion pump activity and a strain-specific reaction of the tissue.

The conclusion that can be drawn from the low-frequent Fast Fourier Transformation
signals found during the inflations is that the inflation progress of the regenerates is non-
linear, more complex than the inflation of, for example, rubber balloons [I145] and that
the regeneration process exhibits mechanical size (and time)-independent oscillations.
The fast oscillations on shorter timescales of each detrended inflation also exhibit a 1/ f¢
noise behavior, the values of « indicating a noise between pink and red. Pink, or 1/f¢
with 1 < o < 2 noise is a frequently occurring phenomenon in biological systems[146].
Self organized criticality generates 1/f behavior[146] as well, which is ubiquitous in nat-
ural as well as in artificial complex systems[147].

In nocodazole treated animals, the noise exponent is closer to 1, indicating that the
processes underlying the mechanical behavior are different from those in untreated re-
generations. This indicates that the molecular basis for the non-equilibrium mechanical
behavior in hydra regenerates may be stongly related to microtubule polymerization. In
addition, it is striking that all regenerations that exhibit symmetry breaking (including
drug-treated, yet successful ones) exhibit a noise with an exponent that is between 1
and two. In contrast, nocodazole regenerations, despite showing large inflations and
deflations, do not regenerate and yield an exponent closer to 1. This indicates that the
microtubule dependent noise is a manifestation of the symmetry breaking process and
that symmetry breaking correlates with a part of the oscillations.

The power law fit of the angle fluctuations described in chapter revealed scale free
behavior as well. Scale free behavior in the context of symmetry breaking in regenerating
hydra fragments has been described by Soriano et al, who observed scale free distribution
of ksl mRNA expression patterns at the symmetry breaking instant. The observed ksl
expression patterns have been reproduced by a self-organized criticality model, specifi-
cally a next neighbor coupled lattice model based on dynamic non-equilibrium processes.
What is the possible role of the observed rhythmical oscillations on several timescales?
Oscillations are common in biological systems, as described in chapter Fundamentals
(see . Examples are neural oscillations in the central nervous system, periodically

changing cell signaling with positive or negative feedback loops, circadian and genetic
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oscillations. However, the question of what drives the high amplitude fluctuating oscilla-
tions remains difficult to answer: is it either an external, neural or biochemical stimulus,
or are the oscillations intrinsically driven?

In some systems, such as in wing beating of some insects [148], the oscillations are too
fast to be driven by neural or biochemical signals. Models for oscillations without in-
ducing stimuli exist for chromosome oscillations during mitosis [149], spindle oscillations
during asymmetric cell division [I50] and spontaneous oscillations of muscle sarcomeres
[I51]. However, the experimental proof of the absence of external stimuli inducing the
oscillations remains elusive.

Other examples for oscillations during embryonic development are pulsed contractions
during apical constriction in Drosophila [152], gastrulation in Drosophila [153] and sea
urchin [130].

Mechanical oscillations allow cells to constantly probe the mechanical properties of their
surroundings and react by changing either their own cytoskeletal structure, the attach-
ment to the substrate or their differentiation status [121], [154]. Local mechanical changes
induce localized changes in gene expression, which can lead to gastrulation events [7],
section

Global morphological changes as convergent extension of embryonic tissue can be in-
duced by pulsed contractions, as demonstrated for Drosophila by [152].

Mechanical oscillations of tissue can also occur as a reaction to a mechanical stimulus,
as observed by [153]. The oscillations exhibited by hydra could well be reactions to the
mechanical stimulus created by the inflation. The oscillatory behavior correlates with
polymerized microtubules, which indicates that the cytoskeleton plays a role during this
process.

It is also possible that the oscillations are not inherently mechanical, but electrophysi-
ological, or any combination of it. Thuret-Carnahan et al demonstrated that paclitaxel
has not only an effect on microtubule polymerization, but on the catecholamine re-
lease from secretory cells. Catecholamines are neural regulators. On the timescales
used in the hydra experiments (hours), Paclitaxel has been shown to completely inhibit
catecholamin release and to provoke an augmentation of free Ca™ in the cytoplasm
[T14), 155]. The activity of KT channels are determined by cytoskeletal interactions as
well [I56]. Thus, even if there is no superordinate neurological structure, the oscilla-
tions can well result from an interdependent effect of the cytoskeleton, the mechanical
stimulus and the electro-physiology of the regenerates. As reported in section [4.5.1
the regenerates fluctuate between different asymmetric shapes during regeneration. The
fluctuations correlate with the fluctuations of the spatial orientation of the ellipsoid
shapes over time. Several transition from a state with an unstable angle to a state with
a stable angle occurred. The last transition marked the moment of irreversible symmetry

breaking The abruptness of the transition and its correlation with the shape and volume
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oscillations suggests that a global mechanical synchronization of the regenerate takes
place. Therefore, prior to symmetry breaking, the regenerates fluctuate between states
of mechanical symmetry and asymmetry. Axis formation is indicated by a stabilized
mechanical asymmetry. Creating and stabilizing an asymmetry in the regenerate do not
always appear together and are probably two different processes. A similar concept was
proposed by Bode et al., who hypothesized that the biochemical de-novo creation and
the maintenance of the head organizer are two different processes [157].

While the sawtooth-like oscillations due to osmotic inflations provide isotropic mechani-
cal stimulus, shape fluctuations of the regenerate seem to translate this isotropic stimulus
into a transient anisotropic stimulus. Cells and tissue react to anisotropic directional
stimuli by polarizing and changing their mechanical properties related to the stimulus
(see chapter. Eventually, this interaction between shape fluctuations and directional
mechanical stimulus leads to an elongation of the tissue. Thus, the vesicle fluctuation is
translated into a mechanical asymmetry of the tissue. However, the regenerate can still
fluctuate if the asymmetry is not pronounced enough to induce a subsequent biochemical
stabilization. Therefore, a beginning mechanical asymmetry can still be overwritten by
a stochastic shape fluctuation, an event that explains the multiple transitions between
a state with a pronounced main axis orientation and elongation and a state without.
Boulbitch et al. demonstrated that shape instabilities of biomembranes depend on the
state of the cytoskeleton and are driven by a local softening of the underlying actin
cortex [158]. However, the influence of microtubule polymerization was not investigated
in this publication. However, microtubule polymerization status changes the bending
rigidity of biomembranes [I59], a parameter important for vesicle fluctuations. A mi-
crotubule dependent stiffening has been observed in embryonic tissue [160].

The strong influence of the mechanical stimulus induced by a micropipette on the body
axis suggests a mechano-sensitive process of axis orientation. The axis orientation that
is oriented with respect to the stimulus, but not at the spot of the stimulus itself, points
to a mechanism that is communicating the effect that determines head orientation in a
circular orientation around the stimulus.

In symmetrical balloons, the strain rate during inflation and deflation is evenly dis-
tributed. Introduction of an asymmetry by a local opening induced a difference of the
strain rate in circular geometry around the asymmetry [I61]. The asymmetry induces a
directional strain as well, since the centrosymmetric area cannot expand. The effect of
the micropipette stimulation of hydra could well be to introduce such a strain asymme-
try. Head determining processes could be mechanically induced by either strain rate or
directional strain.

Brunet et al. demonstrated that a local mechanical stimulus can induce mesoderm in-
vagination, a polarizing process dependent on the wnt/beta catenin pathway (see section

in fundamentals). This effect has been found in Drosophila as well as Danio rero
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(Zebrafish) and can be rescued by a mechanical stimulus [7]. The subsequent nuclear
translocation of beta catenin can also take place without wnt expression. A possible
interpretation is that the cytoskeleton provides a directional mechanical stimulus during
this polarization process. This stimulus is responsible for induction of the canonical
wnt pathway via nuclear translocation of beta-catenin, which in turn activates the wnt
expression. A similar process could well be responsible for hydra axis determination
which uses the same biochemical pathways [I57]. However, while Brunet et al. observed
a local effect [7], the axis induction observed here in hydra is not at the point of the
stimulus. A possible reason for this difference is that the micropipette used by Brunet et
al. has a diameter of 40 yum, while in this work the pipette was much larger and aspired
about a substantial part of the regenerate. The distribution of the strain was different
in both cases.

In addition, the absence of hydrae regenerating facing head down indicates a mechanism
that detects either the direction of the light or gravity.

The induction of the axis via micropipette aspiration points to symmetry breaking as a
bio-mechanical process which depends on the direction of strain and/or strain rate.
Regeneration usually takes place without significant and stable external mechanical stim-
ulus. As the outcome of the regeneration is robust, the hydra regenerates need to be
able to translate a non-directional mechanical stimulus provided by either the oscilla-
tions or the surrounding or other mechanical processes into a directional one to induce
beta-catenin nuclear translocation. Mechanotransduction in cells is mediated via the
cytoskeleton (see also fundamentals and . Upon mechanical stimulation, cells
can react in multiple ways, depending on the nature of the stimulus. The reaction de-
pends on the directionality[162], the strain rate [163, 164] and frequency [163] and on
the initial condition of the cells[I65]. Despite the presence of large sawtooth oscilla-
tions, symmetry breaking does not take place in regenerates with inhibited microtubule
polymerization. Mickey et al. demonstrated that microtubules and their polymeriza-
tion status influence stiffness of cardiomyocytes submitted to directional shear stress
[159]. Bundled microtubules exhibit a strain rate dependent reorientation and micro-
tubule breaking [166, [167]. Microtubule polymerization status influences the mechanical
properties of embryonic tissue. In Xenopus embryonic tissue, Zhou et al. [160] found
that depolymerization of microtubules leads to a 3-4 fold tissue stiffening. This effect
is attributed to a ligand of the Rho GTPase pathway called XLfc. XLfc regulates the
actomyosin cytoskeleton and binds microtubules.

A process that can be described as convergent extension takes place correlated with the
stable phases of the fluctuations of the angle in hydra. Convergent extension is also
observed during the process of elongation and simultaneous convergence in direction of
the anterioposterior axis of the embryo. Convergent extension depends on microtubule

polymerization and the early stages can be inhibited by nocodazole [168]. Kwan et
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al. proposed that initiation of convergent extension in Xenopus laevis, a process that
is sensitive to microtubule polymerization inhibition but not microtubule stabilization,
depends on the mass of polymerized microtubules. Convergent extension in animals is
mediated by Rho-kinase controlled wnt activity [I69]. Both the canonical and the non-
canonical [62-64] wnt pathways are involved [68]. During polarization of cells, Rho acts
as a switch between dynamic and stable states of the microtubule cytoskeleton [I70].
The Rho mediated microtubule regulation [103] turned out to be actin stress fiber inde-
pendent [102].

The results presented in sections and [4.7] point to a microtubule mediated tissue- po-
larization and -elongation that requires the presence of actively polarizing microtubules,
which corresponds to the results presented in section and This establishes a
connection between mechanical properties of tissue, microtubule polymerization status
and the well established wnt pathway which plays a crucial role in hydra head forma-
tion (see [27] for a review). The elongation of the regenerates depends on a change of
mechanical properties of individual cells. In general, mechanical and biochemical polar-
ization of cells is mediated by the cytoskeleton. The polarization of individual cells as
a reaction to a mechanical stimulus with constant frequency depends on the amplitude
of the strain applied which is applied and the strain rate [I71]. Malek et al. demon-
strated that the microtubule cytoskeleton plays a fundamental role in the cytoskeletal
remodeling in endothelial cells exposed to fluid shear stress [104]. However, the actin
cytoskeleton is also thought to drive a symmetry breaking process in cells, enables a
polarized distribution of regulatory molecules and allows microtubules to build on this
symmetry (see [96] for review).

Microtubules play a crucial role in the initial polarization of fertilized oocytes. In Xeno-
pus laevis [30] as well as C.Elegans[§], the initial polarization of the fertilized egg is
microtubule mediated. (For more details see fundamentals, sections (embryonic
development), [2.5.4|polarization), [2.6{mechanotransduction) and for the role of
microtubules in symmetry breaking.)

The change in FFT spectra of the inflations upon microtubule polymerization inhibi-
tion described in section [.5.2]supports the microtubule dependent change of mechanical
properties in the regenerate. The spectra of the short timescale oscillations change if
microtubule polymerization is inhibited. They do not change if microtubules are stabi-
lized. Both, the signals as well as the higher frequent noise, are affected. This implies
a process that depends on the presence of polymerized microtubules, but not on the
degree of polymerization or the polymerization process itself. A mechanical fracturing
of polymerized microtubules, which can only happen if microtubules are polymerized,
could be the cause of the mechanical trembling observed in the FFT transformation.

Odde et al. observed that microtubule breaking in fibroblasts depends on the bending
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of the microtubules [I72]. This could explain a bending-dependent microtubule poly-
merization/depolymerization dynamic caused by the global shape fluctuations of the
regenerates that feeds back on the bending rigidity of the membrane.

While the elongation of the regenerates after symmetry breaking seems to be actin de-
pendent as well, the fluctuations leading to symmetry breaking itself do not require
polymerized actin stress fibers. The induction of stress fiber formation and actin-myosin
interaction are both, among others, depending on the Rho-associated protein kinase
(ROCK) and can occur as a response to as well as independently of a mechanical stimu-
lus [86]. The Rho-Kinase pathway and mechanical stimuli have been found to work co-
operatively in stress fiber organization [104], [173]. Depending on the frequency [126, [174],
cells subjected to a cyclic mechanical stretch orient their stress fibers perpendicularly to
the stretch direction. The stretch frequencies observed in regenerates have been demon-
strated to cause this stress fiber orientation, see [126] for theoretical model, [I74] for
experimental data. Treatment with with Y-27632 (a Rho-kinase inhibitor found not to
interfere with symmetry breaking in hydra in this work) causes the stress fibers to orient
in parallel to the stretch direction [98], therefore inducing a polarization. Completely
inhibiting de novo stress fiber formation with SMIFH2 [I17], (section does not in-
hibit symmetry breaking, but inhibits elongation of the regenerate after symmetry is
broken. He et al. proposed an acto-myosin dependent mechanism of tissue elongation
that depends on oscillating contractions [175]; similar to the ones exhibited by the hydra
regenerate after symmetry breaking.

Stress fibers constantly organize and reorganize depending on mechanical cues [176]. At
least for short times on the scale of minutes, one can assume that stress fibers develop
in regenerating hydra even before symmetry breaking.

The extracellular matrix plays a role in the mechanical properties of tissue as well. The
cytoskeleton is connected to the extracellular matrix via cell-substrate adhesions. This
allows the cells to directly respond to mechanical cues from the environment. Cells
can exhibit multiple responses to changes in substrate. Stress fibers reorganize in re-
sponse to changing substrate stiffness [98] [177] and cells differentiate depending on the
substrate stiffness [109]. Cells can also actively exert mechanical stimuli on the extracel-
lular matrix via the myosin induced contractility [I78]. Tissue, a group of mechanically
and biochemically connected cells and extracellular matrix, has the capability to react
collectively to mechanical stimuli. Cells in tissues are mechanically connected to the
extracellular matrix via cell-matrix adhesions and to one another via cell-cell adhesions.
All cytoskeletal components are connected with the environment of the cell [133]. A
local mechanical stimulus applied to cells in a tissue or a mechanical stimulation of the
extracellular matrix affects neighboring cells as well. Adherens junctions, one type of
cell-cell adhesions, allow neighboring cells to connect mechanically by locally inducing

microtubule polymerization and stabilization [95, I79]. Similar structures exist for actin
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structures and intermediate filaments as well. A mechanical stimulus can cause a reor-
ganization of the adherens junctions [84]. The reorganization of the adherens junctions
following a mechanical stimulus is mediated by the Rho associated kinase pathway [84],
a key mediator of the wnt pathways [68].

Hydra tissue is not only connected by cell-cell and cell-matrix adhesions, but a super-
cellular filament assembly as well (see section . The myonemes in hydra are actin
bundles that span several cells and build a polarized rectangular mesh within the ani-
mal that allows it to move in a synchronized way, see in fundamentals. Myonemes
provide a strong tissue connection within the animal. Actin and microtubule structures
work together to allow quick elongation and retraction of the animal [48].

The size dependence of the actin structure disappearance is in agreement with literature
that states a size dependence of symmetry loss. This result shows that the regenerates
used in this as well as in other experiments [14, 22] loose the symmetry of the actin
components. The the size of the regenerates was about 250 pym, which is well within the
area of symmetry loss.

Loss of cellular contractile actin structures occurs in larger regenerates than expected.
The loss of the actin structures coincides with a loss of activity in the regenerates. How-
ever, large successfully regenerating fragments that are 400 pym in diameter do not occur
as often as smaller ones, regardless of the apparent loss of symmetry, see section
Gupta et al. described a substrate stiffness dependent actin filament ordering, with the
absence of stress fibers on very soft substrates and a change from isotropic to nematic
ordering of stress fibers with increasing substrate stiffness [I80]. The loss of turgor pres-
sure affects the tensional state of the mesoglea, effectively changing its stiffness (among
other properties). Several publications [I73] 180, [I81] described the phenomenon that
cells develop an actin cytoskeleton with stress fibers only on substrates with sufficient
stiffness. The actin stress fibers disappear if the counteracting force disappears as well.
In addition to this, biochemical cues could lead to the deterioration of stress fibers in
the regenerates.

Recoiled actin structures, as observed in the cells (see figure , also appear after
local severing of stress fibers and are indicators of their contractility [182].

Substrate stiffness dependent actin remodeling could be responsible for the disappear-
ance of the actin stress fibers observed here. Not much is known about the molecular
structure and the biomechanical assembly and disassembly mechanisms of the myonemes
(supercellular actin structures). However, a similar mechanism of dissolving and re-
assembly as in the stress fibers can be assumed.

The mechanism behind the actin remodeling in hydra regenerates needs further investi-
gation.

During regeneration until symmetry breaking, no visible stress fibers or myonemes seem
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to play a exist. Due to the indirect actin fiber staining caused by the actin-gfp colocali-
sation in the transgenic hydra it is possible that the transient structures are not visible
under a 20x magnification and very short lived. In support of this, the shape of the
large inflations under the influence of Y-27632 is different (although the regenerations
are successful), indicating that either stress fibers, stress fiber contractility or other ele-
ments of the Rho-kinase pathway reorganize during regeneration.

A common model for head formation in hydra is the the set up of the head organizer
due to expression of the HyWnt genes, starting with HyWnt3 [157]. The canonical wnt
pathway then stabilizes beta-catenin. Stabilized beta-catenin is transported into the
nucleus (nuclear translocation) and subsequently induces changes in gene expression.
Upon these changes, the affected cells change their fate and differentiate into cells with
head organizer potential. A group of these cells acts as a head organizer.

Artificial stabilization of beta-catenin itself by alsterpaullone induces head organizer ac-
tivity in cells throughout the hydra [I83, [184]. Mesodermal invagination is a process
that takes place during gastrulation in vertebrate embryos. This step requires the setup
of the speman organizer [I85], an organizing center of several differentiated cells. For
this process, the activation of the canonical wnt pathway in the organizer with subse-
quent beta-catenin nuclear translocation is involved [I86]. The process is analogous to
the setup of the hydra head organizer [17]. However, Brunet et al. demonstrated that
mesodermal invagination can be inhibited by suppressing either de mowvo stress fiber
formation or microtubule polymerization. This effect can be rescued by application of
a local mechanical stimulus, which directly activates beta-catenin nuclear translocation
independently of wnt. Wnt is expressed only after the start of the invagination process
[7], indicating the possibility that the initial setup and the maintenance of the head
organizer function are controlled by different processes.

This idea has been proposed for hydra symmetry breaking by Bode et al. and Broun et
al [I8], 157].

The results of this work support this idea. The setup of the organizer (symmetry break-
ing) depends on the mechanical status of the tissue. The subsequent steps (elongation of
the regenerate, differentiation of head and foot) require restructuring of the cytoskeleton
as well. The maintenance of the head activator however has been demonstrated to be
based on the subsequently expressed canonical wnt pathway [27].

The necessity of a mechanical stimulus to differentiate cells into a head organizer could
also explain the maintenance of the head organizer in adult hydra despite constant tissue
loss at the hypostome: The mechanical context at this location induces the differentia-
tion of cells into a head organizer. In other words, just the position around the mouth
opening and the specific mechanical stimulus provided in this area is sufficient to change

undifferentiated cells into members of the head organizer.
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If this is true, the head organizer activity would start after mechanical symmetry break-
ing by the nuclear translocation of beta-catenin, not by wnt activation. Fluctuations of
beta-catenin nuclear translocation can be expected. Further experiments are necessary
to determine the exact location of the head organizer development, the nature of its
induction, and the behavior of beta-catenin during the shape fluctuations.

However, the exact connection between the nature of the mechanical, externally or in-
ternally generated, stimulus and the location of the head organizer is not clear. As
discussed earlier in this chapter, the morphogenetic motion of the hydra regenerates

creates local, transient asymmetries in the regenerate. An overview of the wnt pathways
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FIGURE 5.1: Wnt pathways, embryonic development and mechanical stimulus are con-
nected. The wnt-dishevveled complex stabilizes cytosolic beta catenin , which can
the be translocated into the nucleus and activate the transcription of TCF(T-Cell
factor)[187]. TCF leads to the formation of the head organizer in hydra [15), 27]
or the mesoderm invagination during Drosophila [62] and Zebrafish [7] gastrulation.
Beta catenin nuclear translocation in turn can induce wnt expression [I88]. On the
other hand, wnt controls acto-myosin contraction via ROCK, Rho dependent protein
kinase[68]. Wnt-dishevveled can locally act to stabilize microtubules [70]. In addition,
wnt-dishevveled complex can act via JNK (¢-Jun N terminal kinase, involved in cell
polarization) to reorganize the microtubule cytoskeleton [66]. JNK mediated cell polar-
ization is also induced vie mechanical stimulus [I76], leading to cell polarization. Wnt
controlled JNK activity mediates convergent extension during embryonic development

10, [63]

that play a role in cell polarization and the setup of the head organizer and their con-
nection with the cytoskeleton and mechanical stimuli is shown in figure [5.1

In the regenerating hydra, a possible location of the head organizer would be the tip of
the observed bulges. It is possible that the ideal strain rate occurs in a circle surrounding

the tip of these bulges. This agrees with the findings of Brunet et al., who discovered
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that beta-catenin nuclear translocation is induced at the area of the indentation with a
micropipette [7].

At the bottom of the indentation as well as on the tip of the bulge the cells do not
receive a directional strain. In hydra regenerates this could lead to a mechanical weak-
ening of the cells inducing the formation of a weak spot which later becomes the mouth
opening. In contrast, the surrounding cells receive directional strain, which can activate
the wnt-cascade (see sections and . This would suggest that only the cells very
close to the tip of the bulge receive a stimulus adequate for symmetry breaking and the
cells around the later mouth opening develop into the head organizer.

Therefore, not the tip but the area surrounding the bulges is the head forming location.
The micropipette aspiration can shift the head forming area. However, the different
actin conformations observed around the later mouth opening (see section indi-
cate that an almost circular patch of cells receives a different mechanical stimulus than
their neighbors. A model for morphogen mediated curvature changes as a mediator
in hydra symmetry breaking was proposed by [189]. If the mechanical asymmetry of
the regenerate is pronounced enough, a local activation of the head inducing pathway
via mechanotransduction is possible in areas with stronger mechanical strain, like the

observed small bulges.
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5.1 Summary

I investigated the symmetry breaking as inferred from changes in the mechanical prop-
erties of the cell sphere of hydra regenerates from the isotropic spherical to the polarized
elongated state. After cutting of tissue pieces from the body column of an adult polyp,
they heal into tissue spheres. If initially small enough, symmetry in these tissue pieces
is lost (see section [4.4)).

Observing polarized actin structure integrity as indicator for mechanical asymmetry re-
veals that regenerates up to 400 pm in diameter loose their symmetry on a molecular
level. The probability for a successful regeneration increases in regenerates closer to 200
pm in diameter (see section . All regenerating spheres exhibit oscillatory behav-
ior showing large slow inflations with constant inflation rate and short fast deflations[14].
During the first oscillation cycles, regenerates adjust to an ideal regeneration size prior
to symmetry breaking (see section .

A variety of oscillation patterns regarding number and process were observed. Oscilla-
tion patterns change upon mechanical symmetry breaking (see section . On average,
large inflations exhibit an increase of sphere volume with a constant rate. Closer inves-
tigation reveals that they are superimposed by sinusoid signals and 1/f scaling behavior
that changes with respect to symmetry breaking. Inflations exhibit rhythmical trem-
bling that is visible by eye. The regenerate exhibits fluctuations of the angle between a
state with a stable main axis and a state without a stable main axis. Regenerates switch
between mechanical symmetry and asymmetry (see section . Terminal symmetry
breaking manifests as a stable mechanical asymmetry (see section . The frequency
distribution of the fluctuations follows a power law that changes upon microtubule sta-
bilization (see section [4.5.3)). The fluctuations are the result of different distinct shapes
that the regenerate adopts (see section .

Symmetry breaking induces the emergence of a body axis. Gamba et al. demonstrated
experimentally that small temperature gradients affect the axis orientation of regenerat-
ing hydra and predicted the influence of even smaller gradients [22]. This work confirmed
this prediction (see section , demonstrating the extremely sensitive nature of the
symmetry breaking process.

Constant mechanical stimulus via micropipette aspiration induces head position in a
plane perpendicular to the stimulus, indicating a mechanosensitive process of symmetry
breaking (see section . Mechanotransduction is a cytoskeleton mediated process.
Drug experiments demonstrate that actin stress fibers do not play a direct role in sym-

metry breaking. Instead they seem crucial to the elongation of the sphere and to the

123



Discussion

definition of the mouth area after symmetry breaking (see section . Stabilizing mi-
crotubule polymerization does not inhibit symmetry breaking, however, contrary to sup-
pressing of microtubule polymerization (see section . Signals derived by Fast Fourier
transform disappear and the exponent of the 1/f scaling behavior changes if microtubule
polymerization is inhibited (see section . The high correlation and sensitivity to
microtubule polymerization inhibiting drugs indicate that trembling, shape fluctuations

and symmetry breaking depend on the presence of polymerized microtubules.

5.1.1 Possible process of regeneration:

Based on the results discussed above one can assume that regeneration and symmetry
breaking of hydra tissue pieces are not only mechanically manifest but mechanically
driven processes as well. Symmetry breaking relies on a feedback mechanism between
global shape fluctuations and microtubule driven local cell polarization.

I propose the following process for a regeneration:

1. First, a preexisting symmetry from the adult polyp, which is stored in the supercel-
lular and cellular actin cytoskeleton, is deleted (discussed in sections .

2. During the large inflations, cells are destroyed and disgorged until an ideal regenera-
tion size is reached (discussed in sections and .

3. Inflation- and deflation cycles apply an oscillating mechanical stimulus with a size
dependent strain rate (discussed in section [4.5.2]).

4. Due to the mechanical properties of the cell bilayer, regenerates fluctuate between
different shapes, comparable to membrane vesicles. In addition, the regenerates oscillate
rhythmically on the timescale of minutes.

5. Meanwhile, microtubule polymerization and -breakdown on different timescales, lead
to trembling behavior. The combination of global shape fluctuations of the regenerate,
microtubule dynamics, next-neighbor cytoskeleton orientation synchronization and pe-
riodically provided strain of a specific rate allow the regenerates to fluctuate between
different polarized states. These states either break down (leading to shape fluctuations)
or are terminally stabilized (discussed in section .

6. The stabilization of the microtubule induced polarization occurs via the re-establishment
of contractile actin structures, leading to a final elongation of the regenerate (discussed
in section . The canonical wnt pathway is activated and allows the emergence of a

head organizer.
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Chapter 6

Conclusion

Symmetry breaking in hydra tissue is a mechanical process
mediated by the microtubule cytoskeleton and stabilized by

the actin cytoskeleton

In this thesis I addressed the role of the cytoskeleton in symmetry breaking of isotropic
spherical tissue during regeneration of hydra vulgaris. It was undertaken to understand
the role of mechanics in intrinsically driven tissue polarization processes, as during em-
bryonic development. In addition, this thesis hoped to gain insight into the evolutionary
origin of tissue symmetry breaking and the development of body axes.

I could confirm the observation that the mechanical behavior of regenerating hydra
spheres plays a major role in the symmetry breaking process. Shape fluctuations and
1/f scaling behavior of the mechanical oscillations suggest a non-equilibrium process.
The initiation and the maintenance of an asymmetry are two different processes. The
results in this work imply a symmetry breaking process in hydra based on inherent prop-
erties of the microtubule cytoskeleton that is stabilized by the subsequent polarization of
the actin cytoskeleton. Based on this, Hydra regenerates can translate an nondirectional
mechanical stimulus into a directional one, which in turn allows the emergence of a head
organizer.

My work contributes to the current knowledge by showing the importance of mechan-
otransduction in tissue polarization. While microtubule mediated cell- polarization in
embryonic development was already known [§], the role of microtubules in tissue polar-
ization and the process itself have not been investigated yet. In addition, the assumption
of Bode et al., that the establishment and maintenance of the polarization of hydrae are
possible two different processes [49], could be confirmed.

The cytoskeleton is evolutionary very old and almost identical in all animal species. A
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process based on this structure is likely to be a universal one and not a speciality of one
species.
Therefore, from an evolutionary point of view the results in this work suggests that the

cytoskeleton contributed in an essential manner to the emergence of complex body plans.

Emergence of complex body plans is enabled by the cytoskeleton

Between 3900 and 2500 million years ago the first cells resembling prokaryotes appeared.
1850 million years ago, the first eukaryotic cells appear. 600 million years ago, the first
complex multicellular organisms that feed on others (metazoans) appear and dramati-
cally change the life on earth. The evolution of multicellular organisms from this point
on was faster than ever before, new species emerged very quickly. The emergence of
multicellularity was an evolutionary advantage for organisms. It allowed the division
of labor between cells and therefore more efficient means of nutrient intake and procre-
ation.

Still, it took about 3000 million years for this advantageous characteristic to evolve.
Two main requirements are given for the emergence of multicellular organisms from
singe cells. First, the cells need to stick together even during and after cell division.
Second, the connected cells need to synchronize their behavior in order to cooperate, a
crucial requirement for the division of labor.

To explain the quick appearance of metazoans these two capabilities must have either
evolved synchronously or be linked to each other, or one of the capabilities must have
been present before.

The findings in this work point to the synchronization of cells as the prior silent ability
that emerged only after cells connected in a specific way. The synchronization of the
polarity is based on the cytoskeleton, an evolutionary very old structure. Most of its
properties and capabilities predate the last common ancestor (1200 million years ago)
[9]. The capability of beta-catenin nuclear translocation dependent mesoderm specifi-
cation can be dated at least to the last bilaterian common ancestor 570 million years
ago [7]. However, simple aggregates of cells have already existed about 1200 million
years ago. They possessed a cytoskeleton that was very similar to the cytoskeleton of
contemporary animals. So what caused the new ability to polarize synchronously?
According to the findings in my work, cells need a rhythmical mechanical stimulus and
a specific substrate stiffness in order to polarize synchronously. This can be provided
by the attachment of the cells to a matrix that can change its rigidity. In cnidarians,
this matrix is the mesoglea. The cells therefore must not grow as an aggregate, but as a

cell layer (hydra aggregates always change to a hollow sphere before regeneration, [51]).
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If a critical size is reached, cells attached to the mesoglea create their own mechanical
stimulus due to shape fluctuations. The emergence of an extracellular matrix could be
the precondition for complex organisms. The cells produce their own flexible substrate
to grow on and collectively either generate an intrinsic mechanical stimulus or translate
an isotropic external stimulus into a directional one. This is supported by the findings

that the extracellular matrix evolved simultaneously with the metazoa [190].

Further research possibilities

As a result of my study, further research might well be conducted in order to investigate
the microtubule based symmetry breaking process further and to verify the proposed
mechanism in silico. Directly observing the actual microtubule symmetry fluctuations
in vivo would grant insight into the underlying processes. In addition, the maintenance
of the new symmetry and the differentiation of cells into a head organizer need to be
verified as a product of mechanically induced nuclear translocation of S-catenin in hy-
dra. The implications about the role of mechanotransduction in embryonic development
as well as in the evolutionary origin of tissue polarization need to be verified by using
different models. Either existing ones, like the process of zebrafish gastrulation, or arti-
ficial ones, like the embryoid bodies that polarize presented by van den Brink et al. [34].
Another experiment to verify the assumption that tissue can break its polarity based on
inherent cytoskeletal properties of the individual cells would be the creation of artificial
tissue sheets of epithelial cells submitted to isotropic stress to see whether a polarization
takes place. In single cells, the contribution of microtubules in response to an external

mechanical stimulus is not fully understood yet.

Further implications

The emergence of complex body plans based on cytoskeleton properties shows that
biological structures can take up new roles leading to complex outcomes in a changed
context. Instead of the slow emergence of biochemical pathways that will eventually lead
to a new function, the new function arises based on existing structures and is cemented
by the newly developing pathways. The emergence of tissue polarity based on structures
that developed to function in single cells shows impressively that evolution can, indeed,
take place in leaps without the need to develop everything from scratch and that the
potential of seemingly simple structures cannot be overestimated.

For biological research, this implies that an integrative global approach to investigate the

synergistic abilities of a specimen complements the investigation of biochemical details.
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The global and local mechanisms as well as their interactions need to be taken into

account to truly understand a system.
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