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Referat

In nature, cells are not randomly clustered to form tissues. The tissue is a more complicated
system with functions that go beyond what any single cell type could accomplish. While
studying single-cell mechanics and dynamics is relevant from an investigative point of
view, this approach loses, or fail to gather information about the tissue.

The tissue investigated in this study is the neurosensory retina which seeing as extension
of the brain is a very convenient model for the central nervous system due to its accessibil-
ity. The retina is constantly subjected to different mechanical stresses from development
to adulthood. Although the majority of the phenomena where mechanical stresses are
involved are well-studied, the mechanics behind them is not well understood. However,
knowledge about the ability of the retina to adjust to mechanical stresses is essential, for
example, for improving retinal surgery.

Establishing a method to mechanically probe the retina is a challenge due to the extremely
delicate nature of this multilayered neural tissue and to the short-time survival ex vivo.
The organotypic tissue culture is a powerful tool because it allows to maintain with high
accuracy the complex multicellular anatomy and the microenvironment of the original tis-
sue. One of the limitations of the organotypic culture techniques has been until recently
due to the ability to use only post-natal/juvenile tissues for long-term culture. The impor-
tance of using adult tissue is incontestable when the investigation focuses on age-related
pathologies such as vitreous shrinkage or macula degeneration.

In this work, TiO2 nanotube arrays are presented as the innovative substrate for long-term
organotypic culture of adult neural tissue. The retinal whole-mount of adult guinea pig and
the brain slices of adult mouse were cultures for 14 days without showing any sign of edema
or swelling. Furthermore, in order to study the behavior of the retinal tissue under shear
stress new set-ups were designed. For the first time, the behavior of the retinal layers were
observed showing that the retina does not act as an homogeneous material in response to
an applied stress. The methods developed here can be used for future quantitative studies,
to provide an exact knowledge of retinal biomechanics which will help retinal surgeons to

optimize their methods.
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1 Introduction

The vertebrate eye is an extremely complex organ in which biomechanics plays a central
role, nonetheless it is rarely considered as a biomechanical structure. Intraocular pressure,
intraocular and extraorbital muscles and external forces exert mechanical loading to the
eye. Indeed, its ability of tracking objects in movement or of deforming the lens to focus
near and far, is due to forces applied by several muscles. Although the retina is constantly
subjected to several different types of mechanical stress, biomechanical eye researchers
have concentrated their attention on more motile structure such as lens, or recently on
sclera and cornea. During development, the retina is stretched due to expansion of the
eyeball. This tension is preserved in the adult eye by the intraocular pressure and the
photoreceptor-RPE adhesion to assure integrity and function of the retinal tissue (Yao
et al., [1994; Taylor et al., 2013)). In addition to these physiological mechanical forces,
under pathological conditions the retinal tissue undergoes mechanical stress which can
cause several retinal disorders such as retinoschisis and retinal detachment. Although the
majority of these phenomena are well-studied, the mechanics behind them is not well
understood. Knowledge about the ability of the retina to adjust to mechanical stresses is
essential, in particular to improve retinal surgery (see Figure [1.1]).

Data on the material properties of the neural retina are almost lacking due to its highly
delicate nature. To date, an increase in the number of studies focusing on the mechanical
characterization of the retinal tissue, as well as individual glial and neuronal cells have
been reported (Reichenbach et al., 1991} Lu et al., 2006; Lindqvist et al., 2010; Chen et
al., [2010/ Chen and Weiland, [2010; Franze et al., 2011; Chen and Weiland, [2012} Taylor et
al., 2013; Worthington et al., 2014). The experimental techniques employed to study the
mechanical response of single cells (Mofrad, 2009)) are not suitable to analyze a complex
structure such as the retina. The absence of established standard methods to mechanically
probe tissues motivated the design of new set-ups as described in the second part of the
present work. In addition, the work addressed the question whether the retinal tissue
acts as homogeneous material or whether it is possible to distinguish the behavior of the
different retinal layers when a shear stress is applied employing the novel methods.

The aim was also to design new methods to mechanically probe the retinal tissue with
the possibility to use adult animal tissue and to apply mechanical stress over an extended

period of time. The importance of using adult animals is incontestable when the investiga-
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Figure 1.1: Tllustration of retinal vitrectomy. The vitrectomy is a microsurgical procedure used to
repair retinal disorders. The vitreous body is removed with a vitrector and then replaced with a
special saline solution.

tion focuses on age-related pathologies such as vitreous shrinkage or macula degeneration.
In addition, trying to prolong the survival time for mature tissue is essential to making
progress in exploring regenerative mechanisms in vitro, for example. A cause of a decrease
of plasticity of the adult animal the degeneration of the mature explant, in culture, occurs
earlier than for the postnatal/juvenile tissue.

The air-liquid interface system, introduced by Stoppini (Stoppini et al., , combined
with the employment of cellulose filter or insert as culture substrate (Mosinger Ogilvie et
al., Caffé et al., Johansson and Ehinger, is, up to date, one of the most
efficient methods for organotypic culture of adult neural tissue. One of the limitations of
this culture technique is the inability to guarantee a long-term survival of mature tissue.
Consequently, the first part of this work was aimed at improving the organotypic culture
of adult tissue, preserving the interface system which proved its effectiveness. The element
which crucially influences the achievement of a stable long-term organotypic culture is the
substrate material.

The idea developed was to introduce a novel substrate as a principal requisite of enhancing
the survival of the entire tissue, while preventing the single cells to grow and to migrate
out of the tissue. Considering that a change in morphology is a good indicator of tissue
damage, the study focused on observing any alteration in the neural tissue structure.
The data extracted from this study are mainly qualitative since the main focus is on
the morphological changes of the tissue. Nevertheless this work lays the foundations for
understanding the complex mechanical response of the neurosensory retina and presents

an efficient method for organotypic culture of adult neural tissue.



2 Background

In this chapter I will give an overview of how mechanics can help in the understanding
of many biological processes. First, the morphology of the neural tissue, in particular the
retina, is described. In the second part, I will introduce some fundamental concepts of
mechanics of the continuum. Then, I will go into more details reviewing the models and

the methods used in biophysics to describe mechanical properties of living cells and tissues.

2.1 The Retina

2.1.1 Morphology of the Inverted Retina

The human eye is one of the most sensitive and complex organ. Leonardo Da Vinci defined
it as the window of the soul (Pevsner, [2002)). Indeed, human beings rely on sight more
than on any other sense. Three different layers can be distinguished in the eye: the outer
region consisting of the cornea and the sclera, the middle region composed of the iris,
the choroid and the lens, and the inner segment represented by the retina and the retinal
pigment epithelium (RPE) (Willoughby et al., 2010) (see Figure [2.1)).

The cornea acts as the major refractive component of the eye and protects it from infection
and structural damage. Together with the crystalline lens and the aqueous vitreous body,
the cornea is responsible for forming the optical image on the retina. The sclera is a coat
of connective tissue surrounding the eye, and its function is to protects and maintain
the eye’s shape. The visible portion of the sclera is commonly known as the ‘white’ of
the eye (Li and Jain, 2009). The choroid, located between the sclera and the retina, is
composed of capillaries, small arteries and veins. Its function is to supply the back of
the eye with oxygen and nutrients. The aqueous humor is a clear watery fluid that fills
the chamber between the cornea and the iris, and nourishes them. The vitreous humor is
gel-like substance that fills the cavity between the retina and the lens, maintaining the
intraocular pressure (Li and Jain, 2009, Weale, [1974).

The retina represents the multilayered sensory tissue of the posterior eyeball. The light
hitting the retina is converted into nerve signals (Hubel, 1995)). The average thickness of
the retina is around 200 — 250 um and it consists of multiple layers. The retinal layers from

the vitreous to the choroid are shown in Figure The inner limiting membrane (ILM)
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Figure 2.1: The structure of the eye. (a) A schematic drawing of the eye showing the main structures
that compose this organ. The retina is the tissue located in the back of the eyeball which is in
contact with the choroid. Image from www.aapos.org website. (b) Picture of a fresh isolated guinea
pig retina. Scale bar 200 pm.

defines the boundary between the retina and the vitreous body. The nerve fiber layer
(NFL) contains the axons of the ganglion cells. These axons form bundles and leave the
retina as the optic nerve. The cell bodies of the ganglion cells represent the ganglion cell
layer (GCL). The inner plexiform layer (IPL) consists of synaptic connections between
the ganglion cells and cells, whose cell body is located in the inner nuclear layer (INL).
In this layer the nuclei of amacrine cells, horizontal cells, bipolar cells and Miiller cells are
present. The outer plexiform layer (OPL) is made up of synapses formed between the cells
of the INL and the photoreceptors. The nuclei of the cones and rods are located in the outer
nuclear layer (ONL) . The outer limiting membrane (OLM) displays a row of junctional
complexes between the photoreceptor nuclei and their inner segments. The segments of
the photoreceptors compose the photoreceptor segment layer (PRS). The outermost retinal
layers is the retinal pigment epithelium (RPE).

The retinal cells can be divided into neurons and glial cells. Six major classes of neurons
are present in the retina: bipolar cells, horizontal cells, amacrine cells, ganglion cells, rod
photoreceptors cells and cone photoreceptors cells (rods and cones). Rods are generally
used at low-light conditions and cones for day-light, bright colored vision (Kolb, .
The main glial cells are the Miiller cells. In addition, microglia and astrocytes can be
found in the retina, with the latter being present if the retina is vascularized. In this type
of retina one can also identify the pericyte contractile cells which wrap the endothelial

cells of the retinal blood vessels.



2.1 The Retina

The Miiller Cells

Miiller (radial glial) cells are the predominant glial cells of the vertebrate retina (Bring-
mann et al., 2006). Each Miiller cell represents the center of a so-called columnar unit
of retinal neurons (Reichenbach and Robinson, [1995) (see Figure [2.3). This glia-neuron
structure represents the smallest functional unit of the retina contributing to the imag-
ing processing. Thus, the retina is considered to be composed of a repeating structure of
these columnar units which do not depend on the local topography for their specialization
(Bringmann et al., [2006). Miiller cells are the only cells which span the entire thickness of
the retina, anatomically and functionally connecting the retinal neurons with the different
retinal compartments. In the last decades the role of these radial glial cells has been in-
tensely investigated, highlighting their contribution to neuroscience understanding. They
play a pivotal role in the biochemical processes and mechanical activity of the retina.

Miiller cells support homeostasis and the metabolism of the retinal neurons (Tsacopoulos
and Magistretti, |1996; Bringmann et al., 2004, Bringmann et al., 2009b). They maintain
the inner blood-retinal barrier and regulate the retinal blood flow (Tout et al.,|1993, Metea
and Newman, 2006]). Neurotransmission and synaptic activity are controlled by the release
of gliotransmitters (Newman, 2003). Miiller cells stabilize the structure of the retina and
protect the retinal neurons. A lack of this neuroprotective function could also be the
cause of neuronal degeneration (Bringmann et al., |2009a, Bringmann and Wiedemann,
2012). Recently, it has been recognized that the radial glial cells act as living optical
fibers that guide the light through the entire retina minimizing the scattering of light
(Franze et al., 2007, Agte et al., 2011)). It has also been shown that Miiller cells are twice
as soft as neurons. Thus, Miiller cells could act like an ‘air-bag’ protecting the neurons
from mechanical trauma or from tractional forces due to vitreous shrinkage (Lu et al.,
2006)). Because of their viscoelastic properties, they are considered an appropriate substrate
for neurite outgrowth which leads to the conclusion that Muller cells are involved in
retinal development and adult synaptic plasticity (Lu et al., 2010). In reactive gliosis, the
retinal glial cells become stiffer due to the upregulation of the intermediate filaments (see
Section . This suggests that these cytoskeleton polymers are involved in the retinal
biomechanics. Lu et al. (2010) demonstrated that Miiller cells of mice lacking intermediate
filaments do not change their biomechanics under pathological conditions (Reichenbach

and Bringmann, [2013).

The Fovea Centralis

The fovea centralis is a particular area of the human retina which is located exactly on
the visual axis of the vertebrate eye. Indeed if a beam would be projected perpendicular
to the center of the eye, it would hit the foveal pit (Hendrickson, 2005). The fovea lies
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in the center of the macula, a central retinal region which can be identified by its yellow
pigmentation (see Figure a). The central area of the fovea in turn is called foveola
which is characterized by the absence of retinal blood vessels, and by the centrifugal shift
of the inner retinal layers , resulting in the lack of ganglion cell layer and the inner nuclear
layers. Thus, incoming light directly hits the densely packed cone photoreceptor area (rod
photoreceptors cells are absent) (see Figure (Provis et al.,2013). Therefore, the fovea
is the area of the retina with the maximal acuity vision (Helmholtz, 2005). A large portion
of the visual cortex is dedicated to processing the information gathered from the fovea
(Hendrickson, 2005)). Because of the foveal structure, the inner processes of the foveal cones
are elongated centrifugally in order to reach the synapses of the bipolar and horizontal cells
located in the zone surrounding the foveola (see Figure[2.4/b) (Polyak, |1941). The margins
of the depression that constitutes the fovea are composed of an accumulation of ganglion
cells due to the displacement of the cells during the foveal development (Hendrickson and
Yuodelis, |1984, Ma and Tc, [1995).

The mechanisms involved in the formation of the fovea are still not well understood. The
foveal development is a long process that starts during fetal development and continues
until years after birth (Springer and Hendrickson, [2004). The mechanical forces involved
in retinal development are essentially tangential forces that stretch the retina due to
organ growth, as well as orthogonal forces generated by intraocular pressure (Springer and
Hendrickson, 2004). For more details see section Among vertebrates, only primates, such
as humans and some monkeys, as well as some species of fish, birds and reptiles possess a

fovea centralis.
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Figure 2.2: The structure of the inverted vertebrate retina. (a) Three-dimensional reconstruction
of the retina which highlights the layers and the cells composing the retina. The layers starting from
the bottom are the retinal pigment epithelium (RPE); the photoreceptor segments layer (PRS);
the outer nuclear layer (ONL); the outer plexiform layer (OPL); the inner nuclear layer (INL); the
inner plexiform layer (IPL) and the ganglion cell layer (GCL). The cells colored in blue shades
represent the neurons: cones (C); rods (R); horizontal cells (H); bipolar cells (B) and amacrine
cells (A). The glial cells are the Miiller cells (M); microglia cells (MG) and astroglia cells (AG). A
blood vessel (BV) and a pericytes (P) are also shown. (b) A light micrograph of a human retina
(Richardson’s methylene blue stain). The inner and outer limiting membrane are also shown (ILM
and OLM). Adapted image from WebVision website.
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Figure 2.3: Morphology of a Miiller cell. (a) Three-dimensional reconstruction of a single Miiller
cell showing its diversified morphology along the entire retinal thickness. (b) Three-dimensional
reconstruction of a retinal columnar unit, in which the neurons (yellow, red) tightly enwrap the
central Miiller radial glial cells (blue).
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Figure 2.4: The ultra-structure of the fovea. (a) The drawing of the fovea and its central foveola
shows the bending and the centrifugal elongation of the axon of the cone photoreceptor cells (green
line) forming the Henle fiber layer (HFL) in order to retain their synaptic connection with the cells
in the INL. All inner retinal layers (GCL, IPL and INL) are laterally shifted to the side such that
the fovea forms a pit. The arrows indicate blood vessels which are absent within the foveola. Image
of the fovea of a macaque monkey modified from Polyak, Scale bar 100 gm. (b) Scanning
electron micrograph of the fovea of a macaque monkey. Image modified from Reichenbach and
Bringmann, Scale bar 25 um.
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2.2 Mechanical Properties of Cells and Tissues

2.2.1 Rheology: Introduction to Viscoelasticity

The science of rheology was introduced by Professor M. Reiner and Professor E. Bingham
in the mid-20’s and was inspired by the Greek philosopher Heraclitus quotation IlavTa pei-
everything flows. Rheology is a pluridisciplinary science describing the flow properties of
various materials with complex structures, i.e. muds, sludges, suspensions, polymers, food
and biological materials. Rheology encompasses viscosity measurements, characterization
of flow behavior and determination of material structure.

In the field of rheology, the material is classified at wviscous, elastic, or viscoelastic based
on properties such as relaxation time defined as the time it takes a material to go back to
its original shape once deformed.

An ideal elastic material stores all applied deformation energy and will consequently com-
pletely recover upon the release of the stress. In a viscous material, the deformation energy
will not recover because the energy will be dissipated by the material flow. A large number
of materials show viscous as well as elastic properties, i.e. they store some of the deforma-
tion energy within their structure while some is lost by flow. These materials are called
viscoelastic.

Mechanical stress is defined as the applied force divided by the area where the force is
applied (see equation . It measures the intensity of the interatomic and intramolecular
forces of a material in which a solid or fluid body is idealized as a mathematical continuum.
Mechanical stress in a solid material generalizes the simpler concept of pressure in a fluid.
Because real materials are not infinitely rigid, stresses produce deformations that are
measured by the strain. The Cauchy strain or engineering strain is defined as the ratio
of the total deformation to the initial dimension of the material that experiences the
external forces (see equation (Sasaki, 2012). Integration of strains through space gives
displacements which quantify the movement of the intramolecular structure. As a result of
the applied forces, the material body changes its size and shape, this behavior is described
by kinematics (see Figure (Kelly, [2013).

The concept of stress is based on the physical principle of the Newton’s second law of
physics. However, the concept of strain is based on geometry and trigonometry. Both stress
and strain can be applied to all materials without distinction, however their relationship

differs among various materials (Kelly, 2013).

applied force
stress = —————
area

10
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Figure 2.5: Schematic representation of the relationship between stress and strain due to con-
stitutive equations. The internal forces induced by the applied external forces are indicated as
internal stress. The internal strain measures the internal deformations which induce an external
displacement. Consequently, the body deforms and/or moves. Image adapted from Kelly, 2013|

. dimensional change
strain =

(2.2)

initial dimension

Mechanical stresses and strains are linked through the material properties (MP) of the
body under consideration. The constitutive equations (see equations
and , also called material laws, characterize in mathematical terms the material be-
havior of the body.

The simplest constitutive law for solid materials is the one that assumes the stress to
be proportional to the strain and vice versa (Fung, 1993). If a force is applied to a solid
material, the solid can behave either as a rigid Euclidean material or as an elastic Hookean
solid. In the first case, the body does not deform following an applied stress. In the second
case, the deformation can increase linearly, i.e. the higher the stress the more the material
alters its shape. The linear elastic law is ideal for predicting the response of materials
undergoing small deformations.

An ideal elastic material does not undergo a permanent deformation when a load is applied,
and it returns to its original shape when the load is removed. Usually the elastic behavior
is represented by a linear spring, since a spring produces an instantaneous deformation
proportional to the load (Fung, |1993). The unloading stress-strain path is the same as the
loading path (see Figure . The body is considered stretched or compressed (see Figure
m a and b) when an external force F'is applied perpendicular to its cross-sectional area

A. Therefore the normal stress o is defined as,
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LINEAR ELASTIC MATERIAL
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Figure 2.6: Stress-strain relationship in an elastic material. An elastic body can be modeled as a
spring a) whereby after a deformation, the material completely recovers to its initial conformation.
Stress and strain are directly and simply proportional to each other b). Under a given stress
(or strain), the material responds proportionally to the deformation (or load) independent of the
excitation being a step c¢) or an impulse d). For a given a step stress excitation, the strain for t > t;
is constant and for ¢ < t; results in zero. In the case of a given strain impulse the stress result is
constant for ¢ > t.

o= (2.3)

The deformation caused by the external load, as mentioned above, is the azial strain e,

A
ol

with Al being the extension due to the tensional force and [ the natural length of the

€

(2.4)

body. The relationship between the stress and the strain can be described by

o="Ce (2.5)

where C'is a tensor of the elastic moduli (Fung, 1993).
For linear, homogeneous, isotropic materials, the coefficient of proportionality is called

Young’s modulus or elastic modulus E,

=2 (2.6)

€

The Young’s modulus measures the stiffness of a material, i.e. its resistance to defor-
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@ F

7
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Figure 2.7: Schematic representation of tension, compression and shear. (a) A material is stretched
(a) or compressed (b) when an external force F' is applied perpendicular to the cross-sectional area
A. A material is sheared (c¢) when an external force F is applied tangential to the cross-sectional
area A. In the case where the body is not completely rigid or incompressible, it will be subjected
to a deformation Al

mations. A material with a larger value of E is more elastic, therefore it is harder to
permanently deform it.

In the case where the external force is applied tangential to the surface of an ideal elas-
tic material, the material will become sheared (see Figure ¢). The applied stress is

described as a shear stress T

F
== 2.
r= (27)
and the related shear strain « is defined as

A
h

where h is the height of the material under analysis. In this case, the constant of propor-

~y (2.8)

tionality is called shear modulus or modulus of rigidity G

G = - (2.9)

A higher shear modulus indicates that the material is more stiff and more resistant to
deformations. In rheology, the Young’s modulus and the shear modulus can be controlled
and calculated. Both parameters give information about the strength of the material under
study. The Poisson’s ratio v, which is defined as the ratio between the relative change in

thickness to the relative change in length when a normal stress is applied:

13
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transverse strain

= 2.1
v longitudinal strain (2.10)
relates the Young’s modulus and the shear modulus as follows (Fung, [1993])
E
=—— 2.11
¢ 2(1+v) (2.11)
E=2G(1+v). (2.12)

The Poisson’s ratio measures the deformation in two dimensions when the force is applied
in the third dimension. If a material is stretched in the 7 direction, v measures the
tendency of the material to get thinner in the 7 and 7 directions. The Poisson’s ratio is
bounded by two theoretical limits: it must be greater than —1 and less than or equal to
0.5, however it is rare to encounter materials with negative Poisson ratios. Most materials
will fall in the range 0.0 < v < 0.5. A material which possesses a Poisson’s ratio of 0.5
(e.g. water) is incompressible, i.e. it maintains its volume during a deformation.

In nature it is rare to find a purely elastic material. In fact, even at low load all materials
will show at least some permanent deformation. In addition, the material response will not
be exactly the same when the material is stretched at different speeds. However if these
occurrences and differences are small enough, they can be neglected (Kelly, 2013]).

As mentioned above, materials can also be classified by rheology as viscous if they dissipate
the applied energy in viscous flow. For these materials the resultant stress is proportional
to the rate of the strain, i.e. there is a dependence on the velocity of changing size and
shape. The viscous behavior can be modeled using a dashpot which is supposed to produce
a velocity proportional to the load (Fung, 1993)(see Figure a).

If a force is applied to a fluid material, the fluid can behave either as an inviscid Pascalian
material or as a viscous fluid where the stress increases linearly (Newtonian fluids) or
non linearly (non-Newtonian fluids) with the strain rate. Considering the simplest case of
linear viscous fluids, the shear stress o is shown to be dependent on the loading time and

its relationship with the strain rate % is described by

o ="ny. (2.13)

Here, 7 is the coefficient of viscosity which is a measure of the resistance of the fluid to
the shear or to the flow. The faster the stretching, the larger the stress that is required.

Stress-strain diagrams are crucial to understand the behavior of the material under load.
Hookean elastic solids and Newtonian fluids are abstractions; no real material is known to

behave exactly like these simplified models. Within certain boundary conditions, some ma-
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Figure 2.8: Stress-strain relationships in a viscous material. A viscous body can be modeled as
a dashpot a). The stress has a linear relationship with the strain rate b) and the constant of
proportionality is a measure of the material’s viscosity. Under a given step stress excitation the
material shows a ramp strain response c¢). The strain for ¢ > ¢; increases linearly and for ¢t > to
it stays constant. Under a step strain excitation d) the response is given by an impulse where the
stress quickly reaches zero. Instead the stress response given a strain impulse is zero for ¢ > tg e).

terials may follow these simple laws. Almost any real material which combines both solid-
like and fluid-like behavior is defined viscoelastic (Fung, [1993)). The elastic and viscous
components work in concert to store and dissipate energy in a load and time dependent
fashion (Miiller Holt, . For a viscoelastic material, the loading and unloading curves
do not coincide; instead they form a hysteresis loop (Kelly, [2013)(see Figure not shown)
showing a dependence on the time. The stress-response depends on both the applied strain
and the rate of the strain at which it is applied.

To understand viscoelastic behavior and to provide insights into the connections between
solid and viscous material behaviors, it is necessary to introduce three basic linear vis-
coelastic models, namely, the Mazwell model, the Voigt model, and the Kelvin model (stan-
dard linear solid model). The models contain different combinations of linear springs with
spring constant u and dashpots with coefficient of viscosity 1 (Miiller Holt, .

When a force F is acting on these elements, the resulting responses are seen in the spring

and dashpot, respectively,

F=pu (2.14)
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Figure 2.9: Simple spring and dashpot models. The viscoelastic material behavior is generally
described with three models. The Maxwell model a) is composed of a spring with constant x and a
dashpot with coefficient of viscosity 7 in series. A The spring and a dashpot in parallel define the
Voigt model b). The Kelvin model, also known as the linear standard solid model, ¢) is described
by a Maxwell model in parallel with a spring.

F = ui, (2.15)

where, u is the displacement /extension of the spring and « is the velocity of the deflection
of the dashpot (Fung, 1993).
The Maxwell model is represented by a spring and a dashpot in series (see Figure a).
The spring and the dashpot experience the same force F' which generates in the spring a
displacement of % and a velocity of % and in the dashpot a velocity of % Knowing these
relationships, the Maxwell model is often represented as a summations of the velocities of
the single components
. F F
Uu=——4+ —
Boom
where at time t = 0, the displacement in the spring and the deflection in the dashpot are

equal to zero (Fung, |1993; Miiller Holt, 2011)).

The Voigt model is represented by a spring and a dashpot in parallel (see Figure

(2.16)

b). When an external force is applied, the spring and the dashpot experience the same
displacement u and the same velocity @. The forces within the spring and the dashpot are

pu and pu, respectively. Therefore, the total force F is
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F = pu + pa. (2.17)

The Kelvin model or standard linear solid model is represented by a spring and a dashpot in
series with an additional spring in parallel (see Figure c). It can be viewed as a Maxwell
model in parallel to another spring. Since the response of this system to an applied force
is more complex, deconstructing the displacements and forces of each component will help
to understand the behavior of the whole system. The total displacement u is equal to the

displacement of the Maxwell body and it can be described by

U= uy + uz = us (2.18)

where u; is the displacement of the dashpot of the Maxwell body, us is the displacement
of the spring of the Maxwell body and ug the displacement of the spring in parallel (Fung,
1993). The total force of the system is the sum of the force of the spring Fgping and the
force of the Maxwell body, Fyraxwen as follows

F= Fspm'ng + FMaa:well (2'19)

with,
Fspring = Hu3u (220)

and,
FMaxwell = 77171:1 = H2U2 (221)

where us is the spring constant of the spring in parallel to the Maxwell body, 71 and
are respectively the coefficient of viscosity and the velocity of deflection of the dashpot
of the Maxwell body, and us is the spring constant of the spring of the Maxwell body
(Miller Holt, 2011). By substitution, replacement and simplification (Fung, 1993)), the

equation that represents the Kelvin model becomes

F 4+ 7. F = Er(u+ 7,1) (2.22)

where 7. is the relaxation time for constant strain, 7, is the relaxation time for constant

stress and Eg is the relazed elastic modulus as shown (Fung, |1993)

_m

. (2.23)

Te
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m K3
Ty = —(1+— 2.24
7 Ms( Mz) ( )
FE = pus. (2.25)

Viscoelastic materials undergo three typical mechanical responses to external loads. When
a step strain is applied to a body and maintained constant, the corresponding stresses
induced in the body will show a nonlinear time dependence, i.e. the stresses decrease with
time. The phenomenon is called stress relazation (Fung, |1993)(see Figure a, b and
c). After the load is removed, at first the stress decreases quickly before it decelerates to
finally reach a limiting value. If this limiting value is different from zero the material is
described as viscoelastic solid. In contrast if the value is zero or approaches zero quickly
the material is considered a viscoelastic fluid (Pipkin, 1986). When a body is stressed
and the stress is maintained constantly, the deformation resulting from the applied stress
will increase nonlinearly over time until the load is removed. This phenomenon is called
creep (Fung, |1993)(see Figure a, b and c). In viscoelastic solids the shear increases
to a plateau or limiting value, while in viscoelastic fluids the shear begins to increase
linearly after an initial rapid increase (Pipkin,|1986). When a body is subjected to a cyclic
loading, the stress-strain relationship in the loading process is usually different from that in
the unloading process, and this phenomenon is called hysteresis (Fung, [1993)). Hysteresis,
originating from the Greek word voTépnois for deficiency, explains the history dependence

of physical systems and derives from internal resistance of the viscoelastic materials.
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Figure 2.10: Relaxation experiment diagram. The graphs show the response in terms of force after
an impulse deformation is applied for a Maxwell model a), a Voigt model b) and a Kelvin model
¢). In a Maxwell body the stress decreases with time starting from some high value to zero. In a

Voigt body the stress stays constant for ¢ > tg. Instead a linear standard body behaves as the first
model but the stress never reaches zero.
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Figure 2.11: Creep experiment diagram. Creep is a time-dependent deformation under a certain
applied load. In the Maxwell model a) the instantaneous response to the constant stress is elastic,
where the body behaves as a linear viscous material. In the Voigt model b) the deformation increases
non-linearly with time. For the Kelvin model ¢) it is possible to differentiate an istantaneous elastic
response at time ¢ = t; following a non linear viscous deformation. All the models for ¢t > t5 show
a recovery zone where the material eventually reaches equilibrium.
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Oscillatory Rheology

In mechanics there are two typical ways to establish the properties of viscoelastic mate-
rials: static and dynamic methods. Static methods, such as with as creep and relaxation
experiments, usually provide test data as a function of time in ranging from 0 seconds to
10 years. To investigate the response of a viscoelastic material to very short term loading,
it is more convenient to use an oscillatory loading. In order to predict the viscoelastic
material behavior, it is necessary to formulate the theory based on oscillatory stresses and
strains (Kelly, 2013).

When a sample is subjected to a strain +,

Y(w,t) = ypsinwt (2.26)

which varies sinusoidally with time at an angular frequency w and has an amplitude ~g,

the response in terms of stress can be written as

T(w, t) = 79 cos(wt + 9) (2.27)

where 7 is the stress amplitude and ¢ is the phase angle (Schramm, [1994). In oscillatory
rheology it is common to introduce the term complexr modulus G" which represents the
total resistance of a substance against the applied strain. It is described as

G = 2. (2.28)

70

A quantity which varies periodically can be considered as a projection of a rotating vector
on a real axis. Since a vector is specified by two components, it can be represented by a
complex number composed of a real part and an imaginary part (Fung, [1993). Therefore,
working on the Gaussian number level allows one to distinguish the elastic behavior and
viscous behavior on a sample subjected to dynamic tests (Schramm, (1994).

The complex modulus G" can be defined by the complex number

G =G +iG" (2.29)

where i = y/—1 (Schramm, [1994). The parameter G’ describes the elastic or storage modulus
which indicates that the stress energy is temporarily stored during the test but it can be

recovered afterwards. It is based on the amplitude of in-phase stress:

G =G*cosd = - cosé. (2.30)
7o

The parameter G defines the viscous orloss modulus and indicates that the energy used
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to start the flow is completely dissipated in heat. It is based on the out-of-phase stress:

G" = G*sind = 2 sin 6. (2.31)
7o

G*

Loss modulus G”

0
Storage modulus G’

Figure 2.12: Geometric resolution of the complex G* into its real component G called storage
modulus and its imaginary component G also known as loss modulus. § is the phase angle.

The relationship between G' and G is given by

11

G
= — 2.32
tan § el (2.32)

which defines the dimensionless loss tangent. The loss tangent is a measure to which extent
the sample is elastic (6 ~ 0) or viscous (§ = 90°).
In a pure elastic substance, the phase shift angle ¢ is zero (see Figure a) whereby the
equation [2.32] is simplified to:

G =6 G =o. (2.33)
The response of stress caused by the applied strain is immediate. Stress and strain are in
phase, that results in a maximum value for the stress when the strain reaches its maximum.
For a pure viscous material, the phase shift angle ¢ is 90° (see Figure ¢), simplifying
the equation [2:32] results in the following:

G =0 G =¢". (2.34)

For this case, stress and strain are out-of-phase, implying maximum stress when strain
rate is maximum. Consequently, in viscoelastic materials the phase angle between the ap-
plied strain (or stress) and the resulting stress (or strain) varies between 0° and 90° (see
Figure e). In particular, for linear viscoelastic materials the amplitude of stress is
proportional to the amplitude of strain. The stress alternates sinuisoidally at the same
frequency as the strain, but there is a lag between the applied strain and the resultant

stress (Schramm, 1994). The same conclusions can be drawn by observing the Lissajous
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curves which graphically show the direct relationship between the sinusoidal stress and
strain. For Hookean materials, stress plotted against strain results in a straight line in
the Lissajous-diagram. The point of greatest stress (denoted by the stars in Figure m
b) is achieved at 2vy. For Newtonian materials, the resulting stress-strain Lissajous fig-
ure is a circle (see Figure d). There, the maximum stress is obtained at the point
where the material has acquired =y strain. Consequently for a linear viscoelastic material
the Lissajous curve assumes an elliptic shape and the response has the stress maximum
somewhere intermediate to these limits (see Figure f)(Vincent, 2012).

Using the complex modulus G*, it is useful to define the complez viscosityn™:

*
. G
W

n (2.35)

which describes the total resistance to a dynamic shear. It can also be broken into an
elastic component 1" (storage viscosity)(Schramm, 1994):
70

n - [W’OW]COS(S (2.36)

and a viscous component i (dynamic viscosity)(Schramm, [1994):

’ G T
n =" =[-Y]sind. (2.37)
w Yow
Now the stress response in the dynamic test can be written in terms of moduli or of the

viscosities (Schramm, |1994):

T(t) = G,fyo sinwt + G”'yo cos wt (2.38)

7(t) = 1" 4o sin wt + 1 7o cos wt. (2.39)

Over the past decades, several different techniques and rheological models have been de-
veloped to quantify the mechanical behavior of cells in response to external conditions
and forces. Before going into details on this, it is necessary to elucidate which cellular

components are directly involved in the mechanics of the cells and tissues.
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Figure 2.13: Sinusoidal strain and resulting stress diagram. For an elastic material the strain and
the stress are in phase (6 = 0) (a) and the Lissajous-Bowditch representation of the stress plotted
against the strain is a line (b). The stars denote the maximum stress. The stress and the strain in
a viscous material are out of phase (§ = m/2) (c) and the resulting stress-strain Lissajous figure
is a circle (d). The response of the viscoelstic material is partly viscous and partly elastic, so its
response to a sinusoidally varying strain is a combination of preceding two extremes (0 < § < 7/2)
(e). The shape of the Lissajous diagram in this case is elliptical (f).
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2.2.2 Biomechanical Properties of Living Materials

Cells are considered to be living materials with a complex microstructure and viscoelas-
tic properties. Their behavior can be described as a solid-like or fluid-like material with
a frequency-dependent response. They are enclosed by a phospholipid bilayer membrane
reinforced with protein molecules. The inside of the cell includes the liquid cytosol, a
nucleus, the cytoskeleton and organelles of different sizes and shapes. The cell motility,
adhesion, deformation and the maintenance of the cell shape are based on micro- and
nano-mechanical phenomena related to the dynamics and rheological properties of the
cytoskeleton (Geiger et al., . In fact, the cytoskeleton is able to sense mechanical
signals and transduce them into a cascade of biochemical signals (Kamm et al., .
The distribution of the cytoskeleton components (actin filaments, microtubules and inter-
mediate filaments) differs depending on the type of cells (see Figure and cell cycle
stage. In epithelial cells, the actin filaments are concentrated within the microvilli and the

cortex. In migrating cells, the actin mainly forms the lamellopodia and filopodia.

D>
direction of migration nucleus

—— ACTIN FILAMENTS
- MICROTUBULES
—— INTERMEDIATE FILAMENTS

Figure 2.14: Distribution of the cytoskeleton components in different types of cells. (a) In mi-
grating cells, the actin filaments tend to occupy the cell cortex. The intermediate filaments and
microtubules fill up the area in the proximity of the nucleus. (b) In epithelial cells, the actin fila-
ments predominately occur within the microvilli. The other cytoskeleton components surround the
nucleus with a certain distance.
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The Cytoskeleton

The cytoskeleton is formed by a complicated network of three biopolymers : microtubules,
actin filaments ( also called microfilaments) and intermediate filaments, see Figure m
(Amos and Amos, [1991)). These polymers are also dynamically connected, cross-linked and
pre-stressed by different types of proteins (Howard, 2001; Alberts, 2008). The structure of
the cytoskeleton can be compared to LEGO, the popular children’s toy . As with LEGO,
the cytoskeleton is composed of a copy of few key pieces that can be combined to build
various structures with different functions depending on the need. However, only the cy-
toskeleton has the property of self-assembly (Fletcher and Mullins, 2010)). The cytoskeleton
performs mainly three functions:(i) it spatially organizes the structure of the cell, (ii) it
connects the cell physically and biochemically to its environment; and (iii) it generates
forces to keep the cell moving and changing its shape (Fletcher and Mullins, [2010).

Microtubules (see Figure a) are composed of a single type of globular protein, called
tubulin. Tubulin dimers (a-tubulin and S-tubulin) polymerize to form hollow tubes with an
external diameter of 25 nm (Valiron et al., 2001). Microtubules are the stiffest of the three
biopolymers. In fact their persistence length (L,), defined as a basic mechanical property
quantifying the stiffness of a polymer, is very large (L, ~ 5 mm). Despite their stiffness,
microtubules do not seem to dictate the mechanics of the cytoskeleton, probably because
they are not stably crosslinked to the other filaments or to each other (Wen and Janmey,
2011). Nevertheless they indirectly influence the elasticity of the actin network through
myosin-II (Pelletier et al., 2009; Bhat et al., 2012)). In neuronal cells, their contribution in
cell mechanics is more evident (Chen et al.,[1992; Conde and Caceres, 2009)). Microtubules
can span the entire length of the cell and assume the shape of a rigid rod. They are highly
dynamic and they undergo constant polymerization and depolymerization; in fact their
half-life is just a few minutes. They can stably grow and rapidly shrink. This ’dynamic
instability’ allows the microtubules to reorganize the cytoskeleton (Mofrad, 2009 Fletcher
and Mullins, 2010)). The viscoelasticity of microtubules is due to a combination of the
concentration and cross-linking of its subunits (Bhat et al., 2012).

Actin filaments (see Figure b) are polymerized from global actin monomers which
spiral around the filament axis in a structure reassembling a double helix with a diameter
of approximately 8 nm (Otterbein et al., 2002)). Microfilaments are semi-flexible polymers.
Their L, is several micrometers, approximately the same order of magnitude of their
contour length L, defined as the physical extension of the polymer chain. They possess
an effective Young’s modulus of 1 — 3 x 10° Pa, comparable with that of polystyrene
and nearly equal to that of bone (Mofrad, 2009). Even if actin filaments are less rigid
than microtubules, they are highly organized stiff structures forming isotropic, bundled

and branched networks. That occurs because of the presence of a high concentration of
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MICROTUBULES ACTIN FILAMENTS INTERMEDIATE
FILAMENTS
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Figure 2.15: The three principal components of the cytoskeleton. The cytoskeleton is mainly
assembled by three polymers. (a) The microtubules are hollow cylinders made by tubulin subunits.
They are the stiffest of the three filaments since their persistence length (L) is greater than their
contour length (L). The fluorescent microscopy image represents human lung carcinoma cells. (b)
The actin filaments are twisted and have a pearl-string-like structure, made of F-actin polymers.
They are less rigid than the microtubules (L, = L). The fluorescent microscopy image represents
fibroblast cells. (c) The intermediate filaments are flexible (L, < L) rope-like structures made of
different polymers (keratin, desmin, vimentin or lamins) depending on the cell type. Their diameter
is around 10 nm, between the microtubules (d = 25 nm) and the microfilaments (d = 7 — 9 nm)
diameter values. The fluorescent microscopic image represents rat kangoroo epithelial cells. The
small images on top are electron microscopy pictures taken from Howard, 2001, The schematic
drawings at the bottom are taken from Lodish, [2013| The fluorescent microscopy images are taken
from the Nikon MicroscopyU website.

proteins which bind the actin filaments together (Fletcher and Mullins, [2010]). More than
one hundred proteins promote the formation of a single actin filament (Bhat et al., 2012).
In fact, actin represents 10% of all proteins within most of the cells. Therefore, it can
be considered the primary structural component. Actin filaments do not switch between
states of polymerization and depolymerization like microtubules; instead, they show a
steady elongation that helps them to respond rapidly to external forces. This property
makes them have a the principal role in cell migration (Pollard and Borisy, 2003} Fletcher
and Mullins, [2010)). They are continuously assembled and disassembled in response to the
local signaling of the cell (Fletcher and Mullins, 2010; Bhat et al., |2012). Actin filaments

are considered to be semi-flexible polymers with a linear and nonlinear response to external
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forces (Gardel et al., 2004 Lin et al., 2011; Bhat et al., 2012]).

Intermediate filaments (see Figure c¢) are composed of a huge variety of proteins
(i.e. keratin, lamins, vimentin, desmin and neurofilament) expressed in different cell types
(Schweizer et al., [2006). Intermediate filaments are rope-like structures containing ap-
proximately eight protofilaments with an average diameter of 10 nm which is smaller than
the diameter of microtubules but larger than the diameter of actin filaments (Renner et
al., [1981). Intermediate filaments are flexible polymers with an Lp of approximately 1
pm which is smaller than their contour length (Mofrad, 2009). In contrast to other cy-
toskeleton filaments, intermediate filaments have a long-term stability because they can be
crosslinked to each other as well as to microtubules and actin filaments (Wiche, 1998]). In
addition, they are not directly involved in directional movements of the cells since they are
not polarized like the other main components of the cytoskeleton. Intermediate filaments
are less resistant to compressive forces than tensile ones. Their basic role is to provide
mechanical strength to the cell and the tissue, considering that many cell types assemble
intermediate filaments in response to mechanical stresses (Flitney et al., 2009; Fletcher
and Mullins, 2010). Intermediate filaments also act like guide wires providing a lateral
elastic support to microtubules stabilizing them against buckling (Brodland and Gordon,
1990)).

Models of the Cellular Mechanical Response

Modeling the mechanical properties of a highly complex and heterogeneous structure as the
cell is challenging. A wide range of models have been introduced over the years to explain
the rheology and mechanics of the cytoskeleton. A complete model should account for all
the cell mechanics phenomena, describing molecular networks and cellular substructures,
remaining at the same time generic in its formulation. Each existing model only explains
a particular series of experiments. Additionally, in most cases the different models appear
to be mutually incompatible (Mofrad, 2009, Hoffman and Crocker, 2009)).

Numerous experimental studies (Sung et al., 1988; MacKintosh et al., 1995; Satcher Jr and
Dewey Jr, 1996; Coughlin and Stamenovié¢, |2003) have shown that the physical properties
of a cell are mainly governed by two phenomenological principles: (i) the cytoskeletal
components are under a pre-existing tension also called pre-stress. This state is critical
for maintaining cell shape and to control cell rigidity; and (ii) the rheological cytoskeleton
behavior depends on time and frequency, according to a weak power law (Stamenovié,
2008). The models which better describe the mentioned phenomena in a satisfying way
are the tensegrity (tension-integrity) model (Ingber, |1993) and the soft glass rheology
(SGR) model (Fabry et al., 2001a). The power-law viscoelasticity and the cytoskeleton

pre-stress described by these models are conceptually two very different phenomena, but
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they seem to coexist in the living cells (Stamenovié, .

The pre-stress condition is given by the generation of a tensile force due to myosin motor
proteins cross-linked to actin filaments through ATP-processes. Based on that assumption,
Ingber proposed the tensegrity model where the cytoskeleton is considered to be self-

equilibrated mechanical system due to the balance between tension and compression forces

(Ingber, |1993; Stamenovié¢, [2008).

Figure 2.16: Schematic illustration of the tensegrity model. (a) Drawing of the distribution of
the cytoskeletal elements (microtubules, green; microfilament, yellow) in a cell. The focal adhesion
points (FA) between the cell and the extracellular matrix are highlighted. (b) Schematic repre-
sentation of the forces that play a role in the cellular tensegrity model. The tension force (Fi/r)
of actin microfilaments (MF) is counterbalanced by the compression force (Fsr) of microtubules
(MT) and the fraction force (T) due to the focal adhesion clusters. Image from Stamenovié,

In this model, cytoskeletal microfilaments and intermediate filaments carry the tensional
forces that are balanced by microtubules and the extracellular matrix through focal ad-
hesions (FAs) (Ingber, Ingber, [1997). The whole cell is stabilized by the tensional
pre-stress, generated by the actomyosin structure (Ingber, . The traction force (T')
generated at a FA can be described by a simple relationship: T = Fyrp — Fayr, where
Fr describes the tensil force of actin microfilaments and F);p, the compression force of
microtubules (see Figure (S‘caumenovic’7 . In tensegrity structures, the pre-stress
confers stability and the tensile elements counterbalanced by compression elements create
a self-equilibrated stable mechanical system which will collapse without pre-stress. The
break down of this structure in the absence of pre-stress occurs due to the fact that its

rigidity and connection between its elements are not sufficient to contrast motion and to
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stabilize the system. When a tensegrity structure is subjected to external forces, before
reaching an equilibrium state, it deforms, resulting in the geometrical rearrangement of its
elements. If the material is stiff, the deformation is smaller, as the pre-stress is greater, i.e.
stiffness increases with increasing pre-stress. There exists a linear relationship between pre-
stress and stiffness (Wang et al., 2001} Wang et al., 2002a; Stamenovié, 2005)). The same
relationship is shown in experiments on various types of cells which strongly suggests that
tensegrity mechanisms govern the stiffness of the cell (Stamenovié et al., 2002; Fabry et al.,
2003; Deng et al., |2006; Stamenovié, [2008]). The pre-stress is an important factor for cell
migration and proliferation as it is used by the cells to sense their physical environment
and to react (Discher et al., 2005; Engler et al., |[2006; Trepat et al., 2008).

The second model, based on the soft glass rheology theory, was developed by Bouchaud
(Bouchaud, [1992)) and extended by Sollich (Sollich, |1998)). This theory considers the ma-
terial as an ensemble of a large number of elements trapped in wells by their neighbors
(Sollich, [1998; Mofrad, 2009). Each trap is at a different energy depth E = 1/2kl? (see
Figure . From the deepest wells, the element is not able to escape just by thermal
fluctuations. The hypothesis is that the element hops the well by agitation due to the mu-
tual interactions within the neighboring elements (Sollich, |[1998; Fabry et al., 2003). The
physical origin of this non-thermal agitation is still unknown but it can be represented by
a non- dimensional parameter indicated as effective temperature or noise level z (Sollich,
1998; Fabry et al., 2001a; Stamenovié¢, 2008). If the system is perfectly elastic, the elements
are not able to escape their wells which is indicated by x = 1. Instead the elements can
hop between the wells when x > 1, generating flow and disorder (see Figure . Upon
increasing the effective temperature the elements tend to hop out from a well in order
to fall into the next one. This jump can be seen as a rearrangement of the system under
fluid-like behavior. In this case, the system tends to melt. When the elements are trapped
in the deeper wells, the hopping phenomenon is slowed down. In this case the system tends
to freeze and to approach the glass transition (Kollmannsberger and Fabry, 2011)).

The elements which assume the behavior described above are defined as soft glass materi-
als: they behave like solid when they do not undergo external mechanical pertubation, and
they soften and fluidize when a shear is applied to them (Weitz, 2001; Semmrich et al.,
2007; Trepat et al., 2008). The category of soft glasses contains various types of materials
(i.e. foams, emulsions and pastes) with a geometrically disordered and metastable struc-
ture (Sollich, 1998; Fabry et al., [2001a; Stamenovié¢, 2008; Trepat et al., [2008). They are
considered soft because their mechanical moduli are in the range of Pa to kPa. Their stor-
age G’ and loss G” moduli increase with a weak power-law dependency upon the frequency
of the applied load. Instead, their loss tangent G”/ G’ is nearly constant for a wide range
of frequencies and of the order of 0.1 (Fabry et al., 2003; Trepat et al., [2008; Mandadapu

29



2 Background

agitation !

E=1/2kI°

PR L L

equilibrium

position Al

4_’:

Figure 2.17: Schematic illustration of the soft glass rheology model. Elements hop between wells
of different energy depths E that depends on the distance [ from the position of trap minimum and
the spring constant k. The elements in the deeper wells usually approach to the solid phase and
unlikely are able to hop to another well. Instead the elements that hop from one well to another
are in the fluid-like phase. Image from Kollmannsberger and Fabry, 2009l

et al., 2008]).

The mechanical behavior of the cells is similar to that of soft glass materials as shown in
the experimental data from Fabry et al (Fabry et al.,2001a)). They measured the relaxation
modulus, G(t), the frequency dependence of the storage modulus G’ (w), and the loss mod-
ulus G” (w) of the cytoskeleton. They observed that the G* and G” increased weakly with
increasing frequency w in the range of 0.01 — 10 Hz, according to the power law ~ w?~!
(Fabry et al., 2001a; Mofrad, 2009). In contrast, they also showed that the loss tangent
was insensitive to the frequency change, remaining almost constant between 0.3 and 0.4
(Fabry et al., 2001a). Following this discovery, the cytoskeletal elements (i.e. protein com-
plex) of the living cells became considered to be the elements of the soft glass rheology
model, trapped by the molecular crowding or by the weak chemical bonding (Fabry et al.,
2003; Trepat et al., [2008). The non-thermal agitation that occurs is probably due to ATP-
dependent mechanisms such as binding energies between cytoskeletal neighboring proteins
(Bursac et al., 2005) or due to mechanical stretch (Trepat et al., 2008]).

For living cells, the power law exponent « describes the viscoelastic behavior of the cells
depending on the frequency and on the time of imposed deformations after applied static or
dynamic loads (Balland et al.,|2006). If o approaches zero, the cell behaves like a Hookean
elastic solid and the deformation energy is elastically stored in the body. If o approaches
unity, the cell acts like a Newtonian viscous fluid. In this case, the body dissipates the
energy deformation since it is not able to store it elastically. In cells, a typically assumes

values between 0.1 and 0.5 (Stamenovié, 2008; Kollmannsberger and Fabry, [2011]).
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In consideration of the fact that cells can be regarded as soft glass materials, the exponent
« can assume the formulation of z — 1.

Although the soft glass rheology model was designed to describe the behavior of inert
materials, it has been shown that this model can characterize the linear rheology and the
fluidification in response to the stretching of living cells (Fabry et al., [2001a; Trepat et al.,
2007; Trepat et al., 2008)

The remaining question is whether the tensegrity and the soft glass rheology models can be
linked to each other. It is relatively simple to show how soft glass materials such as foams
and emulsions exhibit tensegrity-like (Stamenovié, 1991} Reinelt and Kraynik, |1993) and
SGR-like (Jiang et al., [1999; Koehler et al., 1999) behaviors. For a complex and dynamic
biological material such as the cell, it is less intuitive. The best approach would be to see

these two models as complementary to each other rather than mutually incompatible.

Experimental Methods for Measure Cell Mechanics

The continuous remodeling and biochemical changes of the cytoskeleton have been stud-
ied using a variety of experimental techniques (Mofrad, |2009). The measurement methods
can be divided into two different categories: passive techniques (i.e. particle tracking mi-
crorheology) that monitors the thermal fluctuations of the cells without any mechanical
engagement, and active techniques (i.e. atomic force microscopy, magnetic twisting cy-
tometry, optical stretcher, magnetic tweezers, micropipette aspiration, microneedle and
microplate rheometer) that measure the response of the cell after applying a direct exter-
nal force (Janmey and Schmidt, [2006). The techniques can also be classified depending on
if they probe a portion of the cell, the entire cell or a cell population (Bao and Suresh,
2003).

The atomic force microscopy or scanning force microscopy (AFM) (see Figure a)
produces images by applying a mechanical force across a sample surface. It quantifies the
stiffness of the sample and the surface topography (Binnig et al., [1986; Van Vliet et al.,
2003). The viscoelastic response of the cells is probed by applying force in the range of
0.1 —1 nN and indentations of about 50 nm or less (Henderson et al.,|1992; Radmacher et
al., 1996; Pullarkat et al., 2007). The AFM scans the specimen surface using a tip (probe)
located at the end of a cantilever. The interactive force between the tip and the sample
surface produces a displacement of the tip that is tracked via a laser. The laser reflects
off of a device that converts laser light into voltage. Thus, tip deflection is converted to
a force through Hooke’s law. The maximum force is given by the spring constant of the

cantilever, whereby the resolution of the instrument is given by its thermal fluctuation.
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Often for AFM measurements of cells, a bead of a few micrometers is glued to the tip. In
this way, it is possible to modify the stress range by changing the diameter of the bead
(Mahaffy et al., 2000; Smith et al., 2005; Pullarkat et al., 2007). The advantage of using
this technique is that the AFM can probe cells within their physiological environment (Van
Vliet et al., 2003; Pullarkat et al., 2007)). The AFM is a valid instruments to study elastic
deformation of the cells and cellular components such as the cytoskeleton (Rotsch and
Radmacher, [2000; Alcaraz et al., 2003; Van Vliet et al., 2003, Kirmizis and Logothetidis,
2010).

The magnetic twisting cytometry (MTC) (see Figure b) technique uses beads ranging
in diameter from 250 nm to 5 pm to measure their pointwise displacements. The cells
in part phagocytose the beads that can be coated with specific ligands to bind to cell
surface receptors (Van Vliet et al., 2003). First the beads are permanently magnetized
almost parallel to the cell surface and then an homogeneous magnetic field twists them
in the vertical direction (Pullarkat et al., 2007). The MTC technique allows to study the
mechanical response of cells to sinusoidal perturbations, including the estimation of the
storage and loss moduli for frequencies between 0.01 to 10 Hz (Fabry et al., 2001a; Puig-
De-Morales et al., 2001; Van Vliet et al., 2003; Pullarkat et al., [2007)). Originally, this
method was developed to study the cytoplasm (Crick and Hughes, [1950) but it has also
been used to investigate the mechanics of the cell membrane and the cytoskeleton (Puig-
De-Morales et al., [2001} Maksym et al., 2000; Wang et al., [1993; Fabry et al., [1999; Fabry
et al., [2001b]).

The optical stretcher is a novel instrument used to micro-manipulate single cells and probe
their mechanical properties (Guck et al., 2001; Wottawah et al., 2005) (see Figure c).
The single cells are held in suspension by two laser beams located diametrically opposite to
each other. (Van Vliet et al., 2003). An optimized microscopic analysis optically measures
the cell deformation (Pullarkat et al., 2007). The radiation damage of the lasers is reduced
since the laser beams are not focusing on the same plane of the cell. Strains of 160% can
be attainable for PC12 cells and neutrophils (Guck et al.,|2002). The excellent sensitivity
in detection and the high throughput of this technique allows for an analysis of the cell

deformation with respect to cancer progression (Guck et al., 2005).

In magnetic tweezers, paramagnetic and ferromagnetic microbeads (250 nm to 5 pym in
diameter) are used to apply large forces to the surface of the cell and to the intracellular
environment (Mofrad, 2009) (see Figure d). An electromagnetic field imposes a force
on these beads causing their displacement (Smith et al., |1992; Bausch et al., [1998; Van
Vliet et al., 2003} Kollmannsberger and Fabry, 2007)). For single cell studies, the beads can
be coated to adhere to the cell surface (Bausch et al., 1999, Alenghat et al., 2000). The
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beads can also be forced through the cellular matrix or engulfed by phagocytosis (Mofrad,
2009). The forces applied can range from piconewtons (Karcher et al., 2003; Vonna et al.,
2003) to nanonewtons (Trepat et al., 2003; Trepat et al., 2007)).

The micropipette aspiration is a technique that uses suction pressure ranging from 0.1 to
103 Pa to partially or wholly suck a single cell into a glass pipette (see Figure e).
The pipette has a diameter between 1 and 10 pm and is coated with 1% agar in order to
inhibit cell adhesion (Evans and Yeung,|1989; Hochmuth, [2000; Van Vliet et al.,2003; Lim
et al., 2006). The displacement of the cell membrane is recorded and visualized by light
microscopy. This method, first introduced by Mitchison and Swann (Mitchison and Swann,
1954)), correlates the applied pressure and the cell deformation in a real time scale, which
allows for the calculation of elastic modulus and apparent viscosity for the cell membrane
of many cell types (Rand, |1964; Shao, 2001]).

The microneedle technique is one of the earlier experimental approaches using a cantilever
to deform adherent cells as well as single molecules (Van Vliet et al.,[2003)) (see Figure
f). It also represents the first technique employed to study the sliding forces between mi-
crotubules (Kamimura and Takahashi, |1981, Shao, |[2001). The stiffness of the microneedle
can be as small as 0.09 pN/nm. Between all the mechanical cantilever approaches, mi-
croneedle is the softest, with a force maxima on the order of 200 pN. The force resolution
is around 0.6 pN (Ishijima et al.,[1991) and the displacement maxima is on the order of pym
(Van Vliet et al., 2003). The microneedle is loaded with a force on its tips and will bend
with a deflection that is linearly proportional to the force (Shao,|2001). The displacement
is measured using optical imaging (Felder and Elson, [1990)). This techniques has been
used in many studies, e.g to calculate the force of a small number of myosin molecules
interacting with a single actin filament (Waugh and Bauserman, [1995) and to estimate

the bending stiffness of erythrocyte membranes (Kishino and Yanagida, 1988, Shao, 2001}).

The microplate rheometer is another instrument to quantify the viscoelastic properties of
the cells. It is composed of two glass microplates with narrow flat tips (Thoumine and Ott,
1997) (see Figure g). The cells are placed in between the two plates which can be
coated with specific adhesion proteins. By displacing one of the plates, a uniaxial stretch
is applied to the cells. Hereby, an optical fiber technique is used to measure the bending of
the plate. The forces are typically in the range of 10 nN - 10 uN and the frequencies range
between 0.01 Hz and 10 Hz (Pullarkat et al., [2007). With this technique it is possible to
study the non-linear behavior and the creep response of the cells over long time scales
(Ferndndez et al., 2006; Desprat et al., 2005).

In contrast to the previously described methods, the particle tracking microrheology is

classified as a passive technique because it does not apply any external force. It moni-
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tors the Brownian motion of fluorescent beads due to their environments (see Figure m
h). These nanoprobes (< lum) are inserted into the cytoplasm of living cells through
microinjection. Consequently, this technique is able to measure frequency-dependent vis-
coelastic parameters by observing the displacement of the beads (Tseng et al., 2002; Wirtz,
2009; Bhat et al., 2012)). A laser can be used to detect the fluorescent beads obtaining a
nanometer spatial resolution over a frequency range from 1 Hz to 50 Hz (Yamada et al.,
2000; Crocker et al., [2000; Jonas et al., 2008).

The development of microrheological techniques just described above, allows for the
production of quantitative mechanical measurements of single living cells. Each technique
measures different parameters of cell rheology, and each technique has advantages and
limitations (Kollmannsberger and Fabry, 2011). Biological systems are intrinsically dif-
ferent from synthetic material systems, and despite the apparent simplicity of the force-
displacement law on which these techniques are based on, the quantification of their me-

chanical response is not obvious (Van Vliet et al., 2003).
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Figure 2.18: Schematic representation of the common methods used to measure cell rheology.
(a) The atomic force microscopy (AFM) is a technique that uses a cantilever with a microtip or
polystyrene bead to poke the cell and study the cell response. (b) The magnetic twisting cytometry
(MTC) uses magnetic beads that turn under a magnetic field and apply force to the cells. (¢) The
optical stretcher is a recent technique that uses two laser beams to probe the cell in suspension.
(d) The magnetic tweezer uses magnetic beads moved by magnetic field to apply forces to the cell
surface. (e) Micropipette aspiration is a relatively simple technique that employs a micrometer tip
to suck a portion of the cell applying negative pressure. (f) Microneedle technique probes the elastic
properties of the cell with a calibrate glass needle. (g) The microplate rheometer applies uniaxial
stretch to the cell located in between two glass plates. (h) Particle tracking microrheology is a
passive technique able to extrapolate the viscoelastic parameters tracking the random Brownian
movements of organelles or microinjected particles (red). [Original image].
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3 Material and Methods

In this chapter, I will present the methods used to study the behavior of the retinal cells
under mechanical alterations of their natural environment, as well as a new innovative
method to culture adult neural tissue. In the first part, preparation and handling of the
retinal tissue and brain is explained in detail. In addition, the methods used to visualize
the structure of the retina, such as immunofluorescence and live staining, are described.
In the second part, a new simple and effective methods for organotypic culturing of retinal
whole-mount and brain slices will be described. In the third part, the different setups

employed to apply shear stress or to stretch the retina are introduced.

3.1 Tissue and Cell Preparation

3.1.1 Animals Used - Guinea Pig Retina and Mouse Retina as Model Systems

Pigmented guinea pigs and C57BL/6 mice have been used as animal models in this work.
Both animal models are commonly used for neuroscience research, e.g. pain studies (Mogil,
2009), stroke, epilepsy, inflammatory disorders (Lythgoe et al.,2003), and retinal ischemia
(Pang and Clark, 2010) to cite some examples.

The retinae of most mammalians, including humans and also mice, receive their nutrients
from two types of circulations: intra-retinal vascular and choroidal circulation (Delaey
and Voorde, [2000). For this reason, this type of retinae are identified as vascular reti-
nae. Instead, in some mammalian species, such as the rabbit and guinea pig, the retinal
metabolism depends almost exclusively on the choroidal circulation (Pournaras et al.,
2008) since these animals lack retinal blood vessels. In the choroidal circulation, oxygen
diffuses from the choroid through the retinal pigment epithelium and reaches the outer
layer of the sensory retina (Uga and Smelser, |1973; Delaey and Voorde, 2000)) mostly where
the photoreceptors are located.

In animals with an avascular retina, the thickness of the retinal tissue is influenced by a
reduction of the outer nuclear layer and is limited by the availability of oxygen, the supply
of other nutrients and the removal of waste products (Buttery et al., 1991; Yu et al.,1996).
The guinea pig retina with a thickness of d &~ 100 um is around three times thinner

in comparison to other rodent retinae, e.g. mouse (d ~ 300 pum) (Dreher et al., 1992).
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Another difference between the guinea pig retina and mouse retina is due to a slightly
different organization of the outer nuclear layer. In the first species the photoreceptor
nuclei are arranged in columns containing between five and seven nuclei, in the second
animal the number of nuclei per column is duplicated.

The advantages of using the guinea pig retina in my experiments are that a thin retina
is more suitable for slice preparation and for culture. Since the Miiller cells in the guinea
pig have a wider trunk, their detection is less complicated. This is a crucial point in the
investigation of the mechanical properties of the retinal tissue since the Miiller cells span
the entire thickness of the retina and can give information about the layers.

The choice of also using murine retina is due to the possibility to investigate genetically
engineered animals, e.g. knockout mice where existing genes can be inactivated by replac-
ing or disrupting them with artificial pieces of DNA. The mouse was also employed to
investigate long-term culture of brain slices.

The animals were retained in size- and species-appropriate cages with free access to water
and food in dedicated rooms under 12-hour light and 12-hour dark cycles. All animals were
handled in accordance with the European Directive 86/609/EEC and the Association
for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. Furthermore all the experiments were additionally

approved by the German law of animal protection.

3.1.2 Preparation of the Retinal Tissue

Immediately after the animals were sacrificed with carbon dioxide, their eyes were re-
moved. The technique to isolate the retinal tissue is identical for the mouse and guinea
pig. The aqueous solutions used differ by experiment types. For long-term experiments,
the eyes were enucleated and put in phosphate buffered saline (PBS) at 4°C, briefly rinsed
in ethanol 70 %, washed in PBS and lastly kept in Ames medium (A1420, Sigma-Aldrich,
Germany). For short-term experiments, the only compound used was an extracellular so-
lution (ECS) consisting of sodium chloride (NaCl), potassium chloride (KCl), calcium
chloride (CaCly), magnesium chloride MgCl,, HEPES and D-glucose (pH 7.4) (see Table
. In all experiments the solutions were aimed to reproduce the physiological environ-
ment in order to avoid deterioration of the fragile biological tissue. After the eyes were
enucleated, the connective tissue was removed (Figure a and b). An incision was made
behind the ora serrata to release the pressure allowing to hold the eyeball easily (Figure
c). Following the laceration, the eye was cut in half to separate the cornea, iris and
lens from the posterior part of the eye (Figure d and e). With a gentle compression,
the vitreous body was removed (Figure f) and ultimately the retina was cautiously
separated from the pigment epithelium (Figure g and h).
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Table 3.1: Composition of extracellular solution. All chemicals are dissolved in bi-distilled water
and the pH is adjusted to the physiological value 7.4 by using 1 M TRIS-Buffer (pH = 10.4).

Substance | Concentration [mM]

NaCl 136
KCI 3
CaCly 2
HEPES 10
MgCl, 1
D-Glucose 11

Figure 3.1: Preparation of the guinea pig retina. (a) The tools used during the isolation are mainly
tweezers, scissor, pipette and blade. (b) The freshly enucleated eye is immediately transferred into
aqueous solution. (¢) To release pressure, an incision of the eye behind the ora serrata is made with
a sharp razor. (d) Following the incision, a cut made with Vannas scissors separates the anterior
part of the eye from the posterior part (e). (f) The vitreous body is gently removed with tweezers.
(g,h) The retina is carefully detached from the retinal pigment epithelium.

For long-term experiments, the entire isolation of the retina was performed under the
laminar flow hood to guarantee sterilized conditions necessary for tissue culturing. The in-
struments used for dissection were sterilized in an autoclave and the solutions were filtered
using a membrane with a pore size of 20 pum (18058, Sartor Lab P Plus). After isolation
the retina was carefully transferred on a titanium dioxide (TiO2) nanotube substrates (see
section with the photoreceptors side down. To permit the adhesion of the retina
to the surface of the TiO2 nanotubes and to ensure an air-liquid interface system, the

solution remaining from the transport on top of the membrane was removed by suction.
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After the preparation, the tissue was kept in an incubator at 37°C and 5% COs for at
least 3 days. It was crucial to prevent retinal degeneration processes ensuring a correct
exchange of gas and nutrients between the system and the incubator. For short-term ex-
periments the retina was lying on top of a nitrocellulose filter (10407132, Whatman) with
the photoreceptors side down. A sharp razor blade (Apollo, Solingen, Germany) was used
to cut this assembly in long rectangular pieces for short-term shear stress experiments (see
Section . Also in these cases the solution was quickly removed to allow the tissue to
adhere to the filter, paying attention not to dry the retina out.

3.1.3 Preparation of the Brain Tissue

Immediately after exposure to the carbon dioxide, the mice were decapitated under sterile
conditions. The technique adopted for the isolation of the brain is commonly used in my
laboratory. To expose the cranium, the skin (from the base of the neck to the forehead
in the proximity of the eyes) is cut with sharp scissors (see Figure a). In this way
it is possible to wrap the mouse ears around the index of one hand keeping the animal
head still during the procedure. The skull is carefully lifted up making a coronal cut from
one ear to the other and then a horizontal cut in each side from the ear to the eye (see
Figure b). The skull is removed with the help of forceps (London Forceps, Fine Science
Tool, F.S.T.) paying attention not to damage the brain. At this point the brain is free
and can be isolated (see Figure ¢). The brain is kept for a few minutes in ice cold PBS
to remove the debris. A vibration microtome (HM 650 V: Micro-International, Walldorf,
Germany) was used to slice the tissue. To firmly fix the brain on top of the vibratome
stage with common glue, the cerebellum is cut out creating a flat surface (see Figure
d). The brain was sectioned in coronal slides of 200 pm in thickness. Each of the slices
was placed in a customized six-well plates connected to the carbon dioxide tank, kept in

a box of ice and filled with chilled culture medium.
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Figure 3.2: Preparation of the mouse brain. (a) After sacrificing the mouse, the head was removed,
and to expose the skull, the skin was cut on the sagittal plane. (b) The skull is first cut with a
coronal incision from ear to ear. (¢) Then to completely remove the skull, another incision was
made in each side, from ear to eye. (d) Finally the isolated brain deprived of the cerebellum was
glued to the stage of a vibratome, ready to be sliced in coronal sections.
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3.1.4 Staining of the Vital Cells in the Retinal Tissue

As previously mentioned (see Section , the retina is composed of a myriad of cells
that can be simply divided into two categories of cells which are well organized in layers:
neuronal and glial cells. The only cells that span throughout all the retinal layers are the
Miiller radial glial cells, the predominant glia of the vertebrate retina (Uckermann et al.,
2004). Because of their advantageous position within the retina and their rapid activation
in response to pathological and non-pathological stimuli (Bringmann et al., 2006), Miiller
cells are an appropriate target to study the behavior of the tissue during shear stress

experiments, for example. To visualize the retinal radial glial cells during an experiment,

the vital MitoTracker dyes were chosen. It has been shown that Miller cells take up the
thiol-reactive vital dye while neuronal cells are not labeled (Figure probably due to

the presence of binding sites for the thiol groups in the Miiller cells (Uckermann et al.,

2001).

¥ Miller Cell endfeet

Muller Cell nuclei

Photoreceptor autofluorescence

Figure 3.3: Guinea Pig retina stained with vital dye. The isolated retina was incubated within
the MitoTracker Orange for 15 min and washed with PBS afterward. To allow for the detection
of the retinal cross section, the tissue was fixed onto a nitrocellulose filter with the photoreceptors
side down. The Miiller cells filled with the vital dye are shown using a laser scanning microscope
equipped with a 40z water immersion objective. The endfeet, nuclei, outer and inner processes are
clearly visible. Scale bar 20 um.

A stock solution with a concentration of 1 mM was prepared with 50 ug of the lyophilized
dye in 50 ul anhydrous dimethylsulfoxide (DMSO, D2650, Sigma-Aldrich, Taufkirchen,
Germany). Then 10 ul of the dye was diluted in 5 ml of ECS or PBS depending on the
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experiment. The isolated retinae were incubated for 15 — 30 min in darkness at room
temperature, washed three times with ECS or PBS and examined using a confocal laser

microscope LSM 510 (Zeiss, Oberkochen, Germany).

3.1.5 Immunohistochemistry

The cell is the basic building block of all tissues. The plasma membrane, that surrounds the
cell, anchors surface proteins called antigens (see Figure a). These surface proteins can
serve as cell identifiers by defining characteristics about a cell. The antigens are targeted
and bound very tightly by another type of proteins, the antibodies (see Figure b). Each
type of antibody has a distinct antigen-binding site. Each antibody recognizes its antigen
with great specificity (Odell and Cook, [2013)).

To estimate any change in the different retinal layers in response to the mechanical stress,
which is used to verify the tissue structure after organotypic culture, samples were analyzed
by immunohistochemistry. The method used is called indirect immunofluorescence, a two-
step technique that requires an unlabeled primary antibody which reacts with the tissue
antigen and with a labeled secondary antibody (see Figure c and d).

The pieces of retinae were fixed in 4% paraformaldehyde overnight at 4°C. Thereafter,
the tissue was washed three times in PBS, embedded in 3% agarose (05073,Sigma-Aldrich
Fluka, Germany) and cut in thin slices (d = 50 um) with a vibration microtome (HM 650
V: Micro-International, Walldorf, Germany).

In order to detect intracellular antigens, cells must first be permeabilized especially after
fixation with cross-linking agents such as formaldehyde and glutaraldehyde. Permeabiliza-
tion provides access to intracellular or intraorganellar antigens.

To permeabilize the tissue I have used Triton X-100, the most common detergent that
improves penetration of the antibodies. The permeabilization solution is composed of
0.3% or 3% Triton X-100 and 1% dimethylsulfoxid (DMSO) diluted in PBS (PBS-TD).
Slices were permeabilized for 1 hour at room temperature in PBS-TD. Therefore, to block
unspecific binding of the antibodies, the slices were incubated in 5% goat or donkey
normal serum (Sigma-Aldrich, Germany) in PBS-TD for 1 hour at room temperature
on a shaker. Retinal slices were maintained overnight at 4° C in a solution of PBS-TD
containing primary antibodies chosen between the following: anti-vimentin (1 : 200, clone
V9, Sigma-Aldrich, Germany) which shows the intermediate filaments in the Miiller cells,
anti-glutamine synthetase (MAB302, Chemicon, Germany) for localizing the radial glial
cells, and anti-ACTIVE caspase-3 pAb(G7481, Promega, Germany) for recognizing the
apoptotic cells. The tissue was also stained with peanut agglutinin (PNA) (L6135, Sigma

Aldrich, Germany) specific for cone photoreceptor cells, not considered an antibody.
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Figure 3.4: Schematic representation of indirect immunofluorescence. The cell membrane is covered
with different type of surface proteins called antigens (a). The antigen is recognized and bound by
an antibody, a large Y-shaped protein composed of a light chain and a heavy chain. The heavy
chain defines the class or isotype of the antibody (b). The unlabeled primary antibody specifically
binds the antigen (c¢) and the secondary antibody, which carries the fluorophore, recognizes and

binds to the primary antibody (d). (Original image).
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3.1 Tissue and Cell Preparation

Afterwards, the slices were washed with PBS-TD for 3 hours on the shaker, and the
solution was changed every hour. The secondary antibodies conjugated with a fluorescence
dye (Jackson Immunoresearch, USA) were in contact with the tissue overnight at 4° C.
During the following day, the slices were washed for 1 hour with PBS-TD, before they were
either incubated with the nuclear dyes Hoechst 33258 (Molecular Probes, ) or To-Pro-3
iodide (642/661, Invitrogen, USA) for 1 hour at 4°C. Hereafter the retinal slices were
washed 3 times with normal PBS and mounted on a coverslip coated with some drops of
mounting medium (Immunomount). Finally the slices were let to dry overnight in a dark
place. The slices were observed using a confocal microscope (LSM 510, Meta, Zeiss, Jena,

Germany) with a 40x objective (c-Achroplan, 1.2 W Corr M27, Zeiss, Jena, Germany).
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3.2 Organotypic Culture of Adult Neural Tissues

The retina and the brain, the neural tissues used during my work, belong to the central
nervous system (CNS). One of the conventional techniques used to culture these tissues is
based on an air-liquid interface system (Stoppini et al., Gahwiler et al., Moritoh
et al., . In addition to observing strict sterile conditions and to keeping the culture
at a constant temperature, the necessary conditions for a healthy culture are (i) firmly
attaching the tissue to a substrate, supplying them with (ii) suitable growth medium and
(iii) sufficient oxygenation (Géhwiler et al., [1997). In the air-liquid interface system, the
tissue is placed on a semiporous membrane (Millicell, Millipore) inserted in a six-well plate
(Stoppini et al., . The medium is added to the bottom of the culture dish, feeding
the tissue from below and leaving the top of the tissue directly in contact with the air
(Géhwiler et al., . In my work I used the same technique, replacing the semiporous
membrane with a TiOg nanotube arrays (see Section for reasons that I will explain
later. To be able to feed the tissue without covering it, I inserted a stainless steal grid into

a Petri dish (or in a six-well plate), on top of which I positioned the TiO2 nanotube arrays

(see Figure [3.5).

Figure 3.5: Schematic illustration of the culture setup. The setup used to culture retinal whole-
mount and brain slices is relatively simple. It is composed of a culture dish containing a stainless
steal grid on top of which the nanotube arrays lay (see section . The explants are positioned
on top of the nanotube arrays. The culture dish is filled up with culture medium up to the edge of
the membrane without covering the sample.

After isolation and preparation, the tissue is carefully transferred to the top of the nan-
otube membrane with a glass pipette or a brush. The medium in excess on top of the
TiO2 nanotube arrays is gently removed by aspiration. This operation also helps to se-
curely attach the tissue to the substrate. Finally the culture dish is filled up to the edge

of the nanotube membrane.
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3.2 Organotypic Culture of Adult Neural Tissues

3.2.1 Retinal Whole-mount Culture

The retinal tissue was isolated as described in section To avoid any risk of con-
tamination, the entire procedure was executed under the laminar flow hood in the cell
culture room. To flatten the tissue and consequently to facilitate its adhesion to the TiO9
nanotube arrays, four incisions were made to the optic nerve hole. Once the tissue was
firmly attached to the nanotube membrane placed in a Petri dish (see Figure , the cul-
ture dish was filled up with retinal culture medium composed of Ames medium (A1420,
Sigma-Aldrich, Germany), horse serum (H1270, Sigma-Aldrich, Germany) and gentamicin
(1357, Sigma-Aldrich, Germany) (see Table [3.2)).

Table 3.2: Supplements added to the retinal culture medium. The Ames medium was prepared
from a 90% w/v powder in water formulation in the following way. It was measured out, with
7.5 % w/v of sodium bicarbonate. This solution was bubbled with 100 % of CO, for at least 15
minutes. The supplements were directly dissolved in Ames medium and the pH was adjusted to
the physiological value of 7.4 by using hydrochloric acid (HCl) or sodium hydroxide (NaOH).

Substance | Concentration [%]

Horse Serum 20
Gentamicin 0.1

The tissue was immediately incubated in a humidified 5% CO2 atmosphere at 37° C. The
entire medium was replaced 24 hours after seeding and then every third day. The retinal
tissue was cultured for 7 and 14 days. After the culture time, the tissue still attached to
the TiO2 nanotube arrays was fixed in 4% paraformaldehyde overnight at 4°C. After this
fixing time, it was washed three times in PBS and, with the help of a blade and a pipette,
it was gently and carefully removed from the substrate. At this point it was ready to be

embedded in agarose for cutting and immunostaining as described in section

3.2.2 Brain Slice Culture

The culture technique used for brain slices is very similar to the one for the retina previ-
ously described (see Section . The brain slices were prepared as explained in section
From the six-well plates, where the slices were kept oxygenated during the cutting,
they were transferred on top of the TiOs nanotube arrays using a small brush. To facili-
tate the adhesion of the slice to the membrane, the extra solution on top of the substrate

was removed by aspiration. The culture setup is the same used for the retina culture (see
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Figure . The difference lies with the solution used to culture the brain slices. The cul-
ture medium was composed of DMEM/F-12 with L-Glutamine medium (11320, GIBCO)
supplemented with horse serum (H1270, Sigma-Aldrich, Germany), D-Glucose, HEPES
and gentamicin (see Table [3.3)).

Table 3.3: Supplements added to the culture medium for brain slices. The supplements are directly
dissolved in DMEM/F-12 with L-Glutamine medium and the pH is adjusted to the physiological
value of 7.2 using hydrochloric acid (HCI) or sodium hydroxide (NaOH).

Substance Concentration [%]
Horse Serum 24
20% D-Glucose 1
HEPES 2
Gentamicin 0.1

As mentioned previously, it is important not to cover the tissue with the culture medium,
allowing for good oxygenation during the incubation. The tissue was moved into an incu-
bator set at 5% C'O2 and 37° C. The medium was changed with fresh medium 1 day after
the isolation and then every third day. To compare the neural tissue integrity with that to
the retinal tissue, the brain slices were also cultured for 7 and 14 days. Before removing the
slices from the TiOs nanotube arrays, they were fixed in 4% paraformaldehyde overnight
at 4°C. The slices were carefully detached from the substrate with the pressure applied by
a pipette to their edges and they were immunostained using the technique explained in
section To observe the immunoreactivity of the neo-cortex after long-term culture,
nuclei and neurofilaments were fluorescently labeled with To-Pro-3 Iodide (T3605, Molec-
ular Probes) and Anti-Neurofilament H Non-Phosphorylated SMI-32 (NE1023, Millipore),

respectively.

3.2.3 TiO, Nanotube Arrays

Titanium dioxide (TiO2) nanotubes were first described by Zwilling and colleagues in 1991,
as ’columnar porous’ titania layers formed electrochemically in a fluorinated electrolyte.
Titanium (Ti) and its alloys have long been used in biomedical devices as implantable
biomaterials and have an emerging role in soft and hard tissue engineering as well as in
regenerative medicine. The beneficial effects of their surfaces on cells adhesion, cell pro-

liferation and cell functionality have also been observed (Brammer et al., 2010). In fact
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TiO4 is known to be a non-toxic, environmentally friendly, corrosion-resistant and ex-
ceptionally biocompatible material (Roy et al., 2011)). Synthesis of TiO2 nanostructures
may be achieved by different ways including sol-gel methods, template-assisted methods,
hydro/solvothermal approaches and by electrochemical means. In this project, the conven-
tional electrochemical anodization has been used to produce self-organized TiO2 nanotubes
layers (Fischer and Mayr, 2011)).

An oxidation reaction, explained by M—M"" + ne~ (where n is the number of electrons
(e) lost during the reaction) occurs when metals (M) are exposed to a sufficiently anodic
voltage in an electrochemical configuration (see Figure . Thus, this reaction depends
on the electrolyte used and on the particular anodization parameters. The formation of
TiO2 nanotubes is the result of three simultaneous processes: (i) oxidation of Ti metal to
form titanium dioxide; (ii) dissolution of Ti metal ions in the electrolyte and (iii) chemical
dissolution of Ti and TiO2 due to etching processes caused by fluoride ions (Brammer et
al.,2012)). The diameter of the nanotubes can be controlled linearly by the applied voltage.
The anodization time and the etching rate define the tube length. It becomes obvious that
the fastest growth conditions also represent the conditions for optimized ordering. Various
nanoscale morphologies, such as free-standing membranes, nanobamboo, tube stacks and
tube-to-pore transitions can be achieved (see Figure d and e).

To be more specific, for this project the TiO2 nanotubes were prepared by anodization in
fluorine-ion containing electrolytes (Dallacasagrande et al.,|2012). The Ti foils were first
cleaned in an ultrasonic bath with distilled water and isopropanol for 10 min each and dried
in a nitrogen stream. TiO2 nanotube array substrates were synthesized by electrochemical
anodization using a titanium foil as the anode (Advent Research Materials LTD.; 99.6%;
1.8cm x 2.8cm; 0.1mm thickness) and a platinum mesh as the cathode (Advent Research
Materials LTD.; 99.9 %; 52 mesh per inch; 25mm x 25mm). The electrolyte employed
a mixture of ethylene glycol (Merck, Emplury) containing 0.3 wt% ammonium fluoride
(Merck, EMSURE-ACS) and 2 vol % distilled water. After anodization, the samples were
rinsed with ethylene glycol and dried in air at 50°C. They were cleaned a second time for 20
minutes in an ultrasonic water bath and dried in air at 50°C. Some samples were anodized
more than once. This means that after anodization, the tubes were removed by exposing
the samples for 20 minutes to an ultrasonic water bath . After multiple anodization steps,

the samples were post-treated as described (Dallacasagrande et al., [2012).

49



3 Material and Methods
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Figure 3.6: Schematic illustration of the electrochemical anodization used to fabricate TiOy nan-

Nanopores Nanotubes

otube arrays.(a) A titanium (Ti) sheet is used as the anode and a platinum (Pt) sheet is used as
the cathode submersed in a fluoride-based electrolyte solution. (b,c) Anodization leads to an oxi-
dation of metal species that forms a solid oxide (MOy) on the metal surface and to the formation of
TiO2 arrays. (d) Depending on the anodization conditions (potential, electrolyte and temperature)
the solid oxide layer can self-organize in a nanotubular shape (nanopores or nanotubes).(e) The
pictures show TiOs arrays prepared in different solutions. The left image shows nanopores and the
right image shows nanotubes. Scale bar 100 pym.
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3.3 Mechanical Setup

3.3 Mechanical Setup

3.3.1 Long-term Measurement Setup
Long-term Shear Stress Device

The device is mainly assembled from three components: a chamber made of polytetraflu-
oroethylene (Teflon), a stepping motor (C-663 Mercury Step, Physik Instrumente, Karl-
sruhe, Germany) and an actuator (M-228 Stepper-Mike Linear Actuator, Physik Instru-
mente, Karlsruhe, Germany) (see Figure a). The stepping motor is attached to the
chamber on the side through a metallic plate and both are fixed on a heavy metallic tray
(see Figures a). The tray is necessary for stabilizing the sample during the experi-
ments since the device has to be moved from the laminar flow hood into the incubator.
The metallic parts are made of stainless steel since the experiment requires sterilized con-
ditions. For this reason, all the components placed on the plate have to be sterilized before

use.

Teflon chamber

metallic tray

Figure 3.7: Device for long-term shear stress measurements. (a) The set-up is composed of a heavy
stainless steal tray that holds the Teflon chamber and the stepping motor. The actuator connects
the stepping motor to a computer. (b) Two TiO5 nanotube arrays are glued on the stainless steal
part of the Teflon chamber. The sample is positioned in the middle where the nanotubes substrates
enter in contact with each other. The chamber is filled with culture medium until the edge of the
TiOg arrays. (c) In the middle of the Teflon chamber a cross helps to avoid the bending of the
substrate during the mounting of the explant.

The device components made of Teflon and all small metallic parts were washed in 1% of

a special cleaning solution (Hellmanex, HellmaAnalytics) in an ultrasonic bath for 1 hour
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(see Figure a). All remaining parts were cleaned with 70% ethanol under laminar flow
(see Figure b). After cleaning, it was important to rinse all the component with bi-
distilled water three times to remove any residues that could be harmful for a living tissue.
In order to avoid any risk of infection, the number of pieces that constitute the device were
reduced to minimum for easy disassembly and cleaning. The actuator connects the stepping
motor to a laptop where a customized Labview program runs during the experiment (see

Figure[3.8|c). During the experiment, the device was kept under the flow hood (see Figure
)

under laminar flow

inside incubator

Figure 3.8: Cleaning procedure and setup for long-tern shear stress experiment. All the small
components were disassembled and cleaned in the ultrasonic bath with a special detergent (Hell-
manex)(a). Most of the metallic parts were sterilized with ethanol under the laminar flow hood
(b). The experiment was controlled using a self customized LabView program (c). The device was
kept inside an incubator during the experiment (d).
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3.3 Mechanical Setup

The device has been designed to ensure a long-term survival of the retinal tissue. In the
described setup, the retinal whole mount is placed on two pieces of TiOgy arrays (see
Figure b). The super-hydrophilicity of the Ti-substrate ensures the maintenance of a
healthy retina during the experiment. The medium reaches the retina from below the side
of the TiO2 arrays in order to deliver the nutrients. The TiO2 substrates are fixed with a
special glue (Histoacryl Tissue Adhesive) on the metallic plates (see Figure ¢) inside
the chamber. The glue is biocompatible and can be removed easily but ensures a stable
adhesion of the substrates throughout the experiment. TiOs arrays are placed on a cross
(see Figure|3.7|c) made of Teflon (positioned in the middle of the chamber) to prevent the
bending of the arrays during the mounting of the retina. The chamber is provided with
an indispensable lid to maintain a clean environment for the tissue inside the incubator.
A valve situated on top of the lid guarantees an adequate exchange of gas when opened
properly (see Figure a).

The experiment consisted in moving one membrane 1 um every hour for 100 hours reaching
a maximum displacement of 100 pm. After the fourth day of shearing, the retina was left
rest for 24 hours. Following the settling, the retinal whole-mount, still attached to the
TiO2 nanotube arrays, was fixed in 4% paraformaldehyde over night. to assure a correct
detachment, first with the help of a sharp blade the edge of the tissue were detached from
the membrane, then melted agarose was poured on top of the sample and let it dry. In this
way the agarose held together the retinal tissue facilitating the removal. Once fixed and
removed, the retinal tissue was immunostained as a whole-mount or as a slices to allow to
analysis the cross-section (see section .

3.3.2 Short-term Measurement Setup
Short-term Shear Stress Device

The guinea pig retina, after having been isolated (see Section and stained with Mito-
tracker Orange (see section , was fixed on a cellulose filter (MF-Millipore Membrane
filter, HABGO01300, Billerica, MA, USA) with the photoreceptors upside down. A razor
blade was used to cut the retina in slices of 5 mm thickness. These slices were mounted
within a chamber made of polydimethylsiloxane (PDMS) and filled with extracellular so-
lution (see Figure c¢). The chamber was placed on a motorized stage under a water
immersion objective (40x Achroplan, NA 0.80W, Zeiss, Oberkochen, Germany) of an up-
right microscope (AxioScope FS2NOT, Zeiss, Oberkochen, Germany) equipped with a
laser scanning unit (LSM 510 Meta, Zeiss, Oberkochen, German) (see Figure a). A
square-shaped piece of cellulose filter (5 mm x 5 mm) was glued to an extremity of a
ceramic rod (see Figure b). A micromanipulator (Luigs & Neumann, Ratingen, Ger-

many) was used to gently guide the filter attached to the ceramic rod towards the retinal
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slice. The motorized stage, controlled by a customized Labview program, was moved to
apply the shear stress to the retina which was positioned between two cellulose filters and

visible under the microscope because of the vital dye staining.

micro-
manipulator

Y X

motorized stage

e '

m\.Q }
it L ¢

b Ceramic rod

Figure 3.9: Device for short-term shear stress measurements. (a,b) The micromanipulator places
the ceramic rod under the objective. A motorized stage controls the xy-movements of the sample.
(c) The retinal slice, attached to the cellulose filter, is positioned inside the PDMS chamber which
is filled with extracellular solution (ECS).
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4 Experimental Results

The purposes of this work were first, to find a biocompatible membrane to extend the
culture time of adult tissue and second, to design new set-ups to acquire a deeper knowledge
of the behavior of retinal tissue in response to mechanical stimuli.

In the first part of this session a new method for long-term organotypic culture of adult
neural tissue is presented. The system adopted for the tissue culture is already well es-
tablished, however the innovation consists in employing TiOs nanotube membranes to
support the tissue. That allowed to conserve the explants alive for up to 14 days, a satis-
fying result considering that adult neural tissue usually is cultured up to 6 days (Koizumi
et al., 2007). In the second part new approaches to mechanically probe the retinal tissue
are introduced. Using these methods, shear stress was applied to the retinal slices and
to the retinal whole-mount with the goal to better understand the involvement of the

mechanics in retinal processes such as retinal detachment or fovea development.

4.1 A New Method to Culture Adult Neural Tissue

The aim of this part of my research was to preserve adult neural tissue for an extended
period of time in culture. The common method used to culture brain slices or retinal whole-
mount, as mentioned previously, is based on an air-liquid interface system (Stoppini et al.,
1991; Moritoh et al., |2010). Generally, the tissue is isolated and mounted on a Millicell
insert or on a cellulose filter positioned on top of a stainless steal grid which both prevent
the medium to cover the explant and, at the same time, allow the solution to reach the
tissue from the bottom. The organotypic culture of neural tissue usually employs postnatal
animals because of the low rate of survival in culture of the tissue of adult animals. In
fact, using the conventional culture method, the adult brain slice or the adult retina whole-
mount survive up to six days (Koizumi et al., [2007; Schrag et al., 2008; Su et al., 2011}).
Adult retinas are difficult to culture, mainly because of the exceptionally high metabolism
of the photoreceptor cells (Laughlin et al., [1998; Linsenmeier and Padnick-Silver, [2000).

My research was addressed to find a biocompatible membrane possessing the character-
istics of stability and rigidity necessary to support mechanical stress without undergoing
any type of deformation, and being able to guarantee long-term culture of neural tissue

using the air-liquid interface system.
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4.1.1 TiO; Nanotube Arrays as Membranes for Long-Term Culture of Adult
Neural Tissue

After testing different types of membranes (i.e. silicon dioxide membrane) the amorphous
TiO2 nanotube arrays were found to be the more efficient membranes for a long-term
culture of adult neural tissue.

To study the interaction of tissue explants with TiO92 nanotube arrays, these substrates
were synthesized by conventional electrochemical anodization as described in section [3.2.3
(Fischer and Mayr, [2011)). A variety of nanobutes with different diameters and surface
roughness were analyzed (Dallacasagrande et al., 2012)). The necessity of this testing was
dictated by the fact that these membranes were utilized until recently just for implants or
for single cell culture but not yet for tissue culture (Peng et al., 2010; Park et al., [2012).
One of the features of TiO2 nanotube arrays is their tunability, for this reason it was
necessary to test which were the best parameters for a long-term culture. Various diameters
d, wall thicknesses t and surface roughness were examined . The surface roughness was
estimated by AFM measurements of the variations of individual tube heights h; and the
characteristic length scale of the modulations A (see Figure (Mayr et al., [1999). The
variations of the individual tube heights were characterized-normal to the surface plane
by the standard deviation o = {/(h?) — (h;)2.

Interestingly, the retina and the brain could not be cultured on nanotubes with the same
parameters for reasons that have still to be explained.

For long-term culture of the adult retinal tissue three different classes of nanotubes arrays
resulted to have the right parameters for a successful cultivation. These were: (i) arrays
composed of free-standing tubes (see Figure a) with d = (71 £4) nm, ¢t = (7.5 £ 2.0)
nm and rough surface (see Figure a) with ¢ = 120 nm and A below 1.5 pm; (ii)
nanoporous arrays (see Figure b) with d = (83 £8) nm, ¢t = (8.5 £ 2.5) nm and
compact nanotube structure with a smooth surface (¢ = 85 nm and A > 2 um); as well
as (iii) largely heterogeneous arrays in term of nanotube diameters ranging from 33 nm
to 63 nm and average diameters d = (46 + 13) nm (see Figure [4.2| ¢ and [4.1|b), very thick
walls (t = (32.5 £4.5) nm) and considerable surface roughness (¢ = 111 nm and A > 3
pum) (see Figure c).

Surprisingly, the brain slices preferred to be cultured on TiO5 nanotube arrays with di-
ameters greater than 100 nm and with a smoother surfaces than for the retinae. Best
organotypic culture was obtained for nanoporous arrays featured with d = (100 4+ 12) nm
, thin walls (f = (8.0 £1.5) nm) and considerably smooth surface (¢ = 63 nm and A > 150
pm) (see Figure [4.3)).

The superhydrophilicity of the TiOg substrates was shown in a previous study (Balaur

et al., 2005b) and was confirmed by our measurements of the contact angle. Using a
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4.1 A New Method to Culture Adult Neural Tissue

Figure 4.1: Surface morphologies of TiO2 nanotube arrays. (a) Atomic force microscopic surface
topographs of the rough surface of the free-standing nanotube substrates shown in Figure[£:2]a. This
surface is characterized by sharp edges due to microcracks and by significant height variations of
nanotubes. (b) Atomic force microscopic surface topographs of the smooth surface of the nanotube
arrays shown in Figure[4.2¢. The homogeneous length of the tubes generates a low curvature profile
that characterized the smoothness.

droplet of distilled water and a droplet of culture medium, we calculated a contact angle
of (1.5 £ 0.5)° and 0°, respectively. Full nanotube wettability ensures the condition for
the air-liquid interface system necessary for a healthy organotypic culture of neural tissue.
Indeed, the explants were not covered with culture medium, instead they were fed from
the bottom and the side of the nanotubes by diffusion, allowing the exchange of gas and

nutrients and avoiding tissue edema and swelling.
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Table 4.1: Parameters of the TiOs arrays for a long-term culture of neural tissue. Surprisingly the
neuroretina and the neo-cortex preferred to be cultured on different membranes. The brain slices
maintained their structure if cultured on TiOy nanoporous with tube diameter greater than 100
nm and smooth surface.

Retina
type diameter [nm] thickness [nm] surface
free-standing tubes 71+4 7.5+2.0 rough
nanoporous arrays 83 £ 8 8.5+25 smooth
nanoporous arrays 46 £ 13 32+£4.5 rough
Brain
nanoporous arrays 100 £ 12 8.0+15 smooth
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4.1 A New Method to Culture Adult Neural Tissue

Figure 4.2: Scanning electron microscopic image of different TiOs substrates used for long-term
culture of retinal tissue. The image shows the morphology of the nanotubes, before culture, with
different scaling. (a) Free-standing TiO2 nanotubes characterized by diameter of the tubes around
70 nm and a rough surface. (b) TiOy nanoporous with the diameter of the tubes in average 83
nm and a smooth surface. (¢) The diameters of these tubes range from 33 nm to 63 nm. These
substrates are characterized by thick walls and a smooth surface.
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Figure 4.3: Scanning electron microscopic image of TiOy nanoporous arrays. The image shows the
morphology before culturing with different scales (a-b). These substrates allow to achieve the best
organotypic culture of brain slices. They have a average tube diameter around 100 nm, thin walls
and significantly smoother surface compared to the nanoarrays used for retinal tissue culture.
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4.1.2 Morphology of Adult Neural Tissue after Long-Term Organotypic
Culture on TiO;, Substrates

To test the properties of TiOs nanotube arrays as suitable membrane for long-term tissue
culture, the retinal tissue was incubated using the culture setup illustrated in section
Initially, the retinal whole-mount was cultured for a few days, then for 7 days to overcome
the maximum reached by the traditional method. Finally, I increased the days in culture
until stopping at 14 days.

The possibility to increase the time in culture was given by the fact that the retina,
cultured on top of TiO2 nanotube arrays, showed a well conserved structure from the
beginning. Indeed, the thickness and the layered network were wholly maintained after
7 and also 14 days of culture. In total, more than 20 tissue culture experiments were
performed. The retinal thicknesses were obtained measuring thicknesses at 10 different
positions. Quantitatively, the thickness of a freshly isolated retinal tissue (see Figure
was calculated to be 104.02 + 1.03 um and the thicknesses after 7 and 14 days of culture
were determined to be 110.4340.88 pm and 97.54+.48 um, respectively. Showing that, the
thickness of the retinal explants remained constant during the culturing within a deviation
of less than 6%. Furthermore, the organization of the nuclei within the inner and outer
layers appeared to be unaffected. In fact, the retina cultured for 7 as well as for 14 days
shown three nuclei atop within the inner nuclear layer and five nuclei atop in the outer
nuclear layer (see Figure a), as reported by control experiments (see Figure .

The preservation of the outer plexiform layer, as the site of synaptic connection between
photoreceptors and neurons, is well shown in all the images (see Figure b). In addition,
it was demonstrated that the photoreceptor layer had maintained its integrity, revealing
that the inner and outer segments of the photoreceptors survived well during two weeks of
culture (see Figure b). This is barely observed in long-term cultures (Mosinger Ogilvie
et al., [1999; Reidel et al., [2006) when the retinal pigment epithelium is removed, as in
these experiments. Considering that the Miiller cells are the first cells to react in case of
changes in the physiological environment, or due to degeneration and injury (Bringmann
et al., 2006), they were employed as indicator of healthy and undamaged retina to verify
the conservation and viability of the tissue in culture. The morphology and functional
integrity of the Miiller cells were shown by immunofluorescence. The radial retinal cells
were stained with antibodies directed to glutamine synthetase and vimentin. With both
markers, it was observed that the morphology of these cells remained intact (see Figure
¢). There were no signs of tissue edema (Mosinger Ogilvie et al., [1999)), migration or
hypertrophy of Miiller cells (Caffé et al., 1993)). Finally, apoptotic cells within the adult
retina after culture were visualized using the anti-Active Caspase-3 polyclonal antibody.

The few apoptotic cells identified were mainly in the ganglion cell layer (see Figure
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CONTROL

Figure 4.4: Fluorescent image of a freshly isolated adult guinea pig retina. Miiller glial cells are
fluorescently labeled in red, photoreceptor cones in green and nuclei in blue. All the layers are
clearly discernible. GCL=ganglion cell layer, INL=inner nuclear layer, ONL=outer nuclear layer
and PRS=photoreceptor segment layer.

d and e). This phenomenon is not uncommon due to Wallerian degeneration. Indeed, the
axons of these cells were disconnected from their target during isolation. The fact that
the apoptotic cells were located only in this area confirmed the well-maintained structures
and cell density in the explants.

Supplementary experiments were performed on arrays with other nanotubes diameters,
wall thicknesses and surface roughness than the ones mentioned in section to verify
their influence on tissue conservation. In the literature, data regarding experiments con-
ducted on single cells using TiO2 nanotube arrays are available. Those data proved that
arrays with tubes diameters within 15 — 30 nm are ideal for the viability of single cells,
while larger diameters caused reduced adhesion and finally apoptosis at d = 100 nm (Park
et al., 2007; Park et al., 2009b)). Therefore, I chose to culture the retinal whole-mount and
to test its viability on nanotubes with tube diameter ranging from 15 nm to 150 nm. It
was possible to identify the diameters between 30 nm and 85 nm as optimal for culturing
retinal explants, while variations of the other parameters were more tolerable within larger
selections. At the lower tube diameter limit of d = 30 nm the retinal tissue structure was

endangered.
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Figure 4.5: Detection of apoptotic cells in guinea pig retina cultured for 14 days on top of TiOq
nanotube arrays. (a) The cultured retina maintained the structure of three rows of nuclei in the INL
and five rows of nuclei in the ONL like in the fresh isolated retina (yellow circles). (b) The Miiller
cells conserved their shape spanning the entire thickness of the retinal tissue without any evident
sign of damage. The arrows show the endfeet, the nucleus and the microvilli. (¢) The photoreceptor
cells are clearly discernible. Their synaptic connection and their inner and outer segments of the
cone photoreceptors are well maintained (see arrows). (d) A merge picture of the retina cultures for
14 days and stained with hoechst for highlighting the nuclei (blue), peanut agglutinin for the cone
photoreceptors (green), glutamin synthetase for the retinal radial glial cells (red) and caspase-3 for
apoptotic cells (white). The stain with caspase-3 antibody shown that the dead cells are located
mainly within the ganglion cells (white circles). GCL=ganglion cell layer, INL=inner nuclear layer,
ONL=outer nuclear layer and PRS=photoreceptor segment layer.

63



4 Experimental Results

The explants tended to flatten and to create strong adhesion sites to these arrays. Fur-
thermore single cells were not recognizable anymore. At the upper limit of d = 100 nm
the attachment of the retinal tissue to nanotubes arrays was very weak, compromising
the integrity of the sample. In Figure [£.6] and [£.7] fluorescent images of retinal tissues cul-
tured for 7 and 14 days on TiO2 nanotube arrays with tube diameters between 30 nm and
100 nm are shown. The morphology of those cultured retinal explants was well maintained
compared to the freshly isolated retinal tissue (see Figure as asserted above.

Regarding the organotypic culture of slices of neo-cortex of the adult brain the results were
successfully similar. After 7 and also 14 days of culture the neural network’s architecture
is conserved. The tissue was fluorescently labeled and it was shown that the density of cell
nuclei is preserved, indeed the number of nuclei was consistent with the number of nuclei of
the freshly isolated brain slices. The neurofilaments shown the typical arrangement of long
axons conserving the neural networks (see Figure . TiO9 substrates proved to satisfy

the requirements for a long-term neural tissue survival (Dallacasagrande et al., 2012).
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7 days culture

14 days culture

Figure 4.6: Fluorescent image of a cultured adult guinea pig retina on free-standing nanotubes.
Miiller glial cells are fluorescently labeled in red, photoreceptor cones in green and nuclei in blue.
The retinal tissue was immunostained after 7 days (a) and 14 days (b) of culture on the free-standing
nanotubes (Figure top left). GCL=ganglion cell layer, INL=inner nuclear layer, ONL=outer nuclear
layer and PRS=photoreceptor segment layer. As for the freshly isolated retinal tissue the INL, ONL
and PRS are clearly discernible. The number of nuclear rows in the INL and ONL is not altered.

65



4 Experimental Results

7 days culture @

14 days culture

Figure 4.7: Fluorescent image of a cultured adult guinea pig retina on heterogeneous nanotube
arrays. Miiller glial cells are fluorescently labeled in red, photoreceptor cones in green and nuclei
in blue. The retinal tissue was immunostained after 7 days (a) and 14 days (b) of culture on
the nanotubes (Figure top left). GCL=ganglion cell layer, INL=inner nuclear layer, ONL=outer
nuclear layer and PRS=photoreceptor segment layer.
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@ control 14 days culture

@ 14 days culture 14 days culture

Figure 4.8: Fluorescent image of adult mouse brain slice of neo-cortex. The neurofilaments are
labeled in red and the nuclei in blue. (a) The freshly isolated brain slices show a high density of
nuclei and good spreading of the neuron axons as well as (b-c) the explants cultured for 14 days
on the TiO5 nanotube arrays shown in figure top right with the same experimental conditions.
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4.2 A New Method to Mechanically probe Retinal Tissue

This part of my work focused in designing a new set-up and consequently in establishing
a new method to mechanically stimulate the retinal tissue. The knowledge of the defor-
mation which the neuroretina experiences when subjected to mechanical stress could help
to understand, for example, how mechanics influences retinal development or how it is
engaged in the generation of retinal diseases.

Different sets of experiments were performed trying to gather more information on the role
of mechanics in retinal research. In the type of experiment presented here, the neurosensory
retina undergoes short-term shear stress. Using this new set-up the retinal response to this

type of stress can elucidate the mechanism involved in the retinal detachment, for example.

4.2.1 Behavior of the Retinal Tissue under Short-Term Shear Stress

In order to study the behavior of the retinal tissue under short-term shear stress a new
set-up was designed as introduced in section The setup is composed of a confocal
microscope equipped with a motorized stage and a micromanipulator with the task of
moving a ceramic rod towards the specimen. The sample employed consisted of isolated
adult guinea pig retina (see Section . Handling the retinal tissue carefully was es-
sential to avoid any alterations of the sample that could have influenced its response to
the mechanical shear stress applied. The explant was thoroughly attached to a cellulose
membrane (filter) with the photoreceptor cells side-down. To ensure that the coupling
was uniform, the filter was briefly positioned on a paper towel allowing a strong adhesion
of the retina due to the temporary absorption of the solution in excess. The retinal tis-
sue was transferred in the PDMS chamber after having precisely been cut in slices and
being stained with the vital dye MitoTracker Orange (see Section . The filter with
the retinal piece attached was clamped to the chamber enabling the visualization of the
retinal cross-section under the microscope (see Figure [1.9). The chamber was filled with
physiological solution (see Table to ensure the best conditions for the tissue survival
and was positioned on top of the stage of the confocal microscope. As a result of the
staining, it was possible to clearly identify the retinal slice and the filter to which the
retina was attached. Another piece of filter stained with the same vital dye and glued to
the ceramic rod was carefully approached to the retina from the other side (ganglion cells
and Miiller cell endfoot side). In this way the retinal slice was attached from both sides,
to two separate pieces of the same filter material (see Figure .

The attachment of the second piece of filter to the retinal slice was the most delicate and
critical step in this procedure. A large number of tests were performed before establishing

the correct technique to guarantee that the retinal slices were not subjected to unnecessary
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Figure 4.9: Schematic drawing of the set-up for short-term shear stress experiment. The retinal
slice is trapped between two pieces of cellulose membrane (filter). One piece of filter is glued to
the extremity of a ceramic rod (left) and the other is clamped to the chamber (right) (see Figure
3.9). The latter is moved in y-direction applying shear stress to the retinal slice. The Miiller
cells, the ganglion cell nuclei (big blue circles), the interneuron nuclei (medium blue circles), the
photoreceptor nuclei (small blue circles) and the photoreceptor segments were highlighted in the

retinal slice.

stress and that the attachment was correct. The advantage of using a confocal microscope

was the possibility to obtain an high-resolution image and a z-section of the sample. Using

the stack function of the confocal microscope it could be achieved to visualize exactly the

area of the retinal tissue where the shear stress was applied. The confocal microscope was

equipped with a motorized stage which moved the chamber and consequently the filter

clamped to the chamber. In this way, the retinal slice was subjected to a controlled shear

stress caused by the movement of the filter attached to the photoreceptor cell side. The

entity of the movement was regulated by a customized Labview program. The motorized

stage was moved with constant step sizes that were varying between 3 pm and 20 ym per

minute depending on the experiment. Considering that the retinal explant survives up to

3 hours in solution at room temperature, the duration of the experiment was compatible

with the time necessary to maintain an healthy retina.
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The choice of using the MitoTracker orange, as a vital dye, was dictated by the fact that
this dye, when used in the retinal tissue, clearly highlights the Miiller cells. The retinal
radial glial cells are a good indicator of the behavior of the layers since they span the
entire thickness of the retina. In addition, the photoreceptor cells were visible under the
fluorescent light because of their autofluorescence.

Observing the retinal cross-section, various zones were discernible because of the staining.
The Miiller cells and the photoreceptors together define the entire tissue thickness which
can also be seen as the distance between the two filters at the initial conditions (¢t = 0).
The Miiller cells and the photoreceptors were considered separately as the indicator of the
different layers that they span. The Miiller cells were clearly visualized in their entirety and
the photoreceptors were recognized by their outer segment layer attached to the filter. The
Miiller cells represent, compared to the photoreceptor cells, different retinal layers: ganglion
cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer and outer nuclear
layer. Instead the photoreceptors are the indicator only of the photoreceptors layer. When
solely the Miiller cells were taken into account, the analysis focused on comparing their
inner part and their outer part.

For the analysis of the retinal tissue four points were used to extract the data: (1) the end-
feet of the Miiller cells, (2) the nucleus of the Miiller cells, (3) the distal point (microvilli)
of the Miiller cells and (4) the distal point of the photoreceptor cell outer segment (see
Figure a).

In the analysis different types of strain were calculated to study the morphological alter-
ations of the retinal tissue under shear stress caused by the movement of the microscopy
stage. In general, the mechanical strain is defined with a mathematical expression of the
shape changes resulting from experimental mechanical stresses (see Section . In the
case of applied shear stress, the resulting shear strain was calculated as the tangent of the
angle that the sheared element forms with its original orientation, depending on the time.
The formula used, for example, to estimate the individual shear strain of the Miiller cell

is as following;:

tan [arctan (M) — arctan (yg—y1> } (4.1)
L3 —T1/¢ L3 — X1/ t=0

with the numbers referring to the different points: (1) Miiller cell endfeet and (3) Miiller

’y:

cell distal point as shown in Figure [£.10] b. The absolute value was used to consider any
shear stress applied independently by the direction. Although the retinal tissue was well
attached to the cellulose membrane at both sides, during the experiment a slippage of
the sample (at the ganglion cell side) was observed. To minimize errors arising from the

shifting retina, the angle was measured observing each frame individually.

70



4.2 A New Method to Mechanically probe Retinal Tissue

@ ® SHEAR STRAIN
OF THE MULLER CELLS
AND THE PHOTORECEPTORS

frame n

1 2 3 4
frame 1 [@=e—n"@=s
1 3 4
© TOTAL SHEAR STRAIN G)) SHEAR STRAIN OF
OF THE OVERALL TISSUE THE INNER AND OUTER PART
OF THE MULLER CELLS
frame n
: ; : framen ;
frame 1 [@—ma—a 3
1 4 frame 1[S00t o8

1 2 3

Figure 4.10: Schematic drawing illustrating the calculations. (a) In each figure, point I indicates
the Miiller cell end foot, point 2 the Miiller cell nucleus, point & the distal part of the Miiller cell
and point 4 the photoreceptor outer segment. (b) The shear strain of the individual element of the
tissue is calculated always referring to the frame of the considered elements. The individual elements
considered are the Miiller cell segment (red) and the photoreceptor cell segment (blue). The angles
# and 7 indicate the bending of the Miiller cells and of the outer segment of the photoreceptors,
respectively. (¢) To calculate the shear strain considering the slipping of the tissue, the angle is
measured directly referring to the frame-n. The angle ¥ indicates the bending of the entire tissue.
(d) To compare the behavior of the inner and outer part of the Miiller cell, the photoreceptor outer
segment (point /) was neglected. The angles ¢ and w indicate the bending of the Miiller cells and
of the outer segment of the photoreceptors, respectively. The red arrow indicates the direction of
the shear stress applied.

The tangent was calculated considering the angle formed by the line connecting the points
of the specific segment analyzed in that particular frame and the line perpendicular to the
shear stress applied (red arrow) passing through the distal point of the segment. To be
more specific, the angles 0, 1, 1, ¢ and w indicated the bending of the Miiller cells, of the
outer segment of the photoreceptors, of the entire tissue, of the inner and outer processes
of the Miiller cells, respectively (see Figure . The point 1 and 4, corresponding to the
endfeet of the Miiller cells and to the outer segment of the photoreceptors, respectively,

were considered for the evaluation of the shear strain of the entire tissue named total shear

strain (yr) (see Figures c).

71



4 Experimental Results

The method was identical for the calculation of the individual shear strain () for Miiller
cells (red) and photoreceptor cells (blue) (see Figures b); and for the evaluation of

the shear strain of the inner part (violet) and outer part (pink) of the Miiller cells (see

Figure d).
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Figure 4.11: Shear strain depending on time. (a) Shear strain of the entire retinal tissue, called
total shear strain (vyr). (b) Individual shear strain (v;) for the Miiller cell segments and outer
photoreceptor segments. Each frame is taken every minute when the motorized stage moves 20 ym
applying shear stress to the retinal slice. The thick lines are the averaged curves of the respective
tissue part and the error bars are the standard deviation of the average.

First 47 and 7 were calculated for each frame (see Figure|4.11)) giving an overview of the

dependency of the strain with the time. These graphs do not have a physical meaning since

the samples are living tissue acting slightly differently in each experiment, but they help to
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4.2 A New Method to Mechanically probe Retinal Tissue

understand the calculation. Therefore, each individual shear strain was normalized to the
total shear strain (see Figure . The retinal tissue did not respond uniformly when a
shear stress was applied. In fact, the Miiller cells and the photoreceptor cells, representing
distinct retinal layers, demonstrated different individual shear strain values starting from a
critical total shear strain point. This critical value was defined as the minimal shear strain
of the entire tissue that could cause the detachment of the retina from the membrane. It

was calculated around 0.25 considering the slippage phenomenon.
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Figure 4.12: Shear strain of the Miiller cells and the photoreceptor cells considering the slip-
page of the tissue along the filter at the photoreceptor side. The individual shear strain (y; =
individual shear strain) was normalized to the total shear strain (yr = total shear strain). The
graph shows a critical shear strain value around 0.25. This point can be interpreted as the minimal
shear strain value from which the detachment of the retinal tissue from the filter can happen.
The thick lines are the averaged curves of the respective tissue part and the error bars are the
standard deviation of the average. Each thin lines show the shear strain of the individual segments
considered for the calculation.

To calculate the shear strain it was necessary to first calculate the angular shear strain
that is by definition the angle formed by the element after the shear and the element at
its original position. The angular shear strain of the entire tissue considering the slippage

phenomenon was calculated as following;:

Ya — Y1 Ys — Y1
arctan <> — arctan ()
T4 — 21/ ¢ T4 — X1/ t=0

with the numbers referring to the different points (1) Miller cell endfeet and (4) photore-

Yo = (4.2)

ceptor cell outer segment as shown in Figure [£.10] c. The individual angular shear strain
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normalized to the total angular shear strain highlighted the value of 15° as the maximal
angle before the detachment of the retinal tissue from the filter could occur (see Figure
4.13)).
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Figure 4.13: Angular shear strain of the Miiller cells and the photoreceptors cells considering
the slippage phenomenon. The individual angular shear strain (v, ;) was normalized to the total
angular shear strain (v, 7). A critical angle value around 15° was observed as minimal value for
the detachment of the retinal tissue from the filter. The thick lines are the averaged curves of the
respective tissue part and the error bars are the standard deviation of the average. Each thin lines
show the angular shear strain of the individual segments considered for the calculation.

The five retinal layers held together by the Miiller cells seemed to resist more when a shear
stress was applied showing a minimal deformation. In fact the angle between the Miiller
cells and the photoreceptors increases (see Figure displaying an extensive reaction
of the photoreceptors cells to the shear stress.

In addition to a deformation of the specimen in the parallel direction of the force exercised,
an alteration of the morphology across to the retinal tissue, as an indirect effect of the
shear stress applied, was observed.

In this case, it was more appropriate talking about axial/normal strain defined as the
ratio of the displacement divided by reference length (see Section . In particular,
the evaluation of this strain was made using the equation [2.4] It was calculated first
over time (see Figure and then was normalized to the total shear strain (see Figure
. At the critical point of 0.25 total shear strain observed previously, the axial/normal
strain of the Miiller cells and the photoreceptor cells was shown to have a different trend

highlighting a distinctive behavior of these two part of the retina tissue. The retinal radial
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Figure 4.14: Angle between Miiller cell segment and photoreceptor cell outer segment corrected
for the slippage phenomenon. The angle remains zero until the shear strain value of 0.25. For
yr > 0.25, the angle increases rapidly. That indicates that the Miiller cells and photoreceptor
cells react to the shear stress as a unit until a certain value of the shear strain. The behavior
change probably arises from the detachment. The thick lines are the averaged curves of the angle
between Miiller cell segment and photoreceptor cell outer segment. The error bars are the standard
deviation of the average. Each thin lines show the angle between Miiller cell segment and photore-
ceptor cell outer segment of the individual segments considered for the calculation. anc/pr =
angle between Miiller cells (MC) and photoreceptors (PR); ~r = total shear strain.

glial cells tended to maintain their strain almost constant demonstrating more resistance
to deformation. On the contrary, the photoreceptors increased their strain linearly until
the point they detached from the filter.

Focusing only on the measurements of the shear strain of the inner and outer part of the
Miiller cells, it was shown that the inner retina identified by the proximal part of the retinal
radial glial cells reacted robustly to the shear stress applied, bending more compared to
the outer part, represented by the pouter processes of the Miiller cells (see Figure .
The ratio between the shear strain of inner and outer part the retina increases linearly
and assumes the value of 1.2 — 1.25 when it reaches a plateau at a total shear strain of
around 0.4 near the minimum value of the total shear strain for the tissue detachment
(see Figure [4.18]).

These data are in accordance with the results obtained by stiffness measurements of the
different retinal layers using an atomic force microscope (AFM). Freshly isolated guinea
pig retina was embedded in agarose and sectioned in 400 pm thick slices. Using beads of

37 pm diameter that were attached to the cantilever and gave contact area of 5 — 10 um
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and an indentation depth of 3 pm, it was possible to estimate the apparent elastic modulus
K = E/(1—v?) for each retinal layer. Here, E is the Young’s modulus and v the Poisson’s
ratio. Grouping the layer according to the division between inner and outer part of the
Miiller cells, the GCL and IPL represent the proximal part of the retina radial glia cells
and the OPL, ONL and ROS approximately exemplify the distal segment of these cells.
The apparent modulus estimated by AFM measurements resulted in 151 and 195, with
a standard deviation of 130 and 160 and a standard error of 20 and 11, respectively.
The ratio between the apparent modulus of the inner layer and the outer layers resulted
0.72. Assuming the shear stress applied to the retina to be constant for each area, the
strain between the inner and outer part proves to be 1. The ratio between the inner and
outer layers as defined previously resulted 0.72 giving a shear ratio around of 1.39. This is
approximately the same value estimated in the shear stress experiments assuming a steady

state (i.e. when the strain does not increase anymore with increasing of the total strain).
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Figure 4.15: Strain of the Miiller cell segment and outer photoreceptor segments depending on
the time. In average, after the third frame the behavior of the individual segments changed. Each
frame is taken every minute when the motorized stage moves 20 pm applying shear stress to
the retinal slice. The photoreceptor outer segment shown a linear elongation until detachment,
whereas the Miller cells maintain an almost constant strain. The thick lines are the averaged
curves of the respective tissue part and the error bars are the standard deviation of the average.
Each thin lines show the strain of the individual segments considered for the calculation in each
frame. o; = individual strain.

76



4.2 A New Method to Mechanically probe Retinal Tissue

T T
9 | | — Photoreceptors -
— Miiller cells

ar

Figure 4.16: Strain of the Miiller cells and the photoreceptors cells normalized to the total shear
strain considering the slippage along the filter. The graph shows that the photoreceptor cells
elongated more compared to the Miiller cells, meaning that they are less resistant to the shear
stress. The shear strain value of 0.25 is critical also when the axial/normal strain is investigated.
At this point the behavior of the Miiller cells and the photoreceptors cells changes. On one hand the
retinal radial glial cells maintain an almost constant strain, on the other hand the photoreceptors
react to the shear stress linearly increasing their length until detachment. The thick lines are the
averaged curves of the respective tissue part and the error bars are the standard deviation of the
average. Each thin lines show the strain of the individual segments considered for the calculation.
o1 = individual strain; yp = total shear strain.
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Figure 4.17: Shear strain of the inner and outer part of the Miiller cells. The inner part of the
retinal radial glial cells results to respond more decisively to the shear stress applied than the outer
part. The bending of the inner part is more evident. Probably this is due the retinal morphology and
not to the greater elasticity properties of the inner part of the retinal tissue. The individual shear
strain is always normalized to the total shear strain. The thick lines are the averaged curves of the
inner and outer part of the Miiller cells. The error bars are the standard deviation of the average.
Each thin lines show the shear strain of the individual segments considered for the calculation.
~yr = total shear strain; v; = individual shear strain. 77
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Figure 4.18: Ratio between the shear strain of the inner part and the outer part of the Miiller cells
normalized to the total shear strain. The ratio increases linearly until it reaches a plateau around
1.2 at approximately the total shear strain value of 0.25. The thick lines are the averaged curves
of ration of the inner and outer part of the Miiller cells. The error bars are the standard deviation
of the average. Each thin lines show the ratio of the individual segments considered for the calcu-
lation normalized to the total shear strain. MC;,, = inner process of the Muller cells, MCy; =
outer process of the Miiller cells.
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When the slippage of the retinal tissue is not considered in the calculation

To evaluate the influence of the slippage phenomenon on the response of retinal tissue to
the shear stress applied, the angle used to calculate the shear strain as tangent, it was
estimated referring always to the first frame at time equal zero (see Figure [4.19)). In this

case, the shear strain of the entire retinal tissue was called total applied shear strain (see

Figure [4.20)).

TOTAL APPLIED SHEAR STRAIN
OF THE OVERALL TISSUE

frame n

frame 1

Figure 4.19: Schematic drawing of the calculation. Explanation of the calculation of the total
applied shear strain of the entire tissue without considering the slippage. The angle v indicates
the bending of the entire tissue referring to the first frame.
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Figure 4.20: Shear strain of the entire retinal tissue depending on the time. Each frame is taken
every minute when the motorized stage moves 20 ym applying shear stress to the retinal slice. The
thick lines are the averaged curves of the respective tissue part and the error bars are the standard
deviation of the average at different time. yp4 = total applied shear strain.

Surprisingly, the retinal tissue reacted to the applied shear stress without being influenced
on large scale by this phenomenon. In fact, without taking in account the shifting of the

retinal tissue along the membrane at the Miiller cell endfoot side, a critical point was
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estimated to be 0.35, very closed to the value observed in the previous case (0.25)(see

Figure [4.21)).
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Figure 4.21: Shear strain of the Miiller cells and the photoreceptors cells. The slipping of the
tissue along the membrane was not considered. In this case, the critical shear strain value which
induces detachment, was calculated to be around 0.35. The critical total shear strain values when
considering or not the slippage, are very similar showing that the retinal tissue reacts to the shear
stress applied without being influenced on the large scale by this phenomenon. The thick lines are
the averaged curves of the respective tissue part and the error bars are the standard deviation of
the average. Each thin lines show the shear strain of the individual segments considered for the
calculation. yp 4 = total applied shear strain; v; = individual shear strain.

From a point of view of the angle, the results were comparable. The individual angular
shear strains, normalized by the angular shear strain of the entire tissue, shown the same
trend until the value of 15.5°(see Figure [4.22). The same behavior was observed when
considering the slippage since the critical angle was measured to be 15°.

Calculation of the individual strain normalized by the total applied shear strain showed
that starting from the critical total applied shear strain point of 0.35 the photoreceptor
cells presented a more elastic behavior compared to the Miiller cells (see Figure .
The angle formed between the Miiller cells and the photoreceptor cells during the shear
stress experiment oscillated around the zero until it increased linearly at the total shear
strain of 0.5 without taking into account the shifting of the retinal tissue (see Figure .
As previously explained the photoreceptor layer bent more showing the effect of the shear

stress more relevant on this layer.
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Figure 4.22: Angular shear strain of the Miiller cells and the photoreceptors cells calculated with-
out considering the slippage. As shown previously, the retinal response to the shear stress applied
is not influenced in large scale by the shifting of the tissue. The critical angle value for the de-
tachment of the retinal tissue from the membrane, was observed to be around 15.5°. This value
resulted to be very similar to the value estimated considering the slipping of the tissue along the
membrane. The thick lines are the averaged curves of the respective tissue part and the error
bars are the standard deviation of the average. 7,1 = individual angular shear strain,yoras =
total applied angular shear strain.
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Figure 4.23: Angle between Miller cells and photoreceptor cells without considering the slip-
page phenomenon. The angle fluctuates around zero until it increases linearly at a shear strain
value of 0.5. The thick lines are the averaged curves of the angle between Miiller cell segment
and photoreceptor cell outer segment. The error bars are the standard deviation of the aver-
age. Each thin lines show the angle between Miller cell segment and photoreceptor cell outer
segment of the individual segments considered for the calculation, normalized to the total ap-
plied shear strain. aj;c/pr = angle between Miiller cells (MC') and photoreceptors (PR);
yra = total applied shear strain.
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Figure 4.24: Strain of the Miiller cell segments and the photoreceptor cell segment without con-
sidering the slippage phenomenon. The results are comparable to the other analysis (see figure
. The photoreceptors shown a more elastic behavior compared to the Miiller cells. Their
behavior starts differentiating from a shear strain value of around 0.35. The thick lines are the
averaged curves of the respective tissue part and the error bars are the standard deviation of
the average. Each thin lines show the strain of the individual segments considered for the cal-
culation normalized to the total applied angular shear strain. o; = individual strain; ypa =
total applied shear strain.

In summary one can say that during this type of experiments two distinctive phenomena
were observed: (i) the detachment of the retinal tissue from the cellulose filter at the
photoreceptor cell side (see Figure and (ii) the different bending of the inner and
outer part of the Miiller cells (see Figure . The observation of these phenomena

provides new information on the response of the retinal tissue to an applied shear stress.
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Figure 4.25: Short-term shear stress experiment highlighting the retina detachment. The green
line points out the outer limiting membrane. Furthermore it indicates the distal part of the Miiller

cells. The red line marks the distal part of the photoreceptor cell outer segment and follows the
detachment of the retinal from the membrane/filter.
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Figure 4.26: Short-term shear stress experiment highlighting the bending of the Miiller cells. The
red lines mark the inner (left) and outer (right) processes of the retinal radial cells. Instead the
left circle locates the endfoot and the right circle the nucleus. The bending of the inner process is
slightly more noticeble.
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In the following, the significance of the experimental results will be discussed. Firstly, I will
elucidate the importance to study the tissue rather than a single cell; and I will emphasize
the necessity to establish an organotypic culture for adult neural tissue. Additionally,
the properties of TiOy nanotube arrays as substrate for long-term tissue culture, will be
reviewed. In the second part, the potential of two new set-ups for mechanical probing of
living tissue will be presented. Furthermore, the response of the retinal tissue to short-
term and long-term shear stress will be examined. Finally, the nearly lack of knowledge
regarding the mechanical properties of the retinal tissue together with the difficulty in
gathering this information with the goal to understand retinal mechanisms such as retinal

detachment or fovea development will be discussed.

5.1 A New Method for Long-Term Organotypic Culture of
Neural Tissue

Cells are the smallest units of life. To give an idea of the complexity of the human body,
the amount of human cells has been compared to the stars present in the universe. Indeed,
the number of cells in each human organism have been estimated around 37400 z 10'!
(Bianconi et al., 2013). This quantity is higher than the number of stars estimated to be
present in the Milky Way (4 = 10'!). Focusing the attention on the vertebrate central
nervous system (CNS) the number are remarkable. Roughly 100 billion (10!') neurons
and 2 to 10 times more glial cells populate the CNS (Kandel and Schwartz, 2013).

In nature, cells are not randomly clustered to form tissues. The tissue is a more compli-
cated system composed of blood vessels, different types of cells with specific functions, and
extracellular matrix filling the space in between cells. The functions of tissues go beyond
what any single cell type could accomplish. In scientific research it is common practice
to investigate single cells or conglomerate of cells in 2D (Vunjak-Novakovic and Freshney,
2006) and 3D culture environment (Abbott, 2003; Langer and Tirrell, |2004; Lavik and
Langer, 2004; Lee et al., 2008). On the one hand, these are simplification of the in vivo
model which can be useful for a basic study; on the other hand, this approach makes loses,

or fails to gather information about the tissue. Animal physiology cannot be completely
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reproduced and spatial-temporal organization are not maintained in these systems. Many
biological responses such as receptor expression, transcriptional expression, cellular mi-
gration and apoptosis are altered (Haycock, 2011). In the central nervous system (CNS)
tissue has a complex cytoarchitecture and organization with a very diverse cell population
(Morrison et al., 2011]). Therefore, in studying dissociated cells, we are loosing soma shape,
neurite branching and glial-neuronal interaction.

The demand for in vitro models which can replace or reduce animal experiments is inces-
sant. The animal testing has always been cross-examined for ethical reasons and for the
high cost. For example, in drug screening to completely understand the mechanics of a
particular compound usually only one animal is employed per drug, making the process
long and expensive. In neuroscience, cell and tissue culture techniques can contribute in
the understanding of physiological and biological mechanism involving the central nervous
system, including biochemical and pharmacological investigations, mechanical stimulation
and injury (Morrison et al., 2011). The common method for cell culture uses hard plastic
or glass substrates that are not really representative of cellular environment found in vivo
(Pampaloni et al., 2007). In the tissue culture called organotypic, the explanted tissues can
be directly cultured without being dissociated into a suspension of single cells. This tech-
nology is a powerful tool allowing researchers to maintain with high accuracy the complex
multicellular anatomy and the microenvironment of the original tissue (Sundstrom et al.,
2005 Morrison et al., 2011)). Unlike cell culture, organotypic tissue culture can preserve in-
terregional cell connectivity, vascular coupling, allowing the study of long-term plasticity,
and analyzing the long-term reactions to drugs and pathological conditions on the struc-
ture and function of the tissue (Gahwiler et al.,[1997). Although organotypic cultures have
certain limitations, they represent an efficient way to address many cellular and molecular
mechanisms (Daviaud et al., 2013).

One of the limitations of the organotypic culture techniques has until recently been due
to the ability to use only post-natal/juvenile tissues for long-term culture (Morrison et
al.,2011)). A cause of the reduced stability of the mature tissue after trauma or culturing
procedure and the higher metabolic functions of the adult cells, the majority of the studies
in neuroscience research are made on embryonic or neonatal neural tissue. In this stage, the
animal cells are still developing, although they show an excellent vitality they cannot be
used as a model for the fully differentiated adult tissue. For diseases that occur later, like
Alzheimer or macular degeneration, it is not possible to have accurate experiments just
probing young animals. The adult tissue has less resistance and weaker neuronal plasticity
but it is in mature age when the majority of neurological diseases appear. (Daviaud et al.,
2013).

The decision to focus on the neurosensory retina was dictated by the fact that is a very

86



5.1 A New Method for Long-Term Organotypic Culture of Neural Tissue

convenient model for the central nervous system. Indeed, in neuroscience research the
retina, as extension of the brain, is largely used because its accessibility. Furthermore the
possibility of isolating and studying the entire tissue in comparison with the brain that
has to be cut in slices for research purposes, is an advantage (London et al., 2013]).

The organotypic culture of retinal tissue has been employed to study mechanisms of retinal
injury and degenerative diseases (Wang et al., 2011), retinal development (Johnson and
Martin, 2008, Wang et al., [2002b}, Zhang et al., [2002, Mack et al., |2003), CNS regenera-
tion (Gogia and Schneeweis, 2004} Leaver et al.,2006, Koriyama et al.,|2007, Homma et al.,
2007)), cell death and neuroprotection (Manabe et al., 2002, McKernan et al., 2006, Xin
et al., 2007), electrophysiology recording (Koizumi et al., |2007), genetic modification
(Hatakeyama and Kageyama, 2002, Donovan and Dyer, 2007) and cell transplantation
(Akagi et al., 2005, Liljekvist-Larsson and Johansson, [2005]).

The majority of these studies are made on post-natal or juvenile retinas (Ogilvie et al.,
1999; Pinzén-Duarte et al., |2000; Caffé et al., 2001) because of the limited survival of the
adult neural tissue in culture, which mainly arises from the high-energy demands of the
photoreceptor cells (Ames et al., [1992)) and the decrease of plasticity of mature cells. In
the past decades vision researchers from different laboratories have developed experiment-
specific organotypic culture conditions for adult retinas. Koizumi et al. have maintained
the adult retinal tissue in culture for up to six days (Koizumi et al.,|2007; Lye et al., 2007)).
Kobuch et al. reached, with their perfusion system, 10 days culture, preparing the retinal
tissue with the retinal pigment epithelium, a complicated procedure that requires special
tools and constant monitoring (Kobuch et al., 2008). Kaempf et al. established another
organotypic culture model using the mature retina with the RPE still attached testing
only for 3 days (Kaempf et al., 2008; Johnson and Martin, 2008]).

The necessity of establishing an efficient organotypic culture method for adult tissue that
could allow mechanical probing has motivated this work. The interphase culture method
introduced by Stoppini (Stoppini et al., [1991)) is certainly a reliable and easy tool to cul-
ture the retinal tissue. The limitations of this system are observed in the survival of the
adult tissue and the impossibility to apply mechanical stresses during the culture. The
idea was to maintain the interphase technique and to replace the substrate in contact with
the specimen. The cellulose filter commonly used favors the feeding but is not suitable for
experiments involving mechanical stresses since it has the compactness of a wet piece of
paper and cannot endure mechanical load without breaking. After testing substrate made
of different materials, the titanium dioxide nanotubes arrays resulted to be the best mem-
brane for this purpose. The first application of titanium and its alloys in biomedical field
was as orthopedic or dental implants (40% of the implants in use are made of T1) (Brammer

et al., 2011; Long and Rack, [1998]) due to their biocompatibility, strength, excellent corro-
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sion resistance, drug eluting properties and high level of hemocompatibility (Rani et al.,
2010). The in vivo and in vitro cellular response of osteoblasts, fibroblasts, chondrocytes,
endothelial cells, epidermal keratocytes, vascular smooth muscle cells and mesenchymal
stem cells on TiO2 nanotube arrays were investigated by other scientific groups (Smith
et al.; 2011; Peng et al., [2009; Gongadze et al., 2013; Park et al., [2012; Laranjeira et al.,
2013) (Huo et al., [2014)). Although there are a numerous studies on cells interaction with
TiO2 nanotube arrays, nothing has been done at the tissue level. In the present research
for the first time tissue, in particular neural tissue, was cultured on TiOs nanotube arrays.
This current study shows that the new culture system, simply composed of a Petri dish
and a stainless steal grid where the TiO2 nanotube arrays are positioned (see Section
is optimal for organotypic culture of adult neural tissue because of its capability of
reducing neuronal degeneration and glial hypertrophy that are usually observed in culture
(Dallacasagrande et al., 2012; Mayr et al., 2013). When the retina is subjected to stress
factors, as mechanical injury, an upregulation of intermediate filaments occurs (Fuchs and
Cleveland, [1998; Lam et al., 2003} Lewis and Fisher, [2003; Lundkvist et al., 2004} Kaempf
et al.,|2008). The expression of vimentin, an intermediate filament in charge of maintaining
cell shape, integrity of the cytoplasm and stabilizing the cytoskeleton interactions (Kaempf
et al., 2008) did not increase when the adult neurosensory tissue was cultured on TiO,
nanotube arrays. Actually it resulted very similar to the levels observed in freshly isolated
retinas. Since the glutamate level is an important factor implicated in retinal degenera-
tion (Dreyer EB et al., [1996; Rauen and WieAner, 2000; Ristoff et al., [2007; Kaempf et
al., [2008)), the expression of glutamine synthetase, a key enzyme in glutamate recycling
(Kaempf et al., 2008)), was checked. Its expression was in the range of the freshly isolated
retina, indicating that the level of glutamate was normal even after 14 days of culture.
Another efficient approach for verifying the health condition of the tissue is measuring
the thickness of the sample before and after culture. A thinning of the retinal layers, in
particular the inner and outer nuclear layers, and consequently of the tissue would sug-
gest cell apoptosis and migration. This phenomenon was hardly observed after 14 days
of culture, confirming the favorable properties of the TiOg nanotube arrays as substrate
for long-term organotypic retinal tissue culture. The success of this culture system was
better than expected especially considering that the neurosensory retina was kept with-
out retinal pigment epithelium. In previous studies, the retinal cultured without retinal
pigment epithelium (RPE) showed early ganglion cell apoptosis and photoreceptor degen-
eration (Kaempf et al., 2008; Caffé et al., [1989; Jablonski et al., 2001, Engelsberg et al.,
2004, Katsuki et al., 2004, Kuhrt et al., |2004)). Surprisingly, in this new culture system
the photoreceptor inner and outer segments were well maintained (see Figure with-

out RPE. Usually the outer photoreceptor segments are lost during the retinal isolation
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from the RPE or shortly after since the photoreceptors cells have a high metabolism and

without the correct nutrition system quickly degenerate (Reidel et al., 2006).

Figure 5.1: Cone photoreceptor cell comparison. Cones are stained with peanut agglutinin. (a)
The retinal tissue is freshly isolated. (b) The neurosensory retina is cultured using the new system
for 14 days. The morphology does not change and the maintenance of the outer segment layer in
the cultured retina is clear (red circle).

To verify the universality of this culture method brain slices of adult mice were cultured
14 days using this organotypic culture system. The result and argumentation are similar.
In general, organotypic brain slice cultures are prepared from animals at embryonic or
postnatal stage because of their plasticity and resistance to mechanical trauma during
the slice preparation (Cho et al., 2007). To understand the response of the adult brain
in terms of neuronal architecture and synaptic circuity, and to create pathological models
for stroke, epilepsy, Alzheimer’s , Parkinson’s and Huntington’s diseases it is essential to
study the mature slices in vitro (Cho et al., 2007)).

The interactions between cells and biomaterials can affect cell/cell interplays, and con-

sequently influence tissue development and function. Cell adhesion to biomaterials plays
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an important role in the normal function of mammalian cells. It can be characterized in
terms of specific and nonspecific interactions. Specific interactions implicate cell receptor
to recognized and bind to proteins on the biomaterial surface forming focal adhesion sites,
whereas nonspecific interactions consist in non-covalent attractive forces such as electro-
static interactions, hydrogen bonds and van-der-Waals forces (Israelachvili, [2011)).

In previous studies, it was observed that the cellular behavior such as adhesion, prolifer-
ation, shape, migration, survival and differentiation (Huo et al.,|2014) on TiO5 nanotube
arrays depends on the cell phenotypes and is influenced by the nanotubes diameter. The
TiO2 nanotube arrays with tube size ranging between 15 and 30 nm exhibited the larger
degree of cell adhesion (Park et al.,[2007; Huo et al., 2014). Nanostructured surfaces with
50 — 90 nm adhesive pattern spacing resulted in a significant decrease in cell adhesion
promoting cell fate (Selhuber-Unkel et al., [2010)). Furthermore, cells cultured on TiOq
nanotube arrays with pore sizes greater than 100 nm showed reduced adhesion and prolif-
eration, an increase in apoptosis and they tended to send out cellular extensions (Oh et al.,
2009; Park et al.,[2009a; Mark et al., 2009; Park et al.,|[2009b; Bauer et al.,[2009; Brammer
et al., 2012; Moon et al., 2012).

The critical nanotube diameter value of 15 — 30 nm can be explained considering that the
focal adhesion cluster has approximately a size of 10 nm. A bigger diameter can prevent
single cell adhesion and consequently it can induce to cell apoptosis (Kowalski et al.,|2013)
(see Figure [5.2)).

In contrast to the cells, I have shown that the tissue prefers other optimum tube array
parameters. The central nervous system tissue was successfully cultured on TiO9 nanotube
arrays with pore sizes greater than 30 nm. In particular, the best organotypic culture of
retinal tissue was achieved on nanotubes and/or nanoporous arrays with diameter between
30 and 100 nm. Instead, the brain slices preferred to be cultured on nanoporous with
smoother surface and pore sizes greater than 100 nm. The reason of this choice cannot
be understood in term of cell’s focal contact spacing or by the ability of cell receptors
to connect to the membrane since the length scale does not match. The optimal tube
parameters might be attributable to variations in structural organization of cells in the
tissue. The heterogeneity and complexity of the neural tissue influence the cell surface area
exposed to the nanotube arrays and the amount of extracellular matrix in between cells.
Since the cells in the tissues present different size of the soma, they possess a distinctive
ability to span the nanotube geometry. The observed organotypic conservation of the neo-
cortex brain slice after culture on TiOs nanotube arrays with large diameter is likely
caused by neurite formation promoted by the 100 nm pore size. Although the behavior
of neurons on different nanotube arrays is unknown, studies on mesenchymal stem cells

cultivated on 100 nm-nanotubes have shown that the cells form very few focal contacts
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Figure 5.2: Hypothetical schema of the adhesion force between cells and TiOs nanotube arrays.
(a) For a nanotube diameter of about 100 nm the cells loose focal adhesions and in culture is verify
apoptosis. (b) The 15 nm nanotubes seem to be perfect for culture in terms of focal adhesion.

Image from Park et al., [2007

and did not spread, instead they sent out filopodia, lamellopodia and cellular extension
up to 200 nm (Park et al.,[2007; Oh et al.,

The weak focal contact formation within tissue and nanotubes with large diameter might
be mainly due to van-der-Waals interactions (Loomis et al., and compensated by
cellular adhesion within cells and extracellular matrix. In fact, I observed that single retinal
cells (neurons and glial cells), cultivated on nanotube arrays with the same parameters that
favored the culture of the corresponding tissue, die due to the loss of adhesion within 7 days.
This confirms that the material properties of the nanotube arrays affect tissue viability and
structural preservation. TiOg nanotube arrays employed as organotypic culture substrates
facilitate adhesion of the tissue via van-der-Waals interactions and preserve the tissue

integrity, while inhibiting migration of individual cells.
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As mentioned previously, a prerequisite for a successful culture of neural tissue is the sup-
ply with nutrients by the culture medium. This is possible using the air-liquid interface
technique. In the classical culture system introduced by Stoppini, the culture medium
reaches the explant from the bottom through the cellulose membrane. In the method pre-
sented in this study this exchange is not possible since the TiO nanotube membrane
is closed at the bottom. Despite that, the full wettability and the superhydrophilicity of
TiO2 nanotube arrays (Balaur et al., 2005b; Balaur et al., 2005a; Shin et al., 2011} Song
and Mano, |2013)) ensure the adequate nutrient supply without bringing the tissue in direct
contact with the bulk liquid avoiding the swelling and degeneration of the tissue. The sup-
ply is guaranteed by bringing the bottom and the sides of the nanotubes array in contact
with the medium which is then wetting the entire substrate, providing fresh nutrition for

the explant by diffusive transport.
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5.2 New methods to study the Response of Retinal Tissue to

Mechanical Stimuli

As described in section the methods commonly used to mechanically probe the cells
are numerous. Each method has a specific aim covering some aspects of cell mechanics.
None of these methods was designed to experiment on living tissue because generally the
scientific community addressed its research to single cell mechanics. Undoubtedly studying
the mechanics of the single cell is the first step to acquire more knowledge in this field.
However, in vivo cells are not functioning alone. They interact with the surrounding and
with other cells in a elaborate agglomerate called tissue. The advantages of these methods
are that they can produce statistically reliable and generalizable results. The complexity
of the tissue structure makes it more challenging to work with it than with the single
cells. In particular, for neural tissue one of the main issues is the survival of the explant,
as discussed in the section It is crucial to guarantee a suitable environment to avoid
alteration of its intricate structure.

Traditionally, biomechanical eye research has focused on the parts of the eye that are more
motile such as the lens. Recently, numerous studies have examined, in terms of mechan-
ical properties, other parts of the eye such as the cornea (Woo et al., [1972, Hjortdal,
1994, Elsheikh et al., [2008, Last et al., |2009, Studer et al., 2010)), the sclera (Curtin,
1969] Arciniegas and Amay, [1986], Phillips and McBrien, [1995, Ethier, 2006, Bisplinghoff
et al., 2009, Eilaghi et al., 2010}, Elsheikh et al., 2010 Norman et al., 2011l Lari et al.,
2012, Grytz et al., |2014)), and the choroid (Friberg and Lace, 1988, Del Priore, [2006]).
However, the retina is exposed to physiological and pathological stresses and the mech-
anism of propagation of these stresses is still not completely understood. A cause of the
extremely delicate nature of the neurosensory retina, establishing a method to mechani-
cally investigate this neural tissue is a challenge.

The approaches used to study the biomechanical of the eye are mainly addressed to create
empirical models (Jones et al., 1992; Sigal et al., |2004; Sigal et al., |2005). These methods
are extremely useful, although alone they can only describe mechanisms in an abstract
manner.

At the beginning of the 80s, Kain performed an in vitro study on the mechanical properties
of the retinal tissue drawing the conclusion that the adhesion forces between retina and
retinal pigment epithelium are equal in all directions and that the neurosensory retina
can be stretched reversibly possessing elastic properties (Kain HL, |1984). Later, Jones
and colleagues calculated the Young’s modulus of bovine retina of approximately 2x10%
Pa using a realistic model of an incompressible solid. Jones himself thought this model to

be not accurate since the real retina, although possessing elastic properties, is an inhomo-
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geneous biological material (Jones et al., 1992). Recently Chen et al. demonstrated that
the retina, compared to the other components of the posterior eye (choroid and sclera)
is an inhomogeneous material and anisotropic along the surface (Chen et al., [2010; Chen
and Weiland, 2010; Chen and Weiland, 2012; Chen et al., 2014). Lu et al. were the first
focusing their attention on the mechanical behavior of the retinal glial cells. They studied
the viscoelastic properties of individual Miiller cells showing that these cells are softer
than the neurons. They proved that in particular the inner and outer Miiller cell processes
are notably softer than soma and endfoot, and that the soma is stiffer than the endfoot.
Furthermore they found that the elastic behavior was dominant for the intact retinal tis-
sue (Lu et al., [2006]). The retinal tissue was subjected to stretch in the study of Lindquist
et al.. They reported the mechanosensory function of the Miiller cells and showed that
their inner and outer processes were elongated to a similar extent (Lindqvist et al., 2010)).
Franze et al. probed the inner retinal surface with scanning force microscopy discovering
that it is mechanically inhomogeneous: stiffer in the mid-periphery and more compliant
towards the optic nerve (Franze et al., 2011).

The necessity to gather more information on the retinal behavior under different stress
conditions motivated this part of my work in designing new methods based on a qualitative

analysis.

5.2.1 Inhomogeneous Behavior of the Retinal Tissue

In the first new set-up, the neurosensory tissue is under short-term shear stress (see Section
and Figure [4.9). The morphological changes of the Miiller cells and indirectly the
behavior of the retinal layers were monitored and analyzed.

For this type of experiment it was crucial to avoid additional stress to the sample and to
keep the tissue intact and well conserved. Certainly the attachment of the specimen to the
cellulose membrane is one of the most critical steps, requiring high precision. Particular
consideration was made in the approaching the membrane to the side of the retina com-
posed of ganglion cells and Miiller cell endfeet (see Figure since the photoreceptor cell
side was already in contact with the cellulose filter (see Section . The possibility to
squeeze the tissue while assuring a complete attachment is very high. At the same time
in the attempt to prevent any crushing it could happen that the retinal is only weakly
secured to the membrane. Using a confocal microscope was the best technique to control
the attachment due to the possibility to scan through the entire tissue before and during
the experiment.

In this work the neurosensory retina was not simplified to a homogeneous material to
achieve a realistic understanding of this sophisticated and complex tissue. Three areas of

the retina were analyzed: (1) the region composed of the retinal layers wrapped by the inner
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process of the Miiller cell (essentially the inner plexiform layer); (2) the section formed
by the outer plexiform layer and the outer nuclear layer, and (3) the area constituted of
photoreceptor segments (see Figure |5.3]).

NFL @

A
i
Vil

Figure 5.3: Illustration of the retinal segments considered in the calculation of the strain. (a)
Tllustration of the retinal cross-section. Image courtesy of J. Grosche. (b) Cross-section of an adult
guinea pig retina stained with MitoTracker Orange. For the calculations of the strain three segments
were considered. Segment 1 (red) connects the center of the Miiller cells endfeet to the center of
their nuclei. The area of the retina analyzed is mainly the inner plexiform layer (IPL). Segment
2 (blue) includes the rest of the glial cells from the center of their nuclei until their microvilli,

that are not visible. In this case the segment wraps the outer plexiform layer (OPL) and the outer

nuclear layer (ONL). Segment 3 (yellow) considers only the outer segment of the photoreceptor
cells (PRS).
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The forces applied to the retinal tissue could not be calculated but presumably are the
following (see figure . Between the tissue and the membranes there are adhesion forces
that help maintaining the retina anchored to the membranes. Furthermore, cells exercised
forces to each other and to the extracellular matrix. These forces can be called internal
forces although their distribution is not yet clear. In addition, there is the shear stress
that is applied through the movement of the microscope stage.

Considering that the entity of the shear stress is unknown, the first step was to observe the
dimensional adjustment of the retinal tissue due to this shear stress, calculating the strain.
The resultant strain was measured as axial strain and normal strain for the reason that
not only a shear stress is involved in the morphology change but also the adhesion forces
and internal forces contributed to the displacement. The strain of the three segments were

first examined in relation with the time and then normalized to the total shear strain.
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Figure 5.4: Schematic drawing of the forces acting on the retinal tissue during the shear stress
experiment. Presumably the forces involved in the retinal behavior are the adhesion forces between
the retinal tissue and the cellulose membrane, the internal forces that each cells exercised on the
others and the shear stress applied due to the movement of the microscope stage. Since the shear
stress is applied only in the photoreceptor side, these cells are the one that more are influenced.
This shear stress is then transmitted to the rest of the retina tissue mainly through the radial glial
cells.

The results showed that at a critical total shear strain value of 0.25 the retinal tissue
started to detach from the cellulose filter (see Figure . This value was also obtained
for the angular shear strain measurements (15 degrees)(see Figure . Before reaching
this critical point the layers of the neurosensory retina act homogeneously like a block
of the same material, but once passed that value their behavior changes. Precisely, the
angle between the segments (1+2) and (3) that identify respectively the Miiller cells and
the photoreceptor cells increases (see Figure indicating that the bending of the
photoreceptor outer segments toward the direction of the shear strain applied is more
noticeable. The calculation of the axial strain exhibits a pronounced elongation of the
photoreceptor segment starting from the critical point. Indeed, the photoreceptor layer
shows a more elastic behavior. On the contrary the Miiller cells maintain their axial strain
almost constant during the entire experiment (see Figure . Focusing only on the

Miiller cells, the analysis illustrates that individual shear strain of their inner segment
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increases more rapidly than of their outer segment. This shows that the retinal tissue
spanned by the inner processes of the Miiller cells reacts strongly to the shear stress
applied (see Figure [4.17).

The different behavior of the retinal layers can be accounted for by the heterogeneity in
the retinal composition (see Figure . The retinal structure is unique considering that
the Miiller cells extend through the full thickness, the photoreceptors cells are vertically
oriented, while the other layers are organized horizontally (Chen et al., 2014). The high
packing of the retinal cells explains the transmission of the shear stress from the photore-
ceptors to the inner part of the retina. The plexiform layers certainly are the most compact
layers since they form a tight synaptic network. Indeed, the neuronal cells extend their
axons crosswise strengthening the retinal tissue structure. The processes of the Miiller
cells that span the plexiform layers are in contact to an increased number of synapses.
The data show that the inner plexiform layer is the one more affected by the shear stress
if compared to the outer plexiform layer. That does not necessarily imply that the inner
retina is softer then the outer retina. This result is counterintuitive since it is the part
of the retina situated further from the area where the shear stress is applied. The pro-
nounced bending of this layer is explained once again by the crowding of the inner part
of the retina. The structural heterogeneity of the inner retina mirrors the inhomogeneity
of the mechanical properties of the inner retinal surface, result of complicated mechanical
interactions between its components and the extracellular space (Franze et al., |2011). In
the inner plexiform layer the connections are between a higher number of cells (bipolar
cells, horizontal cells, amacrine cells and the Miiller cells). Certainly, in this layer the in-
tracellular forces play a decisive role in the response of the retinal tissue to external forces.
Additionally, the inner retina looks pinned by the inner nuclear layer composed of the
soma, the stiffest part of the retinal tissue containing endoplasmatic reticulum and nu-
cleus (Lu et al., [2006). Interestingly, the outer limiting membrane seems to hold the distal
part of the tissue tightly. The outer limiting membrane (OLM) is considered an important
element for keeping the retinal structure through mechanical strength even if its function
is not completely understood yet (Omri et al., 2010). The nuclear layers and the OLM
seems to act like a pivot where the segments rotate since they oppose more resistance to
the shear stress applied.

Although it was shown in previous AFM studies (Lu et al.,|2006)) that there is no difference
in stiffness within the inner and the outer processes of the Miiller cells, the processes possess
different dominant cytoskeletal elements. The intermediate filament bundles prevail in
the inner processes, whereas the microtubules are mainly present in the outer processes
(Reichenbach et al., 1988a; Reichenbach et al., [1988b)).

The intermediate filaments serve to maintain the basic integrity of the cell (Janmey et al.,
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1991) and they contribute to the viscoelastic properties of the glial cells (Lu et al., [2010).
Indeed, the resistance of the retina to mechanical stress is decreased in the case of absence
of intermediate filaments (IFs) (Lundkvist et al., [2004)). The Miiller cells tend to become
stiffer when their physiological condition is changed due to overexpression of vimentin
(Lundkvist et al., 2004)). This phenomenon is not instant, but requires a time period of
days, thus it did not occur during my experiments. The intermediate filament networks
compared to the microtubule organizations are easily deformed and withstand large stress
and strain without rupture. This is probably why the deflection of the inner retinal layer
is more notable under the influence of the shear stress and the internal forces.

The difference between the inner and outer processes of the Miiller cells shown in my
results does not seem to match the studies conducted separately by Lu (Lu et al., [2006)
and Lindqvist (Lindqvist et al., 2010) where no difference in strength or stiffness was
observed. Probably the reason is that in the first study only single Miiller cells were
probed and analyzed. Furthermore, in the second study the retinal tissue was stretched
and not shear stressed as in my experiment. The force applied was directed across the
retinal thickness, along the Miiller cell axis and not perpendicular as in my study. Thus,
the results do not contradict each other, but indicate that the mechanical response of the
retina to external forces depends on the type of stress applied, on the microenvironment
and it cannot be studied taking in consideration only the single building blocks, in this
specific case the Miiller cells.

Although during the experiment the retinal slice is attached at the top (ganglion cells
and Miiller cell endfeet side) and at the bottom (photoreceptor cell side) to the same
type of cellulose membrane, the detachment after applied shear stress was noticed only
at the photoreceptor side. The main reason can be that the traversal force is exercised
directly to the rods and cones side. Another argumentation can be that the contact area
of the photoreceptor cells is smaller compared to the area of the inner retina in contact
with the cellulose membrane which probably influences the attachment (see Figure .
Indeed, the inner limiting membrane, located on top of the nerve fiber, ganglion cells
and Miiller cells endfoot layer and composed of dense fibrillar meshwork (Heegaard et al.,
1986)), adheres completely to the cellulose filter, whereas the photoreceptor layer sticks
to the substrate less than 80% caused by the fact that cones are shorter than rods and
therefore to not adhere. Furthermore, the photoreceptor cells are free to move since they
are attached to the retina only through the Miiller cells that wrap the photoreceptor nuclei
with their velate sheaths (see Figure . Normally, the photoreceptor cells are secured
to the retinal pigment epithelium through microvilli (see Figure and there are no
physical connections between cones and/or rods, so they can be compared to the bristles

of a brush. This morphological configuration facilitates the movement and the detachment
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of the distal part of the retinal tissue.

€)

Figure 5.5: Immunostained guinea pig whole-mount retina. (a) The inner part of the retina is
visualized with anti-vimentin antibody and Hoechst (ganglion cell nuclei). The black lines indicated
the fiber layer (ganglion cell axons). (b) The cone photoreceptor cells are discernible through the
peanut-agglitinin staining. Due to their loose attachment to the rest of the retina and the absence
of mutual contact the photoreceptor bend easily. The reduced contact area between the filter and
the photoreceptors during the experiment is caused by the cell morphology.

Nonetheless a slipping of the tissue along the membrane at both sides was observed. Even
if the adhesion forces are unknown, the presence of friction forces between the tissue and
the membrane can be one cause for the tissue shifting. Another explanation can arise from
the fact that to protect the tissue from drying out and to allow its survival, it was necessary
to totally immerse the retinal slice in a physiological solution during the entire duration
of the experiment. It should be noticed that the retinal tissue in this experiment is not
kept in culture but at room temperature. The air-liquid interface system is not necessary.
The fluid penetrating the tissue can interfere and prevent a stable adhesion. Considering
both scenarios (slipping and no slipping) the data showed that the shifting of the retinal
tissue does not really influence the detachment. Indeed, the critical point calculated for
both cases has very similar values (see Figures [4.21} |4.22} 4.24} |4.23)

5.2.2 A New Device to shear stress Retinal Whole-Mount

The last part of my research was dedicated to combining the knowledge gained on long-
term organotypic neural tissue culture with the interest in applying shear stress to living
retinal tissue. The aim was to design a new setup (see Section and Figure [3.7)) to

99



5 Discussion

apply mechanical stress to retinal whole-mounts in culture. The main concern in designing
this new device was to build a setup that could conserve the retinal tissue in a physiological
environment mimicking the in vivo conditions. The purpose was to shear the retinal tissue
over several days, so using the TiO2 nanotube arrays as membrane to support the retina
during the experiment was the best solution. The starting point was to incorporate the
interface system into the design. As shown previously (Dallacasagrande et al., 2012) this
culture system combined with the TiO9 nanotube arrays ensures a long term organotypic
culture of adult neural tissue.

One of the characteristics required was to avoid additional stress to the sample other than
the stress actually applied. Since the device has to be moved from the laminar flow hood
inside the incubator, the solution was to fix all the components on top of a heavy stainless
steel tray (see Figure (b)). All the metallic components were made of stainless steel
to avoid the production of rust once in contact with the culture medium. In designing the
device, particular attention was paid to the sterilization process. The number of elements
were reduced to a minimum to facilitate the assembly and disassembly of the device for
thorough cleaning. The sterilization of all the elements had to be easy and efficient. In-
deed, one of the problems encountered in the first experiments was the contamination of
the sample during the incubation time. The cause of contamination was individuated in
the cleaning procedure of the device. This procedure was reevaluated and an efficacious
cleaning routine was established (see Section and Figure . Another problem to
solve was the leaking of the device during the time the experiment was running. That
was a major issue since the spill of the culture medium was consistently compromising
the survival of the sample. After various attempts to prevent this phenomenon the device
was modified. Initially the TiO2 nanotube arrays were clamped to a support that glided
on ceramic rods. For this setup three holes were made inside the Teflon chamber that
caused leaking of the physiological solution. The gliding system was replaced with a more
sophisticated structure made of stainless steal supports where the TiO2 nanotube arrays
were fixed with tissue glue, reducing in this way the components and removing the holes.
An additional challenge was the placement of the retinal whole-mount on top of the TiO-
nanotube membrane exactly at the point where the membranes touch each other without
damaging the tissue. Originally, the TiO9 nanotube arrays were suspended making it ex-
tremely complicated and unstable to position the sample. To facilitate the arrangement of
the sample, a cross-like support was placed under the TiOs nanotube membranes. Another
issue was presented by the removal of the sample from the TiOg nanotube membranes for
the analysis. During the procedure of removal of the retinal tissue from the junction site of
the TiO9 nanotube arrays, the sample was fixed over night in 4% paraformaldehyde and

finally embedded in 3% agarose with the purpose of wrapping the sample and maintaining
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it intact during removal. Several devices were designed and tested before achieving the
final result that satisfied the requirements and overcame all the challenges and issues.
Testing the device allowed to have some preliminary results regarding the morphological
changes experienced by the sample. In particular, the attention was addressed to the
behavior of the entire tissue after the application of long-term shear stress.

Once fixed and removed, the retinal tissue was immunostained as a whole-mount or as
slices to allow to analysis the cross-section (see section .
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Figure 5.6: Lateral view of the set-up for long-term shear stress experiments. The retinal whole-
mount lies at the junction between two TiOs nanotube membranes. The photoreceptor cell side is
the part of the sample in direct contact with the arrays. One of the membranes is fixed and the
other is moved by a stepping motor as previously described in section GCL= ganglion cells
layer; IPL= inner plexiform layer; INL= inner nuclear layer; OPL= outer plexiform layer; OLN=
outer nuclear layer PRS= photoreceptor segment.

From the cross-section immunostained retina it was possible to observe that once the retina
detaches from the membrane its reaction is to buckle like a rubber band, pulled and then
released. The same behavior was shown in both cases, when either the photoreceptors or
the ganglion cells were attached to the membrane.

Analyzing the staining of the whole-mount, the movement of the photoreceptor cell seg-
ment was clearly visible. It does not have a defined pattern but that confirms the mobility
and flexibility of this part of the retina.

The results represent a good starting point, but more investigations are necessary to

have a clear understanding of the retinal tissue under these conditions. Compared to the
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Figure 5.7: Fluorescent image of a whole-mount retina sheared in culture. Miiller cells are stained
with anti-vimentin (red), the photoreceptor cones with peanut agglutinin (green) and the nuclei
with Hoechst (blue). The cross section indicates the whole-mount tissue placed on the TiOy nan-
otube arrays and shear stressed over 4 days in culture leaving a gap between the TiOs nanotube
membranes of about 100 p. The buckling of the tissue after release of the foce applied is more
visible in the middle where the distance between the membranes was created by the movement of
one of them. The retinal tissue acts like a rubber-band, showing global elastic behavior.

short-term stress experiments describe in section this is a long-term experiment,
consequently the parameters and conditions used were different. For example, in this case
the membrane used is not a cellulose filter but TiO2 nanotube arrays and the sample
is attached to the membrane only on one side. Furthermore, the retinal tissue has time
to settle down after each shear stress applied. The outcome is more an overview of the
response of the retinal tissue to the release of the force applied.

Understanding the behavior of the retinal tissue under certain conditions is the key to
acquire an in-depth knowledge of the mechanics involved in processes during retinal de-

velopment and diseases, foveal formation and retinal detachment.
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Mechanics in Retinal Development: Fovea Formation

During the human development, the tissue mechanics has an important role albeit the
entity of the involvement is not completely well understood. For example, there is not a
straightforward explanation for the formation of the primate fovea, the eye region which
allows acuity vision (see Section (Reichenbach and Bringmann, 2010)). A variety of
intrinsic molecular and extrinsic mechanical mechanisms are involved in the development
of the primate fovea. The mechanical forces suggested to be implicated in this process are
a tangential force produced by the ocular growth which stretches the retinal tissue like
a glove by the fist (Mastronarde et al., |1984) and an orthogonal force generated by the
intraocular pressure (Provis et al., 2013).

The shaping of the retinal tissue continues after the cell proliferation is concluded and
after the retinal layers are formed. In general during the growth of the eye ball, the
neurosensory retina becomes thinner since the retinal cells have more space to rearrange
but it maintains the dimension of the plexiform layers. The moulding of the primate fovea
occurs over an extensive period (pre- and post- natally). In humans, it starts at about 24
weeks of gestation (Hendrickson and Yuodelis, [1984; Provis et al., [1998)

The characteristic shape of the primate fovea is presumably due to a centripetal movement
of the perifoveal photoreceptor cells and a centrifugal displacement of the inner retinal lay-
ers (see Figure . Since the Miiller cells are embedded in the tissue, this rearrangement
results in a formation of the foveal pit with the radial glial cells in a Z-configuration (see
Figure . The neuronal cells of the (peri-)foveal columnar units are not reshaped but
they passively pull the axons of the cones to keep the synaptic connections. In this way a
"new" layer, the so-called Henle fiber layer is formed. This area, composed of photoreceptor
cell axons and outer Miiller cell processes arranged transversely, seems to act as a "sliding
zone" comparable to the tectonic movement of the plates (see Figure (Reichenbach
and Bringmann, 2010).

No animal models have been developed yet that possess a foveal pit and that are easy
to manipulate during development. A finite element analysis model has been proposed
by Springer and Hedrickson (Springer and Hendrickson, 2004)). They highlight the role of
mechanical properties of the foveal avascular zone (FAZ). Indeed, this region is presumably
more elastic and consequently more responsive to the mechanical forces, in particular to
intraocular pressure, because of the lack of blood vessel. They also proposed that the tensile
forces generated by the retinal stretch could cause axial "lifting" forces, which stimulate
the elongation of the photoreceptor cells within the FAZ, to regulate the cone crowding.
This point is controversial since the packing of the cones happens prior to the definition
of this area.

Probably the mechanics of the different retinal layers, together with the different cell
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Figure 5.8: Drawing of the rearrangement of the retina due to fovea formation. In this diagram the
Miiller cells are omitted to clearly visualize the other retinal cells and distinguish the retinal layer.
Cones are shown in red, rods in gray, bipolar cells in blue, amacrine cells in pink, and ganglion cells
in yellow. The red lines indicate approximately the blood vessels. (a) Before the appearance of the
fovea (25 weeks’ gestation, WG) a centripetal force (gray big arrow) displaces all the retinal layer
to the center. (b) The intraocular pressure intervenes around the 30 WG deforming the avascular
zone of the retina creating first a shallow depression. In the first weeks after birth the cones
differentiate and elongate forming the Henle fiber layer. The ganglion cells, the bipolar cells and
the synaptic pedicles of the cones are pushed away from the center. ILM= inner limiting menbrane;
NFL= nerve fiber layer; GCL=ganglion cell layer; IPL=inner plexiform layer; INL=inner nuclear
layer; OPL=outer plexiform layer; ONL=outer nuclear layer; ELM=external limiting membrane;
IS/OS=inner and outer segment; RPE= retinal pigment epithelium. Image modified from Provis

ot al.,

properties, intraocular pressure and eye growth, play a role in shaping of the primate
fovea. As shown in my work, the photoreceptor segment exhibits a more elastic behavior
that can facilitate the centripetal packing when an external force is applied. The outer
limiting membrane results in a solid structure that helps maintain the integrity of the
distal part of the retinal. Additionally, the distinct behavior of the layers wrapped by the

inner and outer Miiller cell processes could influence the centrifugal shifting.
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Figure 5.9: Schematic configuration of Miiller cells in the primate fovea. In the adult fovea the
Miiller cells assuming the Z-shape. Their outer processes elongate together with the cone axons to
maintain the functional connection with the interneurons. Image from Reichenbach and Bringmann,
2010

translocation of
inner retinal layers

Henle fibers
HFL

ONL migration of
J cell somata
AN A
= -
OLM k¥
1| o
|- translocation of inner
",' g and outer segments
«— foveola periphery ——s

Figure 5.10: Morphology of the photoreceptor cells in the primate fovea. (a) Schematic drawing
of the mechanical processes engaged in the development/shaping of the primate fovea. During
this process the cones become thinner and move towards the center of the future fovea creating
a stack of nuclei (ONL) on top of the outer limiting membrane (OLM). Instead the inner part
of the retina drags centrifugally. To maintain the functionality of the columnar unit the axon of
the cones elongate forming together with the outer processes of the Miiller cells a so-called Henle
fiber layer (HFL). This area is thought to be the ’sliding’ zone. Image from Reichenbach and
Bringmann, 2010l (b) The cones located in the fovea region of the retina of an adult male patient
(37 years old) are stained with short-wavelength cone opsin. The long photoreceptor cell axons are
clearly visible. Ax=axon; ELM=external (outer) limiting membrane; S=synapsis pedicles; IS=inner
segment; OS=outer segment; OPL=outer plexiform layer. Image from Hendrickson et al., 2012

105



5 Discussion

Mechanics in Retinal Pathologies: Retinal Detachment

The normal retinal adhesion depends on a combination of anatomic, physical and metabolic
factors. There are no junctions which connect the gap between photoreceptor outer seg-
ments and retinal pigment epithelium (RPE) and the role of their physical interdigitation
is not clear yet (see Figure [5.11)).

MICROVILLI

~ RPE CYTOPLASM

Figure 5.11: Interdigitation between photoreceptor outer segments and the microvilli of retinal
pigment epithelium (RPE). This is the only physical connection of the retina to the back of the
eye. Image from Marmor, 1993

The mammalian subretinal space remains tightly closed despite the continuous ocular
movement and the pulling from the vitreous body. Indeed, the retina is kept in place
by the balance between the intraocular pressure and osmotic pressure through the vitre-
ous body and the negative pressure created by suction forces from water eflux through
the RPE. The fluid pressure and vitreous pressure are external mechanical forces which
strengthen or weaken retinal adhesion. The intraocular pressure and the osmotic pressure
of the extracellular fluid present in the choroid (about 12 mmHg in the rabbit)(Bill,
passively drive the fluid from the vitreous to the choroid. However, the posterior flow is very
low and most fluid leaves the eye through anterior drainage (see Figure . Although,
the pressure difference across the retina/RPE is small (only 0.52 x 1073 mmHg)(Fatt and
Shantinath, due to the fact that the intraocular pressure is contained by the sclera,
this difference generates a force sufficient to pin the retina to the posterior eye (Marmor,
1993).

When these physiological forces are compromised or overwhelmed, a separation of the
neurosensory retina from the underlying RPE could happen (Kirchhof et al., . This
phenomenon is known as retinal detachment.

The retinal detachment can lead to blindness since the outer retina after detachment be-
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Figure 5.12: Intraocular pressure and flow resistance schema. (a) The intraocular pressure is the
fluid pressure inside the eye. (b) Enlargement view of the posterior eye. Each layer has a different
flow resistance. Additionally the RPE and the choroid can produce active transport of the fluid
and osmotic pressure, respectively. Image from Marmor,

comes ischemic due to the loss of blood supply from the choroid (Ghazi and Green, 2002).
Cataract, surgery, myopia (David et al., [1997) and trauma can provoke retinal detach-
ment (Bottega et al.,2013)). Depending on the underlying causes, the retinal detachment
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can be divided in three categories with the common denominator of an accumulation of
subretinal fluid (Kirchhof et al., . One of the most common form is rhegmatogeneous
retinal detachment resulting from the formation of holes or tears in the retinal tissue (see
Figure )(Chou and Siegel, Bottega et al.,[2013). This form is characterized by a
full thickness retinal break held open by vitroretinal traction that allows accumulation of
liquefied vitreous in between retina and RPE (Ghazi and Green, . When the retina
is pulled off the RPE by tractional forces in absence of tears the disease is called trac-
tional retinal detachment (Ghazi and Green, [2002). Instead the exudative (serous) retinal

detachment is usually cause by tumor or inflammation without retinal breaks or traction

(Kirchhof et al., 2013)

@ Retina Retinal Pigment Epithelium

Retinal
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Sensory Retina

Figure 5.13: Retinal detachment. (a) Fundoscopic image of a detached human retina. (b) Schematic
drawing of a cross section of an eye with detached retina. The retinal tear opens up space for the
fluid to infiltrate between the retina and the RPE. Image from Healthwise, Incorporated.

Bottega et al. were the first to conduct an analytic study on the mechanics of a de-
taching retina developing a mechanics-based mathematical model (Bottega et al., .
Although Lakavicz et al. slightly modified this model, in literature this is the only study
that takes in consideration the mechanical aspect of this disease (Lakawicz et al., [2014).
These mathematical models can be developed without the employment of the tissue. In
contrast, the widely used animals models (Lewis et al., Jackson et al., Zeng
et al., Matsumoto et al., have the goal to study the molecular, immuno- and
inflammatory response and are not interested in the mechanical aspect. The scarcity of
knowledge in this area is certainly imputable to the difficulty in determining the material
properties of the eye and in particular of the neurosensory retina (Bottega et al., [2013).
The retinal detachment is caused first by a mechanical problem and therefore a cascade of
signals that leads to degeneration and apoptosis. Although, the subject of retinal detach-

ment is well known, the fundamental mechanics of the detachment propagation has not
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been sufficiently described (Bottega et al.,2013|). The present study can add new insights
due to the direct employment of the tissue and the observation of the behavior of the
different layers.

With my work I did not intend to create a model for retinal detachment, indeed the goal
was to study the compartment of the retinal tissue when a short term shear stress was
applied. Surprisingly, it was observed that although the retina behaves heterogeneously,
it maintains its structure. This behavior prevents the rupture of the tissue and allows
the possible reattachment. It therefore might act as a defense mechanism against a major

damage that could lead to the loss of sight in the case the structure is compromised.
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The research presented in this thesis was aimed at finding a novel substrate for long-term
organotypic culture of adult neural tissue and to design new methods/set-ups to further
investigate the mechanical properties of the retinal tissue.

The 3D culture systems bridge the gap between the petri-dish culture and the animal
in vivo study. Although the 3D tissue models intended as cells in 3D environment are an
extremely powerful tool (Griffith and Swartz, [2006; Lin and Chang, [2008; Justice et al.,
2009; Derda et al., 2009), the organ culture has the advantages of providing specific infor-
mation on growth patterns, differentiation and development. The limitation imposed by
the age of animal used in the organotypic culture was overcome in this study. The key of
the success of the culture system presented in this work is the employment of the titanium
dioxide (TiO2) nanotube array in combination with the interface technique introduce by
Stoppini (Stoppini et al., [1991). Although, titanium and its alloys are commonly used in
many biomedical applications such as dental and orthopedic implants, here, for the first
time, TiO2 nanotubes arrays were employed as substrate for organotypic culture of a tis-
sue. In this work, I have shown that the TiOs nanotube arrays fulfill the requirements
as substrate for obtaining long-term organotypic culture. Indeed, they discourage single
cell adhesion and cell migration in favor of the overall tissue adhesion while preventing
edema and degeneration. The full nanotube wettability and superhydrophylicity facilitate
tissue adhesion and allow to supply the tissue with the essential nutrients while guarantee-
ing its correct oxygenation. Additionally, this system does not require special equipment
and necessitates very little maintenance. The study revealed that the adult whole-mount
mammalian retina and the mature brain slices survive up to 14 days cultured on TiOq
nanotube substrates (Dallacasagrande et al., 2012; Mayr et al., 2013|). This duration was
previously never reached using as a culture substrate a cellulose filter or insert in the
common interface culture system. The analysis was conducted in term of morphological
changes and not from a functional point of view. Since the degeneration of the tissue is
observed foremost when the tissue structure is corrupted, approaching the problem from
this prospective is the first step for verifying the effectiveness of this methods. The results
presented in this thesis show that the success of the TiOs nanotube arrays as a culture sub-
strate strictly depends on the parameters used, such as diameter of the tubes and surface

roughness. The optimal parameters are tissue/cell specific. Indeed the study illustrated
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that the retina required a smaller diameter for the nanotubes (30 — 85 nm) compared to
the one necessary for the brain slices (100 nm). However, the nanotube diameter required
for a long-term tissue organotypic culture is bigger than the diameter used for culturing
single cells (10 — 30 nm) as previous studies shown (Park et al., 2007; Huo et al., 2014).
The characteristic that makes the TiO9 nanotube arrays so attractive as culture substrate
is their tunability. In fact, they can be easily adapted to different types of tissue to provide
optimal culture conditions.

During the work of this thesis two different set-ups were designed to mechanically probe
the retinal tissue. In the first device a shear stress was applied to the retinal slice stained
with a vital dye that highlights the Miiller cells. For the first time, the behavior of the
retinal layers was observed. The study emphasizes that once a shear stress is applied,
the retina behaves as an inhomogeneous material. This behavior was expected due to
the complex structure of the neurosensory retina, nevertheless it was not verified for the
overall tissue yet. The morphological structures and the internal forces influence the retinal
layer response to the force applied although the mechanisms of the latter is still not well
understood. The outer limiting membrane such as the outer and inner nuclear layers pin the
retina in the neutral position. This leaves mainly three layers subjected to the shear stress:
the photoreceptor segment layer,and the inner and outer plexiform layer. The results shown
that the photoreceptor layer is more elastic compared to the rest of the retinal layers. This
layer remarkably elongates and bends before detaching from the cellulose filter where the
retinal tissue is placed in between. Certainly this layer is more affected by the shear stress
because the force is directly applied to the outer part of the retina. However this does not
justify why the Miiller cells, a direct extension of the photoreceptor cells in the retinal
cross-section, do not follow the same movement. Interestingly, the results displayed show
that the inner plexiform layer wrapped by the inner radial glial cell processes are shown
to be more affected by the shear stress compared to the outer plexiform layer, although is
located further from the point where the force is applied. Furthermore, the study revealed
that the retinal tissue can sustain up to 25% of shear strain before detaching from the
substrate. This can be explain as a mechanism of defense against rupture that can be found
in vivo situation. Once the retina detaches from the subretinal space it can be reattached
and it can regain its functionality, instead the retinal rupture leads to a partial or complete
blindness.

In the second set-up the whole mount retina was shear stressed for a few days in culture.
The force was applied during a longer period of time allowing the retina to settle down
and be rearranged. The observations were made on the immunostained tissue after removal
from the TiOs nanotube membrane utilized in the design of this device. The results shown

that the retina behaves overall as a rubber band buckling once the force applied is released.
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Deepening in this area of research is needed thus these results could be the starting point
for future work.

In conclusion, I demonstrated that the employment of the TiO9 nanotube arrays improves
the organotypic culture system of adult tissue (Dallacasagrande et al., 2012). For this
reason future studies could be addressed to use these substrates in novel drug screening
techniques for anti-cancer therapy and as platforms to model CNS diseases (traumatic,
hypoxic and chemical CNS lesion). Furthermore, the TiO2 nanotube arrays represent
an ideal substrate for mechanical testing or manipulation such as investigation of tissue
elastic properties due to their very low elasticity and large achievable strains (Fischer and
Mayr, 2011)), as also shown in the present work. Additionally, my work made an effort to
study the neural retina as a tissue composed of different parts avoiding the simplification
of considering it as a homogeneous biological material. In fact, I have shown that the
neurosensory retina is an inhomogeneous and anisotropic tissue due the complexity of its
morphology. The attention has to be focused on investigating how the internal forces play
a decisive role in the mechanical response of the tissue to external loading. Despite the new
information acquired in this study more work has to be done to answer remaining open
questions. The employment of genetically engineered animals, for example vimentin/ GFAP
deficient mice, can lead to understanding the importance of these cytoskeletal proteins
while the retina is under stress. The second set-up is suitable for live recording since the
lid has a hole that fits the objective of the microscope. To maintain the culture conditions
a COy chamber needs to be added to the confocal microscope. Although the analysis
performed in this work was purely qualitative the potential of this setup is large. An in-
depth knowledge of the mechanical properties of the neurosensory retina, as this work

aimed to achieve, is urged in retina surgery.
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"Principles for the development of a complete mind: study the science of art,
study the art of science, develop your senses-especially learn how to see and
realize that everything connects to everything else"’

Leonardo da Vinci
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