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Summary

Although the brain is the softest tissue of the human body, cells embedded in the brain are
responding to physiological mechanical cues. Tissue homeostasis is, therefore, not only
dependent on chemical cues (e.g. growth factors), but also integrates the mechanical input that
brain cells can sense from their physical microenvironment. The softness of the brain tissue, as
well as the protective role of thick meninges and the hard skeletal skull, are the main reasons why
mechanobiology for brain cells remained relatively unattended. Brain cells, in general, were
regarded as mechanosensitive elements rather than seeing mechanical cues as an essential part
of brain physiology. Recent studies, however, show an imposing involvement of physical cues,

such as stiffness alterations and topographical cues.

As brain cells are also subjected to cyclic deformation due to the highly vascularized character of
the brain tissue, cyclic mechanical strain is the focus of this thesis. Cyclic mechanical strain might
play a relevant role in brain physiology as mechanical strain has shown to influence relevant
biological signaling processes and gene expression in other cell types. Further, each cell type
found in the brain has its own unique cytoskeletal arrangement. Cytoskeletal systems are involved
in mechanotransduction and are the first recipients when cells are exposed to mechanical strain.
A different cytoskeletal arrangement in each cell type is further highlighting the question of how

mechanoresponses may differ between each individual cell type.

In the context of this dissertation, cells found in the brain were subjected to uniaxial cyclic strain
within different developing stages. Therefore, neural stem cells, premature neuronal cells and
astrocytes, as well as developed neuronal networks, and astrocytes were exposed to cyclic strain
and mechanoresponses were analyzed. All cell types show striking differences in how they
handled mechanical forces and revealed individual patterns of cytoskeletal alterations. Two
different mechanical stimuli were used to analyze individual responses of the cells. The first part
of this work was focused on immediate cell response to the first cycles of substrate deformation.
In the second part, all cell types were analyzed according to their long-term adaptation to cyclic

mechanical strain.



As an immediate response, neural stem cells revealed a reduced migration velocity and
directional extensions of cell processes along the axis of uniaxial strain. Quantitative orientation
analysis confirms the parallel alignment of neural stem cell extensions even after long-term
stretch experiments. The parallel direction of cell alignment was sustained for neural stem cells
that have been committed to an astrocyte phenotype when stretched during the differentiation
process, while a neuronal commitment revealed a more random distribution with a slight shift
towards a perpendicular direction. When NSCs were subjected to cyclic strain during
differentiation, lineage commitment was not altered. However, neural stem cells were more
guiescent when subjected to cyclic strain as less proliferative cells were found on stretched

chambers.

The neuronal immediate response analysis in live-cell stretch experiments, revealed a drastic
response of neuronal cells as they retract their branches within the first cycles of stretch. Such
retraction was explicit when neuronal cells have been developed to neuronal networks on the
elastomer. With more elongated neuronal branches, such retraction was accompanied by the
formation of retraction bulbs filled with destabilized cytoskeletal proteins. A prolonged cyclic
stretch triggered an adaptation process and allowed the neuronal cell to regrow their branches
even under cyclic mechanical strain. Moreover, live-dead analysis after long-term stretch
revealed that neuronal cells can survive long-term mechanical loads and did not show any altered
cell vitality. Long-term stretch revealed a clear mechanoresponse and growth of neuronal
branches in perpendicular direction. In addition, stretched neuronal cells showed an induced
outgrowth with a higher number of branches, an increased sum length, and an enlarged growth

cone.

Mature astrocytes isolated from postnatal rat pups did not show any directional
mechanoresponse. They thereby behaved contrary to the cells that were differentiating from
neural stem cells and committed towards an astrocyte phenotype. In a co-culture of astrocytes
and neuronal cells, astrocytes revealed a mechanoprotective role and neuronal cells that grew on
top of these astrocytes did show less strain-induced responses compared to cyclically stretched

single neuronal cell cultures.
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Introduction

1 Introduction

Mechanical cues from the cellular physical microenvironment are integrated as mechanical
information and can trigger crucial biological processes. This process, known as
mechanosensation, can affect cellular behavior on various levels such as differentiation,
proliferation, migration, and even have the ability to induce stem cell differentiation without the
need of chemical supplements (Blaschke et al., 2019; Engler, Sen, Sweeney, & Discher, 2006).
Most important mechanical stimuli in living systems are topographical cues, mechanical strain,
and stiffness. Each of them can have decisive consequences on the function of cells. In the brain,
those three categories of mechanical stimuli control the homeostasis of the brain parenchyma
and influence cells individually. In vitro, topographical cues alone can alter the fate decision of
stem cells by mediating focal adhesion formation and geometrical-dependent cytoskeletal
reorganization (Figure 1.1) (Baek et al., 2018). The stiffness of the culture substrates impacts the
cellular morphology remarkably. For instance, changes in environmental stiffness can induce an
increased branching of hippocampal neurons (Previtera, Langhammer, & Firestein, 2010). Altered
cytoskeletal arrangements influenced by stiffness are even decisive for lineage commitment
(Blaschke et al., 2019; Engler et al., 2006) (Figure 1.1) and can also determine how fast stem cells
differentiate towards their desired fate (Blaschke et al., 2019). Thus, not only chemokines and
growth factors, but also the surrounding mechanical environment can induce and change
cytoskeletal arrangements (Ambriz, de Lanerolle, & Ambrosio, 2018) that change the behavior of
exposed cells. Mechanical strain is mostly present due to pulsative movements around the
vasculature, but also during brain development (Essen, 1997; Smith, 2009). In the following
sections, tissue deformations due to cyclic physiological movements and their effect on cells

embedded in the brain parenchyma are described in detail. Further, as the cytoskeleton of cells
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responds to mechanical stimuli and also exerts forces to the surrounding microenvironment, the

cytoskeleton is described in detail for each cell type categorically.

Topographical cues

Blood Brain Breast Muscle Skin Bone
ERREN] | | | |
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Figure 1.1: Mechanical cues change the fate of stem cells. Topographical cues and substrate elasticities
are involved in important processes such as differentiation of stem cells to astrocytes (red) or neuronal
cells (green). Stem cells show a different ratio of astrocytes and neurons when grown on nanogroove
structure (left) or when changing the substrate stiffness (right). Images are adapted from (Baek et al., 2018;
Blaschke et al., 2019; Chien, 2007). Scale bars = 100 um.

1.1 Mechanics in the development of the brain

Mechanical forces play a fundamental role in the development of the brain. Cortical folding is an
essential developmental process, allowing to attain a larger surface area relative to brain volume.
Here, tensile forces trigger the formation of brain folds (Essen, 1997), either by differential
degrees of expansion or through axons that interconnect cortical areas while the brain is growing
(K. Franze, 2013). Mechanical strain is even observed on a cellular level. First postulated by Paul
Weiss, nervous tissue growth is accompanied by mechanical forces along axon tracts (Weiss,
1941). Here, the extreme expansion of the nervous tissue results in stretched axon tracts that
have already connected to their target cell. The stretch growth of integrated axons triggers the
production of cytoskeletal components, axolemma, and other proteins to reduce the mechanical

stress (Smith, 2009). Such a phenomenon is referred to as stretch growth and leads to mechanical
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tension along the axon. A comparison by Smith illustrates the necessity of neuronal cells to bear
mechanical loads during their development: he compares the extreme neuronal volume increase
with the intense mass increase in cancer cells and further states that such a volume increase and

growth velocity may only be possible when axons were stretched.

Likewise, in the spinal cord and for peripheral growing nervous tissue, neurons grow passively by
being stretched due to different growth rates of bone and nervous tissue (Smith, 2009). By using
engineered bioreactors (Figure 1.2) that apply mechanical tension during growth, axonal growth
can be induced and reaches growth rates of up to 10 mm/day (J. R. Loverde, Tolentino, & Pfister,
2011) which is much faster than axonal growth of 1 mm/day without mechanical tension in vitro.
Axons grown under mechanical tension show normal electrical activity, normal cell morphology,
and the same density of organelles placed along the axon (J. Loverde & Pfister, 2015). Thus,

neuronal cells may be well equipped to bear mechanical loads.
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Axon Stretch-Growth of Bridging Axons

Figure 1.2: Stretch growth of integrated axon tracts. Neurons can form normal axons under tension. The
bioreactor subject axons to mechanical tension during growth. Scale bar = 100 um. Images adapted from
(J. Loverde & Pfister, 2015).
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1.2 Physiological strain present in the brain tissue

Cells embedded in the brain are daily subjected to mechanical stimuli: rapid movements of the
human head can induce mild accelerations that deform the brain matter with strain and
compression levels up to 5% (Bayly et al., 2005). Such deformations are based on the motion of
the skull, followed by the movement of the brain’s central mass while the base of the brain
remains constrained. Accelerations resulting in 10-15% strain are experienced during extreme
sportive activities such as when heading a soccer ball (Bayly et al., 2005; Bayly et al., 2002). When
such head impacts occur more repetitively, there is a higher risk of developing neurodegenerative
diseases (Smith & Stewart, 2020). The repetitive cause suggests that the brain tissue develops a

‘mechanical memory’, leaving a mechanical footprint after each repetition.

The brain has the top priority of blood supply: it gets 20% of the entire blood enriched with oxygen
although it represents only 2% of the total body weight in humans (Jain, Langham, & Wehrli,
2010). Thus, despite extreme brain accelerations, physiological tissue strain levels originate also
from continuous cyclic movements that result from blood flow through the highly vascularized
brain tissue. At the resolution of magnetic resonance imaging, such movements were measured
in a 2% range (Wedeen & Ponceleti, 2007) and can increase considerably when brain perfusion is
triggered by neural activity. Neural activity causes localized alterations in blood flow and volume,
leading to an increased diameter of the blood vessels (Drew, Shih, & Kleinfeld, 2011). To support
the brain metabolic activity, such arterial dilatation can induce a tissue deformation amplitude of
30% in mice (Drew et al., 2011). Blood pressure acting on the vascular wall leads to the generation
of mechanical stress tangential to the endothelial surface (Chien, 2007) (Figure 1.3A). The blood
pulsation wave is continually acting on the vascular wall leading to cyclic movements and cyclic
mechanical stress on nearby cells (Figure 1.3B). The tangential strain on nearby cells can lead
further to transduction of mechanical signals and induce subsequent activation of critical
biological processes that aim to rebalance the mechanical homeostasis of the cell (Discher,
Janmey, & Wang, 2005). Such transduction of mechanical signals can be induced by mechanically
activated ion channels (Ranade et al., 2014), or tension derived conformational changes and

altered binding affinities of protein domains (Niediek et al., 2012).
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Figure 1.3 Cyclic mechanical tissue movement resulting from blood pulsation leads to mechanical stretch
of cells in close proximity of the vasculature (Chien, 2007) (A). Cells are in close proximity to the cyclic
deformations within the highly vascularized brain. Here an astrocyte wraps around a vessel with its
endfeet (B) (Nedergaard, Ransom, & Goldman, 2003).

1.3 Cytoskeletal systems and their mechanical properties

Mechanical homeostasis and response to mechanical stimuli are based on the function of the
cytoskeleton. Three main cytoskeletal systems are regulating intracellular tension: actin
microfilaments, intermediate filaments, and microtubules. They are responsible for mechanical
stability and elasticity and form highly complex and very dynamic protein networks. In this way,
cells can respond to the changing physical microenvironment, always trying to survive and adapt.
Besides, cytoskeletal filaments are involved in intracellular transport mechanisms, cell migration,

and cell division. Each of the three cytoskeletal systems has its specific physical property.

1.3.1 Actin filaments

Actin filaments, also termed microfilaments, produce the smallest of the cytoskeletal filaments
with a diameter of only 7 nm. Actin monomers (G-actin) are the building units of microfilaments
that accumulate to form filamentous actin (F-actin). Filaments show a polarized structure, as its
formation can occur on both ends simultaneously but with different polymerization velocities.
After G-actin is incorporated in a filament, its bound adenosine triphosphate (ATP) is hydrolyzed

to adenosine diphosphate (ADP). As a consequence, most of the filament constitutes F-actin ADP,
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while F-actin ATP is found on the ends of the filaments. The F-actin ATP end is called the plus end;
here, the polymerization velocity is faster than at the minus end. Actin filaments can form a dense,
three-dimensional network located under the plasma membrane, which is termed ‘cortical actin’.
The function of the cortical actin is control of cell shape, and the organization as well as
positioning of transmembrane proteins. Cortical actin is linked to the plasma membrane via
membrane anchoring proteins (Bretscher, Edwards, & Fehon, 2002). Actin can form various
structures of higher order. Most importantly, densely branched actin networks are mainly found
in lamellopodia; parallel aligned actin filaments are present in filopodia as finger-like extensions
of the plasma membrane. Furthermore, contractile actin bundles, known as stress fibers, are
formed (Figure 1.4). Stress fibers are 10-30 bundled actin filaments and have a crucial function in
cellular contractility. With the help of myosin motor proteins, the filaments can slide past each
other and thereby provide forces necessary for cell adherence, migration, and
mechanotransduction that allow the cell to sense the physical environment (Ingber, 2008). ATP
hydrolysis induces a conformational change in myosin and thereby a movement of the actin
filament relative to the myosin head and generation of displacement by 5-25 nm (Kumar et al.,
2006). To generate forces, the stress fibers require to be structurally linked. Therefore, large
protein assemblies called focal adhesions, anchor the stress fibers to the cell cortex and the cell

exterior. Crosslinking proteins allow the formation of three-dimensional networks.

Actin filaments are described as non-rigid structures. However, due to their ability to be highly
crosslinked, they can form highly organized, stiff structures (Fletcher & Mullins, 2010). Therefore,
actin filaments are even described to show the greatest resistance to stress (Janmey, Euteneuer,

Traub, & Schliwa, 1991).
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Figure 1.4: Cellular actin organization in lamellopodia, filopodia, and stress fibers (Letort, Ennomani,
Gressin, Théry, & Blanchoin, 2015).

1.3.2 Intermediate filaments

The name of intermediate filaments is derived from its diameter of 8-12 nm, which is between
the diameter of microfilaments and that of microtubules. Intermediate filaments are cell type-
specific and vary greatly in their primary structure, but show common structural and sequence
features. They are the least stiff and can resist tensile forces effectively (Fletcher & Mullins, 2010).
Intermediate filaments are thought to maintain the basic integrity, contribute to the cell’s
stability, and ensure a rapid adaptation to intracellular processes (Janmey et al., 1991). The
flexible nature of intermediate filaments prevents the cell from being damaged by moderate
deformations. In contrast to microtubules and microfilaments, intermediate filaments do not
show a polarity as their subunits are organized yet in an antipolar manner. The unique
composition of monomers and folding and unfolding of its a-helices are responsible for its elastic
properties (Block et al., 2018). Besides its role in achieving flexible properties to the cell,
intermediate filaments also have a fundamental role in regulating the polarity in migrating cells

(Bernal & Arranz, 2018).
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Based on their protein structure and tissue distribution, intermediate filaments are subdivided
into six types. Although they are generally very heterogeneous in protein size and tertiary
structure, they are characterized by a central a-helical rod domain as a conserved structural
motif. This domain is responsible for filament assembly, while head and tail domain, with various
length and sequence compositions, are individual and determine specific and diverse functions
of the filaments (Loschke, Seltmann, Bouameur, & Magin, 2015). Filament assembly is established
first by the formation of dimers, where the central rod domains form a coiled-coil structure
(Figure 1.5). Then the dimers form tetramers in an anti-parallel fashion. The soluble tetramers
are further associated head to tail into protofilaments that pair to form protofibrils. The final
intermediate filaments are made of four protofilaments that wind together (Herrmann & Aebi,
2016). To achieve a high resistance towards an ever-changing extracellular environment, the
intermediate filament network is dynamic and shows continuous remodeling and filament
turnover without failure and disruption of the cytoskeletal network (Windoffer, Beil, Magin, &

Leube, 2011).
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Figure 1.5: Intermediate filament assembly. Image from Becker's World of the Cell, 8th edition (Hardin,
Bertoni, & Kleinsmith, 2017).
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1.3.3 Microtubules

Microtubules are the stiffest of the three cytoskeletal proteins (Fletcher & Mullins, 2010). Several
heterodimer blocks of a- and B-tubulin are forming a hollow microtubule tube of 15-25 nm
diameter and a length of 10-100 um. They exhibit essential roles in the stability and integrity of
cells, intracellular trafficking, and cell division. In contrast to intermediate filaments, actin and
tubulin can adapt dynamically within seconds after a mechanical signal is present (Ambriz et al.,
2018). Although microtubules are regarded as the stiffest cytoskeletal filament, microtubules
have very dynamic assembly and disassembly kinetics, also known as ‘dynamic instability’
(Kapitein & Hoogenraad, 2015). In vitro, microtubules are polar with a fast-growing plus-end and
a slow-growing minus-end (Figure 1.6). In vivo, the plus end displays rapid growth and shortening
and therefore explores the cellular space, while the minus end is often linked to a microtubule-
organizing center and, therefore, non-dynamic (Akhmanova & Hoogenraad, 2015). The plus end
assembly or disassembly can be influenced by binding of microtubule adaptor proteins such as
motor proteins (Bringmann et al., 2004), post-transcriptional modifications (Magiera & Janke,
2014), microtubule-associated proteins, and plus-end tracking proteins (Kevenaar & Hoogenraad,
2015). The latter are proteins that are recruited to and follow the growing tips of growing
microtubules (Jennetta W. Hammond, Cai, & Verhey, 2008). Several post-transcriptional
modifications influence function and stability of microtubules (Jennetta W. Hammond et al.,
2008). Such modifications are accumulated on stable microtubule structures, as mostly they occur
on polymerized tubulin and not on single tubulin units. Tyrosinated microtubules in neurons are
involved in neuronal extension and recruitment of plus-end tracking proteins. In contrast,
acetylated microtubules are mostly found in stabilized microtubules and are involved in motor-
based trafficking (Jennetta W. Hammond et al., 2008). For example, acetylation of tubulin can
trigger the localization of motor proteins, such as kinesin-1 to microtubule filaments (J. W.

Hammond et al., 2010).
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Figure 1.6: Microtubules structure and dynamics (Lasser, Tiber, & Lowery, 2018).

The three major cytoskeletal filament networks are involved in mechanical stability and diverse
cellular functions. Although the three cytoskeletal elements are made of distinct proteins, they
are in constant communication and interaction with each other. The presence of adaptor proteins
enables crosstalk between the three main components of the cytoskeleton. One of them is
plectin, exhibiting unique cytoskeletal linker abilities as it can interact with a variety of
cytoskeletal structures such as microfilaments, intermediate filaments, and microtubules and is

essential for the positioning and organization of the cytoskeleton (Wiche, 1998).

1.4 The influence of cyclic mechanical deformations on mammalian

cells

Mechanotransduction can induce cytoskeletal adaptatio