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1. Summary
Ageing is a central aspect of life itself. Even after extensive research during the last decades,
little is known about this highly complex biological process. In conclusion, the achievement
of scientific milestones such as an increased healthspan or the retaining of cognitive functions is still in distant future. Another aspect poorly understood in terms of biochemical
signalling pathways is the communication via mechanical cues also termed mechanosensing
and -transduction. Both aspects, neuronal ageing and mechanosensing in neuronal cells will
be addressed and connected in this thesis.
As central aspect, first we present an in vitro model optimised for long-term culturing conditions to define hallmarks of neuronal ageing in more detail. Known as one central hallmark
of ageing from mammalian and human research, the focus of investigations was set on the
control of proteostasis. With different experimental approaches such as immunocytochemistry, western blotting, FUNCAT and BONCAT, we showed that protein translation and
-degradation is indeed decreased in aged neuronal cells, ultimately leading to the formation
of protein aggregates. These protein aggregates formed in aged neurons were successfully
resolved by applying the polyamine Spermidine. The ability of Spermidine to restore translational capacities to juvenile levels was functionally linked to activation of the translational
regulator elF5A. In the next part, we introduced a new hallmark of the neuronal ageing
process: the sensation of mechanical signals and the integration of mechanical cues into biochemical pathways. This thesis underlines that polyacrylamide gels with defined stiffness
are a suitable cell culture system to investigate the impact of mechanical cues on neuronal
morphology and protein translation. We stated that soft substrates, presenting a stiffness
comparable to juvenile brain tissue, promote dendritic complexity and synapse maturation
during early development. Further, protein synthesis and spontaneous Ca2+ transients were
enhanced on soft substrates most likely connected to activation of the mechanosensor Piezo1. A proteome analysis provides a detailed list of proteins regulated by substrate stiffness
during early development mainly from the family of cytoskeleton regulators. This list of
differently regulated proteins is a promising starting point for future investigations. Finally,
we proved that stiffness regulated substrates are suited also for the growth of long-term neuronal cultures and that soft environment prevented the formation of protein aggregates in
aged neurons in vitro.
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Zusammenfassung
Leben bedeutet auch Altern. Und trotz intensiver Forschung in den letzten Jahrzehnten
bleiben viele Aspekte dieses komplexen biologischen Prozesses weiterhin unaufgeklärt. Erstrebenswerte wissenschaftliche Errungenschaften, wie die Verlängerung der Anzahl gesunder
Lebensjahre oder die Aufrechterhaltung kognitiver Leistungen, basierend auf der biochemischen Forschung, sind bisher ausgeblieben.
Ein weiterer Bereich, der in Bezug auf biochemische Signalwege wenig erforscht ist, ist
die Fähigkeit von Zellen durch mechanische Reize zu kommunizieren, auch "mechanosensing"
oder "mechanotransduction" genannt. Beide Aspekte, das Altern von neuronalen Zellen und
die Kommunikation mittels mechanischer Reize, werden in dieser Arbeit untersucht und thematisch verbunden.
Als zentraler Ausgangspunkt wurde ein für das Überleben von Langzeit-Zellkulturen optimiertes Zellkultursystem entwickelt, um Merkmale von neuronalem Altern umfangreich
zu beschreiben. Wissenschaftliche Arbeiten in diversen Modellorganismen haben gezeigt,
dass ein entscheidendes Kennzeichen des Alterungsprozesses die fehlgeschlagene Kontrolle
von Proteindynamiken ist. Mit verschiedenen experimentellen Herangehensweisen wie Immunfärbungen, Western Blot, FUNCAT und BONCAT wurde in dieser Arbeit gezeigt, das
Proteinsynthese und Proteinabbau tatsächlich in gealterten neuronalen Zellen verlangsamt
sind, was letzendlich zur Bildung von Proteinaggregaten beiträgt. Diese Proteinaggregate
konnten erfolgreich durch die Applikation des Polyamines Spermindine aufgelöst werden.
Die Fähigkeit von Spermidine Proteintranslation "zu verjüngen" wurde funktionell mit der
Aktivierung des Translationsregulators eIF5A in Verbindung gebracht.
Im nächsten Abschnitt dieser Arbeit wird ein neues Kennzeichen von neuronalem Altern
vorgestellt: das Wahrnehmen von mechanischen Reizen und die Integration dieser in biochemische Signalwege. Wir bestätigen, dass Polyacrylamide Gele, die eine definierte Steifheit
im Zellkultursystem präsentieren, geeigent sind, um den Einfluss von mechanischen Reizen
auf Zellmorphologie und Proteintranslation zu untersuchen. Es wurde gezeigt, dass weichere
Substrate mit einer Beschaffenheit vergleichbar mit jungem Hirngewebe, die Ausbildung von
Dendriten und Synapsenreifung begünstigen. Weiterhin wurde beschrieben, dass spontane
Ca2+ Signale und Proteinsynthese erhöht sind, wenn Zellen auf weichen Substraten wuchsen,
was vermutlichen im Zusammenhang mit der Aktivierung des Mechanosensors Piezo-1 steht.
Eine Proteomeanalyse stellte eine detailierte Zusammenstellung an Proteinen bereit, die
durch den Einfluss von mechanischen Reizen in ihrer Expression reguliert werden.

Ein

Grossteil dieser Proteine stammt aus der Familie der Zytoskelett-Regulatoren und bildet einen

2

CHAPTER 1. SUMMARY
vielversprechenden Ausgangspunkt für weitere Experimente. Abschliessend wurde gezeigt,
dass Polyacrylamide Gele mit definierter Steifheit auch für Langzeit-Zellkulturen geeignet
sind und dass auf weicherem Untergrund weniger Proteinaggregate in alternden Neuronen
gebildet werden.

3

2. Introduction
2.1. Hallmarks of ageing
Ageing is a complex process with high variability between individuals. Despite being an
inevitable part of life, it remains a poorly understood process with respect to its molecular
mechanisms.
The science behind ageing has evolved from the treasure hunt for the legendary "fountain of
youth" to one of the most delicate research fields [López-Otín et al., 2013]. Thus far, no single
theory adequately explains ageing; each theory most likely highlights some fundamental aspect of its complex nature. Today, ageing and age-related diseases are a major challenge both
for the individual and for society [Cutler and Mattson, 2006]. Given that ageing is known
to be one primary risk factor for cardiovascular diseases, diabetes, cancer, and cognitive degeneration, these challenges (both financial and personal) are likely to increase as more of us
are predicted to reach the age of 90 by 2030 [Kontis et al., 2017]. Therefore, learning more
about the ageing process will be crucial to improve health care both for the existing elderly
population and for our future selves. The idea of an increased health span led to attempts
to identify features and intervention strategies to promote successful ageing. The concept of
successful ageing depends on three central elements: low probability of disease, high cognitive
paired with physical functionality, and active engagement in life [Rowe and Kahn, 1998].
Much research has attempted to answer two fundamental questions: 1) how does a person with healthy brain function differ from those facing early cognitive decline? 2) are there
differences in genetics, or do external factors such as nutrition or physical activity play a role?
The ageing research has made remarkable progress in recent years leading to the finding
that genetic pathways and biochemical signalling can control the rate of ageing. However,
the major human pathologies related to older age remain far from being understood in depth
or even cured. For example, over a hundred clinical trials have been conducted in the search
for therapeutic intervention for Alzheimer’s diseases, but no compound with an actual therapeutic profile was found [Schneider et al., 2014].
For future studies, the known hallmarks of ageing such as DNA damage, telomere loss,
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epigenetic drift and defective proteostasis need to be studied with integrative paradigms to
face the complex structure of the ageing process.
In this thesis, I will set the focus on the control of proteostasis in ageing neuronal cells.
Additionally, I will introduce and define a new hallmark of the ageing process: the sensing
and conduction of mechanical signals in neuronal cells.

2.1.1. Why do we age? Cellular theories of ageing
So far, no single, unifying theory of ageing has been proposed that explains the multifaceted
aspects an ageing organism faces. With this in mind, the theories of ageing presented here
should be viewed in connection to each other and continuously updated with new research
findings.
The historically important Telomere Loss Theory explains ageing by the limited capacity
of cells to replicate. Cellular senescence was thought to be a result of the shortening of
the chromosomal telomers [Hayflick and Moorhead, 1961], [Castorina et al., 2015]. Whether
telomere length is related to longevity is still under debate; mice with high telomerase activity
have a high cancer rate and do not live longer [de Magalhães and Toussaint, 2004], suggesting
that telomerase, the enzyme elongating telomers, may not be a suitable anti-ageing target.
Another group reported that overexpression of the telomerase gene has led to an increased
lifespan around 24 % in mice [Bernardes de Jesus et al., 2012].
The Somatic Mutation Theory couples the rate of ageing to mutations in somatic DNA
[Promislow, 1994].

The theory correlates above-average rates of DNA repair with the

longevity observed in many long-lived organisms such as the rock fish (140 years), the sturgeon (150 years) and the ocean quahog (220 years) [Finch and Austad, 2001]. On the other
hand, mutations causing dysfunctional DNA repair enzymes give rise to phenotypes with
accelerated ageing. The spectrum of genetic mutations leading to accelerated ageing is of
diverse nature, again highlighting the complexity of ageing but also revealing signalling pathways involved in the regulation of the ageing process. One example of accelerated ageing is
the Hutchinson-Gilford progeria syndrome mainly caused by point mutations in the nuclear
lamina A protein [Ahmed et al., 2018]. Another condition termed Werner syndrome shows
signs of early ageing manifesting during young adolescence and is induced by mutations in a
specific ATP-dependent helicase [Lebel and Monnat, 2018]. For both diseases and also for a
variety of other conditions causing accelerated ageing, mouse models are available to investigate the ageing process in more detail [Kõks et al., 2016].
The Mitochondrial Theory states that ageing results from functionally impaired mitochondria that give rise to reactive oxygen species (ROS). ROS are extremely harmful to cellular
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macromolecules such as DNA, proteins, and lipids [Wallace, 1999]. In addition, with age
mutations occur in the mitochondrial DNA (mtDNA) leading to disrupted ATP production and ultimately to a decline in cellular energy levels. Comparing mitochondria isolated
from aged rats to those from young rats, showed enhanced ROS production, mitochondrial
swelling, and reduced buffering capacities of voltage-gated Ca2+ influx [Brown et al., 2004],
[Murchison et al., 2004] in the older population.
The last theory of ageing explained here is The Altered Proteins or Waste Accumulation
Theories [Cook et al., 2009]. Since my thesis is mainly built on this theory I will give a broad
overview and highlight more details in the next section.

Figure 2.1.: Connecting the Theories of Ageing
In neuronal ageing, different pathological processes are interconnected. Reduced mitochondrial functions and deficits in protein turnover were described as changes occurring early on. Additionally, a
reduction in synaptic plasticity and altered Ca2+ homoeostasis lead to neuronal vulnerability. Adapted
from: [Yankner et al., 2008]

2.1.2. Neurons and synapses are vulnerable to age-related processes
Early studies proposed a mechanism whereby massive neuronal loss in cortical and hippocampal areas during ageing results in cognitive decline [Brody, 1955], [Scheibel et al., 1976]. With
the help of advanced methods and equipment, this theory was proven to be a misunderstanding in the mid 2000’s [Burke and Barnes, 2006]. Today, the decline in cognitive brain
function during ageing is described by unstable synapses [Grillo et al., 2013]. The cortical synapse appears particularly vulnerable to ageing, explained by the complex synaptic architecture and extensive synaptic plasticity in this brain area [Moore et al., 2006],
[Lyons-Warren et al., 2004]. It has been postulated that synapses appear less stable with
age, determined by an observable change in remodelling and bouton loss. Modern electron
microscopy revealed a striking loss of up to 30 % cortical synapses in area 46 in aged pri-
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mates [Peters et al., 2008], whereas glutamatergic axospinous synapses are most vulnerable
and lost as the major group [Dumitriu et al., 2010]. GABAergic synapse function has also
been studied extensively in the context of ageing. In general, the GABAergic system appears
to have reduced inhibition in an aged rodent model, whereas in the prefrontal cortex inhibition increases with age [Potier et al., 2006], [Bories et al., 2013].
Electrophysiological studies explained age-related memory-loss with a non-precise longterm potentiation LTP not restricted to the activated synapses [Ris and Godaux, 2007]. Additionally, brain ageing is thought to be accompanied by a shift towards decreased synaptic
transmission, proposed to begin at mid-age [Rex et al., 2005]. To explore synaptic ageing in
more detail and eventually find connections to reduced cognitive performance inside synaptic
networks, current paradigms need to be studied together rather than separately.

2.2. Finding the right balance - Protein homoeostasis in the
ageing brain
Several observations from more simple model organisms such as C. elegans and D. melanogaster
have established the hypothesis that protein synthesis and protein degradation are impaired
in aged organisms [Syntichaki et al., 2007], [Chiocchetti et al., 2007],
[Hussain and Ramaiah, 2007].
Furthermore, irreversible modifications caused by free radicals can damage proteins in various ways, such as the formation of carbonyl groups or unphysiological glycosylation pattern
[Baynes, 2001]. Whilst protein turnover capacities differ between cell types and are tissue
or organ specific, the trend towards an impaired protein homoeostasis holds true for almost
every probe examined during ageing.
Protein repair has its limits and continuous renewal of intracellular proteins is vital. During their lifetime, proteins are physically challenged by folding in a crowded environment,
refolding, post-translational modifications, and protein-protein interactions. The imbalance
between protein synthesis and degradation of dysfunctional proteins leads to the formation
of toxic protein aggregates [Koga et al., 2011] (see Fig. 2.2). Metabolic stress situations in
neurons can lead to the formation of proteotoxic aggregates resulting from high intracellular
protein concentrations [Zhou et al., 2008]. Aggregation of specific proteins is known to be
a major contributor to age-related pathologies such as Alzheimer’s-, Parkinson’s- or Huntington’s disease [Balch et al., 2008]. In addition to neurodegeneration, there is increasing
evidence that defective protein homoeostasis is linked to other age-related diseases including
type-2 diabetes, cancer, and cardiovascular disease [Balch et al., 2008].
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Cells have several mechanisms to handle damaged or unfolded proteins. The main cellular protein degradation pathway occurs via the ubiquitin-proteasome [Bard et al., 2018] and
the autophagy-lysosomal system [Kulkarni et al., 2018], [Nakamura and Yoshimori, 2018].
Both degradation systems are known to be deregulated during ageing: proteasomal activity was shown to be reduced in aged human dermal fibroblasts [Hwang et al., 2007] and in
D. melanogaster, where this was correlated with a 50 % reduction in ATP levels
[Vernace et al., 2007].
In addition, genetic studies have associated increased autophagy-lysosomal system activity with longevity [Meléndez et al., 2003], [Tóth et al., 2008]. Pharmacological inducers
of autophagy, like the mTOR inhibitor Rapamycin, are of great interest since this compound was shown to increase lifespan in mid-aged mice up to 35 % [Blagosklonny, 2011],
[Harrison et al., 2009]. The polyamine Spermidine is another macroautophagy inducer and
can increase life span in C. elegans and D. melanogaster besides various other rejuvenation
effects [Eisenberg et al., 2009], [Oliverio et al., 2014], [Gupta et al., 2013]. Since polyamines
such as Spermidine can by its nature interact with a huge variety of molecules it is rather
difficult to pin down the exact signalling actions leading to the described rejuvenation effects.

Figure 2.2.: Proteostasis determinants in the ageing brain
Different obstacles such as heat shock, ER stress or oxidative stress impair proper protein folding.
Heat-shock proteins (HSP) can refold proteins, or unfolded proteins can be labelled for degradation
by the lysosome or the ubiquitin-proteasome pathway. During ageing, unfolded proteins accumulate
and aggregate, leading to cytotoxic side effects. Image adapted from: [López-Otín et al., 2013]

Other studies showed that Spermidine also has the potential to reduce inflammation and re-
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juvenate lipid metabolism and cell proliferation via central regulation of the MAPK pathway.
Additionally, over the last decades, experimental studies investigated the effects of Spermidine
on NMDA receptor regulation. So far, results are inconsistent with some studies claiming that
Spermidine activates NMDA receptors [Marvizón and Baudry, 1993], [McGurk et al., 1990]
while other researchers showed that Spermidine actually blocks this receptor type
[Araneda et al., 1999], [Rock and MacDonald, 1992].
From these observations, the question arises whether the ageing process is simply caused
by a global collapse in protein homoeostasis. More and more studies point towards the idea
that only specific proteins are affected by ageing, and that manipulating certain signalling
transduction pathways could control this collapse. However, it remains uncertain whether
reduced protein turnover is a consequence of the ageing process (for example, as an adaptation to reduced energy metabolism), or is a risk factor leading to senescence.

Studies designed to investigate how the rate of ageing is regulated by internal signalling
networks and whether it is, therefore, open for manipulation [Kenyon, 2005] have attempted
to answer this question. One of the first pathways investigated in relation to longevity
was the insulin-like growth factor-1 (IGF-1) signalling pathway and its downstream effector
mammalian target of Rapamycin (mTOR) [Wullschleger et al., 2006] [Sarbassov et al., 2005].
Through different downstream targets, mTOR controls protein homoeostasis, in particular,
protein synthesis. In a variety of model organisms, a reduction in mTOR signalling is associated with an extended lifespan, presumably due to better protein quality control
[Kapahi et al., 2010] although this idea remains under debate. In contrast, upregulation of
mTOR signalling appears to be beneficial in neurodegenerative disorders
[Reiling and Sabatini, 2008], [Ozcan et al., 2008].
The main interaction partners of mTOR through which it acts to regulate protein translation are the eukaryotic initiation factor 4E (eIF4E) and its repressor eIF4E-binding protein
(4E-BP), eukaryotic elongation factor 2 (eEF2), and the S6 kinase (S6K) and its target ribosomal protein S6 [Dowling et al., 2010] (for details see Fig. 2.3).

In Alzheimer’s brain samples, remarkable changes in mTOR and S6 kinase pathways suggest there is an imbalance in protein synthesis capacities [Li et al., 2005]. However, changes
in mTOR signalling have not been studied in the ageing of a healthy brain in any great
detail. Another translational regulator associated with ageing is the eukaryotic translation
initiation factor 5A (eIF5A), which is unique in that is has the unusual amino acid residue
hypusine formed as a posttranslational modification [Chen and Liu, 1997]. Loss of eIF5A
function has been described in ageing Purkinje cells [Luchessi et al., 2008] and is associated
with ribosomal stalling during translation [Gutierrez et al., 2013].
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Figure 2.3.: mTor and eEF2 as central regulators of protein translation
(A) Activation of NMDA receptors leads to Ca2+ efflux and, together with the co-agonist calmodulin
(CaM), activation of elongation factor 2 kinase (eEF2K). This leads to increased phosphorylation
(here: inhibition) of the elongation factor 2 (eEF2) and a reduction in overall protein translation
rates. (B) eEF2K can also be phosphorylated by protein kinase A (PKA) leading to enhanced activity.
Again, eEF2K inhibits eEF2 by phosphorylation resulting in reduced cap-dependent translation, but
also in enhanced translation of other proteins such as Arc, BDNF, and CAMKII (C) New insights
show that mTOR can regulate eEF2 phosphorylation by phosphorylation of S6K1. This results in
reduced eEF2K activity by phosphorylation (at a different site than that phosphorylated by PKA)
and decreased phospho-eEF2 levels. This results in increased rates of elongation. Figure adapted
from: [Taha et al., 2013].

In summary, the evidence is still increasing that protein translation and -degradation are
essential for cellular survival and that during ageing more and more defective signal regulation occurs. Since the control of protein, dynamics is highly complex and some details still
remain unknown a therapeutic approach focusing on rejuvenating cells by reprogramming
translational capacities has not been developed so far. Interestingly, one recent study showed
that health benefits seen in physically active seniors are mainly due to enhanced levels of
protein translation [Robinson et al., 2017], highlighting the significance to connect the two
research topics: ageing and translational regulation.

2.2.1. Techniques to monitor protein homoeostasis
In general, global deficits in protein homoeostasis have been described for aged cells. Every
cell type relies on stable and functional proteomes and a robust quality control mechanism
is essential to prevent the formation of protein aggregates.
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Figure 2.4.: Toolbox to study protein homoeostasis
(A) Bio-orthogonal labelling is based on the ability of the methionyl-tRNA synthetase to incorporate Azidohomoalanine (AHA) instead of Methionine into the nascent polypeptide chain. (B) AHAlabelled proteins can be lysed and analysed using Mass Spectrometry or tagged with a Biotin-tag
and further purified or analysed by Western Blotting. In a cellular network, AHA-labelled proteins can be visualised using a fluorescent tag and imaged with basic microscopy. Images adapted
from: [Müller et al., 2015], [Ullrich et al., 2014] (C) The antibiotic Puromycin functions as an analogue of aminoacyl tRNAs, and is incorporated into the C-terminal end of a nascent peptide
chain producing a termination of the translational process. In this manner, Puromycin functions
as a tag for newly synthesized proteins and can be visualised with an anti-Puromycin antibody.
This labelling technique is termed "Surface sensing of translation" (SUnSET). Image adapted from:
[Goodman and Hornberger, 2013] (D) Graphic illustration comparing the protein labelling approach
SUnSET and FUNCAT. SUnSET is based on Puromycin incorporation and visualisation by antibody
binding, whereas in FUNCAT the non-canonical amino acid AHA is incorporated and visualized by
"click reaction" and subsequent immunostaining. Both techniques have different advantages: high
speed for puromycin labelling and longer time labelling for FUNCAT thus resulting in functional,
non-terminated proteins. Images adapted from: [Iwasaki and Ingolia, 2017]

To study cellular proteomes in more detail, a variety of different labelling approaches have
been used including isotope-coded affinity tags [Gygi et al., 1999], isobaric tags for relative
and absolute quantification [Ross et al., 2004], or stable isotope labelling by amino acids in
cell culture [Andersen et al., 2005].
In this thesis I will use non-canonical amino acids such as azidohomoalanine (AHA) in combination with click chemistry to describe age-related changes in protein synthesis and degradation [Link et al., 2003], [Beatty et al., 2006], [Dieterich et al., 2006], [Dieterich et al., 2010]
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(see Fig. 2.4, A, B). In short, the non-canonical amino acid azidohomoalanine (AHA) is incorporation in the nascent peptide chain instead of methionine and can, later on, be detected
by conjugating with a specific tag (fluorescent particle or biotin) via copper-based catalyzed
azid-alkyne cycloaddition also termed click reaction [Nwe and Brechbiel, 2009]. With this
methodology, protein turnover can be assessed for the cell soma or even specialized compartments like the synapse.
Another concept to study translational capacities is termed "Surface sensing of translation"
(SUnSET) utilizing the antibiotic and translational inhibitor Puromycin [Nathans, 1964] (Fig.
2.4, C, D). As an analogue of aminoacyl tRNAs, Puromycin is added to the nascent peptide chain and terminates elongation. Thereby a shorter, truncated protein is released from
the ribosome, which is puromycylated. The Puromycin-tag is subsequently used to identify
newly synthesized proteins. Here, a specific anti-Puromycin antibody is incubated during
immunocytochemistry (see 3.2.2.11) and detected by fluorescence microscopy. The staining
intensity correlates with translational activity at a given time point.

2.3. Understanding mechanotransduction and mechanosensing in
neuronal cells
It is generally believed that neuronal cells respond to a multitude of chemical and electrical
cues [Lovinger, 2008]. Research of the last decades has identified a variety of chemical signalling pathways regulating gene expression and translation. Nevertheless, the evidence is
increasing that communication strategies of neuronal cells are even more complex and that
neuronal cells are able to share information by sending and responding to mechanical cues.
This phenomenon is intensively investigated in the rather young field termed "neuromechanics".
In the field of neuromechanics, cells are considered as viscoelastic material and their
response to forces can be determined as solid-like or fluid-like material with a frequencydependent response. In addition to this, there is increasing evidence that neuronal cells also
respond to mechanical cues [Flanagan et al., 2002], [Bernick et al., 2011], [Lu et al., 2006].
However, the mechanism of how individual cells can sense these mechanical signals and translate them into changes in intracellular biochemistry and gene expression, a process termed
mechanotransduction, remains unclear. In more detail, the process of mechanotransduction
is defined by three phases: signal transduction, signal propagation, and finally a cellular
response. The mechanisms underlying mechanotransduction are of scientific interest since
mechanical based signal propagation is thought to be six orders of magnitude faster than
chemical diffusion or receptor-based signal transfer [Wang et al., 2009]. The translation of
external mechanical forces into a biochemical signal includes force transmission, mechanosensing, transduction, and signalling transmission and each step is executed by a high number of
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molecular components, many of them still being unknown.
Research focusing on mechanotransduction has expanded our view on cellular communication and it has been shown that mechanical forces are able to regulate cellular properties such as morphology [Brunetti et al., 2010], [Blumenthal et al., 2014], differentiation
[Georges et al., 2006], [Young and Engler, 2011], and gene expression [Wang et al., 2009].

Figure 2.5.: Mechanical properties of brain tissue and how to mimic brain stiffness with polyacrylamide gels
(A) Non-linear apparent elastic modulus measured with atomic force microscopy (AFM) describing
different degrees of brain stiffness in cortical and hippocampal regions at time point P10 in rats. (B)
AFM measurements were repeated for mature animals. The elastic modulus increases as brain tissue
mature. (C) Graph summarizing the increasing brain stiffness from P10 to adulthood. Note that
the stiffening process is more prominent in cortical regions. (D) Manufacturing polyacrylamide gels:
Glass coverslips are activated and acrylamide is polymerized on top. Gels are coated with Laminin
and Poly-D-Lysine to ensure optimal conditions for neuronal cell seeding. Images adapted from:
[Elkin et al., 2010] (A - C) and [Fischer et al., 2012] (D).

Advances in technology over the past 15 years have enabled scientists to measure several
mechanical properties [Pravincumar et al., 2012], [Kirmizis and Logothetidis, 2010],
[Celedon et al., 2011], including global and local viscoelastic properties, the cellular response
to externally applied forced or growth cone motility. This thesis focuses on substrate elasticity
and mechanosensing - the capacity of neuronal cells to actively measure the stiffness of their
surroundings and to respond to this information. These two aspects of mechanosignalling were
chosen since especially neuronal cells are challenged by changes in their environmental stiffness
during their lifetime and secondly because methodological advances now allow combining
neuronal cell biology and non-toxic stiffness regulated cell culture substrates.
In mechanics, the elasticity of a substrate is defined as the resistance of a material to deformation by an applied force [Buxboim et al., 2010]. The ratio of stress to strain is defined
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by a modulus and describes the stiffness of a given material. For most biological substances,
such as tissues or cells, the response to mechanical stress is in part elastic and viscous, defining biological samples as viscoelastic [Burstein and Frankel, 1968]. In particular, brain tissue
has complex viscoelastic properties and is one of the softest tissues in the body. Different
studies focusing on brain stiffness reported an elastic modulus ranging from 0.04 kPa to 20
kPa, with variations arising from the study design and methods of measurement. In order
to compare these different elastic moduli, they were remodelled to low-strain shear moduli
and plotted in relation to the time-scale by which the stiffness was measured. To summarize,
brain regions differ in their elastic modulus: cortical regions appear to be between 0.15 and
0.5 kPa [Moeendarbary et al., 2017] compared to an elastic modulus of over 2 kPa in the
hippocampus (see Fig. 2.5 A - C).
The response to viscoelastic properties is cell-type specific and seems to occur in defined
patterns correlated to the native surrounding of a cell [Yeung et al., 2005], [Koser et al., 2016].
To allow proper signal transduction and ultimately brain function, neuronal cells have to be
in contact with each other [Garzón-Muvdi and Quiñones-Hinojosa, 2009]. Physical contact
is initiated by neurite outgrow - a highly regulated process. Several studies have examined
the effects of substrate stiffness on neurite formation and outgrowth in primary neuronal cultures. It appears that primary neurons prefer softer substrates that more closely mimic the
native elastic properties found throughout development, forming more neurites and branches
on such substrates [Flanagan et al., 2002], [Balgude et al., 2001]. In contrast, astrocytes increase their growth area and overall complexity on stiffer substrates. In general, glia cells are
stated to be more compliant compared to neurons [Lu et al., 2006].
Axonal stiffness can also vary between different cell types such as dorsal root ganglion
cells and cortical neurons [Dennerll et al., 1989], [Chada et al., 1997], whereas cortical neurons have an elastic modulus ranging from 0.1 - 2 kPa with an average at 0.2 kPa and root
ganglion cells appear stiffer with a average elastic modulus of 0.9 kPa [Spedden et al., 2012],
[Athamneh and Suter, 2015]. Even dendritic spines show a broad variation in their viscoelastic properties based on the density of soluble proteins they are containing. An underlying pattern was described correlating dendritic stiffness with morphological features and the ability
to be stimulated by glutamatergic signalling [Smith et al., 2007], [Chen and Sabatini, 2012].

2.3.1. Synaptogenesis and mechanical signalling
Neuronal cells are highly sophisticated in their communication strategies and use trillions
of synapses to enable sufficient information transfer between cells. Synapses are specialized
structures built of a dense network of proteins compartmentalized into the presynapse, synaptic cleft and postsynapse [Laßek et al., 2015], [Rosenmund et al., 2003]. During development,
the process of neuronal differentiation is tightly coupled to initial synapse formation. The
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release of neurotransmitters has been studied in great detail and revealed an orchestrated
chemical signalling cascade [Südhof, 2013], [Kavalali, 2015].
Very recently, studies have indicated mechano-chemical crosstalk occurring at the synapse.
A large amount of energy is needed to induce curvature of the vesicular membrane
[Sackmann, 1994], [Rangamani et al., 2014], [Jarsch et al., 2016]. Considering this theoretical perspective, substantial mechanical forces must be developed to form and release vesicles.
So far, testing this hypothesis in vivo has proven to be challenging, since the process is executed in a matter of milliseconds. Today, integrated theoretical models are used to better
understand the mechano-chemical feedback loop during vesicle formation [Liu et al., 2010].
Another approach is to study the neuromuscular presynaptic terminal in embryonic
Drosophila. Here, it was shown that clustering and release of neurotransmitters at the
synaptic cleft are associated with membrane tension inside the axon [Siechen et al., 2009].
Consequently, the correct assembly of all protein partners at the synapse is not sufficient to trigger signalling - axonal tension is also needed. The tension itself is thought
to be produced by the actomyosin machinery, in which myosin is in parallel contact
with F-Actin [Heinrich and Sackmann, 2006].
[Chen and Grinnell, 1995] or

Ca2+

Cell adhesion molecules such as integrins

influx through stretch-sensitive ion channels

[Glogauer et al., 1997], is thought to convert force into a biochemical signal. The linking
role of Ca2+ influx between chemical- and mechanical signalling will be investigated in more
detail in this thesis.

2.3.2. The mechanosensor Piezo-1
How do neuronal cells sense mechanical cues? There are several potential candidates, with
mechano-sensitive ion channels being one prominent example. Having one of the highest
turnover rates [O’Leary et al., 2013], mechano-sensitive ion channels enable a rapid cellular
response. In this study, I am particularly interested in the mechanosensor Piezo-1. The evolutionarily conserved family of Piezo proteins was recently discovered [Coste et al., 2010] and
since then it has been demonstrated that Piezo proteins play an essential role in a multitude
of mechanical signalling processes including gentle touch sensation [Ranade et al., 2014b] and
vascular development [Li et al., 2014]. Further, Piezo-1 has been described to regulate cell
migration and differentiation in the nervous system, highlighting the importance of mechanotransduction during brain development and maturation [Pathak et al., 2014].
With approximately 2,500 amino acids and 24 transmembrane regions, Piezo-1 is a huge
transmembrane protein, which assembles into a tetramer with no other proteins needed for
its full activation state. This structural complexity, and an absence of sequence homology
with any other known classes of ion channels makes Piezo-1 a challenging protein to study.
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Very recently, the architecture, gating mechanism and central ion-conducting pore of mammalian Piezo-1 channels were described [Zhao et al., 2016], [Xu, 2016], [Ge et al., 2015]. For
pharmacological manipulation of Piezo-1, two compounds are commercially available so far.
The first is the unspecific extracellular inhibitor peptide GsMTx4, which inhibits Piezo-1
[Bae et al., 2011] but also various other mechanical- sensitive and stretch-activated channels
such as NaV1.7 channel or TRCP1 [Gnanasambandam et al., 2017]. Interestingly, GsMTx4 is
a naturally occurring compound extracted from spider venom [Chen and Chung, 2013]. The
second is the chemical activator Yoda-1 [Syeda et al., 2015] especially designed for specific
Piezo-1 interaction.

2.3.3. Mechanotransduction in ageing and disease
A myriad of studies has shown that changes in stiffness within a cellular microdomain can
interfere with physiological functions [Ingber, 2003]. One prominent example where the
mechanical properties of the brain tissue undergo changes is indeed during the process of
ageing, where the stiffness of the neuronal tissue increases with age [Gefen et al., 2003],
[Sack et al., 2009], [Elkin et al., 2010]. Why brain stiffness is higher in aged tissue is not
known. The link between mechanobiology and ageing has been better characterised in other
tissue and age-dependent mechanical changes in cellular microenvironments are associated
with impaired wound healing [Guo and Dipietro, 2010], cancer progression [Gilkes et al., 2014],
and cardiovascular disease [López-Otín et al., 2013]. Despite this, the connection between
neuronal ageing and mechanosignalling has not been investigated in detail; fMRI and AFM
studies reflect global changes in brain mechanics, but cellular heterogeneity cannot be taken
into account.
Besides global stiffening, the aged brain also has to deal with mechanosensory disturbances arising from protein aggregates and fibrils. Technical advances in nano-mechanics
enabled the measurement of the mechanical parameters of alpha-synuclein, revealing an elastic modulus within the range of 1.3 to 2.1 GPa [Sweers et al., 2011]. Another protein prone
to aggregate in neurodegenerative diseases is beta-amyloid [Condello and Stöehr, 2018]. For
structural biologists, amyloids are appealing biopolymers that are made up of non- covalently bound aggregates of misfolded polypeptides, resulting in insoluble protein aggregates
[vandenAkker et al., 2011]. Welland and his group showed that amyloid fibrils have an elastic modulus ranging from 2 to 14 GPa, predominantly defined by intermolecular interactions
[Knowles et al., 2007], [Paparcone et al., 2010]. It is easy to imagine that these extremely
stiff fibrils lead to local perturbations in mechanosensing and -transduction. It is of great
interest to further illustrate the intracellular signalling pathways related to this and integrate
these finding with the common understanding of neurodegenerative diseases.
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2.4. Ageing in a dish - Stiffness controlled substrates as a model
for cellular brain ageing
In ageing and degenerative research, mainly less complex model organisms have been used
in most experimental studies. One advantage of this strategy is that it is more convenient
to investigate the multifaceted and long ranging ageing process in a less complicated model
and additionally D. melanogaster and C. elegans already show an aged phenotype after
20 days of adulthood [Piper and Partridge, 2016], [Talboom et al., 2015]. Nevertheless, the
signalling pathways found to regulate the ageing process in these model organisms have
to be transferred to the mammalian system. Here, in vitro models such as primary cell
culture preparations are an elegant way to investigate signalling cascades in more details.
Further, primary cell cultures can be manipulated efficiently either by pharmacological or genetic tools and subsequent analysis can be run a rather short time range [Lopes et al., 2017],
[Hollenbeck and Bamburg, 2003], [Oberpichler-Schwenk and Krieglstein, 1994].
To examine the potential relation between brain stiffening and cognitive decline during ageing in a cell culture model, stiffness controlled substrates can be used [Moshayedi et al., 2010],
[Fischer et al., 2012].

Studies focusing on neuronal cell types worked with three main

synthetic materials: poly(ethylene glycol) (PEG)-based hydrogels, poly(dimethyl siloxane)
(PDMS) or polyacrylamide gels [Nemir and West, 2010]. In this study, I used polyacrylamide
(PAA) gels that can be altered in their stiffness by changing the degree of cross-linkers in the
gel [Pelham and Wang, 1997], while defining constant chemical properties for all substrates.
The porosity of polyacrylamide also makes it practical for cell growth (see Fig. 2.5, D). In
general, the pore sizes of the PAA gels are compatible with cell growth: measurements of
the nanotopic surface structure revealed that the pore size is ranging from 15 nm to 5.8 nm
when the gel stiffness is raised from 2 kPA to 10 kPa [Yang et al., 2017].
PAA gels were manufactured in the lower and upper range of in vivo brain stiffness (0.1
kPa, 1 kPa and 10 kPa) and set in contrast to conventional glass coverslips. This allowed the
elastic modulus of both a young brain ( 0.1 kPa) and an aged brain (>2 kPa) to be mimicked
in a manner suitable for cell culture (see 3.2.3.2). Throughout this study, primary cortical
cultures or cortex lysates were examined, since the prefrontal cortex is thought to be the
most vulnerable to ageing [Herndon et al., 1997], [Voytko, 1999].

2.5. Objectives
The previous introduction summarized that ageing research brought up several theories trying
to explain the complex ageing process. Nevertheless, so far no fully comprehensive theoretical
concept on how and why we age exists. In this thesis, I will concentrate on neuronal ageing
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processes especially in cortical areas since this brain part is vulnerable to ageing and mostly
associated with cognitive decline [Robinson et al., 2018], [Folke et al., 2018].
To decode complex biological processes one needs a simple, yet sophisticated research
model. Primary cortical cultures display ageing processes but the current cell culture systems do not allow survival of neurons up to old age. One main objective of this thesis is
therefore to introduce a long-term cell culture system which promotes neuronal survival up
to 80 days in vitro in a reproducible manner. As one hallmark of ageing, the main experimental focus of this thesis will be on protein homoeostasis and the control of protein
synthesis and -degradation. Different techniques to monitor protein homoeostasis such as
BONCAT [Dieterich et al., 2006], [Landgraf et al., 2015], FUNCAT [Hinz et al., 2013] and
SUnSET will be used to describe how young and aged neurons differently regulate protein
dynamics. As one central pathway in translational control, the mTOR and S6 kinase pathway
will be investigated. The idea to restore translational capacities and rejuvenate aged neurons
by "anti-ageing" compounds is still present in modern ageing research. In this thesis, the
effects of the polyamine Spermidine in relation to protein translation and clearing of protein
aggregates will be investigated and linked to translational regulators.
Next, this thesis will introduce and characterise a new hallmark of ageing: sensing and
conduction of mechanical cues. As introduced, the mechanical integrity of brain tissue itself
is changing from a young age to adulthood. At old age, degenerative diseases are, besides
various other pathological processes, characterized by an extreme increase in brain stiffness
inside cellular microdomains. Therefore, it is of great interest to learn more about how
mechanosignalling is connected to cellular metabolism. As an experimental cell culture model,
stiffness regulated polyacrylamide gels will be used to present different but still physiological
degrees of stiffness to neuronal cells. The knowledge about mechanosensors has increased
in the last years but it is still ill-defined which second messengers link mechanical cues to
intracellular, chemical or electrical pathways. As one main second messenger, the influx of
Ca2+ ions will be investigated due to the fact that most mechanochannels are at least partly
permeable to Ca2+ ions. More details about potential downstream regulator proteins will be
revealed by a proteome study and subsequent network analysis. To bring both main aspects of
this thesis, neuronal ageing and mechanosensing, to a conclusion, long-term cortical cultures
will be grown and investigated using stiffness regulated polyacrylamide gels as cell culture
substrate.
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3. Methods and Materials
3.1. Materials
3.1.1. Chemicals
All chemicals were obtained from Roth, Sigma Aldrich, Roche, Thermo Scientific, Invitrogen,
and Merck in pro analysis or molecular-biology grade. For protein biochemical experiments
molecular biology-graded water (Roth) was used. For buffers ddH2 O (Milli-Q System, Millipore) was used. Special chemicals and solutions are mentioned at the beginning of each
corresponding methods section. The amino acid Azidohomoalanine (AHA) was synthesized
by Prof. Dr. Daniela C. Dieterich or by Dr. Peter Landgraf as describe by [Link et al., 2007].

3.1.2. Primary antibodies

Table 3.1.: Primary antibodies
Antibody

Species

Dilution

Supplier

anti-ATG8

rb, pc

ICC 1:100

Abcam, ab4753

anti-Bassoon

gp, pc

ICC 1:200/WB 1:1000

Synaptic Sys. 141004

anti-Biotin

gt, pc

WB 1:5000

Bethyl Lab. A150111A

anti-eEF2

rb, pc

ICC 1:100/WB 1:500

Cell Signaling 2332

anti-phospho-eEF2 (Thr56)

rb, pc

ICC 1:100/WB 1:1000

Cell Signaling 2331

anti-eEF2 K.

rb, mc

WB 1:1000

Sigma Aldrich 100652

anti-phospho-eEF2K (Ser366)

rb, pc

WB 1:1000

Cell Signaling 3691

anti-elF4E

rb, pc

WB 1:1000

Cell Signaling 9742

anti-GFAP

chk, pc

ICC 1:1000/WB 1:5000

Abcam ab4674

anti-GFAP

rb, pc

ICC 1:1000

Synaptic Sys. 173002

anti-GluR1

rb, mc

WB 1:500

Cell Signaling 13185

anti- γ-H2AX

rb, mc

ICC 1:250

Bethyl Lab. A132187

anti-Homer-1

rb, pc

ICC 1:200/WB 1:1000

Synaptic Sys. 160003

anti-Hypusine

rb, pc

ICC 1:500

Millipore ABS1064

anti-Iba-1

gt, pc

WB 1:5000

Abcam ab5076

anti-Lamin-B1

rb, pc

ICC 1:500

Abcam ab16048

anti-Laminin

rb, pc

ICC 1:1000

Cell Signaling ab11575
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anti-MAP2

gp, pc

ICC 1:2000

Synaptic Sys. 188004

anti-MAP2

ms, mc

ICC 1:2000/WB 1:1000

Sigma Aldrich M1406

anti-MAP2

rb, pc

ICC 1:2000/WB 1:3000

Abcam ab32454

anti-NeuN

ms, mc

ICC 1:200/WB 1:1000

Millipore MAB377

anti-NMDAR1

rb, mc

WB 1:1000

Cell Signaling 5704

anti-NMDAR2A

rb, mc

WB 1:200

Alomone Labs AGC-002

anti-NMDAR2B

rb, mc

WB 1:200

Alomone Labs AGC-003

anti-p62/SQSTM1

ms, mc

ICC 1:50

Abcam ab56416

anti-p62/SQSTM1

rb, pc

WB 1:500

Cell Signaling 5114

anti-phospho-p62 (Ser349)

rb, pc

WB 1:500

Cell Signaling 95697

anti-Piezo-1

rb, pc

WB 1:500, ICC 1:100

Alomone labs APC-087

anti-Puromycin

ms, mc

ICC 1:250

Millipore MABE343

anti-PDS-95

ms, mc

ICC 1:200

Synaptic Sys. 124011

anti-Rpl10a

ms, mc

ICC 1:200/WB 1:1000

Abcam ab55544

anti-S6K1

rb, mc

WB 1:1000

Abcam ab42357

anti-phospho-S6K1 (S424)

rb, mc

WB 1:1000

Abcam ab47379

anti-S6 Rib. Protein

rb, pc

WB 1:1000

Cell Signaling 2217

anti-Shank-2

ms, mc

ICC 1:500/WB 1:1000

Neuromab 75-088

anti-Synaptophysin1

gp, pc

ICC 1:1000/WB 1:2000

Synaptic Sys. 101004

3.1.3. Secondary antibodies

Table 3.2.: Secondary antibodies
Antibody

Species

Dilution

Supplier

anti-rb IgG, HRP conjugated

gt

WB 1:7500

Jackson Immuno 711-035-152

anti-gp IgG, HRP conjugated

dk

WB 1:7500

Jackson Immuno 706-035-148

anti-ms IgG, HRP conjugated

gt

WB 1:7500

Jackson Immuno 115-035-146

anti-gt IgG, HRP conjugated

dk

WB 1:7500

Jackson Immuno 705-035-147

anti-chk IgG, HRP conjugated

gt

WB 1:7500

Jackson Immuno 103-035-155

anti-rat IgG, HRP conjugated

dk

WB 1:7500

Jackson Immuno 112-035-003

conjugated

dk

ICC 1:1000

Abcam ab175648

conjugated

gt

ICC 1:2000

Invitrogen A21206

chk

ICC 1:2000

Invitrogen 711-165-152

conjugated

dk

ICC 1:1000

Abcam ab150083

conjugated

dk

ICC 1:1000

Abcam ab175661

conjugated

gt

ICC 1:2000

Invitrogen ab150117

conjugated

dk

ICC 1:1000

Abcam ab150110

anti-rb IgG, Alexa 405
anti-rb IgG, Alexa 488

TM
TM

anti-rb IgG, Cy3 conjugated
anti-rb IgG, Alexa 647

TM

anti-ms IgG, Alexa 405
anti-ms IgG, Alexa 488
anti-ms IgG, Alexa 555
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anti-ms IgG, Alexa 647

TM

dk

ICC 1:1000

Abcam ab 150087

anti-gp IgG, Cy3 conjugated

dk

ICC 1:2000

Invitrogen 706-165-148

anti-gp IgG, Cy5 conjugated

dk

ICC 1:2000

Invitrogen 706-175-148

conjugated

gt

ICC 1:2000

Invitrogen ab175675

conjugated

dk

ICC 1:1000

Abcam 703-605-155

-

ICC 1:10000

Sigma

anti-chk IgG, Alexa 488
anti-chk IgG Alexa 647

TM

TM

conjugated

DAPI (1 mg/ml)

3.1.4. Bacterial Strains and Culture Media
For transformations and preparations of plasmid DNA from bacteria, the bacterial strain
XL10-GOLD with the genotype endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac Hte (mcrA)183
(mcrCB-hsdSMRmrr)173 tetR FproAB lacIqZM15 Tn10(TetR Amy CmR) (Stratagene) was
used.
Table 3.3.: Bacteria Media
Medium

Ingredients

LB-medium

5 g/l yeast-extract, 10 g/l bacto-tryptone, 5 g/l NaCl

LB-plates

1000 ml LB-medium, 15 g agar

SOC-medium

20 g/l bacto-tryptone, 5 g/l yeast-extract, 10 mM NaCl, 2.5 mM KCl,
10 mM MgSO4, 10 mM MgCl2, 20 mM glucose

3.1.5. Animals
In this study, Wistar rats and C57BL/6J mice from the animal facility of the Institute of
Pharmacology and Toxicology (Magdeburg, Germany) were used. Cultures were obtained
from E18 rats or E15 mice. Adult rats and mice were housed in groups of 5-6 animals, at
constant temperature (22± 2 ◦ C) and relative humidity (50 %) under a regular 12 h light-dark
schedule (lights on 6 AM-6 PM) with food and water available ad libitum. Adult rats or mice
were deeply anaesthetized with Isofluran Baxter (Baxter GmbH) prior decapitation using an
animal guillotine. Embryos and pubs were decapitated without prior treatment using decapitation scissors. In previous and present studies, animal care and procedures were approved
and conducted under established standards of the German federal state of Sachsen-Anhalt
(Institutional Animal Care and Use Committee: Landesverwaltungsamt Sachsen-Anhalt; License No. 42505-2-1172 UniMD Germany in accordance with the European Communities
Council Directive; 86/609/EEC).
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3.2. Methods
3.2.1. Molecular Biology
In this study, primarily standard molecular procedures were used. They followed established
protocols as described in "Molecular Cloning: A Laboratory Manual (Green and Sambrook,
2012). Therefore, all protocols are described briefly unless they were significantly altered.
3.2.1.1. Transformation of Chemically Competent Bacteria
For the transformation of E.coli XL10-GOLD, 1 or 2 µl ligation sample DNA was added
to 100 µl of bacteria and incubated on ice for 10 min. After a 45 s heat shock at 42 ◦ C,
the samples were put on ice for 2 min before they were transferred to 1 ml preheated SOC
medium. The bacteria were incubated at 37 ◦ C for 50 min with constant shaking and then
plated on LB-agar plates with respective antibiotics. Plates were incubated overnight at 37
◦C

and then stored at 4 ◦ C for further experiments.

3.2.1.2. Preparation of Plasmid DNA (Mini and Midi preparations)
• Antibiotics: Ampicillin 100 µg / ml, Chloramphenicol 25 µg / ml, Kanamycin 10 µg /
•
•
•
•

ml
Buffer P1: 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 100 µg/ml RNase A
Buffer P2: 200 mM NaOH, 1 % (w/v) SDS
Buffer P3: 3M potassium acetate (pH 5.5)
Midi preparation: NucleoBond Xtra Midi, Macherey-Nagel

To look for positive clones after transformation, picked colonies were cultivated in 2 ml LBmedium containing the respective antibiotics at 37 ◦ C overnight. The preparation protocol
was modified from [Birnboim and Doly, 1979]. Bacteria were pelleted by centrifugation at full
speed and resuspended with 300 µl P1. Cells were lysed with 300 µl P2 for 5 min, neutralized
with 300 µl P3, and then incubated on ice for 5 min. Precipitated proteins were removed
by centrifugation at 20.000 x g for 10 min. The DNA in the supernatant was precipitated
with isopropanol. Plasmid DNA was collected by centrifugation at 20000 x g, for 10 min and
washed with 70 % ethanol. After drying, the pellet was resuspended in 25 µl ddH2 0. Large
quantities of plasmid DNA with high purity were prepared from 250 ml overnight cultures
using the NucleoBond Xtra Midi Kit according to manufacturer’s instructions. The DNA
pellet was reconstituted in 30 µl ddH2 0 and the DNA concentration was measured using the
Nanodrop lite spectrophotometer (Thermo Scientific).
3.2.1.3. Sequencing and Sequence Analysis
Sequencing was done by the company SeqLab. The program Standard Nucleotide Blast by
NCBI was used for sequence analysis.
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3.2.1.4. Transfection using Ca2+ -Phosphate
• Solution A: 500 mM CaCl2
• Solution B: 140 mM NaCl, 50mM HEPES, 1.5 mM Na2 PO4
• Plating Medium: DMEM, 10 % (v/v) FBS, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 2 mM L-glutamine (all Gibco)
One day before transfection, Hek293T cells in a dilution of 1:12 were seeded into a 24 well
plate. Next, 25 µl Solution A was mixed thoroughly with 1 µg DNA. To this mixture, 25 µl of
Solution B was added and incubated for exactly 1 min at room temperature (RT). Drop per
drop 50 µl of the formed precipitate was added to the cells per well. The cells were incubated
for 4 h at 37 ◦ C and 5 % CO2 , then the media was aspirated and 0,5 ml fresh pre-warmed
media was added. Subsequently, Hek293T cells were fixed for immunofluorescence staining
24 - 72 h post transfection.
3.2.1.5. Transfection using Electroporation
• Plating Medium: DMEM, 10 % (v/v) FBS, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 2 mM L-glutamine (all Gibco)
• Nucleofector Kit (Lonza)
To prepare the electroporation, 0.5 ml plating medium was added to 2.25 ml Nucleofector
solution and pre-warmed to 37 ◦ C. The well plates used for cell seeding were pre-incubated
in a humidified 37 ◦ C / 5 % CO2 incubator filled with a sufficient volume of plating medium.
Prepared primary neuronal cells as described under 3.2.4.3 and 5 x 106 cells were centrifuged
at 90 x g at RT for 10 min. The supernatant was discarded so that no residual medium
was covering the cell pellet. The cell pellet was resuspended in 1.5 ml Nucleofector solution
and mixed with 2 µg / 100 µl DNA of interest. The sample was transferred to an amaxa
cuvette and a pre-installed Nucleofector program designed for primary neuronal cells was
performed. After electroporation, 500 µl pre-warmed plating medium was added to the cells
and the suspension was transferred to previously pre-warmed plates in an appropriate cell
dilution. For a detectable gene expression, cells were incubated in a humidified 37 ◦ C / 5 %
CO2 incubator for at least 24 h.

3.2.2. Cell Culture
3.2.2.1. Cultivation of HEK293T cells
• Culture medium: DMEM, 10 % (v/v) FBS, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 2 mM L-glutamine (all Gibco)
• TrypLE Express: 1 x Gibco
• Wash Buffer: HBSS with Phenolred (Gibco)
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• Culture dishes: TPP
• Poly-D-lysine: 100 mg/l in 0.15 M boric acid, pH 8.4 (Sigma)
The human embryonic kidney cell line (HEK293T) was used for overexpression of protein
constructs. Maintenance of cells was done in cell incubators (Heraeus or Thermo Scientific)
at 37 ◦ C, 5 % CO2 and 95 % humidity and confluent cultures were passaged twice a week.
For this, the cells were washed twice with 37 ◦ C warm HBSS containing 1 x TrypLE for 3 min
and one-tenth was transferred into new culture medium. For immunocytochemistry, Hek293T
cells were cultured in 24-well plates on poly-D-lysine treated coverslips. In preparation for a
transfection, cells were split to achieve 80 % confluence within 24 h.
3.2.2.2. Fabrication of polyacrylamide (PAA) gels
•
•
•
•
•
•
•
•

Coverslips: Menzel (15, 18, 28, 30 mm)
Glutaraldehyde (Sigma)
(3- aminopropyl) trimethoxysilane (APTMS) (Sigma)
Rain-X solution (Shell Car Care International Ltd, UK)
40 % (w/v) acrylamide solution (Sigma)
2 % (w/v) bis-acrylamide solution (Fisher Scientific)
Poly-D-lysine: 100 mg/l in 0.15 M boric acid, pH 8.4 (Sigma)
Laminin: 211 or 521 (BioLamina)

PAA gels were fabricated on conventional glass coverslips as described previously
[Pelham and Wang, 1997]. Briefly, 18 or 30 mm round glass coverslips (Menzel) (referred
to as ’bottom coverslips’) were treated with 200 µl APTMS and washed thoroughly with
distilled water after 3 min incubation. After drying, 400 µl of 0.5 % glutaraldehyde solution
was added to the bottom coverslips, which were washed and dried after 30 min. Round glass
coverslips of 15 or 28 mm diameter (’top coverslips’) were coated with Rain-X solution for 30
min and dried afterwards. In order to create a range of PAA gel elasticities, PAA premixes
were prepared from volumes of 1x PBS, 40 % acrylamide solution, and 2 % bis-acrylamide
solution according to the following table:
Table 3.4.: Shear modulus, acrylamide and bis-acrylamide concentrations of the PAA gels
used in this study

24

Stiffness (Shear modulus G’)(kPa)

acrylamide (%)

bis-Acrylamide (%)

∼ 0.1

5

0.04

∼1

7.5

0.06

∼ 10

12

0.2l
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To initiate polymerization, 1 % ammonium persulfate (APS) and 0.3 % tetramethylethylenediamine (TEMED, ThermoFisher) were applied to the PAA premixes. Subsequently, 7 or 12
µl of the solution was put in the middle of the bottom coverslip and quickly covered with a
top coverslip. After 15 min, gel and coverslips were soaked in PBS for 20 min to facilitate
the removal of the top coverslip. The exposed gel was washed in sterile 1x PBS three times.
For sterilisation, gels were kept under UV-light for 2 h. Then the gels were treated with
poly-D-lysine solution overnight at 4 ◦ C and washed three times with sterile H2 O. Finally,
the gels were coated with Laminin-211 (for long-term cultures) or Laminin-521 (1:100) for
2h at 37 ◦ C and 5 % CO2 . The gels were ready for cell seeding.
3.2.2.3. Preparation and cultivation of Cortical Primary Cells from Rat
• Plating Medium: DMEM, 10 % (v/v) FBS, 100 U/ml Penicillin, 100 µg/ml Strepto•
•
•
•
•
•
•

mycin, 2 mM L-glutamine (all Gibco)
Culture Medium: NeurobasalTM , 1 x B27, 0.8 mM L-glutamine (all Gibco)
Culture dishes: TPP
Coverslips: Menzel
Wash Buffer: HBSS with Phenolred (Gibco)
Trypsin: 10 x Trypsin (-EDTA), (Gibco)
DNAse I: 0,1 % (200U) in HBSS, 2.4 mM MgSO4 (Sigma)
Poly-d-Lysine: 100 mg/l in 0.15 M boric acid, pH 8.4 (Sigma)

The preparation of primary neuronal cultures from rat was performed according to Kaech
and Banker [Kaech and Banker, 2006] with slight modifications. Rat embryos were decapitated at E18 and the brain was laid open. The cortices were separated from the rest of the
brain in HBSS and the tissue was trypsinized for 15 min at 37 ◦ C. Afterwards the tissue was
washed three times in HBSS to remove residual trypsin. The cortex tissue was dissociated
by repeatedly pipetting through syringes (0.9 mm and 0.45 mm, Brandt) and the addition of
0,1 % DNAse. After filtration through a 0.45 µm membrane the cells were diluted in plating
medium and the cell density was determined. Then neuronal cells were seeded onto poly-Dlysine treated coverslips or culture dishes. For immunocytochemical experiments, low-density
cultures (40.000 cells per 12 mm coverslip) or high-density cultures (100.000 cells per 12 mm
coverslip, for long-term experiments) were used. Biochemical experiments were performed
with cortical cells in 6-well plates (300.000 cells per well) or 75 cm2 flasks. Conventional
glass coverslips or PAA gels were used (see 3.2.3.2). Neuronal cells were kept at 37 ◦ C and
5 % CO2 . One day after the cell preparation the plating medium was exchanged to culture
medium. Once a week the cortical cultures were fed with a tenth of their culture medium.
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3.2.2.4. Stimulation of Cortical Primary Cells
•
•
•
•
•

Spermidine: 25 µM or 50 µM for 3 h or 24 h
Hypusine: 10 µM or 25 µM for 3 h or 24 h
Yoda-1: 0.1 µM or 10 µM for 15 min
GsMTx4: 1 µM or 10 µM for 15 min
Wash Buffer: HBSS (Gibco)

For the pharmacological manipulation of primary cortical cells, the corresponding substance
was pipetted directly into the culture media to a final concentration mentioned above. As a
control condition, the corresponding solvent such as 1x PBS (for Spermidine, Hypsusine) 1x
HBSS (for GsMTx4) or DMSO (for Yoda-1) for each stimulant was applied alone. After the
incubation time, cells were washed once with prewarmed HBSS (Gibco) and fixed for further
analysis.
3.2.2.5. Cultivation of Primary Glia Cells from Rat
• Plating Medium: DMEM, 10 % (v/v) FBS, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 2 mM L-glutamine (all Gibco)
• Wash Buffer: HBSS with Phenolred (Gibco)
• Trypsin: 10 x Trypsin (-EDTA), (Gibco)
Preparation of glia cells was performed as described by [Guizzetti and Costa, 1996]. In
brief, pups (P2 - P4) from Wistar rats were decapitated and both hemispheres were isolated
and cleaned from meninges in ice cold wash buffer. After three washing steps with ice cold
wash buffer, 10 x trypsin was added and incubated for 20 min at 37 ◦ C. The hemispheres
were washed three times with wash buffer and dissociated in 1 ml plating medium by using
two types of syringes (G21 and G25). Cells were plated in 10 ml plating medium in 75 cm2
flasks and kept in the incubator at 37 ◦ C and 5 % CO2 . The media was changed the following
day and then every 4 - 5 days. Microglia were patted off twice a week during media change.
Glia cells were seeded onto 12 mm coverslips with conventional glass surfaces or coated with
PAA gels (see 3.2.3.2) for ICC.
3.2.2.6. Stimulation of Primary Glia Cell
• Yoda-1: 0.1 µM for 15 min
• GsMTx4: 1 µM for 30 min
For the pharmacological manipulation of primary glial cells, the corresponding stimulant
was applied directly into the culture media to a final concentration mentioned above. As
control condition, the corresponding solvent such as 1x HBSS (for GsMTx4) or DMSO (for
Yoda-1) was applied alone. After incubation the time, cells were washed once with prewarmed
HBSS (Gibco), fixed and stored for further analysis.
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3.2.2.7. Incorporation of non-canonical amino acids in neuronal cells
• HBSS: 1 x HBSS (Gibco)
• L-Methionine: 200 mM (Sigma) in ddH2 O
• Azidohomoalanine: 200 mM (synthesized by D.C. Dieterich or P. Landgraf) in ddH2 O
• Hibernate: see recipe in [Brewer and Price, 1996] (Sigma, Roth, Serva)
• PBS-MC: 1 x PBS pH 7.8, 0.1 mM CaCl2 , 1 mM MgCl2
• 4 % PFA (w/v), 1x PBS pH 7.4
To incorporate non-canonical amino acids in primary neuronal cells, the cultures were
washed once with warm HBSS and incubated for 30 min at 37 ◦ C and 5 % CO2 with Hibernate
medium (without methionine) to deplete the methionine stores inside the cell. Subsequent
labelling with AHA (or methionine as control) was performed for 2 - 4 h at a final concentration of 4 mM in Hibernate medium. Neuronal cells were washed with ice cold PBS-MC
and lysed for BONCAT reaction (see 3.2.2.1) or were fixed with 4 % PFA for FUNCAT (see
3.2.4.8).
3.2.2.8. FUNCAT
• 4 % PFA (w/v), 1x PBS pH 7.4
• B-block: 10 % (w/v) Horse Serum (Gibco), 5 % (w/v) Sucrose, 2 % (w/v) BSA in 1 x
PBS pH 7.4
• TAMRA-alkyne tag: 200 mM in DMSO (Invitrogen)
• Coppersulfate: 200 mM (Sigma) in ultra pure H2 O (Roth)
• Triazol-ligand (Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine): 200mM in DMSO
(Sigma)
• TCEP: Tris(2-carboxyethyl)phosphine hydrochloride, 500 mM in ultrapure H2 O (Roth)
• FUNCAT wash buffer: 0.5 mM EDTA, 1 % (v/v) Tween-20 in 1x PBS pH 7.8
• Mowiol: 10 % (w/v) Mowiol, 25 % (v/v) Glycerol, 100 mM Tris-HCl pH 8.5, 2.5 %
(w/v) DABCO
After incorporation of non-canonical amino acids neuronal cells were fixed for 7 min at RT
with 4 % PFA. Cells were washed three times with 1 x PBS pH 7.4, blocked with B-block
for 1.5 h under gentle agitation and subsequently washed three times with 1 x PBS pH 7.8
at RT. The click reaction mix was prepared by first adding the triazol-ligand (1:1000) to 1
x PBS pH 7.8 and mixed by strong vortexing. Next, TCEP (1:1000) was added to the click
reaction mix and vortexed for 10 s followed by the TAMRA-tag (1:10000) and mixing for
again 10 s. After adding the coppersulfate solution (1:1000) and mixing for 30 s the reaction
solution was transferred to a 24-well plate (400 µl per well). The coverslips were placed on
top of small paraffin dots with cells facing down to prevent accumulation of precipitates and
incubation was performed overnight at RT under gentle agitation. To stop the click reaction,
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cells were washed two times with FUNCAT wash buffer and three times with 1 x PBS pH
7.4 for 10 min each. Afterwards, immunocytochemistry was performed to counter-stain for
different proteins of interest as described under 3.2.3.10, starting with the primary antibody
incubation step.
3.2.2.9. Puromycin assay
• Puromycin dihydrochloride (Sigma, stock 100 mM in water, 1 µM final)
• HBSS: 1 x HBSS (Gibco)
• B-block: 10 % (w/v) Horse Serum (Gibco), 5 % (w/v) Sucrose, 2 % (w/v) BSA in 1 x
PBS pH 7.4
• PLP fixative: 0.2 M Lysine-HCl (Sigma), 0.05 Sodium Phosphate (Roth), 0.1 M Sodium
Periodate (Sigma), 4 % (w/v) PFA (Thermo Scientific) [McLean and Nakane, 1974]
The antibiotic Puromycin was used to monitor protein synthesis. Primary cortical cultures
were incubated with pre-warmed 1x HBSS (Gibco) containing 10 µg/ml Puromycin for 1
min. Puromycin labelling was stopped by washing with 1 x HBSS once and fixed with PLP
fixative. Puromycin incorporation was visualized by immunocytochemistry (see 3.2.3.10) using a specific antibody against Puromycin and combined with antibodies for specific proteins
of interest.
3.2.2.10. Synaptotagmin uptake assay
To study presynaptic activity an antibody against the luminal domain of synaptotagmin-1
coupled with a fluorophore (Synaptic Systems) was added in a concentration 1:100 directly
to the Neurobasal medium of neuronal cultures in vivo for 30 min at 37 ◦ C and 5 % CO2 .
When synapses fuse their neurotransmitter vesicles during this time period, the luminal part
of synaptotagmin-1 gets exposed so that the antibody can bind. The fluorescence intensity
of this antibody reflects the active state on a single synapse level. For quantification of colocalisations the Puncta Analyzer plug-in (under ImageJ software) from the Eroglu Lab was
used [Ippolito and Eroglu, 2010].
3.2.2.11. Immunocytochemistry
• 4 % PFA (w/v), 1x PBS pH 7.4
• B-block: 10 % (w/v) Horse Serum (Gibco), 5 % (w/v) Sucrose, 2 % (w/v) BSA in 1 x
PBS pH 7.4
• 1x PBS pH 7.4, 0,3 % (v/v) Triton-X-100
• Mowiol: 10 % (w/v) Mowiol, 25 % (v/v) Glycerol, 100 mM Tris-HCl pH 8.5, 2.5 %
(w/v) DABCO
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Cells were grown on 12 mm coverslips and fixed with 4 % PFA in 1 x PBS for 10 min at RT.
Coverslips were washed three times with 1 x PBS to remove residual PFA. Cells were blocked
for 1 h with blocking solution and subsequent incubation with primary antibodies diluted in
blocking solution was performed for 1.5 h at RT or overnight at 4◦ C. After thorough washing,
cells were incubated with secondary antibodies diluted in blocking solution for 1 h at RT.
Then, cells were washed four times with PBS, rinsed briefly in twofold distilled water and
mounted onto microscope slides in 7 to 14 µl Mowiol.
3.2.2.12. Sholl Analysis
To quantify for dendrite complexity, DIV 7 cortical neurons were stained using ICC as described above. Images were acquired with a 20x objective and 2x camera binning to improve
visualization of dendrites with LSM 800 systems (Zeiss, Germany). Soma and dendrites of
neurons were traced along MAP2 positive dendrites using Adobe Photoshop (Adobe Systems,
San Jose, USA). The trace copy of the neuron was subjected to Sholl analysis (Sholl Analysis
Plugin for ImageJ, public domain, imagej.nih.gov/ij/) with the following parameters:
•
•
•
•
•

Starting radius: 0 µm
Ending radius: 200 µm
Radius step size: 5 µm
Radius Span: 0
Span Type: Median

3.2.3. Biochemistry
3.2.3.1. Cell lysis and protein extraction
• 1 x PBS pH 7.4: 37 mM NaCl, 2.7 mM KCl, 4.3 mM Na2 HPO4 x 7 H2 O, 1.4 mM
•
•
•
•

KH2 PO4
PBS-MC: 1 x PBS pH 7.8, 0.1 mM MgCl2 , 1 mM MgCl2
Protease Inhibitor (PI): Complete EDTA-free Protease Inhibitor cocktail tablets (Roche)
PhosSTOPTM (Roche)
4 x SDS sample buffer: 250 mM Tris, 1 % (w/v) SDS, 40 % (v/v) glycerol, 20 % (v/v)

β-Mercaptoethanol, 62.5 mM Tris pH 6.8, 0.001 % (w/v) Bromophenol Blue
• Benzonase: Benzonase Nuclease 250 U/ µl (Sigma Aldrich)
• 1 x PBS pH 7.8 + PI w/o EDTA (Roche): 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2 HPO4 x 7 H2 O, 1.4 mM KH2 PO4
Primary cortical cells were washed once with ice-cold PBS-MC and scraped off on ice in 1
ml 1 x PBS pH 7.4 + PI + PhosSTOPTM. The cell suspension was spun down at 3.000 x g
for 5 min at 4 ◦ C (Eppendorf centrifuge 5810R). The cell pellets were frozen at -20 ◦ C at least
overnight or longer for storage. For a protein extract, cell pellets were thawed completely on
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ice and 1 x PBS pH 7.8 + PI, 125 U Benzonase and 0.2 % SDS were added. The cell lysate
was incubated at 95 ◦ C for 5 min with gentle agitation, afterwards 0.2 % Triton-X-100 and
PBS pH 7.8 + PI were added to attain a SDS concentration of 0.1 %. The lysis volume was
500 µl for one 75 cm2 flask or 200 µl for a 6-well cell culture plate. Finally, the corresponding
volume of 4 x SDS sample buffer was added for a 1 x concentration.
3.2.3.2. BONCAT
• Biotin alkine tag: 25 mM in 1x PBS pH 7,8 (Syntheses: Dr. Peter Landgraf as described
in [Szychowski et al., 2010])
• Copper(I)bromid suspension: 10 mg/ml in ultrapure H2 O (Roth)
• Triazol ligand: (Tris(1-benzyl-1H-1,2,3-triazo-4-yl)methylamine) 200 mM in DMSO
(Sigma)
The BONCAT procedure was described by [Dieterich et al., 2007] and detection of AHAlabelled proteins was performed in accordance to this publication. Protein lysates containing
AHA-labelled proteins were tagged by addition of Triazol ligand (200 µM), Biotin alkine tag
(25 µM) and copper(I)bromide suspension (100 µg/ml). The samples were incubated in a
spinning wheel for 90 min at RT. Precipitates were removed by centrifugation at 3,000 x g
for 5 min at 4 ◦ C. The resulting supernatant was mixed with 4 x SDS sample buffer for a
final 1 x concentration and stored at -20 ◦ C for further analysis by SDS-Page and Western
Blotting.
3.2.3.3. Determination of protein concentration with amido black assay
• Washing solution: methanol-acetic acid solution: 90 % (v/v) methanol, 10 % (v/v)
acetic acid
• Staining solution: 1.44 % (w/v) amido black in methanol-acetic acid solution
• Standard: 0.5 mg/ml BSA solution
• 0.1 M NaOH
To determine the protein concentration of a certain lysate the amido black assay according
to [Badin and Herve, 1965] was executed. Standard BSA samples and sample of protein
probes were prepared as triplets in a 96 well plate (see table 3.4). For protein samples, 10
µl protein probe was mixed with 90 µl ddH2 0. To all samples, 200 µl amido black solution
was added and incubated for 10 min at RT. After centrifugation at 3.220 x g for 10 min
(Eppendorf centrifuge 5810R) the supernatant was decanted and the pellet was washed with
300 µl methanol-acetic acid. Subsequent centrifugation was performed at 3.220 x g for 10
min. This washing step was repeated once more. The protein pellet was air-dried at RT and
dissolved in 300 µl 0.1 M NaOH under gentle agitation. The extinction was measured at 620
nm (absorption of amido black die) in a photometer (ASYS ExpertPlus). The extinction was
then compared to a BSA standard to deduce the protein concentration in the samples.
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3.2.3.4. Coomassie Brilliant Blue R250 staining
• Coomassie Brilliant Blue staining solution: 0.125 % (w/v) Coomassie Brilliant Blue
R250, 50 % (v/v) methanol, 10 % (v/v) acetic acid
• Destaining solution: 7 % (v/v) acetic acid
• Conservation solution: 50 % (v/v) methanol, 5 % (v/v) glycerol

SDS-Gels were stained with Coomassie Brilliant Blue R250 staining solution overnight
at RT and destained with Destaining solution after gently heating in the microwave. The
unbound staining solution was collected with a tissue and the gels were destained until protein
bands were clearly visible. For digitalisation the stained gels were scanned with an Artix Scan
F2 (Microtek) scanner. A quantitative analysis was performed with ImageJ. For conservation,
gels were incubated in Conservation solution for 5 min and spanned in a frame between two
cellophane sheets (Roth) to dry.

3.2.3.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
Western Blot
Tris glycine gels:
• 4 x separating gel buffer: 1.5 M Tris-HCl pH 8.8
• 4 x stacking gel buffer: 0.5 M Tris-HCl, pH 6.8
• acrylamide: Rotiphorese Gel 40 (19:1) T=40 %, C= 5 % (Roth)
• 30 % acrylamide/Bis solution (37,5:1) T= 30.8 %, C=2.6 % (Biorad Laboratories)

Table 3.5.: Chemical composition of 12 gradient mini tris glycine gels (5 % - 20 %)
Compound
4x buffer
87 % glycerol
acrylamide 40 %
acrylamide 30 %
0.2 M EDTA
10 % SDS
TEMED (Sigma)
10 % APS (Sigma)
0,5 % bromophenol blue
0,2 % phenolred
ddH2 0

Separating gel 5 %
6.84 ml
1.8 ml
4.056 ml
316.8 µl
316.8 µl
21.6 µl
115.2 µl
18.94 ml

Separating gel 20 %
6.84 ml
7.2 ml
16.2 ml
316.8 µl
316.8 µl
21.6 µl
72 µl
48 µl
1.392 ml

Stacking gel 5 %
6 ml
5.52 ml
3.84 ml
240 µl
240 µl
18.2 µl
148.2 µl
12 µl
7.95 ml
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Table 3.6.: Chemical composition of 12 homogeneous mini tris glycine gels (9.5 %)
Compound
4x buffer
87 % glycerol
acrylamide 30 %
TEMED (Sigma)
10 % APS (Sigma)
0,5 % bromophenol blue
0,2 % phenolred
ddH2 0

Separating gel 9.5 %
17.5 ml
5.25 ml
22.2 ml
46.6 µl
466.7 µl
29.2 µl
24.5 ml

Stacking gel 5 %
7 ml
6.4 ml
4.6 ml
40 µl
160 µl
103.5 µl
9.8 ml

Table 3.7.: Chemical composition of 12 homogeneous mini tris glycine gels (15 %)
Compound

Separating gel 9.5 %

Stacking gel 5 %

4x buffer

17.5 ml

7 ml

87 % glycerol

5.26 ml

6.4 ml

acrylamide 30 %

35 ml

4.6 ml

TEMED (Sigma)

46.68 µl

40 µl

10 % APS (Sigma)

466.7 µl

160 µl

0,5 % bromophenol blue

29.2 µl

-

0,2 % phenolred

-

103.5 µl

ddH2 0

11.67 ml

9.8 ml

Tris acetate gels:
• 4 x gel buffer: 0.5 M Tris-HCl pH 7.0
• 30 % acrylamide/bis solution (37,5:1) T= 30.8 %, C=2.6 % (Biorad Laboratories)

Table 3.8.: Chemical composition of 12 gradient tris acetate gels (3.5 % - 8 %)
Compound
4x buffer
87 % glycerol
Acrylamide 30 %
TEMED (Sigma)
10 % APS (Sigma)
0,5 % bromophenol blue
0,2 % phenolred
ddH2 0

Separating gel 3.5 %
7.8 ml
1.8 ml
3.65 ml
24 µl
120 µl
17.952 ml

Separating gel 8 %
7.8 ml
7.2 ml
8.33 ml
24 µl
120 µl
48 µl
7.872 ml

Stacking gel 3 %
6 ml
5.52 ml
2.4 ml
24 µl
144 µl
12 µl
10.08 ml

• 1 x Electrophoresis buffer: 25 mM Tris pH 8.3, 192 mM glycine, 0.1 % (w/v) SDS
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• 1 x SDS buffer: 1x SDS buffer: 0.25 % (w/v) SDS, 10 % (v/v) Glycerol, 5 % (v/v)
β-mercaptoethanol, 62.5 mM Tris pH 6.8, 0.001 % (w/v) Bromophenol blue
• Marker: prestained Protein Ladder, Page Ruler (Fermentas), Page Ruler Plus (Fermen•
•
•
•
•
•
•
•
•

tas)
1 x Western Blot buffer: 25 mM Tris-Base, 192 mM Glycine, 0.02 % (w/v) SDS
1 x TBS: 20 mM Tris-Base, 0.8 % (w/v) NaCl
1 x TBS-T: 20 mM Tris-Base, 0.8 % (w/v) NaCl, 0.1 % (v/v) Tween-20
1 x TBS-A: 20 mM Tris-Base, 0.8 % (w/v) NaCl, 0.02 % (w/v) Na-Azide
5 % (w/v) dry milk in TBS-T
5 % (w/v) BSA in TBS-T
Nitrocellulose membrane (Protran BA85, 0.45 µm, Whatman)
Nitrocellulose membrane (Protran BA85, 0.20 µm, Licor)
PonceauS staining solution: 5 % (w/v) PonceauS, 3 % (v/v) acetic acid

SDS-PAGE was performed according to the standards described by Laemmli [Laemmli, 1970].
Protein mixtures were separated by size with gradient- (5 % - 20 %), homogeneous tris glycine
mini gels (9.5 %), homogeneous tris glycine mini gels (15 %) or gradient tris acetate (3.5 %
- 8 %) mini gels in a Hoefer Mighty Small System SE250 (Amersham Biosciences) with a
constant current of 10 mA per gel. The separation was terminated when the bromophenol
blue front left the separating gel. Subsequently, the separated proteins were either stained
with Coomassie brilliant blue staining solution (as described in 3.2.2.4) or transferred onto a
nitrocellulose membrane (Protan BA85, 0.45 µm, Whatman, Protan BA85, 0.22 µm, Licor)
at 200 mA for 1.5 h (for tris-acetate gels: 4 h) to perform Western Blot Analysis. To avoid
unspecific binding of the primary antibody solved in TBS-A, the membrane was blocked with
5 % dry milk or 5 % BSA in TBS-T for 1.5 h at RT. Incubation with a primary antibody
was performed overnight at 4 ◦ C under permanent agitation. The next day, the membrane
was washed two times for 10 min with TBS and TBS-T and two times for 5 min with TBS-T
and TBS. Then the horseradish peroxidase-conjugated secondary antibody in 5 % dry milk
in TBS-T, was added and incubated for 1.5 h at RT under permanent agitation. Again the
membrane was washed as described above and the protein bands were developed with the
ECL detection system (Pierce). For visualisation an Odyssey Fc scanner (Licor) was used,
utilizing the chemiluminescence properties of the secondary antibody.
To ensure equal loading concentrations, an amido black assay (3.2.4) was performed. Subsequently, 10 µg, 15 µg, 20 µg or 40 µg, depending on experimental design, of protein lysates
were loaded on an SDS-gel and stained with Coomassie staining solution. The Coomassie
staining, representing the total protein amount of a given sample, was used as Loading Control unless stated otherwise. Since primary neuronal cells investigated in this thesis were
characterized during different developmental stages or even at aged time points, conventional
loading controls such as Actin or beta-Tubulin were not well suited because the cytoskeleton
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itself is most likely regulated. Also recent studies suggest that total protein amount visualized by Coomassie is a more robust and reliable loading control [Welinder and Ekblad, 2011],
[Eaton et al., 2013], [Faden et al., 2016], [Nie et al., 2017]. The cell cultures grown on stiffness regulated substrates were also quantified using a total protein staining since the different
conditions compared presumably also differ in their cytoskeleton [Vishavkarma et al., 2014],
[Gupta et al., 2016].
Signal intensities for each protein lane were quantified using ImageJ and the loading volume
of the samples was normalized to ensure equal protein concentrations in all samples. In all
Western Blots presented in this thesis, a Coomassie staining was used as loading control. If
Western Blots were also semi-quantitatively analysed, the Coomassie Loading control was
also used for normalization in the statistical analysis.
3.2.3.6. Synaptoneurosome Preparation
• HOM-Buffer: 20 mM HEPES (Roth), pH 7.4, 0.32 M Sucrose (Roth), 2mM MgCl2 , 1
x complete Protease Inhibitor Mix (Roche)
• Ficoll 400 (Pharmacia) solution: 5 % (w/v), 13 % (w/v) and 16 % (w/v), prepared in
HOM buffer, used as step gradient
• Azidohomoalanine (AHA): 200 mM (synthesized by D.C. Dieterich or P. Landgraf) in
ddH2 O
• Hypusine (Hyp): 50 µm in ddH2 O (Sigma)
• Preincubation buffer: 20 mM HEPES, pH 7.4, 20 mM Glucose, 3.5 mM KCl, 1.2 mM
Na2 HPO4 , 2 mM MgCl2 , 129 mM NaCl (all Roth)
• Incubation buffer: 25 mM HEPES, pH 7.4, 20 mM Glucose, 3.5 mM KCl, 1.8 mM
CaCl2 , 1.2 mM Na2 HPO4 , 1 mM MgCl2 , 129 mM NaCl (All Roth)
For the preparation of synaptoneurosomes, brains from mice aged 3, 18 or 26 months were
dissected and homogenized in 3 ml HOM-buffer using a teflon homogenizer (12 strokes at 1000
rpm). To remove cell debris and nuclei the lysate was centrifuged for 5 min at 1000 x g, 4 ◦ C
(Centrifuge 5810R, Eppendorf), yielding the pellet P1 and supernatant S1. The S1 fraction
was placed into a new tube and if too many tissue pieces remained in the supernatant it was
homogenised again with 6 strokes at 1000 rpm. Subsequently, the S1 fraction was centrifuged
for 5 min at 1300 x g, 4 ◦ C, leading to pellet P2 and supernatant S2. S2 was carefully
removed from the pellet P2 and spun down for 20 min at 14000 x g, 4 ◦ C (Optima XPN-80,
Ultracentrifuge, Beckman). In parallel, the Ficoll 400 step gradient was prepared using 4 ml
of each concentration (5 %, 13 %, 16 %) into an ultracentrifugation tube, starting with 5 %
and layering to higher concentrations from beneath. The supernatant S3 was discarded while
the crude membrane pellet P3 was resuspended in 3 ml HOM-buffer and loaded on top of the
prepared Ficoll 400 step gradient. Centrifugation was performed for 50 min, at 40000 xg and
4 ◦ C. In between, the non-canonical amino acid AHA was solved for later incorporation into
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newly synthesized proteins instead of methionine. After centrifugation, synaptoneurosomes
(SNS) are visible as third densely white band between 13 % and 16 % ficoll 400. The SNS
fraction was isolated from the rest of the gradient and resuspended in 6 ml pre incubation
buffer. Next, the SNS fraction was divided into two and each probe is added to the prepared
AHA solutions (4 mM final concentration). One group was additionally stimulated with
50 µm Hypusine [Huang et al., 2007]; one is kept as control. For labelling with AHA, SNS
fractions were incubated for 2 h at 37 ◦ C, 5 % CO2 and 95 % humidity in a cell culture
incubator [Landgraf et al., 2015]. Afterwards, each probe was collected and spun down for 5
min, 4 ◦ C at 3200 x g and the pellet was stored for further experiments (see BONCAT 3.2.2.1
or SDS-Page 3.2.2.5) at - 80 ◦ C.
3.2.3.7. Polysome Profiling
• Lysis Buffer: 10 mM NaCl, 10 mM MgCl2 , 30 mM Tris pH 7.4, 0.1 mg/ml cyclohexamide (Sigma), 6.6 mM DTT, 1 x cOmpleteTM Protease Inhibitor Mix (Roche), 1 x
PhosphoSTOPP, 1000 U RNaseinhibitor (Promega), H[ 2]O (RNase-free, Qiagen)
• sucrose gradient: 70% (w/v) Sucrose, 10 mM NaCl, 10 mM MgCl[ 2], 30 mM Tris pH
7.4, 6.6 mM DTT, 125 U RNaseinhibitor (Promega), H[ 2]O (RNase-free, Qiagen)
• 0,1 mg/ml Cycloheximide (Sigma)
• HBSS: 1 x HBSS (Gibco)
• 1% (v/v) Triton X-100, 2 % (v/v) Tween-20, 1% (v/v) desoxycholat
• 4 x SDS sample buffer: 250 mM Tris, 1 % (w/v) SDS, 40 % (v/v) glycerol, 20 % (v/v)
β-mercaptoethanol, 62.5 mM Tris pH 6.8, 0.001 % (w/v) bromophenol blue
During Polysome Profiling, all attempts were made to work RNase-free.
A 20 % to 60 % sucrose gradient (in 10 % steps) was prepared one day in advance to ensure a continuous distribution of the different sucrose concentrations inside the gradient and
kept overnight at 4 ◦ C. The next day, 20 million primary cortical cells (5 million per 75 cm2
flasks) were pooled for each experimental condition. Two time points were investigated: DIV
20 reflecting mature but young cells and their aged counterpart at DIV 60. One experimental
cell group was incubated with 10 mM Cycloheximid for 20 min. Afterwards, all cells were
washed once with 1 x HBSS (supplemented with 10 mM cycloheximid or not) and scraped
off in 400 µl lysis buffer. This lysis buffer containing cells from the first flask was also used
to harvest the other four flasks since a small lysis volume is critical.
After harvesting, cells were kept on ice and mechanically disrupted by repeatedly pipetting
through syringes (0.9 mm and 0.45 mm, Brandt). Triton X-100, Tween-20 and deoxycholate
were added to the cell suspension and vortexed five times for one minute to further destroy cell
integrity. The cell lysate was spun down at 5000 x g for 10 min at 4 ◦ C and the supernatant
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was loaded on top of the sucrose gradient. Now ultracentrifugation at 35000 x g was performed
for 2 h at 4 ◦ C with the lowest acceleration- and deceleration rate. To fractionate the gradient
the Biocomp Gradient Station (Biocomp) was used. The ultracentrifugation tube was placed
inside the holder and 15 fractions of the same volume (around 450 µl) were collected. In
parallel, the RNA profile was measured by a photometer at 260 nm and drawn live. All
fractions were supplemented with 4 x SDS sample buffer and heated to 95
Probes were stored at -20

◦

◦

for 5 min.

for SDS-Page and Western Blot analysis.

3.2.4. Mass spectrometry
All mass spectrometry experiments were performed in cooperation with Robert Ahrends and
Chi Nyugen from the ISAS Dortmund.
3.2.4.1. Proteomics Sample Preparation
• Lysis buffer: 1 % (w/v) SDS, 150 mM NaCl, 50 mM Tris-HCl pH 7.8, 1 x cOmpleteTM
•
•
•
•
•
•
•

(1 tablet per 50 ml, Mini Protease Inhibitor Cocktail, Roche)
SDS buffer: 1 % (w/v) SDS, 150 mM NaCl, 50 mM Tris-HCl pH 7.8
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich)
Iodoacetamide (IAA, Sigma-Aldrich)
Benzonase: Benzonase Nuclease 250 U/µl (Sigma Aldrich)
Urea buffer: 8 M Urea in 100 mM Tris-HCl pH 8.5
Trypsin: Trypsin Gold, Promega
Digestion buffer: 0.2 M Guanidine-HCl, 2 mM CaCl2 , 50 mM NH4 HCO3 pH 7.8

For each condition (compliant 0.1 kPa, intermediate 1 kPa, stiff 10 kPa and glass), three
biological replicates were carried out. The cell pellets were thawed on ice and lysed in 50
- 200 µl lysis buffer depending on the pellet size. Subsequently, 1 µl Benzonase Nuclease
(Merck KGaA) per 300 µl and the same volume of 1 M MgCl2 were added to the cell lysates.
After incubation at 37 ◦ C for 30 min, the cell lysates were clarified by centrifugation for 30
min at 18.000 g and 4 ◦ C and the supernatant was used for further steps. To remove gel
residues in cell lysates, a two-step protein precipitation method was used. First, 9 volumes
of ice cold ethanol was added to the cell lysates and they were incubated at -20 ◦ C for 4 h.
The protein pellets were collected by centrifugation (18.000 g, 30 min, 4 ◦ C) and dissolved
in 40 µl of SDS-buffer. Then, 500 µl ice cold acetone was added to the cell lysates for the
second round of protein precipitation. After incubation (-20 ◦ C, overnight) and centrifugation
(18.000 g, 30 min, 4 ◦ C), they were dissolved in 40 µl of SDS-buffer. The disulfide bonds
were reduced with 10 mM TCEP at 56 ◦ C for 30 min. The free sulfhydryl groups were
alkylated with 30 mM Iodoacetamide at 25 ◦ C, protected from light and for 30 min. Sample
cleanup and proteolytic digestion were done using filter-aided sample preparation protocol
(FASP). The protein samples dissolved in SDS buffer were diluted to less than 0.2 % SDS
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with freshly prepared Urea buffer and loaded onto a centrifugal device (PALL Nanosep, 30
kDa molecular weight cutoff) with a filter membrane equilibrated twice with 100 µl Urea
buffer. The centrifugation at 13.500 g and 25 ◦ C was applied for all centrifugation steps
with this device. After centrifugation for 30 min, the filter membrane was washed four times
with 100 µl Urea buffer to remove SDS and gel residues, followed by washing three times
with 100 µl 50 mM NH4 HCO3 (pH 7.8). Trypsin was used at a ratio of 1 : 25 (w / w,
protease to substrate) for the enzymatic digestion in 100 µl digestion buffer. The digestion
was performed for maximum 15 hours at 37 ◦ C. The tryptic peptides were collected by
centrifugation in 25 mM NH4 HCO3 (pH 7.8) at a final volume of 200 µl and acidified with
10 µl 10 % trifluoroacetic acid (TFA). The digestion efficiency was checked by monolithic
reverse phase separation [Burkhart et al., 2012] and stored at -80 ◦ C for further analysis.

3.2.4.2. LC-MS / MS analysis
• trapping-column (Acclaim C18 PepMap100, 100 µm 2 cm, Thermo Scientific)
• 0.1 % (w/v) TFA (Roth)
• reverse phase main-column (Acclaim C18 PepMap100, 75 µm 50 cm, Thermo Scientific)
• binary gradient solution (A): 0.1 % (v/v) formic acid (FA)
• binary gradient solution (B): 84 % (v/v) acetonitrile, 0.1 % (v/v) FA

The peptide samples were separated on an Ultimate 3000 Rapid Separation Liquid Chromatography (RSLC) nano system coupled to a Q Exactive HF mass spectrometer (both
Thermo Scientific). On the nano liquid chromatography (nanoLC) system, peptides were
concentrated on a trapping-column (Acclaim C18 PepMap100, 100 µm 2 cm, Thermo Scientific) using 0.1 % TFA at a flow rate of 20 µl / min and subsequently separated on a reverse
phase main-column (Acclaim C18 PepMap100, 75 µm 50 cm, Thermo Scientific) using a binary gradient consisted of A: 0.1 % formic acid (FA) and B: 84 % acetonitrile, 0.1 % FA at a
flow rate of 250 nl / min. The gradient increased linearly from 3 % A to 42 % B over 90 min.
Three washing steps at 95 % of organic solvent B at the end of the gradient were applied to
prevent carry-over effect from run to run. For the mass spectrometry (MS) analysis, full MS
scans were acquired at a resolution of 60.000 full width at half maximum (FWHM), target
value of 1 x 106, maximum injection time of 120 ms and scan range from 300 to 1500 massto-charge (m / z). Data dependent MS scans were acquired using high-energy collisional
dissociation (HCD) on 15 most abundant ions (top15) at normalized collision energy of 27
%, resolution of 15.000 FWHM, isolation window of 1.6 m / z, target value of 1 x 106 and
maximum injection time of 250 ms. Only precursor ions with charge states between 2 and 4
will be fragmented.
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3.2.4.3. Label-free data analysis
For the label-free data analysis, Progenesis QI for Proteomics software (version 3.0 NonLinear Dynamics) was used. The exported peak lists were imported in SearchGUI version 2.5.0
[Vaudel et al., 2011] for the peptide identification with X!Tandem [Craig and Beavis, 2004].
The identification was also done with Mascot 2.4 (Matrix Science). The Uniprot human
database downloaded on 22nd of July 2015 was used for the search with trypsin as protease
(maximum two miss cleavages), carbamidomethylation at cysteine as fixed modification, oxidation of methionine as variable modifications, 10 ppm as precursor mass tolerance and 0.02
Da as fragment mass tolerance. PeptideShaker [Vaudel et al., 2015] was used to combine
search results from X!Tandem and Mascot and filtered at a false discovery rate of 1 %. Only
proteins identified with at least two unique peptides were used for further analysis. The
average of normalized abundances of the three biological replicates was calculated and the
ratio (fold change) between three conditions (compliant 0.1 kPa, intermediate 1 kPa and stiff
10 kPa) to control condition glass was determined. The significance (P-value) was calculated
using Student’s t-test, two-sided, true variance equality, confidence level at 0.95. Proteins
were considered to be differentially regulated, if their P-value was below 0.05 and the fold
change was greater than the median fold change value plus twice the standard deviation
(up-regulated) or less than the median fold change value minus twice the standard deviation
(down-regulated). To generate a heatmap of fold change and the clustering pattern, the R
package ’gplots’ (version 3.0.1) and the hierarchical clustering function was used.

3.2.5. Ca2+ Imaging
• Neurobasal medium
• Fluo-4 AM: 1 µM
• Wash Buffer: HBSS (Gibco)
All Ca2+ imaging experiments were performed in cooperation with Dr. Camilla Fusi (Research Group "Neuroplasticity", Michael Kreutz, LIN Magdeburg). For Ca2+ imaging the
SP5 CLSM systems (Leica-Microsystems, Germany) equipped with Diode (405 nm), Argon
(458, 476, 488, 496, 514 nm laser lines), Diode Pumped Solid State (DPSS, 561nm) and HeNe
(633nm) lasers and acousto-optic tunable filters (AOTF) for selection and intensity adaptation of laser lines using LAS AF (Leica Application Suite Advanced Fluorescence) imaging
software was used. The Quick Change Chamber 18 mm Low Profile RC-41LP (Warner Instruments) was used for mounting coverslips with living cells in Neurobasal medium on the
microscope stage.
Cells were loaded with 1 µM Fluo-4 AM in NB for 10 min at 37 ◦ C and subsequently imaged. Quantification of spontaneous Ca2+ transients was completed using ImageJ software
(NIH, http://rsb.info.nih.gov/ij/). Fluorescence signals were reported as a ratio (∆F / F0)
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of the change in fluorescence (∆F) in a region of interest relative to the baseline fluorescence (F0). Given a stack of images containing time-lapse images of Ca2+ fluorescence and
delineate neurons from background, first a fluorescence versus time trace was calculated for
each neuron of interest. Neurons of interest were defined as pyramidal neurons and selected
morphologically [Csicsvari et al., 1998]. This normalized fluorescence trace (∆F / F0) was
characterized by a baseline that was periodically interrupted by Ca2+ transients of varying
amplitude and duration. Since individual transients may have different amplitudes, different
durations, occur at irregular intervals, and may be buried in significant noise, for peak detection in a time series, transients with amplitude < 2*standard deviation of F0 were discarded
as noise. Detection of peaks, quantified for each ROIs in the time frame between 50 and 250
s, was performed using the ImageJ Find Peaks plug-in.

3.2.6. Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) for data displaying Gaussian
distribution or median values alone. ANOVA tests, one-way analysis of variance and Bonferoni’s multiple comparison and Tukey post-test were employed for testing for significant
differences. Statistical analysis was performed with Prism version 6 (GraphPad Software,
USA). p values, as indicated in detail in the figure legend in the results section, of p < 0.05
were considered statistically significant with * : p < 0.05; ** : p < 0.01; *** : p < 0.001.

3.2.7. Software
Table 3.9.: Software used in this study
Used for
programm and software producer
Analysis of grey values and Blot Quantification Li-Cor ImageStudio Lite Ver. 5.0
ImageJ version 1.48v
Fiji version 2.0.0-rc-43 / 1.50e
Tables and calculations for image analysis
Microsoft Excel 2011 for Mac
Statistics
GraphPad Prism version 5.0b
Image composition
Adobe InDesign, Adobe Ilustrator
Literature
BibDesk version 1.6.11
Writing
TeXstudio version 5.6.2
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4. Results
4.1. Ageing in a dish
In cell biology, the production and culturing of primary neuronal cells have long been stated
as "royal discipline". With the help of well established protocols [Banker and Cowan, 1977],
[Cáceres et al., 1986], [Sciarretta and Minichiello, 2010], [Pacifici and Peruzzi, 2012], neuronal
cell cultures are now a powerful tool to study and manipulate living neurons. Due to the fact
that neurons in a dish are less entangled compared to the intact brain, they can be used to
study the dynamics and subcellular localization of proteins.

4.1.1. Long-term culturing of neuronal cells
Routinely, neuronal cells are kept in culture until they reach a mature state, mostly defined
around DIV 20, and are then used for a variety of experiments. In most labs, cell culture
conditions were optimised to maintain neuronal cells vitality up to this time point and more
and more cell death is observed as neuronal cultures get older. In our hands, primary neuronal cultures consisting of neurons and glial cells (mainly astrocytes) survived up to 40 days
in vitro and displayed a rather two-dimensional cellular ultrastructure using the established
protocols mentioned before. Further, glial growth was dominating in the limited space of a
coverslip and ultimately neurons were overgrown [Piret et al., 2015].
One main aim of this thesis was to keep neuronal cells alive up to 80 days without the
addition of antibiotics and investigate their physiological ageing process. Since this was more
complicated than first imagined and could not be achieved by waiting passively for 80 days,
cell culture conditions had to be adjusted. After each step-wise adaptation to the culturing
protocol, the survival of neuronal cells was inspected visually and signs of cell detachment
and cell death were noted.
First, the feeding procedure with 10% media volume was increased from once to twice a
week, since evaporation of NB media and the lack of nutrients could be one possible explanation for cell death. Another critical step was to reduce contaminations from microorganisms
since infected cells had to be trashed immediately and could not be used for experiments.
To prevent contaminations and ensure stable temperature, humidity and CO2 percentage,
neuronal long term cultures were stored in a separate incubator with antimicrobial copper
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inlay. Lastly, it is known from the literature that for survival, a dense cellular network is
crucial [Pfisterer and Khodosevich, 2017], [Cullen et al., 2010]. In light of this, cell density
was increased from 40 K to 100 K neuronal cells for a 12-well plate.

Table 4.1.: Comparing routine cell culture conditions for primary cortical neurons with new
established protocol for long-term cell cultures
Routine cell culture conditions
Long-term cell culture conditions
Feeding 1x a week with 10% media vol. Feeding 2xa week with 10 % media vol.
One incubator for all cell culture users Incubator solely for long-term cultures
40 K cell density on 12 well plate
100 K cell density on 12 well plate

4.1.2. A suitable senescence marker for neuronal cells
Once cell culture conditions were adjusted to the needs of a long-term neuronal culture,
the actual ageing process had to be confirmed using senescent markers known from literature [Sharpless and Sherr, 2015], [Muñoz-Espín and Serrano, 2014]. It is known that finding
a specific senescence marker for post-mitotic neurons is especially challenging since most
senescence markers are related to cell-cycle arrest, DNA damage or replicative exhaustion
[Campisi and d’Adda di Fagagna, 2007], i.e. are indeed suited for actively dividing cells and
not for post-mitotic cells such as neurons.

First, γ-H2AX was tested as a biomarker for DNA double-strand breaks, a known hallmark
of ageing and senescence [Kuo and Yang, 2008]. Known as a sensitive indicator of doublestrand breaks from cancer research and experiments using irradiation to induce DNA damage
[Rogakou et al., 2000], increased γ-H2AX expression is expected with age [Xia et al., 2017].
To investigate expression levels of γ-H2AX in ageing neuronal cells, cells were cultured in NB
media (see 3.2.4.3) and fixed with 4 % PFA at DIV 20, 40, 60 or 80. Immunostainings of
γ-H2AX revealed no distinct increase in expression levels in neurons (MAP2-positive cells)
or astroglia (GFAP-positive cells). Since γ-H2AX showed no promising results in neuronal
cell culture, the expression of the nuclear lamina protein Lamin B1 was tested next.

Experimental studies pointed out that Lamin B1 decline is a general senescence marker in
vitro and in vivo, whereas expression levels of Lamin A, C and B2 are stable after induced
DNA damage in primary human fibroblasts [Freund et al., 2012]. In this study, no decline
in Lamin B1 expression could be detected for ageing neuronal cells (Fig. 4.2), leading to the
assumption that also Lamin B1 is not a suitable senescence marker for the cell culture system
used here or that cells had not reached a senescent phenotype, yet.
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Figure 4.1.: Potential senescence marker γ-H2AX showed no regulation in ageing neuronal
cells
(A) Immunostainings were performed at DIV 20, 40, 60 and 80 to monitor the expression of the
potential senescence marker γ-H2AX in neurons (MAP2-positive) and astroglia cells (GFAP-positive)
during ageing. No remarkable differences in γ-H2AX expression were detected over time. Scale bar:
20 µm.
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Figure 4.2.: Potential senescence marker Lamin B1 showed no decline in ageing primary neuronal cultures
(A) Immunostainings were used to show the expression levels of the potential senescence marker Lamin
B1 in neurons and astroglia cells at DIV 20, 40, 60, 80 and 100. DAPI staining showed cellular nuclei.
No remarkable decline in Lamin B1 expression was seen as cell age. Note that clear cut nuclear lamina
outlines were shown. Scale bar: 20 µm.

As described in the Introduction (2.1.1.), disturbed protein homoeostasis is one factor of
the ageing process. Following this idea, SQSTM1 / p62, an autophagosome cargo protein
that marks proteins for autophagy, was tested as a potential senescence marker. Numerous
studies showed that p62 co-localizes with ubiquitin-positive protein complexes and facilitates
protein degradation by binding to autophagy regulators [Bjørkøy et al., 2006],
[Knaevelsrud and Simonsen, 2010]. Here, p62 was used as marker for intracellular protein
aggregates since it binds proteins that are tagged for degradation [Sakuma et al., 2015],
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[Bitto et al., 2014]. It is known that neurons are among the most vulnerable cell types in agerelated aggregate formation [Lim and Yue, 2015], presumably because of their complex structure including fine protrusions and the fact that they are post-mitotic cells and can not be replaced, especially as a large, functionally integrated population [Valiente-Gabioud et al., 2016].
When autophagy is disturbed, p62-containing aggregates become bigger and ultimately proteotoxic stress is harmful to neurons [Komatsu et al., 2007], [Lim et al., 2015]).

Figure 4.3.: p62-positive protein aggregates formed in ageing neurons
(A) Investigating neuronal cell cultures from DIV 20 to 80, a clear increase in p62-positive protein
aggregates was visualised using immunocytochemistry. Especially in neurons, the cell soma and protrusions were filled with protein aggregates at later time point investigated, whereas astroglia cells
appear less prone to protein aggregation. For visualisation of the presynapse, Synaptophysin was used.
Scale bar: 20 µm. (B) Quantification of p62-positive puncta inside a MAP2 mask revealed a gradual
and up to 6-fold increase of protein aggregates comparing young and old cells. N = 3 independent
experiments, with 10 neurons per group, assessed by one-way ANOVA with Tukey post-test. (C) The
Illustration shows schematically how autophagosome formation and protein degradation is handled in
a young neuron, whereas aged neurons are vulnerable to the formation of protein aggregates.

In our experiments, neuronal cells were again cultured up to DIV 80 in NB medium and
probed for p62-positive protein aggregates at DIV 20, 40, 60 and 80 by immunocytochemistry.
A clear, significant and gradual increase in p62-positive protein aggregates was detected in
neurons ageing from DIV 20 to DIV 80. Whereas at DIV 20 only a small portion of intracel-
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lular proteins is marked for degradation, already at DIV 40 p62-positive aggregates increase.
At DIV 80 the whole soma and a remarkable part of dendritic protrusions are crowded
with p62-labelled, misfolded or dysfunctional proteins. Note that astroglial cells were less
prone to build up p62-positive aggregates and MAP2 signal intensity, as well as Synaptophysin expression, appears stable for all time points tested (Fig 4.3, A). Quantification of
the p62-immunopositive area was performed inside a MAP2 mask to outline the neuronal
structure. A gradual increase in p62-immunopositive area was revealed ranging from 2-fold
at DIV 40, 5-fold at DIV 60 and to up to 6-fold at DIV 80 compared to mature neurons
at DIV 20, suggesting a mechanistic link between ageing and protein aggregation (Fig 4.3,
B). A schematic drawing helps to understand the link between p62-accumulation and protein aggregation: in a young neuron, a protein is marked for degradation (cargo-protein) by
p62-binding and together with LC3-1 and other effector proteins the formation of the autophagosome is initiated (Fig 4.3, C). In an aged neuron deficit in autophagosome formation
and other degradation pathways lead to the accumulation of p62-marked proteins and overtime to increase protein aggregation. Concluding from these results and literature findings,
p62 was used as a senescence marker for ongoing experiments and DIV 80, or at some points,
DIV 100 was used as the latest time point of investigations.

4.1.3. Deficits in proteostasis in aged neurons
In light of the described defects in proteostasis, de novo protein synthesis capacities were
investigated next in neurons at different ages. To visualize newly synthesised proteins, the
FUNCAT method was used (see 3.2.3.8). In short, the non-canonical amino acid AHA was
incorporated as a surrogate for methionine into the nascent polypeptide chain of newly synthesised proteins. Utilizing click chemistry, the azide group of AHA was subsequently tagged
with the TAMRA fluorophore of the alkyne tag to visualize protein synthesis capacities. The
fluorescent signal of the TAMRA tag can be detected with conventional microscopy and cellular or even synaptic structures were detected by immunocytochemistry and appropriate
synaptic and dendritic markers.
In this experimental setup, cortical neuronal cultures of different ages (DIV 20, 40, 60, 80)
were labelled with AHA for 3 h in methionine-free medium (Hibernate) and fixated directly
afterwards. Immunostaining was performed to outline the neuronal structure (MAP2) and
the presynapse (Synaptophysin).
As demonstrated by the decrease in TAMRA signal intensity, de novo protein synthesis is
reduced as neurons age. In young neurons, a high quantity of newly built proteins is visualised in the soma and even in distal dendrites. In contrast, as neurons age, fewer proteins
were produced during the investigated time frame in dendrite and soma (Fig 4.4, A). To
have a better visualisation of the described effect, dendrites were straightened (Fig 4.4, B).
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Quantification of TAMRA signal intensity inside a MAP2 mask demonstrates a significant
decrease in protein synthesis activity in aged neurons (Fig 4.4, C).

Figure 4.4.: De novo protein synthesis is decreasing in ageing neurons
(A) Primary cortical neurons were labelled with the non-canonical amino acid AHA for 3 h in Hibernate medium at different time points in their development (DIV 20, 40, 60 or 80). Proteins, newly
synthesised during this 3 h time period, were visualised via click-chemistry using the FUNCAT technique (see TAMRA signal). The neuronal structure was stained using immunocytochemistry against
MAP2 and the presynapse was visualised analogously with Synaptophysin. Scale bar: 20 µm. (B)
The main dendrite of single neurons was straightened to visualize the distribution of newly synthesised proteins in more detail.MAP2 is shown to outline the neuronal structure. (C) Quantification of
normalised TAMRA signal states a significant decrease in de novo protein synthesis as neurons age.
MAP2 is used as a mask for neuronal structure. (N = 3 independent experiments, with 10 neurons
per group, F = 169.9, ****P < 0,0001, ***P = 0,0006, **P = 0,0012, assessed by one-way ANOVA
with Tukey post-test.)
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Besides de novo protein synthesis, FUNCAT can be also used to measure protein degradation inspired by classical pulse-chase experiments [Takahashi and Ono, 2003], [Cohen et al., 2013].
Here, AHA incorporation was performed for 3 h in Hibernate medium without methionine
and subsequently neuronal cultures were incubated with their previously-used NB medium
containing methionine and no AHA.

Figure 4.5.: Protein degradation was slowed down in ageing neurons
(A) Primary cortical neurons were labelled for 3 h with AHA and subsequently chased with Methionine
containing medium for 3 h. This experimental setup allows to monitor the degradation of AHAcontaining proteins at different time points (DIV 20 to DIV 80, see TAMRA signal). To assess neuronal
and synaptic shape, immunocytochemistry for MAP2 and Synaptophysin was performed. Scale bar:
20 µm. (B) To show the location of non-degraded AHA-positive proteins, the main neuronal dendrites
were straightened. (C) Quantification of normalised TAMRA signal shows a lack of reduction of AHA
labelled proteins with increasing age compared to control conditions at DIV 20. (N = 3 independent
experiments, with 10 neurons per group, F = 52,61, ****P < 0,0001, ***P = 0,0002 / 0,0001, **P =
0,0026, assessed by one-way ANOVA with Tukey post-test.)
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This approach allows to monitor how many AHA-labelled proteins remain over a defined
time point (chase time: 3 h) and insights into degradation dynamics are given. Again cells
were investigated at the age of DIV 20 to DIV 80 and immunostained for MAP2 and Synaptophysin. For young neurons, AHA-labelled proteins were visualised inside the cell soma and
in nearby dendritic areas, whereas with increasing age also the intensity of TAMRA-positive
probes increases in all cellular compartments (Fig 4.5, A). For better illustration, dendrites
were straightened and also here the signal intensities of AHA-labelled proteins were increased
inside the soma and at distal dendrites in aged neurons (Fig 4.5, B). A significant increase
in TAMRA signal was revealed by quantification (Fig 4.5, C).

Another way to study the dynamics of protein translation is the BONCAT technique (see
3.2.2.2). Similar to the FUNCAT method, a Biotin tag is linked to incorporated AHA by
click chemistry. In this experimental pulse-chase setup, primary neuronal cultures ageing
from DIV 20 to DIV 60 were labelled for 3 h with the non-canonical amino acid AHA in
Hibernate medium to tag newly synthesised proteins. Subsequently, cells were harvested
directly after 3 h labelling time (= chase 0 h). Analogous to the FUNCAT experiment in
Fig 4.5, one group of cells were incubated with Methionine containing medium for 6 h or
24 h and degradation of AHA-containing proteins was investigated. For each probe, protein
amounts were adjusted to 10 µg prior to loading. For better quantification of biotin signal
intensity, a Dot Blot analysis of the same probes was performed. As first result, a reduction
in protein synthesis capacities was shown in aged cells (see: chase 0 h, Fig 4.6, A, DIV 50,
60), visualised by a weaker biotin signal compared to mature controls (DIV 20). At later
time points (DIV 50 or 60), additionally a slowed protein degradation rate is seen, fitting to
previous results (see: chase 6 h, 24 h, Fig 4.6, A).

Taken together, we can conclude that protein turnover is slowed down in ageing neurons like
it was reported before in literature with other experimental approaches [Mitra et al., 2009],
[Toyama and Hetzer, 2013]. With the sister methods FUNCAT and BONCAT we were able
to directly visualize the decline in protein synthesis and -degradation in a cellular context
and on Western Blot level.

To further clarify a potential dysregulation of translational pathways in neuronal ageing,
the expression profile of key regulator proteins was probed in lysates of primary cortical cells
using Western Blot. For this, primary cortical cells were harvested at different ages (DIV 20
to DIV 60) and protein lysates were analysed with respect to proteins involved in S6 kinase /
eEF2 pathway. As loading control a total protein Coomassie staining was used as explained
under 3.2.3.5.
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Figure 4.6.: Translational capacities declined in aged neuronal cells
(A) BONCAT pulse-chase experiments with 0 h, 6 h or 24 h chase time. Neuronal cultures were
labelled for 3 h with AHA at different age (DIV 20 to DIV 60) and further coupled to biotin tag
via click reaction. A reduction in protein synthesis and -degradation is seen in aged cells. 10 µg of
protein lysates were loaded for Dot blot for evaluation of the biotin signal. Coomassie Loading control
representing the total protein amount for each sample analysed. Coomassie Loading control was used
for normalisation and to load equal protein amounts for each sample, since recent studies suggest that
total protein amount visualized by Coomassie is a more robust and reliable loading control [Welinder
and Ekblad, 2011], [Eaton et al., 2013], [Faden et al., 2016], [Nie et al., 2017]. The signal intensity
for each protein lane was quantified using ImageJ. The signal intensities were normalized and a new
loading volume for each sample was calculated based on these results. The cross-pattern in background
of the Coomassie gel is caused by the checked paper of the lab book. (B) Phosphorylation pattern
of key regulators in the S6 kinase / eEF2 pathway is shifted to less translational activity in aged
neuronal cells analysed by Western Blot. Graphical illustration of S6 kinase / eEF2 pathway adapted
from: [Taha et al., 2013]. Again, a Coomassie Loading control representing the total protein amount
for each sample was used as loading control to ensure that the same amount of protein concentration
is loaded.

Originating from the mTOR signalling pathway, S6 kinase is one of the most conserved
modulators of ageing and essential for translational regulation. The S6 kinase is activated by
a complex multi phosphorylation pattern. Here, we concentrate on the phosphorylation site
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at Thr389 activated by mTOR since it is most critical for kinase function [Moser et al., 1997],
[Pullen and Thomas, 1997].

As cells age from DIV 20 to DIV 60, a clear reduction of phospho-S6 kinase (Thr389)
was revealed, whereas the expression of unphosphorylated S6 kinase is increasing (Fig. 4.6,
B). From the four known targets of S6 kinase, eEF2K was highlighted to control protein
translation and cellular lifespan [Richardson et al., 2004], [Hernández et al., 2004]. When
phosphorylated at Ser366, eEF2K is inactivated [Wang et al., 2001], which in turn promotes
the dephosphorylation of eEF2, and thus accelerates translation. In our experiments, less
phospho-eEF2K (Ser366) was seen at aged state and in line with this, also the inactive
phospho-eEF2 (Thr56) accumulates. Taken together, this complex pathway is shifted towards
a general decline in translational activity, supporting previous results presented here.

4.1.4. Polyamines as an anti-ageing therapy?

As a next goal, potential anti-ageing reagents known from literature [de Cabo et al., 2014],
[Longo et al., 2015] were tested in their capability to restore protein synthesis and -degradation
rates to a juvenile level. This testing was done as a subproject in cooperation with Eric
Hoehne and was summarized in his Bachelors Thesis. From the group of reagents we tested,
the polyamine Spermidine showed the most promising effects in preliminary experiments not
mentioned here and was thereby chosen to be investigated in more detail. Spermidine was
applied for 3 h at a concentration of 50 µM to mature (DIV 20) or aged (DIV 60) neuronal
cells. After incubation with Spermidine, cells were washed once with HBSS, harvested and
protein lysates for subsequent Western Blot analysis were prepared.

Applying Spermidine for 3 h restored the expression levels of the translational effectors
eEF2 and elF5A in aged cultures back to those observed in young cultures. (Fig 4.7, A). Also,
the ribosomal protein Rpl10a showed an increased expression in old cultures after treatment
with Spermidine. Following the hypothesis that the pro-translational effects of Spermidine
were partly a result of the relation to the Eukaryotic Translation Initiation Factor 5A (eIF5A),
the same Western Blot analysis was repeated with Hypusine treatment, a metabolite of
Spermidine, essential for eIF5A function. For a better understanding of this rather unknown
biosynthesis pathway, the following graphic will illustrate how Spermidine is added to eIF5A
and thereby converted to the amino acid Hypusine (see Fig. 4.8). This process takes place
as a post-translational modification at Lysine 50 of eIF5A [Martinez-Rocha et al., 2016].
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Figure 4.7.: Translational capacities declined in aged neuronal cells and are potentially restored by polyamine signaling
(A) Expression levels of activators of protein translation such as eEF2, eIF5A and Rpl10a were replenished after 3h Spermidine or Hypusine application. In contrast, the expression of the translational
repressor phospho-eEF2 was reduced after Spermidine and Hypusine treatment to levels seen in young
but mature cells. Coomassie Loading control representing the total protein amount for each sample
analysed. For both experiments, Coomassie Loading control was used for normalisation and to load
equal protein amounts for each sample, since recent studies suggest that total protein amount visualized by Coomassie is a more robust and reliable loading control [Welinder and Ekblad, 2011], [Eaton
et al., 2013], [Faden et al., 2016], [Nie et al., 2017]. The signal intensity for each protein lane was
quantified using ImageJ. The signal intensities were normalized and a new loading volume for each
sample was calculated based on these results. Due to technical replication, the lanes of the Coomassie
staining have a different order than the presented Western Blots. The cross-pattern in background
of the Coomassie gel is caused by the checked paper of the lab book. (B) Spermidine treatment
24 h before BONCAT pulse-chase experiment with 0 h, 6 h, or 24 h chase time accelerates protein
degradation in aged neuronal cells. Coomassie Loading control representing the total protein amount
for each sample analysed. Also here, Coomassie Loading control was used for normalisation and to
load equal protein amounts for each sample. The cross-pattern in background of the Coomassie gel is
caused by the checked paper of the lab book.
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Figure 4.8.: Biosynthesis of mature, hypusinated elF5A
Besides various functions in cellular survival, Spermindine serves as donor for the unique hypusine
modification of elF5A. The process of modification is divided into two parts: First, Deoxyhypusine
synthase covalently attaches Spermidine to a lysine residue of eIF5A to form the intermediate eIF5A
Deoxyhypusine. In a second step, deoxyhypusine hydroxylase modifies the intermediate to the functionally active, hypusinated elF5A. Figure adapted from: [Chattopadhyay et al., 2008].

As a result, the same tendency towards a translational activation described for shortterm Spermidine application was seen after Hypusine treatment in aged neuronal cells (Fig
4.7, A). The expression levels of eEF2, eIF5A and Rpl10a in aged cells were restored after
Hypusine treatment to levels seen in mature, but not aged neuronal cultures, pointing to
pro-translational effects of the unusual amino acid Hypusine [Saini et al., 2009]. To verify
that Spermidine application results also in accelerated protein turnover capacities in aged
cells, the BONCAT experimental setup from Fig. 4.6 A was repeated with 24 h Spermidine
treatment (50 µM) a priori AHA incubation. Compared to a control situation in Fig. 4.6 A,
a clear increase in protein degradation is seen in probes with 6, 24 h chase time at aged time
points (DIV 50 and DIV 60, Fig 4.7, B).

As discussed in Fig. 4.3, p62-positive protein aggregates built up in ageing neurons probably due to deficits in protein degradation. Therefore, we checked whether Spermidine
is capable to resolve those aggregates in mammalian neurons by activation of autophagy.
These effect of Spermidine is known from studies in Drosophila [Gupta et al., 2013]. As a
marker for autophagic vesicles we used antibodies against LC3 A / B and p62 / SQSTM1
[Pankiv et al., 2007]. For a better understanding of the processes in autophagic degradation
of proteins, a graphic illustration is provided (Fig 4.9, C), depicting the interaction between
LC3 and the adaptor protein p62 in autophagosome formation [Tyedmers et al., 2010]. LC3
shares structural features with ubiquitin and is essential in autophagy substrate selection and
regulates membrane fusion of the autophagosomes. The exact temporal coordination of these
complex events during autophagy remains unknown.
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Figure 4.9.: p62-positive protein aggregates were resolved by the polyamine Spermidine
(A) Immunostaining of the autophagic effector protein LC3 A/B, p62/SQSTM1 and the cell type
marker GFAP and MAP2 revealed an increase in p62-positive area co-localised with neurons. Treatment with 50 µM Spermidine for 24 h reduced p62-postive protein aggregate load at DIV 80, whereas
no effects were seen in young cultures (DIV 20). Scale bar: 20 µm. (B) Quantification highlights an
up to 5 fold increase of p62-positive protein aggregates inside a MAP2 mask. Spermidine application
reduces p62 area to juvenile levels. (N = 3 independent experiments, with 10 neurons per group,
assessed by one-way ANOVA with Tukey post-test, F = 121.8, ****P < 0,0001, ns = not significant
(C) Illustration explaining the interaction between LC3 A/B and p62 and their role in autophagic
vesicle formation. Adapted from: [Tyedmers et al., 2010])

In our experiments indeed, both LC3 A / B and p62-positive puncta increase in aged
neurons (for p62 also shown in Fig 4.3) and 24 h treatment with Spermidine was sufficient
to resolve around 50 % of p62-positive protein aggregates accumulated in aged neurons (DIV
80, Fig 4.9, A, B). Note, that Spermidine application had no significant effect on young
neurons (DIV 20). For all conditions tested neuronal- and glia structure appears intact.
Quantification of the p62-positive area inside neurons revealed again an up to 5-fold increase
from DIV 20 to DIV 80, whereas Spermidine application reduced p62 levels to a juvenile
state.
To further analyse whether Hypusine or its precursor Spermidine is also able to change
dynamics in protein translation a FUNCAT experiment with subsequent immunostaining was
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performed in aged cortical cells. Cells were treated with Hypusine (50 µM) or Spermidine
(25 µM) for 24 h prior to 3h labelling with AHA and compared to control conditions without
pharmacological treatment. In control conditions, the solvent of the responding compound
was applied solely. Neuronal morphology (MAP2), hypusinated elF5A levels, and Shank2
expression were visualised by immunostaining (Fig 4.10, A) and analysed as described above.
Hypusinated elF5A levels were increased around 2 fold after treatment with Hypusine or
Spermidine, compared to control conditions. Also, a rise in TAMRA signal intensity around
2-fold was detected after Hypusine or Spermidine treatment, pointing to an increased protein translation rate (Fig 4.10, C). For a more detailed visualisation straightened dendrites
(Fig 4.10, E) showing newly synthesised proteins also located in dendritic spines for neurons
treated with Hypusine or Spermidine.
To prove that Hypusine and its precursor Spermidine act upon elF5A activity, we used the
Spermidine analogue GC7 (10 µM), which competitively and reversibly inhibits deoxyhypusine synthetase and thereby the hypusination of mature eIF5A [Oliverio et al., 2014]. When
incubating with Spermidine (25 µM) and the DHS blocker GC7, Hypusine levels remain at a
basal level, underlining the inhibition of hypusination (Fig 4.10, B). Note, that GC7 treatment
diminishes the described increase in TAMRA signal intensity under Spermidine treatment,
suggesting a link between hypusination and protein synthesis capacities. Further, increased
expression of the postsynaptic density protein Shank2 was revealed in DIV 80 neurons after
Hypusine or Spermidine treatment, highlighting the structural and functional plasticity inside
the synaptic organization even at an aged phenotype (Fig 4.10, D). Looking into more detailed molecular properties, the scaffolding protein Shank2 harbours multiple proline-enriched
stretches and is indeed considered to be a proline-rich protein [Raab et al., 2010]. Interestingly, the translation factor eIF5A was described to promote the translation of such polyproline motifs [Gutierrez et al., 2013]. In general, Shank2 is known as a postsynaptic scaffold
protein, coordinating the spatial arrangement of metabotropic glutamate- and NMDA receptors [Boeckers et al., 2002].
Connecting the hypothesis that reduced synthesis of proline-rich proteins leads to deficits in
synaptic function during ageing, we wondered whether also synaptic function and especially
synaptic vesicle recycling can be rejuvenated by Hypusine or Spermidine treatment. So
the same pharmacological treatment from Fig 4.8 was used to perform a Synaptotagmin
uptake (see 3.2.4.10) experiment in DIV 80 neuronal cells. Live staining was performed
with a fluorescent antibody against the luminal domain of Synaptotagmin, and once taken
up by endocytosis, indicating sites of active vesicle recycling in subsequent image analysis.
Furthermore, presynapses and neuronal shape were visualised with Synaptophysin and MAP2
immunostaining, respectively. Clearly, Synaptotagmin-positive puncta increase in number
and brightness when cells were treated for 24 h with Hypusine or its precursor Spermidine.
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Figure 4.10.: Hypusine and its precursor Spermidine induced de novo protein synthesis and
Shank2 expression.
(A) Rat primary cortical neurons (DIV 80) were treated with Hypusine (50 µM), Spermidine (25 µM)
or Spermidine (25 µM) the DHS synthase inhibitor GC7 (10 µM) for 24 h. Hypusine modification,
Shank2 expression, and neuronal structure (MAP2) were visualised using immunocytochemistry. The
rate of newly synthesised proteins is monitored via FUNCAT (3 h labelling time, see TAMRA signal).
Identical confocal settings were used for acquisition of all images, and representative images are shown,
scale bar: 20 µm. (B) Quantification of Hypusine signal depicts significant increase in normalized mean
signal intensity in Hypusine and Spermidine treated samples compared to controls. MAP2 is used as
mask for neuronal structure. (N = 3 independent experiments, with 10 neurons per group, F = 105.8,
****P < 0,0001, *P = 0,0174 / 0,0186. Data is represented as median, upper / lower quantile and
Minimum / Maximum.) (C) Quantification of TAMRA signal depicts significant increase in normalized
mean signal intensity in Hypusine and Spermidine treated samples. MAP2 is used as mask for neuronal
structure. (F = 35.96, ****P < 0,0001, ***P = 0,0004). (D) Quantification of Shank2 positive
puncta depicts significant increase in normalized mean signal intensity in Hypusine and Spermidine
treated samples. Corrected for dendritic length. (F = 18.12, **P = 0,0033 / 0,0084 assessed by
one-way ANOVA with Tukey post-test). (E) FUNCAT signal of representative straightened dendrites
of neurons treated with Hypusine, Spermidine or Spermidine + GC7 for 24 h. Scale bar: 5 µm.
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Blocking the conversion of Spermidine to Hypusine with GC7 brought Synaptotagmin
puncta back to a level comparable to control conditions in aged neurons (Fig 4.11, A, C).
Note that Synaptophysin expression appears alike between all conditions tested, pointing to
structural stable synapses with a slowed down vesicle release probability [Kober et al., 2016].

Figure 4.11.: Synaptic vesicle recycling was slowed down in aged neurons and can be increased
by Hypusine or Spermidine treatment
(A) Live staining with an antibody against the luminal domain of Synaptotagmin-1 coupled to
Alexa488 was performed in neuronal cultures in vivo for 30 min with subsequent immunostaining for
the presynapse (Synaptophysin) and the neuronal structure (MAP2). Note the increase in immunopositive puncta for Synaptotagmin when aged cells were treated with Hypusine or Spermidine for 24h
prior to the live labelling with Synaptotagmin-1 antibody, whereas blocking the conversion from Spermidine to Hypusine showed no effect compared to control conditions. Expression of Synaptophysin
appears stable across all conditions tested. (B) Graphic illustration of the synaptic vesicle release
machinery depicting the binding site of the luminal Synaptotagmin-1 antibody [Chapman, 2002]. (C)
Quantification of Synaptophysin and Synaptotagmin colocalisation showed a significant increase in
Synaptotagmin-positive released vesicles when aged neurons were treated with Spermidine. (F =
4.576, *P < 0.0490, ns = not significant, assessed by one-way ANOVA with Tukey post-test)

To further prove that Hypusine application increases elF5A activity and thereby global
translational elongation and termination [Schuller et al., 2017], a polysome profiling experiment was performed together with Dr. Felix Mertin [Hanebuth et al., 2016]. In general,
polysome profiling is a technique to describe the translational status of a cellular population
at a specific time point and thereby quantify the subset of actively translated mRNAs. To
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identify, whether ageing as an effect on the proportion of polysomes, representing the actively
translating complex, primary cortical cells were grown until DIV 60 and compared to young
control cells (DIV20).

Figure 4.12.: Polysome profiles differ between young and old neuronal cultures and short
Hypusine application rejuvenates polysome profiles in aged cultures
(A) Workflow of polysome profiling especially optimised for primary neuronal cells. Note the hypotonic
conditions applied. (B) Example polysome profile is depicted for better understandability of the
experimental results: After cell lysates were fractionated over 20 to 60 % sucrose gradient, amount
of mRNA was measured at 254 nm and a characteristic profile is revealed. (C) Polysome profiles
measured at 254 nm from primary cortical cultures harvested at DIV 20 or DIV 60, respectively.
Besides control conditions (black graph), one set of cells was treated with 50 µM Hypusine for 3 h
before profiling experiment (see green graph). Polysome profiles were quantified by comparing the
area under the curve (AUC) for the polysome peaks relative to the 80 S peak. A significant reduction
in polysome abundance was recorded for aged neuronal cultures. This trend was rescued by Hypusine
treatment and an increase in the number of polysomes was seen. Western Blot analysis of translational
markers revealed a characteristic distribution of the ribosomal protein Rpl10a and the translational
regulator eEF2 along the separated fractions. Rpl10a is enriched at ribosomal peak and at polysome
fractions, whereas eEF2 is mainly detected insoluble fractions [Hanebuth et al., 2016]. (F = 11.47,
*P < 0.0465, **P < 0.0024, ***P = 0.0001, assessed by one-way ANOVA with Bartlett’s test and
Bonferroni’s Multiple Comparison Test, n = 6)

For both time points, one sample was treated for 3 h with Hypusine (50 µ M) and the
second sample was handled as a control condition. Cells were lysed in a specifically designed
hypotonic buffer to restore the integrity of polysomes (see 3.2.2.7). Lysates were loaded onto
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a 20 - 60 % sucrose gradient and after centrifugation, the gradient samples of 400 µl containing ribosomes and polysomes were analysed continuously at 254 nm to quantify their mRNA
content (Fig 4.12, A & B). Comparing these polysome profiles of young and aged neuronal
cells, a significant drop in the number of polysomes, i.e. actively translating ribosomes, in
aged samples was detected. This finding agrees with the reduced protein synthesis capacities
described before and points towards a lack of translating polyribosomes as one potential explanation or even consequence of aged cells. Note that at a young age (DIV 20), Hypusine
treatment did not change the characteristic peak pattern of the polysome profile (Fig 4.12, C).
The aged cultures treated with Hypusine showed a significant increase in the level of
polysomes, again highlighting its rejuvenation effects. These findings give a hint that indeed Hypusine directly increases elF5A activity and thereby promotes active translation via
polysomes [Henderson and Hershey, 2011]. As a reference for a successful fractionation of soluble and ribosome-bound proteins, example Western Blots for the ribosomal protein Rpl10a
and the translational regulator eEF2 for all 13 separated fractions are shown. As expected,
eEF2 shows the strongest appearance in fraction 2 - 4, known as fractions where soluble proteins appear. In contrast, Rpl10a is clearly enhanced in fractions associated with ribosomal
peaks and appears most prominently on polysomal fractions 11 to 13.
In conclusion, this chapter introduced p62 / SQSTM1 as a senescence marker for protein
aggregates and a clear increase in p62-positive aggregates was visualised in aged neurons. Further, deficits in protein de novo synthesis and -degradation could be demonstrated courtesy
of the FUNCAT and BONCAT methods, and the S6 kinase / eEF2 pathway was described as
one potential signalling cascade related to this ageing phenotype. Finally, the rejuvenation
effects of Hypusine and its precursor Spermidine were shown in regard to the induction of
autophagy, translational capacities and synaptic vesicle recycling. We provide first hints that
polyamines are capable via activation of elF5A to boost the amount of actively translating
polysomes back to levels normally found in young neurons.
In the next chapter, a novel cell culture model with an emphasis on mechanosignalling will
be introduced and its potential to mimic the neuronal ageing process will be investigated.
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4.2. Stiffness regulated polyacrylamide gels as a suitable model for
brain ageing?
Up to now, several attempts were made to study the ageing of the nervous system in diverse
cell culture systems including dissociated cultures or organotypic slices [Humpel, 2015],
[Jang et al., 2018]. Most studies concentrated on a stress-induced model of cellular ageing
linked to increases in reactive oxygen species (ROS) [Dong et al., 2017], [Campos et al., 2014]
or mitochondrial dysfunction [Dong et al., 2011]. In this experimental thesis, we aim to connect neuronal ageing with mechanosignalling and investigate how changes in tissue mechanics
affect neuronal cells during their ageing process. Conventional cultures conditions use glass
coverslips with Poly-D- or L-Lysine coating, however, over the last decade a variety of different substrates with tunable stiffness have been described [Ross et al., 2012]. In this study, we
choose to use polyacrylamide (PAA) gels since they are non-toxic to neuronal cells and can
be produced in a fairly uncomplicated manner. In the course of this thesis, polyacrylamide
(PAA) gels were prepared in the lower and upper range of in vivo brain stiffness, i.e. ranging
from 0.1 kPa and 1 kPa to 10 kPa to bridge towards the infinite stiffness of conventional glass
coverslips generally used in the majority of cellular and molecular neuroscience labs. This
allows the elastic modulus of both a young brain (around 0.1 kPa) and a more mature brain
(> 1 kPa) to be mimicked in a manner suitable for cell culture [Moeendarbary et al., 2017].
Further, we used these stiffness regulated cell culture substrates to mimic the mechanical
properties of the ageing brain (beyond 1 kPa). Hereby, this set-up allows us to study neurons
in a mechanically changing environment and to characterising their formation of dendritic
protrusions, synapses and mechanisms of protein synthesis.

4.2.1. Characterisation of neuronal cells grown on stiffness regulated
polyacrylamide gels
To first characterize these four different substrates and prove that they are indeed suitable to
seed and grow neuronal cells, Laminin coating and overall cell attachment were investigated.
Laminin was coated onto all substrates tested and coating efficiency was visualised using a
specific antibody against Laminin with subsequent immunocytochemistry before any cells
were seeded. We detected no difference in coating pattern or -intensity between all stiffness
grades concluding that the attachment of Laminin is similar between the conditions tested
and, hence, does not depend on substrate stiffness (Fig 4.13, A). Next, primary cortical cells
were seeded onto the different substrates with tunable stiffness or conventional glass coverslips
and fixed at a young age (DIV 7).
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Figure 4.13.: Comparing laminin coating, neuronal attachment and -outgrowth on polyacrylamide surface and glass.
(A) Polyacrylamide (PAA) substrates and glass coverslips showed a comparable pattern and density
of Laminin coating. (B) Neuronal attachment was compared between PAA substrates with different
stiffness and glass by visualising overall cellular nuclei (DAPI), neuronal dendrites (MAP2) and mature
neuronal nuclei (NeuN) using immunocytochemistry at DIV 7. For each cell culture substrate, a similar
cell attachment is seen. Scale bar: 20 µm. (C - E) Quantification of neuronal attachment at DIV 7. No
significant difference was described for the number of nuclei (C), neuronal cells (D) or mature neuronal
nuclei (E) for the different substrates tested here. In general, no difference in cellular attachment was
seen for the cell culture substrates used. (N = 3 independent experiments, with 10 neurons per group
each, ns = not significant, assessed by one-way ANOVA with Tukey post-test.)

To test whether cell attachment was similar between all substrates and to exclude that
PAA gels had a toxic effect on neuronal cells, immunostainings were performed for neural
nuclei (DAPI; i.e. neurons and glia cells), neuronal morphology and arborization (MAP2),
and mature neuronal nuclei (NeuN) to quantify total neuronal cell number. Subsequent
quantification revealed a similar amount of neuronal and glial nuclei, neuronal cell bodies,
and neuronal nuclei when comparing the different substrates with each other (Fig 4.13, B E).
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Figure 4.14.: Dendritic arborisation was regulated by substrate stiffness in neuronal cultures.
(A) Rat primary cortical cultures grown on stiffness regulated PAA substrates or glass show a similar dendritic arborisation pattern and morphology at immature state (DIV 7). Clear differences in
neuronal morphology and in the degree of dendritic arborisation are seen at a mature state (DIV 21).
Scale bar: 20 µm. (B) Quantification of dendritic complexity at DIV 21 by Sholl analysis, depicting
number of dendritic crossings per 200 µm radial distance from the soma. The degree of dendritic
arborisation is most complex on compliant substrates (0.1 kPa) and decreases with higher stiffness (N
= 3 independent experiments, with 10 neurons per group, F = 287.6, ****P < 0,0001, *P = 0,03).
(C) Quantitative Western Blot reveals a reduction of MAP2 A/B and C/D of mature cultures (DIV
21) with increasing stiffness of PAA gels. Coomassie Loading control representing the total protein
amount for each sample analysed. Coomassie Loading control was used for normalisation and to load
equal protein amounts for each sample, since recent studies suggest that total protein amount visualized by Coomassie is a more robust and reliable loading control [Welinder and Ekblad, 2011], [Eaton
et al., 2013], [Faden et al., 2016], [Nie et al., 2017]. The signal intensity for each protein lane was
quantified using ImageJ. The signal intensities were normalized and a new loading volume for each
sample was calculated based on these results. The cross-pattern in background of the Coomassie gel
is caused by the checked paper of the lab book. (D & E) Quantification of MAP2 expression levels
normalized to total lane density (Coomassie Loading control). Signal intensity of MAP2 bands was
measured using ImageJ and measured values were normalized to corresponding Coomassie loading
control. Normalized values were analyzed with one-way ANOVA with Tukey post-test (n = 3 technical replicates from 4 independent biological replicates, for MAP2 A / B, F = 22.12, ****P < 0.0001,
*P = 0,02, for MAP2 C/D, F = 62,32, ***P = 0.0001, **P = 0.006 assessed by one-way ANOVA
with Tukey post-test)
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This initial experiment ensures that neuronal cells are similarly likely to attach and grow
on PAA gels with different stiffness or glass coverslips. Note, that basic neuronal health
can be assumed when cells attach to the substrate and survive for 7 days in culture. In
conclusion, this cell culture system is suited to study mechanosignalling from neuronal development to aged conditions. To perform a more detailed and functional characterisation of
these primary cortical neurons cultured on stiffness regulated substrates, dendritic outgrow
and arborisation were examined first. Dendritic shape was visualised with a specific antibody
against the microtubular protein MAP2 at early development (DIV 7) and at a mature state
(DIV 21). By eye, dendritic shape appears similar on the different substrates used at DIV
7. In contrast, at the mature time point, a clear increase in dendritic arborisation can be
observed when cells were cultured on soft substrates (Fig 4.14, A). This finding was verified
using Sholl analysis as a quantitative method to characterize the dendritic morphology of the
imaged neurons [SHOLL, 1953], [Schoenen, 1982]. Here, the degree of dendritic arborisation
was significantly enhanced on soft substrates, i.e. with increasing stiffness the dendritic complexity significantly decreases (Fig 4.14, B). As an alternative method, a semi-quantitative
Western Blot probing for MAP2 (subunit A / B and C / D) was used to further underline the
findings described. Again, the overall MAP2 expression is highest on the softest substrates
used and decreases on a stiffer underground (Fig 4.14, C - E).
Dendritic outgrowth is intimately linked to synaptogenesis [McAllister, 2000]. Synaptic
sites are established after or in parallel to dendritic development and slight changes in the
extracellular milieu of the neuronal network can cause either a formation or breakdown of
a synaptic connection [Cline, 2001], [Wong et al., 2018]. To quantify the overall number of
synapses at developmental and mature state the presynaptic protein Bassoon and the postsynaptic marker Homer-1 were visualised via immunostaining (Fig 4.15, A). Where presynaptic and postsynaptic puncta colocalise the structure for a functional synapse can be assumed [Geissler et al., 2013], [Ippolito and Eroglu, 2010]. Indeed, colocalisation of Basson
and Homer-1 is increased on soft substrates compared to conventional glass coverslips at
early time points in synaptic development (DIV10, Fig 4.15, B). Interestingly, at mature
state (DIV 21) the number of synaptic sites is equally distributed over all substrate types
studied (Fig 4.15 C, D), pointing towards the importance of mechanic cues especially during
synaptic development and for the formation of functionally active synapses. Furthermore
and critically, alterations in substrate stiffness do not lead to excess in synaptic connection
at a mature state underlining the physiological suitability of this cell culture model.
Besides the expression of key pre- and postsynaptic proteins, synaptic maturation is accomplished by synaptic vesicles release to ensure cellular communication. To analyse the
distribution of active synaptic vesicle recycling sites we used the uptake of an antibody
against the luminal domain of Synaptotagmin-1.
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Figure 4.15.: Synaptogenesis was influenced by substrate stiffness
(A) Rat cortical cultures grown on compliant (0.1 kPa) PAA substrates show an up to 7-fold higher
co-localisation of the presynaptic Bassoon and postsynaptic Homer-1 at DIV 10. The number of
co-localisations decreases gradually as the substrate becomes stiffer. (B) For quantification of colocalisations the Puncta Analyzer plug-in (under ImageJ analysis software) was used. For each experimental condition, three independent experiments analysing each 10 individual neurons were performed
resulting in minimally 30 values for statistical analysis (One-way ANOVA with Tukey post-test, F =
176.5, **P < 0.0026, ****P < 0.0001). (C) At DIV 21 Homer-1 and Basson immune-positive puncta
appear uniformly distributed among all stiffness degrees. (D) Statistical quantification of Homer-1
and Basson co-localisations showed no significant difference between substrates. (One-way ANOVA
with Tukey post-test, ns = not significant, Scale bar: 20 µm.)
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Figure 4.16.: Synaptic vesicle recycling was triggered by mechanical cues
(A) Cortical cultures grown on soft PAA substrates show early synaptic vesicle recycling depicted
by live staining using a luminal Synaptotagmin-1 antibody. Active sites of recycling defined by colocalisation of Synaptotagmin-1 and Synaptophysin are up to 4-fold increased compared to conventional glass coverslips at DIV 7. Note that co-localisations are reduced gradually as the substrates
stiffness increases. (B) To quantify the co-localisations between Synaptophysin and Synaptotagmin-1
the Puncta Analyzer plug-in (under ImageJ analysis software) from the Eroglu Lab was used. (Oneway ANOVA Tukey post-test, F = 31,41, ****P < 0,0001, **P = 0,0018). Scale bar: 20 µm.

During life staining, the Synaptotagmin-1 antibody is taken up by endocytosis and thereby
indicates sites of active vesicle recycling when co-localised with Synaptophysin. The total number of presynaptic sites was identified using the synaptic vesicle protein Synaptophysin and the neuronal structures is presented by MAP2 immunostaining (Fig 4.16, A).
Co-localisations between Synaptotagmin-1 and Synaptophysin were quantified at DIV 7 with
the automated Puncta Analyzer plug-in for ImageJ and analysis revealed an increase in colocalisations up to 4-fold on soft substrates mimicking the mechanical cues of juvenile brain
tissue (Fig 4.16 B).
To see whether soft substrates increase the number of synapses or even shift synaptic development to an earlier time point, an experiment for a more detailed temporal analysis of the
expression of the synaptic proteins was designed. Semi-quantitative Western Blots and subsequent quantification were performed to monitor the expression of synaptic proteins Homer-1,
Synaptophysin, and PSD-95 at three time points that comprise the critical phase of synapse
maturation in cell culture: DIV 10, 12, 14 [Craig et al., 2006], [McKellar and Shatz, 2009].
As loading control and for normalisation, a Coomassie staining representing the total protein
amount was used, since cytoskeletal proteins such as Actin or Tubulin, which are usually used
as loading control, are likely to be also regulated by substrate stiffness. Again, an early in-
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crease in expression of all above mentioned synaptic proteins was shown for neurons cultured
on soft substrates (Fig 4.17 A & B, see DIV 10). For Homer-1, expression appear similar
at DIV 12 for all substrates tested, whereas at DIV 14 a significant increase in expression is
seen on soft substrates (see Fig 4.17 for quantification).

Figure 4.17.: Expression of candidate synaptic proteins appeared earlier on soft substrates.
(A) Western Blots of protein lysates collected from neuronal cultures grown on stiffness regulated
PAA substrates or glass on three time points of synaptic development (DIV 10,12, 14). The synaptic
proteins Homer-1, Synaptophysin and PSD-95 were probed. Coomassie Loading control was used for
normalisation and to load equal protein amounts for each sample, since recent studies suggest that
total protein amount visualized by Coomassie is a more robust and reliable loading control [Welinder
and Ekblad, 2011], [Eaton et al., 2013], [Faden et al., 2016], [Nie et al., 2017]. The signal intensity
for each protein lane was quantified using ImageJ. The signal intensities were normalized and a new
loading volume for each sample was calculated based on these results. (B) Quantification of Western
Blots for synaptic proteins normalized to total lane density (Coomassie Loading control). At DIV 10
significantly higher amounts of Homer-1 are expressed on soft substrates compared to glass coverslips.
The synaptic proteins Synaptophysin and PSD-95 show a similar tendency, whereas these candidates
are significantly up regulated on soft substrates at DIV 12. At DIV 14 increased expression of Homer1 and Synaptophysin is described on soft substrates. A total protein Coomassie staining is used as
loading control. Signal intensity of synaptic proteins analyzed here was measured using ImageJ and
measured values were normalized to corresponding Coomassie loading control. Normalized values were
compared by one-way ANOVA with Tukey post-test (One-way ANOVA Tukey post-test; Homer-1: F
= 10,73, ****P < 0,0001, **P = 0,0050; Synaptophysin: F = 10,86, **P = 0,0050, *P = 0,00408;
PDS 95: F = 30,03, ***P = 0,0003)
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Figure 4.18.: NMDA receptor subunit switch appeared earlier on soft substrates.
(A) Semi-quantitative Western Blot analysis probing for expression levels of GluN subunits 1, 2A and
2B. Coomassie Loading control was used for normalisation and to load equal protein amounts for
each sample, since recent studies suggest that total protein amount visualized by Coomassie is a more
robust and reliable loading control [Welinder and Ekblad, 2011], [Eaton et al., 2013], [Faden et al.,
2016], [Nie et al., 2017]. The signal intensity for each protein lane was quantified using ImageJ. The
signal intensities were normalized and a new loading volume for each sample was calculated based on
these results. (B) Analysing the GluN receptor subunit 1, no significant changes in expression levels
were seen at all time points investigated. Interestingly, the mature subunit 2A is earlier expressed on
soft substrates whereas juvenile form 2B shows the opposite tendency. This finding points towards
earlier functionally mature GluN receptors on soft substrates and is in line with previous described
accelerated synaptogenesis on mechanical environment similar to juvenile brain tissue. A total protein
Coomassie staining is used as loading control. Signal intensity of GluN subunits analyzed here was
measured using ImageJ and measured values were normalized to corresponding Coomassie loading
control. The cross-pattern in background of the Coomassie gel is caused by the checked paper of
the lab book. Normalized values were compared by one-way ANOVA with Tukey post-test (One-way
ANOVA Tukey post-test; GluN 1: F = 3,430, ns = not significant; GluN 2A: F = 16,65, ****P <
0,0001, ***P = 0,0003; GluN 2B: F = 13,88, ****P < 0,0001, ***P = 0,0002)

Also for Synaptophysin, quantification revealed the highest expression on soft substrates
for DIV 12 and DIV 14 and signal intensities gradually decrease as substrates become stiffer.
For the postsynaptic protein PSD-95 a comparable regulation pattern was described. This
temporal shift in synaptogenesis leads to the conclusion that mechanical cues trigger the
orchestrated building and -maturation of synapses. On soft material, synaptic development
starts earlier compared to stiffer materials.
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In order to underline the hypothesis that a rather soft cellular environment supports synaptic maturation, we further analysed the expression of GluN subunits. It is known from various
experiments that during synaptic development GluN subunit composition changes from receptors carrying a 2B- to a 2A unit [Salussolia et al., 2011], [Riou et al., 2012]. Again, a
semi-quantitative Western Blot analysis followed by quantification was conducted to explore
the expression levels of Glu N1, Glu N2A and Glu N2B subunits. The described developmental switch [Williams et al., 1993] of GluN subunits from 2B to 2A appeared gradually earlier
on soft substrates, suggesting a slight acceleration in synaptic maturation on soft substrates
(Fig 4.18 A & B). In contrast, the expression pattern of GluN1, a subunit not related to
developmental processes, showed no significant regulations when neuronal cells were cultured
on substrates tunable in their stiffness.
Taken together, the obtained results describe that substrate stiffness indeed influences
synaptic development and vesicle release. This idea can be brought in relation to the deficits
in synaptic vesicle recycling seen in aged cultures (Fig 4.11): tissue stiffness increases as the
brain ages and eventually these changes in mechanical properties slow down synaptic vesicle
recycling or this highly sophisticated process does simply not function as well surrounded by
a rather stiff micro-domain.

4.2.2. Protein dynamics are influenced by substrate stiffness in cortical neurons
The general characterisation of cortical neuronal cultures grown on stiffness regulated PAA
substrates discussed before, revealed that on soft underground neurons form more complex
dendritic networks at mature state and synaptogenesis appears 2 to 3 days earlier compared
to conventional glass coverslips. As a next step, we wanted to have a look at even more
elaborated cellular signalling processes. We first took a look at protein translation and synthesis. A high local translation rate in neuronal dendrites represents ongoing activity
and reflects a high metabolic status [Perry and Fainzilber, 2014], [Sotelo-Silveira et al., 2006],
while as discussed in section 2.2 disturbed protein homoeostasis can be observed in ageing
cultures (see Fig 4.4 - 4.6). Therefore, we hypothesized that mechanical signalling might be
a novel regulator of protein dynamics and, hence, synaptic function.
In order to monitor fast kinetics of de novo protein synthesis in neuronal dendrites we used
the SUnSET approach based on Puromycin incorporation into nascent proteins and subsequent Puromycin immunocytochemistry [Schmidt et al., 2009],
[Goodman and Hornberger, 2013] (see 3.2.3.9.) Using DIV 7 and DIV 20 cells and substrates
of all four different stiffness, Puromycin was added for 1 min labelling time, cells were subsequently washed, fixed and monoclonal antibodies against Puromycin were used to locate
newly synthesised proteins in soma and dendrites of neurons. On soft substrates with a comparable stiffness to juvenile brain tissue, protein synthesis was clearly enhanced in soma and
dendrites (Fig 4.19 A).
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Figure 4.19.: De novo protein synthesis was enhanced on soft substrates - Snapshot with
Puromycin Assay.
(A) A snapshot of newly synthesised proteins is taken using the Puromycin Assay (1 min labelling
time) for rat primary cortical cultures grown on stiffness regulated substrates. A significant increase
in protein synthesis is seen for neuronal cultures grown on soft substrates (0.1 and 1 kPa) in young
(DIV 7) and mature cultures (DIV 21). N = 3 independent experiments. Scale bar: 20 µm. (B)
Puromycin labelled dendrites were straightened for better visualization of newly synthesised proteins
at early development and at mature state (C). (D, E) Quantification of normalized mean intensity
of Puromycin signal inside a pre-defined MAP2 mask to outline neuronal structure. For both time
points investigated more newly synthesised proteins were detected on soft substrates and the translational capacities decline with increasing substrate stiffness. For each experimental condition, three
independent experiments analysing each 10 individual neurons were performed resulting in minimally
30 values for statistical analysis (One-way ANOVA Tukey post-test, F (DIV 7 / 21) = 46,76 / 84,44,
****P < 0,0001, **P = 0.0017 / 0.0011, *P = 0.0171 / 0.0165).
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Figure 4.20.: De novo protein synthesis was enhanced on soft substrates - FUNCAT.
(A) The rate of newly synthesised proteins was monitored via FUNCAT (3 h labelling time) for rat
primary cortical cultures grown on stiffness regulated PAA substrates. An increase in synthesis rate
is visualised during development (DIV 7) and at mature state (DIV 21) for neuronal cultures grown
on soft substrates (0.1 and 1 kPa) seen by an increase in TAMRA signal. The increase in protein
synthesis rate is seen in the soma, dendritic branches and spines (see straightened dendrites in B &
C). Identical confocal settings were used for acquisition of all images, and representative images are
shown. N = 3 independent experiments. Scale bar: 20 µm. (D) Quantification of TAMRA signal
intensity inside a MAP2 mask revealed up to 4-fold increase of protein synthesis capacities on soft
substrates compared to glass coverslips at juvenile state. (E) The same tendency is seen at mature
state. (One-way ANOVA Tukey post-test; TAMRA DIV 21: F = 118,83, ****P < 0,0001, *P =
0,0817; TAMRA DIV 7: F = 147,04, ****P < 0,0001, *P = 0,0109)
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Note, the location of newly synthesised proteins also in fine, distal dendrites, whereas
on conventional glass coverslips protein synthesis is mainly restricted to the soma for both
immature (DIV 7) and mature neurons (DIV 21) (Fig 4.19 B & C). Since the labelling
time with Puromycin was restricted to 1 min before fixation, transport of labelled proteins
can be excluded. This suggests that even the complex process of local protein synthesis is
influenced by mechanical cues. Quantification revealed a significant up to 1.6 fold increase
in the amount of newly synthesised proteins on compliant substrates (DIV 7) and a 3-fold
increase for mature age (DIV 21).
FUNCAT (see 3.2.3.8.) was used as an additional method to visualise de novo protein
synthesis in temporal and spatial resolution. Here, a longer labelling time (3 h) was used
to tag overall translation rates. In line with the Puromycin labelling experiment, also here
a significant increase in de novo protein synthesis rates is seen in neurons cultured on soft
substrates at developmental and mature time points (Fig 4.20, A - C). A significant increase
in protein synthesis capacities on more compliant materials was shown by quantification of
TAMRA signal inside a MAP2 mask. With increasing stiffness also protein synthesis is
down-regulated suggesting a link between mechanical cues and protein translation.

4.2.3. Protein dynamics are influenced by substrate stiffness also in astroglial
cells
Besides neurons, mechanical cues are also known to influence astroglia, especially in their
morphology and the expression of inflammatory proteins, well characterised by these two
studies [Moshayedi et al., 2014], [Chen et al., 2016]. To test, if in our hands the astroglia
kept in mono-culture behave similary, we conducted a Western Blot experiment using a
coomassie staining, representing the total protein amount of a sample, as loading control.
Cell culture lysates obtained from glia cells grown on substrates with different stiffness were
probed for the expression of GFAP as marker protein for astroglia and Iba1 as marker for
microglia [Borges et al., 2012]. First results confirmed that expression for both glial protein, Iba1 and GFAP, is highest on conventional glass coverslips, presenting a stiff environment to the cells. These results are in line with previous studies [Moshayedi et al., 2010],
[Moshayedi et al., 2014], [Kim et al., 2014]. In a wider sense, Iba1 and GFAP are also associated with inflammation and are often used to describe a status of activated or reactive glial
cells [Romero-Sandoval et al., 2008], [Shinozaki et al., 2017].
A soft cellular environment thereby might counteract the formation of reactive glial cells.
Also one has to keep in mind, that glial cells do not attach as good on soft substrates compared
to stiffer materials, resulting in a lower overall cell number to be investigated.
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Figure 4.21.: Substrate stiffness influenced expression levels of glial marker proteins
Western Blotting was used to examine the expression levels of the glial protein Iba1 and GFAP.
Both proteins show the highest expression levels when glial cultures were grown on conventional glass
coverslips, whereas on soft substrates less of these marker proteins were expressed. As loading control,
a total protein Coomassie staining was used. Experiments: n = 2, 10 µg total protein were loaded.

Figure 4.22.: Tunable stiffness influenced astroglia shape and de novo protein synthesis
(A) Rat glia monocultures were seeded on stiffness regulated polyacrylamide substrates or glass coverslips. The cells were infected with pGfaABC1DEGFP lentivirus to label the cellular area of astrocytes.
Before fixation, Puromycin was added for 1min (10 µg / ml) to label growing peptide chains at active
translation sites. Using immunocytochemistry this Puromycin label and GFP were visualised. Note
the tendency towards formation of fine processes on the soft substrate (0.1 kPa) and a reduced ongoing
protein translation on glass compared to cells on soft substrates. Experiments: n= 1.
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Next, we wanted to probe whether protein synthesis rates can also be influenced by mechanical stimuli in an astroglia monoculture and performed a corresponding pilot experiment.
Astroglia cells were infected with pGfaABS1DEGFP lentivirus to label cell-type specific expression of GFP also in fine protrusions with GFP. Next, the antibiotic Puromycin was
incorporated for 1 min and monoclonal antibodies against Puromycin were used to detect
newly synthesised proteins. GFAP expression was additionally detected by immunostaining.
Astroglia shape and cell attachment were clearly regulated by the stiffness of the substrates
used (Fig. 4.22). On soft materials, indeed fewer astroglia cells attach and here the cells show
their typical star-like shape with fine protrusions and well defined endpoints. As stiffness increases the astroglia shape changes from ramified to round and flat with the typical "fried egg
shape" described in many studies as an activated or inflammatory state [Steiner et al., 2007],
[Sharif and Prevot, 2017]. This finding leads to the assumption that a stiff environment alone
is sufficient to push astrocytes into a reactive state.

4.2.4. An odd pairing? - Linking protein synthesis dynamics and
mechanosensors in cortical neurons
As next step, we wanted to clarify if mechanosensors are involved in regulation of protein
synthesis. To this end, we initially choose to pharmacologically manipulate mechanosensitive
channels with two compounds: the extracellular mechanosensitive channel inhibitor peptide
GsMTx4 [Ostrow et al., 2003] for unspecific blockage of mechanochannels and the chemical
activator of Piezo-1, Yoda-1 (Syeda et al., 2015).
Young cortical cultures (DIV 7) were treated with GsMTx4 (25 µM) or Yoda-1 (10 µM)
for 10 min and medium was changed to Hibernate including 4 mM AHA for 2 h to monitor protein translation. After fixation, newly synthesised proteins were detected via click
reaction and an immunostaining was performed for MAP2, the ribosomal protein Rpl10a,
and the translational activator eEF2. Interestingly, application of GsMTx4 and blockage
of extracellular mechanosensitive channels prior to FUNCAT labelling lead to a significant
reduction in the rate of protein synthesis on soft substrates. Soft substrates were chosen as
the cell culture substrate of choice since on this surface neurons showed the highest protein
synthesis rates (Fig 4.18 and 4.19).
In line with this finding, the ribosomal protein Rpl10a and the translation factor eEF2
showed a decreased expression, pointing to a global reduction in protein synthesis (Fig 4.23,
A, B) depending on mechanosignalling. Note that the neuronal structure was not disturbed
by GsMTx4 application. The opposite effect in translational dynamics was seen when we activated Piezo-1 channels with 10 µM Yoda-1 (again for 10 min before 2 h FUNCAT labelling)
on stiff substrates. Here, more newly synthesised proteins were detected, especially in the
cell soma. Additionally, Rpl10a, as well as eEF2 expression, showed a slight increase, both
in somata and dendrites.
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Figure 4.23.: De novo protein synthesis was influenced by pharmacologically manipulation of
mechanosensitive channels.
(A) The rate of newly synthesised proteins is monitored via FUNCAT (2 h labelling time) for cells
grown on stiffness regulated PAA gels or conventional glass coverslips. An increase in synthesis rate is
visualised during development (DIV 7) when neurons are grown on soft substrates (0.1 kPa) compared
to stiff substrates (10 kPa). Applying the TRP channel inhibitor GsMTx4 (25 µM) for 10 min before
FUNCAT labelling diminishes this effect. Vice versa, the Piezo-1 agonist Yoda-1 (10 µM, again for 10
min before FUNCAT labelling) was able to increase the protein synthesis rate on stiff substrates (10
kPa). The signal intensity for the translational factor eEF2 and the ribosomal protein Rpl10a follows
this described trend (B). Quantification revealed a significant increase in protein synthesis rates when
cells were cultured on soft materials. Identical confocal settings were used for acquisition of all images,
and representative images are shown. N = 3 independent experiments. Scale bar: 20 µm. (One-way
ANOVA Tukey post-test, F = 7,612 , **P < 0,0093).

In summary, these experiments highlight that mechanical stimuli presented as substrate
stiffness are powerful enough to trigger translation of new proteins and that this signalling
pathway is initiated by activating mechanosensors such as Piezo-1.
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4.2.5. Ca2+ transients are influenced by mechanical cues and reflect
mechanoreceptor activity

Since stiffness-mediated mechanical cues presented to neuronal cells had an impact on cell
morphology, synaptic development, and protein synthesis dynamics, it was investigated
whether cells grown on different stiffness functionally differ in their Ca2+ transients, since
Ca2+ is one important second messenger in neuronal cells [Brini et al., 2014]. Mechanical
tissue properties are sensed by mechanosensitive cation channels in vivo and activations of
these channels result in Ca2+ influx (Ranade et al., 2015) leading to the activation of a wide
range of biochemical signalling cascades.

All Ca2+ imaging experiments were performed in collaboration with Dr. Michael Kreutz
and Dr. Camilla Fusi from the Research Group Neuroplasticity (Leibniz Institute for Neurobiology). In short, young and mature primary neuronal cultures were loaded with 1 µM
of the Ca2+ sensor Fluo-4 AM [Hong et al., 2010] in NB for 10 min at 37 ◦ C and then imaged. Quantification of spontaneous Ca2+ transients was performed using ImageJ software
and fluorescence signals were reported as a ratio (∆F / F0) of t change in fluorescence (∆F)
relative to the baseline fluorescence (F0).

Indeed, monitoring spontaneous Ca2+ transients of neurons grown on stiffness regulated
substrates revealed a significant increase in the number of spontaneous Ca2+ transients at
early developmental stages (DIV 10) on compliant substrates (Fig. 4.24, A). On stiffer substrates and glass coverslips the number of Ca2+ events per second were significantly lower at
this early stage in development. In panel C of Fig. 4.24 temporal traces are shown for each
substrate testes. Here, clearly, the most Ca2+ transients in the time frame of 250 s were seen
on compliant substrates presenting a softness of 0.1 kPa to the cortical neurons.

Having established the interdependency of spontaneous Ca2+ transients and substrate stiffness, we next blocked IP3 receptors with the selective antagonist 2-APB (10 µM) during live
recording in order to clarify if Ca2+ is entering from outside the cell or released from stores
inside the ER. Application of 2-APB [Maruyama et al., 1997] diminished the effect of Ca2+
oscillation frequency but only on compliant substrates (Fig. 4.24, B), suggesting that Ca2+ is
properly released from the ER as shown in Fig 4.24, by representative time courses of spontaneous Ca2+ oscillations for all conditions tested (250 s). For each trace also the corresponding
neuron loaded with Fluo-4 AM is depicted (Fig 4.24, C).
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Figure 4.24.: Spontaneous Ca2+ oscillation depend on the stiffness of the substrate in immature cultured cortical neurons.
(A) 10 DIV rat cortical neurons were loaded with Fluo-4 AM dye and Ca2+ transients were measured.
Neurons grown on soft substrate (0.1 kPa), but not on intermediate (1 kPa), stiff substrate (10 kPa) or
glass, show an increase in Ca2+ oscillation frequency. (B) This increase in Ca2+ oscillation is reduced
by blocking IP3 receptors with the selective antagonist 2-APB, 10 µM. Treatment with 2-APB does
not affect Ca2+ oscillations of cells grown on 1 kPa, 10 kPa or glass substrates. (C) Representative
time courses of spontaneous Ca2+ oscillations of neurons grown on 0.1 kPa, 1 kPa, 10 kPa and glass
substrates with or without 2-APB. Error bars indicate SEM. One-way ANOVA Tukey post-test.
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Figure 4.25.: Spontaneous Ca2+ oscillation was not affected by the stiffness of the substrate
in mature cultured cortical neurons.
(A) At mature state (21 DIV), rat cortical neurons grown on soft substrate (0.1 kPa), intermediate
(1 kPa) or stiff substrate (10 kPa) show no difference in Ca2+ oscillation frequency. (B) Spontaneous
Ca2+ oscillations were reduced by blocking IP3 receptors with the selective antagonist 2-APB, 10 µM,
for all substrates tested (C) Representative time courses of spontaneous Ca2+ oscillations of neurons
grown on 0.1 kPa, 1 kPa and 10 kPa substrates with or without 2-APB. Error bars indicate SEM.
One-way ANOVA Tukey post-test.
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Interestingly, at mature stage (DIV 21), spontaneous Ca2+ spiking showed no differences
between the four different substrates investigated (Fig. 4.25, A). For each stiffness tested,
the number of events per second was around 0.07, revealed by quantification. At mature
conditions, a significant reduction in oscillation frequency by 2-APB (10 µM) treatment is
found for all substrates tested (Fig. 4.25, B), pointing towards Ca2+ release from the ER.
The reduction on spike events after 2-APB treatment appeared in a similar range for all stiffness degrees, eventually reflecting a universal mechanism of Ca2+ release for mature cortical
neurons. Representative time courses and the cellular integrity of the neurons analysed are
presented (Fig 4.25, C). In conclusion, the pattern of ’higher activity’ on soft substrates at a
young age accompanied by a similar level of events at an mature state, reflects the pattern in
synaptogenesis observed beforehand. These findings underline the importance of mechanical
signalling, especially during developmental processes.
In order to better describe the increase of spontaneous Ca2+ transients triggered by soft
substrates we concentrated on the recently discovered mechanosensor Piezo-1 and stimulated
this channel with its chemical agonist Yoda-1. This stimulation resulted in a characteristic
increase in Ca2+ influx followed by a unique spiking pattern for each substrate tested: whereas
on glass an increase in spontaneous Ca2+ spikes is seen, on intermediate stiff substrates a
Ca2+ burst was visualised (Fig 4.26, A). For stiff substrates (10 kPa), a low burst followed
by few spikes was measured. One potential explanation for these phenomena is that the
expression of the Piezo-1 receptor itself is regulated by mechanical cues. Therefore we tested
the expression levels of Piezo-1 by immunoblotting. Indeed we found that expression of
Piezo-1 was regulated by substrate stiffness and, therefore, the increase in spontaneous Ca2+
transients might be a result of increased receptor levels (Fig 4.26, B).
Revealed by semi-quantitative Western Blot analysis, on soft substrates significantly higher
amounts of Piezo-1 were expressed at young and mature time points compared to stiffer substrates. As introduced under 2.3.3, mechanical stiffness of brain tissue increases during ageing
in vivo [Gefen et al., 2003] in rats. Again, to test whether our model for neuronal ageing is
comparable with the in vivo situation, we used lysates of cortical brain homogenates from
young (8 weeks), mature (24 weeks) and aged (104 weeks) mice and probed for Piezo-1 expression (Fig 4.26, C). Actin was used as loading control and to normalize the subsequent
quantification. As mice were ageing, we saw the amount of cortical Piezo-1 expression decreasing. Comparing 8 weeks and 104 weeks old mice, an approximately 40 % reduction in
Piezo-1 protein expression was revealed by Western Blot analysis. Due to the promising,
previously presented results describing that Piezo-1 activation- and also expression patterns
depend on mechanical cues such as substrate or tissue stiffness, we choose to investigate the
role of Piezo-1 in mechanosensing in more detail. The idea was to over express Piezo-1 with
a labelled construct and re-investigate spontaneous Ca2+ influx of cortical cells grown on
stiffness regulated substrates in a pilot experiment.
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Figure 4.26.: Yoda-1 stimulation leads to different patterns in Ca2+ spiking related to tunable
stiffness Piezo-1 expression varies between stiffness regulated substrates and age
in vivo
(A) Cortical neurons grown on substrates with tunable stiffness were exposed to Yoda-1 (1 µM), a
chemical activator of Piezo-1 channels at DIV 10. Depending on stiffness presented, frequency and
duration of Ca2+ influx varies, resulting in a characteristic activation profile. n = 8-10 traces measured
for each substrate. (B) Piezo-1 expression was examined by semi-quantitative Western Blot and a
significant increased in protein expression was revealed on soft substrates at young and mature time
points. Coomassie Loading control was used for normalisation and to load equal protein amounts
for each sample, since recent studies suggest that total protein amount visualized by Coomassie is a
more robust and reliable loading control [Welinder and Ekblad, 2011], [Eaton et al., 2013], [Faden et
al., 2016], [Nie et al., 2017]. The signal intensity for each protein lane was quantified using ImageJ.
Signal intensity of Piezo-1 bands was measured using ImageJ and measured values were normalized to
corresponding Coomassie loading control. Normalized values were analysed by one-way ANOVA with
Tukey post-test. The cross-pattern in background of the Coomassie gel is caused by the checked paper
of the lab book. (n = 4, F = 8.565, **P < 0.0063, *P = 0.0197, assessed by one-way ANOVA with
Tukey post-test). (C) Probing cortex homogenates from mice with different age (8, 24 and 104 weeks)
for Piezo-1 expression, we showed a decrease in expression levels with increasing age. Actin was used
as loading control and to normalize subsequent quantification of Piezo-1 bands. Ordinary one-way
ANOVA was used for statistical analysis, F = 3.901, *P = 0.0154. Cortex homogenates provided by
Dr. Peter Landgraf and Western Blot experiments performed by Felix Mertin. n = 4-6 independent
probes for each time point.
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The Martinac lab provided us with the Piezo-1-mCherry (1591) construct [Cox et al., 2016].
After that electroporation was used to transfect this construct into freshly prepared cortical
cells at DIV 0 (see 3.2.1.5). Then cells were cultured for 10 days in vitro first on intermediate
stiff substrates (1 kPa) to get a first idea if the transfection is working.
As visualised in Fig. 4.27 A, the transfection sufficiency was around 30 %. This was
an encouraging result, especially for such a large construct (9.6 kb) and a cell type that is
difficult to transfect.

Figure 4.27.: Overexpression of a mCherry labelled Piezo-1 construct in primary cortical neurons lead to silencing of spontaneous Ca2+ oscillations
(A) Directly after preparation, primary cortical cells were transfected with the Piezo-1-mCherry (1591)
construct by electroporation. Cells were seeded onto intermediate 1 kPa substrates and cultured for
10 DIV before live imaging. Here, examples of the transfection efficiency are shown (around 30 %).
Note that glial cells are missing in this preparation. (B) Live recordings of Ca2+ influx revealed
that transfected neurons appear silent compared with an untransfected control group which should
a have similar spiking as described beforehand (Fig. 4.24). (C) Mixing cells transfected with the
Piezo-1-mCherry (1591) with untransfected cells in a 1:1 ratio, few spontaneous Ca2+ oscillations
were recorded but also transfected efficiency dropped to 10 %. Scale bar: 50 µm, n = 1.

Also, note that besides the cell soma the Piezo-1-mCherry construct is expressed also in
fine neuronal protrusions. Another phenomenon that was encountered by us, was that the
neuronal cultures appeared almost free of glial cells; determined by looking at cellular morphology. Next, we monitored spontaneous Ca2+ spiking by live imaging of transfected cells
and used cell cultures without the Piezo-1-mCherry construct as a control group. As a strik-
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ing result, neurons carrying the Piezo-1-mCherry construct and also their direct neighbours
appear silent and showed not spiking behaviour at all, compared to control cells without
transfection (Fig 27, B). This lack of spontaneous Ca2+ spiking can have several reasons, one
being that cellular integrity was missing without the involvement of glial cells. In the untransfected control, glial cells were visualised and eventually supported communication and
Ca2+ signalling. Nevertheless, this result leads to slight changes in experimental strategy
and we seeded a mixture of Piezo-1-mCherry transfected and untransfected cells (1:1 ratio)
onto 1 kPa substrates and imaged again at DIV 10 for 250 s. In this cell mix, the transfected
efficiency was reduced to about 10 %, as expected (Fig 4.27, C). But in this condition, glial
cells were present and also few Ca2+ spikes were recorded from neighbouring cells but not
from neurons carrying the Piezo-1-mCherry construct.
Combining the overexpression of Piezo-1-mCherry with the recording of Ca2+ transients
gives new ideas about the key role of Piezo-1 in mechanosensing and Ca2+ homoeostasis.
Also, either Piezo-1-mCherry overexpression or electroporation appears lethal to glial cells.
Due to temporal restrictions, these experiments were not further optimised, nevertheless, the
preliminary data is interesting and therefore presented here.

4.2.6. Proteomic analysis of neuronal cells grown on stiffness regulated
materials revealed new signalling pathways regulated by mechanical cues
As it was shown above and from literature, the evidence is increasing that neuronal cells
use not only electrical and chemical but also mechanical cues for signalling and intracellular
communication. However, the exact details and signalling pathways responsible for mechanotransduction have not been addressed in much detail yet. To characterise neuronal proteome
dynamics and seek for potential signalling pathways regulated in response to substrate stiffness a proteomic analysis utilizing mass spectrometer technology was performed. Again,
primary cortical neurons were grown on polyacrylamide gels mimicking the upper and lower
bounds of in vivo brain tissue stiffness during development, maturation or even at aged time
points. All experiments in regard to Proteomic analysis were performed in cooperation with
Din L.C. Nguyen and Dr. Robert Ahrends from the Research Group Lipidomics based at the
Leibniz-Institut for Analytische Wissenschaften-ISAS-e.V, Dortmund. For proteomic profiling neuronal cultures were harvested at DIV 10 from all substrate types introduced before
since this time point is described as a phase of late dendritic outgrowth and early synaptogenesis. Cell lysates were proteolytically digested and separated by nano liquid chromatography
coupled to a Q Exactive HF mass spectrometer for analysis. In total 1613 proteins are identified with at least 2 unique peptides in all four conditions (compliant 0.1 kPa, intermediate
1 kPa, stiff 10 kPa and glass). The averaged relative protein abundances spread through five
orders of magnitude on a negative and positive scale (-5-fold to +5-fold).
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Figure 4.28.: Proteomic analysis of the neuronal cells grown on different materials: Mass
Spectrometry Analysis was controlled for probe quality
Proteomic analysis of the neuronal cells grown on different materials: compliant 0.1 kPa (A), intermediate 1 kPa (B), stiff 10 kPa (C) compared to glass. From left to right: Pairwise correlation between
the biological replicates of the treated and control conditions: The protein abundances at log 2 scale
are plotted for all samples. The Pearson correlation coefficient (Corr) is calculated for each pairwise
comparison. Volcano plot of the differential regulation of the identified proteins: The P-value and fold
change are calculated for each of the identified proteins in all samples. Proteins are considered to be
differentially regulated (red dots), if their P-value is below 0.05 and the fold change is greater than
the upper limit (median of log2 fold change + 2 x STD) or less than the lower limit (median of log2
fold change - 2 x STD). Distribution of the fold change: The distribution of the fold change at log 2
scale is presented for all the identified proteins.
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Plotting the protein abundances at log 2 scale for all samples and calculating the Pearson
correlation coefficient showed a good correlation between biological replicates. For better
visualisation, identified differentially regulated proteins were illustrated by volcano plots and
the distribution of the fold change for all identified proteins was presented (Fig. 4.28).
To unravel potential proteome dynamics related to mechanical cues the fold change between the three physiological conditions (compliant 0.1 kPa, intermediate 1 kPa and stiff 10
kPa) were compared to the control condition where neuronal cells were cultured on conventional glass coverslips. The differentially regulated proteins (P-value < 0.05 and log2 fold
change > or < median of log2 fold change + or - twice the STD) were clustered into two
groups: gradually up-regulated on soft substrate or down-regulated on soft substrates and
display using a heat map (Fig. 4.28). For the up-regulated cluster we chose GRAP1, EVL,
SHLB2 and MARCS as candidate proteins since their function can be integrated into putative
mechanosignalling pathways. The GRIP-associated protein-1 (GRASP-1) as a neuron-specific
exchange factor for Rab4 and regulates recycling endosome maturation inside dendrites
([Hoogenraad and van der Sluijs, 2010, Hoogenraad et al., 2010]. Additionally, GRASP-1 is
essential for GRIP/AMPA receptor complex formation, spine morphology and synaptic plasticity [Ye et al., 2000]. The Ena/VASP-like protein (EVL) belongs to the Ena/VASP family
known as actin regulators involved in cytoskeleton remodelling during neuronal migration
and axon guidance [Sechi and Wehland, 2004]. Two other regulators of the neuronal cytoskeleton and especially F-actin are Endophilin B2 (SHLB2) and Myristoylated alanine-rich
C-kinase substrate (MARCKS). Current models described SHLB as connecting element between the spine cytoskeleton and endocytic protein complexes specifically in glutamatergic
synapses [Loebrich et al., 2016]. MARCKS regulates cell shape and -motility in neuronal
development by interacting with F-actin, calmodulin and synapsin [Hartwig et al., 1992],
[Zolessi et al., 2006].
In the cluster of down-regulated proteins on soft substrates we highlighted EZRI, MOES,
NEST and CALR. The linker proteins Ezrin (EZRI) and Moesin (MOES) of the evolutionarily conserved ezrin/radixin/moesin (ERM) family connect membrane proteins with actin
cytoskeleton once activated by phosphorylation. Phosphorylated Ezrin and Moesin are essential for the extension of filopodia and are possibly involved in presynaptic trafficking
[Kim et al., 2010]. The next candidate protein Nestin (NEST) is a known neural progenitor marker, expressed in undifferentiated neuronal cells during development. Functionally,
Nestin belongs to the class of intermediate filament proteins [Hendrickson et al., 2011]. The
endoplasmic reticulum (ER) chaperone protein Calreticulin (CALR) catches misfolded proteins and targets them for degradation before they are exported from the ER. In conditions
of cellular stress like inflammation, Calreticulin is up regulated to improve quality control in
protein folding [Lee et al., 2003], [Ní Fhlathartaigh et al., 2013].
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Figure 4.29.: Proteomic analysis of the neuronal cells grown on different materials
(A) Heat map of the fold change of regulated proteins: In total 1613 proteins are identified with at
least 2 unique peptides in all four conditions (compliant 0.1 kPa, intermediate 1 kPa, stiff 10 kPa and
glass). The fold change between three conditions (compliant 0.1 kPa, intermediate 1 kPa and stiff 10
kPa) to control condition glass is presented.
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Only the differentially regulated proteins (P-value < 0.05 and log2 fold change > or < median of
log2 fold change + or - twice the STD) are used to generate the heat map. The clustering pattern is
generated using hierarchical clustering function. (B & C): Regulation levels of up-regulated proteins
(GRAP1, EVL, SHLB2, MARCS) and down-regulated proteins (ERZI, MOES, NEST, CALR): A
subset of regulated proteins are presented. * represents the significantly differentiation between two
conditions (P-value < 0.05).

With these findings, we finalize our experiments focused on the characterisation of neuronal
cells grown on stiffness regulated PAA gels during development and maturation and address
the experimental question whether tunable PAA gels are a suitable model for brain ageing.

4.2.7. Long-term cell culture on stiffness regulated polyacrylamide gels
In the previous sections, the behaviour of primary cortical cells during developmental processes such as dendritic outgrowth, expression of pre- and postsynaptic proteins and synaptic
vesicle recycling was described. We pointed out that mechanical cues like substrate stiffness influenced neuronal development and maturation. Soft substrates providing the same
stiffness as juvenile brain tissue, promoted synaptogenesis (Fig 4.15 - 4.17), de novo protein
synthesis (Fig 4.19 - 4.21) and increased spontaneous Ca2+ oscillations (Fig 4.24 and 4.25).
The final goal of our experiments was to investigate whether neuronal cells age differently
on stiffness regulated substrates and connect this cell culture model to the findings from
section 4.1 describing age-related deficits in proteostasis. To ensure the long-term vitality of
neuronal cells grown on stiffness regulated substrates cell culture conditions described under
4.1.1 were followed. Additionally, a special Laminin coating was used: Laminin-521 provided
by BioLamina [Rodin et al., 2014] to prevent detachment of cells from the rather flexible
polyacrylamide surface.
Once all conditions for a long-term culture were met, primary cortical neurons were cultured on stiffness regulated polyacrylamide gels or glass coverslips up to DIV 80. At this age,
cells were labelled for 3 h with AHA in Hibernate Medium lacking Methionine to initiate
a FUNCAT reaction and investigate how proteins are newly synthesised and located under
these cell culture conditions.
Again, immunocytochemical stainings were performed to illustrate the neuronal structure
(MAP2) and postsynaptic sites (Shank2). As result, neuronal structure and distribution of
post synaptic sites appears alike between substrates tested here and no neuronal health was
ensured even at old age (Fig 4.30). The intensity of the TAMRA signal reflects the amount
of newly synthesised proteins and on soft gels a tendency for higher translational activity
was shown. Note that with increasing stiffness TAMRA signal intensity is becoming less as
described for young and mature age at Fig 4.20. This observation underlines our findings that
protein translation is influenced by mechanical cues such as substrate stiffness, even for aged
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neurons. In conclusion, increased brain stiffness found as in aged tissue [Elkin et al., 2010]
could be one cause or consequence for less efficient protein synthesis.

Figure 4.30.: FUNCAT experiment with long-term culture of neuronal cells in stiffness regulated polyacrylamide gels.
(A) Primary neuronal cultures were grown on stiffness regulated polyacrylamide gels or glass coverslips
for 80 days. At DIV 80, cells were labelled for 3 h with the non-canonical amino acid AHA and
subsequently newly synthesised proteins were visualised by click-reaction. On soft substrates a higher
TAMRA signal is seen compared to stiffer underground in soma and neuronal dendrites. Neuronal
structure was stained with MAP2 and postsynaptic sites are depicted by Shank2-positive puncta and
signals appear similar between all substrates tested. n = 2 independent experiments, Scale bar: 20
µm.

In this thesis, we defined p62-positive protein aggregates as one hallmark of neuronal ageing
and viewed the accumulation of misfolded or dysfunctional proteins as senescence marker
(see Fig 4.3). To test how protein aggregation occurs during ageing on stiffness regulated
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substrates, we again cultured primary neuronal cells up to DIV 80 and stained for neuronal
structure (MAP2), p62-positive protein aggregates and presynaptic sites (Synaptophysin).

Figure 4.31.: Less p62-positive protein aggregates accumulated on soft PAA gels in aged
neurons
(A) Immunostaining for p62 revealed less protein aggregates tagged for degradation on soft PAA gels
compared to stiffer substrates at DIV 80. Note that neuronal structure shown by MAP2 staining
and presynaptic structure (Synaptophysin) appears alike for all substrates tested. Treatment with
the Polyamine Spermidine for 2 h was sufficient to clear p62-positive protein aggregates in aged cells
cultured on glass coverslips. n = 2 independent experiments, Scale bar: 20 µm.

In one experimental condition, cells grown on glass coverslips were treated with the
polyamine Spermidine (25 µM) for 3 h before fixation. For all substrates tested, neuronal
structure and presynaptic sites looked similar. Interestingly, on soft substrates, reflecting
the mechanical properties of juvenile brain tissue, less p62-positive protein aggregates inside
neurons were detected, compared to stiffer substrates or glass coverslips. As a control experiment, again Spermidine application was sufficient to clear most of the p62-positive protein
aggregates (Fig 4.31).
In summary, these experiments show that it is possible to grow long-term neuronal cultures
(up to DIV 80) on stiffness regulated PAA gels. Also, we give a first hint that indeed the
mechanics of the cellular environment contribute to neuronal ageing and open the way for
future experiments to clarify the underlying molecular mechanisms.
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5.1. Ageing in a dish - What long-term neuronal cell cultures can
teach us about brain ageing
When it comes to life expectancy, the amount of humans over 60 years is estimated to double
between 2010 and 2050 [Bomsdorf, 2004]. Facing the needs of our ageing society, it is important to learn more about the ageing process and especially brain ageing itself. Focusing on
the mammalian organism, ageing studies need a lot of time and are cost-intensive since mice
or rats have to be kept for up to three years to investigate an aged phenotype. Because of the
fact that ageing is a multifaceted process, the survival rate of the animals is relatively low,
tumours occur with a higher frequency, and, therefore, it is particularly hard to distinguish
healthy brain function from deficits in other organs.
Although, in vitro cultures have been investigated and modified towards the enablement of
the ageing process cell culture conditions need still to be optimized and many open questions
about the ageing process remain as well [Sebben et al., 1990]. For primary hippocampal
cultures, an increase in amyloidal aggregates and protein oxidation has been shown when
neurons were cultured up to DIV 60 [Bertrand et al., 2011], [Aksenova et al., 1999], proving
that long-term cultures are a suitable model for certain aspects of neuronal ageing. We
choose to work with primary cortical cells since cortical neurons are known to be vulnerable
in neurodegenerative diseases and play an important role in a variety of cognitive processes
declining with age.

5.1.1. Define old: A senescence marker for neuronal cells
Although a remarkable breakthrough was achieved in characterising and even clearing out
senescent cells over the last decade, still no defining feature such as a specific surface marker
was found to label senescent cells from different tissues or organs [Scudellari, 2017]. Nevertheless, the field of senolytic drugs, i.e. uniting drugs with the ability to identify and eliminate a
specific type of senescent cell, is one of the fastest growing group in drug discovery. Moreover,
treatment of different age-related diseases such as chronic kidney disease or atherosclerosis
is already entering clinical trials. However, for brain cells, no specific senescence marker was
defined so far and clearing senescent cells from the brain is a goal which likely will not be
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achieved in near future [Soto-Gamez and Demaria, 2017].
In basic research, most known senescence markers have been described and characterized
for dividing cells, so additional investigations are necessary to verify whether neurons show
actually the same senescence markers like proliferating cells. Indeed, few studies claimed
that neurons have a senescent phenotype including DNA breaks, increased oxidative damage, activated p38 / MAPkinase and deficits in p21 function [Jurk et al., 2012]. One study
further described increased levels of γ-H2AX in ageing cortical neurons already at DIV 27
[Bigagli et al., 2016]. This observation we were not able to replicate in the course of our own
investigations (see Fig 4.1). One potential explanation for this difference is that the cortical
neurons prepared and cultured in our group have an increased health span and do not display
increased double-strand breaks marked by γ-H2AX even at DIV 80. So we changed strategy
and looked for a new class of senescent marker related to translational regulation, a known
hallmark of ageing.

5.1.2. The complexity of translational regulation in young and aged systems many starting points to look for a potential rejuvenation
The maintenance of a functional proteome is vital throughout all life stages and requires
a tight temporal and spatial regulation [Chen et al., 2010], [Narayan et al., 2016].

Alto-

gether, the process defined as proteostasis involves a synthesis of new proteins, folding, posttranslational modifications, transport, and also degradation of old and/or non-functional
proteins. More and more errors occur in all of these interconnected steps while the organism
is ageing [Tosato et al., 2007], [Press et al., 2018]. Especially, a reduction in the amount of
newly synthesized proteins has been reported for every aged cell, tissue, organ or even organism investigated [López-Otín et al., 2013]. Thus, it has also been shown that the total
protein concentration of a cell is increasing due to the accumulation of dysfunctional proteins.
In our investigations using aged cell cultures, we proved both of these findings by describing
a decline in translational capacities for neuronal cells (Fig 4.4 - 4.7, 4.12) and protein aggregation as consequences of ageing (Fig 4.3, 4.9). Further, we underlined that also protein
degradation is slowed down in aged neuronal cells (Fig. 4.6, 4.7), which is known from various
studies [Rattan, 1996], [Kononenko, 2017].
On the bright side, the complex regulation of protein translation, requiring more than
200 molecules to translate one single mRNA, offers many signalling nodes for a potential
regulation of translational capacities or even the development of anti-ageing therapies. We
were especially interested in the S6 kinase / eEF2 pathway because of its direct connection to the mTOR signalling pathway, as one of the first identified anti-ageing regulators
[Kennedy and Lamming, 2016]. In summary, we were able to show that the detected decline
in general translation is partly a result of regulating the S6 kinase / eEF2 pathway towards
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a reduction in translational activation (see Fig 4.6).
We hypothesized that with age the phosphorylation pattern of eEF2 is shifting towards
its inactive form, probably due to increased phosphorylation of Thr56 by the eEF2 kinase. In the literature, conflicting studies about eEF2 expression during ageing are reported
[Takahashi et al., 1985], [Riis et al., 1990] and no study focused on healthy brain tissue so
far. In general, the activity of eEF2 is regulated by a distinct phosphorylation pattern,
with phosphorylation of threonine 56 by eEF2K being most critical [Redpath et al., 1996].
In conditions of increased cellular stress, eEF2 is known to be down-regulated, especially
under conditions of ER stress or nutrient deprivation. Further, eEF2 expression can be regulated by the nutrient-sensing kinase AMPK [Browne and Proud, 2004], [Browne et al., 2004],
which is associated with lifespan extension [Stenesen et al., 2013], [Ulgherait et al., 2014]. In
the case of AD, a clear decrease in eEF2 expression was reported compared to control brains
[Li et al., 2005].
Further, we demonstrate that the upstream effector S6 kinase is differently phosphorylated when comparing young and old cells pointing towards reduced translational capacities in aged samples. Phosphorylation of Thr389 is vital for the enzymes kinase function
[Weng et al., 1998] and a reduction of this isoform is linked to a general decline in translation in aged cells. But it is important to keep in mind that regulation of the S6 kinase
activity is much more complicated since it possesses multiple phosphorylation sites, additional regulators elements, a high number of activator kinases, and strongly depends on
growth factors [Dufner and Thomas, 1999]. Nevertheless, the S6 kinase will remain an important regulator of translational control and cellular ageing and a better understanding of
the multiple functions will provide a basis for potential anti-ageing drugs such as Rapamycin
[Aliper et al., 2017] or even new strategies in drug development.
Next, we asked whether the deficiency in proteostasis could be rescued by restoring
polyamine concentrations. Previous studies reported that mice with a high polyamine diet
had prolonged life spans and less age-related pathologies [Soda et al., 2009]. The increased
life expectancy after spermidine supplementation also holds true for C. elegans and Drosophila
[Eisenberg et al., 2009], [Gupta et al., 2013], presumably due to enhanced autophagy. In a
wider context, autophagy is linked to cellular energy metabolism and ultimately to protein
translation [Hands et al., 2009], [Lindqvist et al., 2017]: a connection we aimed to investigate
in more detail. Since polyamines such as spermidine are a natural compound in the human
diet and no side effects are known, it is of special interest to explore the anti-ageing actions of
polyamines, too. We indeed could show that Spermidine application restores the activity of
the translational factor eEF2 and upregulates expression levels of the elongation factor elF5A
and the ribosomal protein Rpl10a. In line with previous results [Madeo et al., 2018], protein
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turnover was promoted by Spermidine in aged cultures presumably by enhanced autophagy
as shown by Madeo and colleagues [Eisenberg et al., 2009]. We also probed for the effects
of the hypusine on translational regulation since Spermidine is metabolized to this unusual
amino acid. Here, we observed the same tendencies towards translational activation pointing
towards Spermidine function via elF5A (Fig 4.7). Looking into more detail, Spermidine is
slightly more efficient in its rejuvenation capacities mainly because its cellular uptake is regulated more precise by amino acid transporters [Uemura and Gerner, 2011] and its proposed
function as a NMDAR ligand [Williams et al., 1991]. In Fig 4.9 we showed a staining for hypusine with higher intensity levels after treatment with Spermidine than for pure hypusine,
raising also the question whether hypusine is more unstable as a free amino acid and prone
for degradation when not directly linked to its co-factor eIF5A.
Besides their effect on proteostasis and autophagy-induction, polyamines are proposed to
facilitate higher cognitive functions such as learning and memory [Guerra et al., 2016] and
protect against age-related memory decline and loss of motor functions [Gupta et al., 2013],
[Minois et al., 2014]. Since the molecular basis for this phenomenon are unknown, we conducted an experiment to investigate synaptic vesicle recycling in aged cortical cultures and
highlighted that both spermidine and hypusine are capable to restore vesicle recycling (Fig
4.10) to juvenile levels. Our results are in agreement with studies which proved that spermidine application has the power to rejuvenate memory deficits in old mice [Kibe et al., 2014]
or even in a mouse model of Huntington’s disease [Velloso et al., 2009]. These are just a few
studies explaining the effects of polyamines and especially spermidine in ageing and disease
(see [Madeo et al., 2018] for a recent review) and future investigations will further characterise its positive effects on the nervous system.

5.1.3. What do Polysome Profiles tell us about translational capacities?
Polysome profiling is a widely used and reliable method to investigate the translational status of a given cell type under native conditions or in response to a chemical stimulation
[Chassé et al., 2017]. Due to technical advances, other methods have been developed to study
translating mRNAs, such as ribosome profiling and translating ribosome affinity purification
(TRAP) [King and Gerber, 2016]. In this study, we used a classical polysome profiling built
on sucrose-gradient separation as we were mainly interested in the global aspects of ribosomal activity and not primarily in the identity of actively translating mRNAs. Comparing
young and aged primary cortical cells, we identified a significant reduction in the number of
polysomes for the aged group. This finding is in agreement with previous studies showing
a decline in polysome abundance with stable levels of total RNA in ageing C. elegans cells
[Kirstein-Miles et al., 2013]. Second, we highlighted the rejuvenating potential of the amino
acid hypusine in aged cultures reflected by an increase in polysome levels (Fig. 4.14). These
findings are the first hints at how hypusine and its precursor Spermidine affect ageing by
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controlling translational capacities in a rather complex cellular system such as primary mammalian neuronal cells.

The unusual amino acid hypusine [Park et al., 1981] is solely found as a posttranslational
modification of the elongation factor elF5A, proven by experiments wherein the presence of
radioactive-labelled spermidine yeast cells were cultured and eIF5A was the only protein to
be found labelled [Murphey and Gerner, 1987]. Because of its uniqueness, previous studies
were already interested to point out the importance of the posttranslational hypusinilation.
Especially in conditions of cellular stress such as oxidative stress or starvation, hypusineeIF5A promoted translation elongation [Li et al., 2010], [Melnikov et al., 2016]. Studies in
yeast defined eIF5A and its binding capacities to the rotated form of the 80S ribosome as
the third vital translation elongation factor next to eEF1A and eEF2 [Saini et al., 2009],
[Melnikov et al., 2016].

More recent studies described that eIF5A especially facilitates peptide bond formation
of proline-rich proteins [Rossi et al., 2016]. As a consequence, depletion of eIF5A leads to
translational arrest of polyproline-rich proteins and finally to ribosome stalling, underlining
the importance of eIF5A for translating long stretches of proline. Our finding that hypusine
restores polysome levels in aged cells could be explained by its stimulating effects in proline
peptide bond formation, followed by the release of stalled ribosomes which are again free to
start new translational processes or form polyribosomal complexes.

5.2. The integration of mechanical signalling into neuronal
development and neuronal ageing
The experiments described in the second part of this thesis (chapter 4.2) connect neuronal
cell biology and mechanical signalling for a better understanding of the highly sophisticated
communication strategies in neuronal cells. We choose to investigate mechanosensing and
-signalling in young, mature, and even aged neurons in more detail since still little is known
about these processes. We describe how mechanical properties, such as substrate stiffness,
influence central processes in cortical neuronal development including dendritic outgrowth
and synaptic maturation and might also impact neuronal function in ageing. Further, for the
first time to our knowledge, mechanical cues are shown to influence complex cellular processes
including alterations in protein translation and Ca2+ signalling being reflected by changes in
the neural proteome.
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5.2.1. Polyacrylamide gels are a physiological substrate to study
mechnanosignalling in neuronal cell culture
So far, cell culture studies focusing on neuronal development were performed on glass coverslips. The integration of these experimental findings led to the theoretical concept of how
we explain axonal path finding, synaptogenesis and vesicle recycling today. In contrast, it
has been proven that the mammalian cortex presents stiffness gradients to neuronal cells
dependent on region and developmental stage [Iwashita et al., 2014]. Picking up on the concept, that mechanical forces drive developmental processes, we show the tremendous effects
how mimicking in vivo brain stiffness can influence developmental processes like dendritic
outgrowth and synaptogenesis. We confirm the idea that mechanical signalling plays an important part in neuronal development and should be investigated in more detail.
As an initial experiment, we tested whether Laminin coating, neuronal attachment and cellular growth is similar between cell culture substrates with tunable stiffness and traditionally
used glass coverslips. We proved that the different surfaces overall had the same density in
Laminin coating and probability of neuronal attachment, opening the path for further investigations. Our results are in line with previous studies utilizing fluorescent coating proteins
and stating that protein binding is not influenced by the stiffness of the polyacrylamide gels
[Engler et al., 2006], [Leach et al., 2007].
One limitation of our experimental set-up was due to the fact that we had no equipment to
directly measure the elastic modulus of the polyacrylamide gels we manufactured. Instead,
we had to rely on previous calculations [Pelham and Wang, 1997], [Moshayedi et al., 2010],
which defined concentrations of acrylamide and bis-acrylamide to produce gels with a defined stiffness. For future studies, a more detailed control of the actual substrate stiffness
would be beneficial to ensure high quality and minimize variations of elastic moduli. Further,
the idea arose to manufacture gels with a stiffness gradient but due to temporal limitations, this idea was no further pursued. A central study already pointed out that gradients in substrate stiffness regulate growth direction of Xenopus retinal ganglion cell axons
[Koser et al., 2016]. These mechanisms probably also hold true for the mammalian system,
since we could show that the complexity of dendritic arborisation is determined by substrate
stiffness (Fig 4.14). In line with our results, Koser and colleges showed that soft substrates
with a shear modulus of 0.1 kPa, as used by us, promoted spreading of axons which is essential to find their target cell and start synapse formation. This outgrowth pattern also holds
true for spinal cord neurons which display a more complex branching pattern on compliant
materials [Flanagan et al., 2002].
Additionally, the fact that soft materials similar to the juvenile in vivo brain stiffness promote neuronal over glial growth in mixed cortical cultures [Georges et al., 2006] underlines
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the idea that as material, glass provides an unphysiological environment for neuronal cells
presenting only one defined stiffness throughout lifespan. From early development to maturation brain stiffness increases [Elkin et al., 2010] and this shift in compliance could be one
temporal trigger for growth and integration of glia cells into the neuronal network, due to
the fact that glial cells prefer a stiffer microdomain than neurons. In general, it is of great
importance to study the effect of substrate stiffness or other mechanical cues on glial morphology and metabolism. We demonstrated that substrate stiffness modulates glial shape
as described by other authors [Moshayedi et al., 2014], [Lu et al., 2006]. Looking into more
detail, stiff substrates had been shown to facilitate glial differentiation in mixed cultures and
glia cells are in general softer than neurons (around 0.4 kPa). In combination, these are
interesting hints how neuron-glia interaction is also provided via mechanical features and it
has been postulated that glia cells provided a soft substrate for neurons to support plasticity
[Lu et al., 2006].

5.2.2. New insights in mechanosignalling
Clarifying how mechanotransduction works in detail and which proteins are involved, remains
a central question in mechanobiology. Especially during tissue growth and cellular development, individual cells are constantly pushed, pulled, and exposed to physical forces such as
shear forces, compression and osmotic pressure. The process how cells sense these forces is
termed mechanotransduction. So far, it is known that forces are generated inside cells by
the cytoskeleton with actomyosin being one central component. The actomyosin cytoskeleton
builds up clusters at the outer membrane known as focal adhesions and connects through
transmembrane integrin receptors to the ECM. Whenever a structural deformation appears
at the ECM, the whole complex will be structurally reorganized including the position of
the ER or even free ribosomes [Wang et al., 1993]. Interestingly, when cells are mechanically
stretched, a process occurring frequently during cell growth and development in vivo, quaternary domain structures inside protein complexes can be opened [Krammer et al., 1999],
proteins like talin or p130cas are being unfolded [del Rio et al., 2009], [Sawada et al., 2006]
and even cryptic signalling sites such as hidden cysteine are unmasked for downstream signalling [Johnson et al., 2007]. Taken together, re-localisation of the ER or free ribosomes and
structural changes inside protein complexes could be one underlying cause for the difference
in protein translation capacities we observed when presenting different mechanical cues to
neurons (Fig 4.19, 4.20, 4.23, 4.29). Anyway, the fact that mechanical properties influence
protein translation has been described here for the first time and more detailed studies will
explain this phenomenon more closely.
A more elaborately studied element in mechanotransduction are stretch-gated ion channels [Lansman et al., 1987] such as channels from the TRP- and ENaC/Dec super family
or the recently discovered Piezo family [Coste et al., 2012]. The downstream signalling cas-
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cades are mostly speculated on but surely effector kinases and small GTPases are activated
for signal amplification and propagation [Ranade et al., 2015]. A number of studies showed
that stretch-gated ion channels open with a higher frequency when presented to stiff environments [Zhang et al., 2014], [Pathak et al., 2014]. Because of this, one central point in
characterizing neuronal behavior on stiffness regulated gels was to investigate Ca2+ signals
utilizing established Ca2+ indicators such as Fluo-4 AM in live cell imaging [Sato et al., 2007],
[Paredes et al., 2008].

5.2.3. Ca2+ signalling is modulated by substrate stiffness
In our results, we showed that the number of Ca2+ releases per second was significantly increased on compliant gels compared to stiffer substrates or glass coverslips at DIV 10 (Fig
4.24). These results give a hint that developmental Ca2+ signalling is indeed influenced by
substrate stiffness and that communication via Ca2+ flux is essential to build a functional
neuronal network. The effect of increased Ca2+ oscillations on soft substrates was diminished by applying the widely used IP3 receptor antagonist 2-APB during live recording. In
contrast, in a mature cell culture system, Ca2+ oscillations were distributed equally between
all substrates tested and were again reduced by 2-APB treatment (Fig 4.25). This finding
highlights that an established network Ca2+ signalling is no longer modulated by mechanical
cues such as substrate stiffness. Overall, our findings are a first hint in the rather young field
combining Ca2+ - and mechanosignalling.
To gather more information about the Ca2+ source, we used 2-APB to block Ca2+ release
from intracellular stores like the ER. More recent studies have shown that 2-APB is a rather
unspecific modulator of Ca2+ signals since it also modifies TRP channel activity.
In more detail, 2-APB blocks the cation channel TRPM2 [Togashi et al., 2008] and TRPC5
[Xu et al., 2005] and on the other hand stimulates the thermosensitive TRPV1 channel
[Mamatova and Kang, 2013]. Since the family of TRP channels are a key player in mechanosensation, the unspecific effects of 2-ABP are especially serious in our studies focusing on mechanical signalling. In conclusion, the results of the 2-APB application have to be viewed
critically and should not be seen as a definite explanation of the Ca2+ source. In future studies, Xestospongin C [Gafni et al., 1997] could be used to block IP3-dependent Ca2+ release
more specifically and, thus, clarify whether intracellular Ca2+ stores are responsible for the
oscillations reported here. Another idea is to block ryanodine receptors since they are the
second family responsible for Ca2+ release from internal stores [Berridge, 1998] or concentrate
on Ca2+ permeable mechano channels of the TRP- or Piezo family.
We showed that expression levels of the mechanosensor Piezo1 are highest in cells cultured
on soft substrates and that the expression of Piezo1 is declining in wild-type mice with age
(Fig. 4.26). To our best knowledge, these are the first results depicting that expression of
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a mechanoreceptor is regulated by mechanical cues such as substrates stiffness, pointing towards a feedback loop connecting sensing of surface stiffness and activation of transcription
factors known as mechanoreciprocity [DuFort et al., 2011]. In turn, the observed differences
in Piezo1 expression can be linked to the increased Ca2+ oscillations on soft substrates. A
recent study described that Piezo1 channel activity modulates human neurogenesis and stimulated neuronal- over glial differentiation through the YAP-kinase of the Hippo pathway
[Pathak et al., 2014]. In conclusion, the Piezo family is a promising candidate to concentrate
future studies on since evidence increase that this mechanosensor connects central signalling
hubs in mechanobiology.
In the past years, several research groups investigated the effect of substrate stiffness on
Ca2+ signalling. A prominent cellular model system to study the effects of elastic tissue properties are cardiomyocytes since their physiological survival depends highly on the mechanical
properties of the surrounding myocardial tissue [Jacot et al., 2010]. The group of Jeffrey Jacot found that soft substrates (soft is defined as 8 kPa for cardiovascular tissue) mimicking
the same elastic features as juvenile cardiovascular tissue increased maximum Ca2+ currents and action potential duration in neonatal rat ventricular myocytes [Jacot et al., 2008],
[Boothe et al., 2016]. Also in human mesenchymal stem cells Ca2+ oscillations were highest
on soft substrates and that these effects are probably regulated by the RhoA / ROCK pathway [Kim et al., 2009]. For neuronal cells only one study was published this far revealing
that Ca2+ oscillations are more frequent on stiff substrates in primary hippocampal neurons
or PC12 cells [Zhang et al., 2014]. That we reported the opposite effects for cortical neurons
is not surprising since cortex and hippocampus differ in their cellular composition and mechanical tissue properties.
Free Ca2+ ions are central signalling molecules in biological systems and control complex
functions such as vesicle release, synaptic plasticity and even gene transcription in neurons
[Lohmann and Bonhoeffer, 2008]. It is well described that Ca2+ influx controls neurotransmitter release via the Ca2+ sensor Synaptotagmin-1 (for review see [Südhof, 2012]). We
described an increased synaptic vesicle recycling for neurons cultured on compliant gels.
This effect can be related to the higher frequency of spontaneous Ca2+ oscillations on compliant gels suggesting that differences in Ca2+ signalling are the main source connecting our
observations of how substrate stiffness modulates neuronal development.

5.2.4. Proteomic analysis give hints how mechanical signalling encodes and
transduces substrates stiffness presented to neuronal cells
To spot molecules involved in cellular signalling pathways, mainly genomic methods or biochemical assays have been used traditionally. Nowadays, the technical progress made in the
field of nano liquid chromatography coupled to mass spectrometric analysis, let this tech-
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nique become a common tool to discover and study previously unknown signalling pathways
[Pandey et al., 2000], [Ho et al., 2002]. To this point, three studies investigated how mechanical cues influence protein expression and rates of protein synthesis by analysing cells grown
on stiffness regulated substrates with mass spectrometry. One study concentrated on tumor cells and presented soft and stiff microenvironments. They were able to show that over
1200 cellular proteins were regulated by these growth conditions such as proteins essential
for cytoskeletal structures (tubulins) and proteins known as regulators of the NAD salvage
pathway [Tilghman et al., 2012]. The team of Viljar Jaks investigated ECM composition of
liver tissue after damage and showed stiffness dependent changes in ECM structural components including elastin, fibronectin and collagens I, IV, V [Klaas et al., 2016]. As last cell
type, mesenchymal stem cells grown on gelatinous gels with tunable stiffness were examined
by proteomic analysis and the abundance of cytoskeletal proteins such as vimentin, tubulin, beta-actin and alpha-tubulin were significantly different between soft and stiff substrates
[Kuboki et al., 2012]. So far, a proteomic study investigating how substrate stiffness influences protein expression in neuronal cells, especially during development, is missing and for
that reason, we conducted such an experiment.
We identified 1613 proteins with at least 2 unique peptides for all four substrates tested
and compared the three gel conditions (compliant 0.1 kPa, intermediate 1 kPa and stiff 10
kPa) with control conditions (conventional glass coverslips). We were especially interested in
proteins that showed a gradual expression pattern between the different stiffness conditions
tested: either highest expression on soft substrates with decreasing abundance as stiffness
increases or highest expression on stiff substrates with decreasing abundance as stiffness is
reduced (see heat map Fig. 4.28). For the ’up-regulated on soft substrates’ cluster we selected
GRAP1 (GRASP-1), EVL (Ena/VASP-like protein), SHLB2 (Endophilin B2) and MARCS
(Myristoylated alanine-rich C-kinase substrate) as candidate proteins since their cellular function can be related to the effects mechanical cues had on dendritic outgrowth and synaptic
maturation described in Fig 4.14 to 4.18.
The increased expression level of the recycling endosome protein GRASP-1 detected on soft
substrates is in line with the accelerated vesicle recycling and early expression of synaptic proteins we described beforehand (Fig. 4.15, 4.17, 4.18). Recent studies further link GRASP-1 to
glutamatergic synapse function and animal learning behaviour [Chiu et al., 2017]. Interestingly, point mutations detected in the GRASP1 gene we associated with forms of intellectual
disability in human patients. In conclusion, a sufficient GRASP-1 expression is essential for
proper AMPAR-dependent synaptic function and pathophysiological increases in brain tissue
stiffness could be harmful. The finding that expression levels of the actin regulator EVL are
regulated by substrate stiffness gives a hint that the Ena/VASP family is involved in mechanical signal transduction and that the observed morphological differences in neurite outgrowth
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(Fig. 4.15) could be associated with this signalling cascade. In cortical development, the
rearrangement of the actin cytoskeleton during neurite growth and retraction is essentially
regulated by Ena/VASP proteins since knock-out mice lacking all three murine Ena/VASP
proteins show severe defects in axon formation and neuritogenesis [Kwiatkowski et al., 2007].
We showed that the abundance of EVL is regulated by substrate stiffness and axons use
mechanical signals during path finding [Koser et al., 2016], the Ena/VASP family could be
an essential link between mechanical cues presented to cells in their natural environment, the
actin cytoskeleton and neuritogenesis [Lin et al., 2007].

Figure 5.1.: STRING Network analysis of protein cluster ’up-regulated on soft substrates’
Predicted protein-protein interactions for candidate proteins ’up-regulated on soft substrates’:GRAP1
(GRASP-1), EVL (Ena/VASP-like protein), SHLB2 (Endophilin B2) and MARCS (Myristoylated
alanine-rich C-kinase substrate) calculated with STRING database. Abbreviations: Marcks = Myristoylated alanine-rich C-kinase substrate, Gripap1 = GRIP1-associated protein 1, Sh3glb2 = SH3domain GRB2-like endophilin B2, Prkce = Protein kinase C epsilin type, Calm1 = Calmodulin,
Prkcd = Protein kinase C delta type, Sh3kbp1 = SH3 domain-containing kinase-binding protein 1,
Egfr = Epidermal growth factor receptor precursor, Cbl = Protein Cbl, Cblb = E3 ubiquitin-protein
ligase CBL-B, Cblc = Cas-Br-M, Kdr = Vascular endothelial growth factor receptor 2 precursor.

For Endophilin B2, different functions have been proposed. One study claims that endophilin B2 regulates endocytic vesicle trafficking and promotes maturation of autophagosomes to late endosomes or lysosomes [Serfass et al., 2017]. Another research group showed
that endophilin B2 facilitates inner mitochondrial membrane degradation [Wang et al., 2016].
Due to the uncertainty of endophilin B2 function, especially in neuronal cells, I will withhold
potential explanations for the detected upregulation on soft substrates. The significant upregulation of MARCKS on soft substrates mimicking developmental brain tissue underlines its
importance in regulating actin dynamics in juvenile neurons [Stumpo et al., 1995]. In more
detail, MARCKS is claimed to stabilize growth cone adhesions in its non-phosphorylated form
and via phosphoryation destabilises growth cone dynamics to facilitate directional changes
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and turning of the growth cone during pathfinding [Gatlin et al., 2006].

Figure 5.2.: STRING Network analysis of protein cluster ’down-regulated on soft substrates’
Predicted protein-protein interactions for candidate proteins ’down-regulated on soft substrates’:
EZRI (Ezrin), MOES (Moesin), NEST (Nestin) and CALR (Calreticulin) provided by STRING
database. Abbreviations: Calr = Calreticulin, Nes = Nestin, Msn = Moesin, Ezr = Ezrin, Pdia3
= Protein disulfide-isomerase A3, Slc9a3r1= Na(+)/H(+) exchange regulatory cofactor NHE-RF1,
Hsp90b1 = Endoplasmin, P4hb = Protein disulfide-isomerase, Prkcsh = Glucosidase 2 subunit beta
precursor, Tapbp = TAP-binding protein precursor, Canx = Calnexin, Ganab = Neutral alphaglucosidase AB, Pdia4 = Protein disulfide-isomerase A4 precursor, Slc9a1 = Sodium Hydrogen exchanger 1.

How these four candidate proteins are interconnected is depicted by a STRING network
analysis identifying protein-protein interactions and presented here for a better illustration
(Fig 5.1).
For the second cluster, ’down-regulated on soft substrates’, EZRI (Ezrin), MOES (Moesin),
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NEST (Nestin) and CALR (Calreticulin) have been identified as candidate proteins. The
gradual increase in the expression of Ezrin and Moesin with higher stiffness can be viewed as
compensatory mechanism to provide functional growth cone motility and neurite extension
even on stiff substrates. The family of Ezrin / Radixin / Moesin proteins is known to be activated by Rho kinase and to mediate their function after phosphorylation [Haas et al., 2007].
Our mass spec analysis does not give information about the phosphorylation status of Ezrin
and Moesin, so increased protein expression may not reflect a higher activation.
The reduced expression of Nestin in cells grown on soft substrates clearly reinforces the
accelerated developmental processes described before (see Fig. 4.14 - 4.18 and 4.24). As a
structural intermediate filament protein, Nestin is described to be found exclusively in neural
progenitor cells or in unique neurons inside a small niche in the adult brain, and is replaced
by GFAP in glia cells or neurofilaments in neurons as they mature into their differentiated
state [Hendrickson et al., 2011]. Our finding that Nestin is less expressed in neuronal cells
grown on soft substrates could reflect the promotion of cell maturation by mechanical cues
presented by soft substrates [Mousavi and Doweidar, 2015], [Lourenço et al., 2016] and is of
special interest for the field of neuronal stem cell research. The increased Calreticulin expression in neuronal cells grown on stiffer substrates may reflect a stress response triggered
by the not-physiological mechanical properties presented to the cells. Further, it is known
that stiff substrates trigger inflammatory processes in glia cells [Moshayedi et al., 2014], so
culturing primary neuronal cells on substrates reflecting actual in vivo brain stiffness could
be beneficial to reduce cellular stress and inflammatory processes. Again, a STRING network
analysis was performed to illustrate protein-protein interactions between these four candidate
proteins (Fig 5.2) and connect potential signalling pathways.
Since we only identified 1613 proteins from a rather complex cell culture sample, ideas arose
on how to improve future proteomic analysis. One approach is to simply increase the protein
concentration of a given protein mixture by pooling more cell culture sample from a 6-well
plate. Another option would be to use harsher deattachment conditions to increase harvesting
efficiency, but chemical detergents again interfere with mass spec based protein identification
so a mechanical separation suits better. One limitation was also to build a large surface area
with defined elastic properties to increase the volume of cellular material. This technical
limitation could be solved in collaboration with a department specialized in nano fabrication
of hydrogels. Anyway, our identified candidates and also the whole data set can be viewed as
an information platform for future studies interested in pathways of mechanotransduction.
Especially the actin regulator EVL and the corresponding protein network, known to be involved in path finding and axonal outgrow, is a promising candidate for further investigations.
Very recently, a proteomic study was released focusing on mechanotransduction in PC12
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cells in response to variations in nanotopographic features [Schulte et al., 2017]. The group
of Gabriella Tedeschi was able to show that ECM-like nano roughness [Chen et al., 2014],
[Dalby et al., 2014], another key mechanical cue presented to neuronal cells besides substrate
stiffness, promotes neuronal differentiation similar to biochemical signals such as NGF stimulation. Since the signalling pathways of mechanotransduction are mainly unknown they used
a shotgun mass spectrometry approach with label free quantification, similar to our proteomic analysis of primary cortical neurons. Their proteomic experiment revealed a complex
signalling hub with many proteins regulated including key modulators of actomyosin organisation, ECM and integrin activation and cell-cell adhesion. Consistent with our results, they
also pointed out that mechanotransduction is associated with the mTOR signalling pathway
and Ca2+ oscillations [Maffioli et al., 2017].

5.2.5. Are long-term neuronal cultures on stiffness regulated gels a suited
model for brain ageing?
Ageing is a multifaceted and highly individual process accompanied by declining functionality of almost every organ and miscommunication inside various cellular networks, ultimately
leading to degenerative processes. Changes in brain elastic moduli have been related to a variety of age-related neurological diseases such as multiple sclerosis [Streitberger et al., 2012],
brain tumours and neurodegenerative diseases [Murphy et al., 2011]. Additionally, it has
been demonstrated that with increasing age tissue and different cell types such as fibroblasts
[Schulze et al., 2010] and myocytes [Lieber et al., 2004] show an impaired response to mechanical forces, whereas studies focusing on neuronal cells are missing so far [Wu et al., 2011].
Due to these observations, it is of pivotal interest to determine the mechanic features and
details in mechanotransduction for specific brain regions and cell populations throughout the
live span in health and disease.
In this study, we were the first to show that long-term neuronal cultures survive on stiffness
regulated polyacrylamide gels. Further, the tunable elastic properties presented to neuronal
cells had a functional relevance. On soft substrates with similar stiffness than juvenile brain
tissue, higher rates in de novo protein synthesis were visualized compared to stiffer substrates
(Fig 4.30). Interestingly, the formation of p62-positive protein aggregates was promoted by
stiff substrates during ageing and neurons grown on soft gels were almost free of proteins
tagged for degradation (Fig 4.31). This observation suggests that mechanoreciprocity is involved in protein homoeostasis and that in vivo brain stiffness is a potential regulator of
protein aggregation. These findings underline the relevance of mechanical signalling in agerelated deficits in proteostasis and future studies are needed to explain this observation in
more detail.
There are different methods to measure elastic properties of brain tissue. So far, studies
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conducted in rodents and human show conflicting results considering tissue elasticity during brain ageing. Elkin and colleagues showed that rat cortical tissue stiffens from P10
to adulthood measured by atomic force microscopy [Elkin et al., 2010]. In this study, the
age-span ’adult’ remains undefined and also more aged time points would be of interest.
Another interesting study postulates that induced adult hippocampal neurogenesis is responsible for enhanced brain stiffness in a mouse model for dopaminergic neurodegeneration
[Klein et al., 2014], again linking mechanical cues and cellular actions.
For the human brain a decrease in elastic modulus was measured by non-invasive magnetic
resonance elastography in two studies [Arani et al., 2015], [Sack et al., 2009]. In conclusion,
it can be stated that ageing has an influence on elastic brain properties but the trends remain
unclear. Eventually, the human and rodent brain behaves differently or the two methods cannot be compared. One additional study could investigate rodent brain stiffness using magnetic
resonance elastography as performed by Murphy and colleagues [Murphy et al., 2012] who
showed a decline in rodent brain stiffness in a mouse model of AD. Additionally, the participants in human studies could be diagnosed for potential early signs of mild cognitive decline
to ensure a group actually representing physiological ageing. Another idea is that brain tissue
presents complex stiffness gradients in defined microdomains and measuring overall stiffness
is just too superficial to make a conclusion towards an intrinsic mechanism. This concept is
in line with findings that during ageing axonal viscosity is increasing and this process was
associated with a lack of axonal regeneration in adult sensory axons [Lamoureux et al., 2010].
Given the increasing prevalence of AD and rising life expectancies worldwide, also the mechanical aspects of neurodegenerative disease are of interest and could explain the progression
in more detail. As mentioned before, the nanomechanical properties of alpha-synuclein- and
amyloid fibrills were measured with harmonic force microscopy [Sweers et al., 2011]. Once
the soluble amyloid and alpha-synuclein proteins form fibrillar nano structures their elastic moduli increase up to the GPa range [Paparcone et al., 2010]. The detection of these
ultra-stiff fibrills using magnetic resonance elastography has the potential to be an early diagnostic tool for degenerative diseases. Since changes in brain elasticity can also be measured
non-invasive by ultrasound hyperechogenecity even in deep areas like the substantia nigra,
revealing decreased brain stiffness in this area is already used as a detection method for
Parkinson’s disease even before motor problems occur [Berg, 2011].
In summary, the rather young field of neuromechanics is not able to give defined answers
to central questions in mechanobiology, yet. More studies need to be conducted and repeated
to find out more details on how the elastic properties of brain tissue and neuronal cells itself
contribute to the ageing process. Anyway, stiffness regulated gels are a great tool to present
mechanical cues to neuronal cells and study cellular development, maturation and ageing
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since they model actually in vivobrain stiffness.
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6. Outlook
Certainly, the crosstalk between chemical- and mechanicals signalling is even more complex
than described in this dissertation. In this short outlook, I will present further ideas to learn
more about the connection between mechanical cues and brain function.
Utilizing the stiffness regulated cell culture substrates presented and characterised in this
thesis, future experiments regarding mechanobiology in neuronal cells can be conducted. It
will be of special interest to investigate disease states known to interfere with mechanical
properties and integrity of the nervous tissue. Here, especially glial cells with their inherent
ability to proliferate at high numbers even at adult age [Jäkel and Dimou, 2017] are known
to contribute to alterations in brains stiffness [Moeendarbary et al., 2017] such as glial scar
formation after injury or glial activation during inflammation. As one potential experimental
concept to explore potential mechanosensitive pathways in glial activation, primary neuronal
cultures or glial monocultures grown on stiffness regulated substrates could be challenged by
viral infection or incubation with soluble cytokines such as interferon-gamma. Building on
that, it would be of great interest to analyse cell morphology and different signalling cascade related to protein translation or inflammation processes. The results obtained would be
compared between the different degrees of substrate stiffness presented to the cells. Finally,
these future approaches should guide improvements in regenerative medicine and facilitate
brain recovery after injuries of a different kind.
Also the formation of insoluble protein aggregates, tangles and fibrils during neurodegenerative diseases such as AD or Parkinson’s disease cause disturbances inside the mechanical
environment. Aggregated forms of alpha-synuclein or beta-amyloid share an elastic modulus
in GPa range and this extreme stiffness could be an additional reason why the cellular protein
degradation systems are unable to handle these aggregates. In consequence, it is of significant importance to integrate the concepts of mechanobiology into neurodegenerative research.
A high diversity of electrophysiological studies could be performed by experts in this fields.
The results would lead to a more detailed characterisation of electrical signalling and receptor
properties of neuronal cells cultured on stiffness regulated gels. Different mechanical receptors
could be silenced by introducing shRNA constructs via transfection using electroporation or
even lentiviral expression if longer culturing periods are necessary.
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We were able to characterize one mechano receptor and showed that the mechanosensor
Piezo-1 is a central element in translating mechanical forced into chemical, intracellular signals. One way to investigate Piezo-1 function in the brain in more details would be the
generation of a neuron-specific, conditional knock-out mouse line [Wang et al., 2010], potentially using CRISPR / Cas gene editing[Horii et al., 2017], [Miura et al., 2018]. Since Piezo-1
is vital during organ formation and a complete knock-out leads to mostly lethal offspring
[Ranade et al., 2014a], [Zhao et al., 2017].
Taken together, the experimental approaches and results described in this dissertation build
a solid foundation for future investigations. Based on this foundation a profound and deeper
gain of knowledge in the fields of ageing research and neuromechanics will be enabled.
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