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Summary

Aging gives rise to widespread cellular and molecular changes in the central nervous system. Age-
dependent or inflammation-induced accumulation of the extracellular matrix molecules coincides with
increased tissue stiffness, which may result in dysregulated Ca? homeostasis via the activation of
mechanosensitive channels. Therefore, this study aimed to investigate the expression and function of

mechanosensitive channels in the aging mouse brain.

First, I compared the expression of the main mechanosensitive channels in the hippocampus of young 2- to
4-months-old (2-4 m) and over 30-months-old (>30 m) C57BL6/J male mice. Using qPCR, | found an
aging-associated increase in the expression of the Piezo mechanosensitive channels, Piezol and Piezo2,
and some members of the TRP channel family including TRPV1, TRPV4, and TRPAL. Further analysis of
6-month-old (6 m) 5xFAD mice as a model of familial Alzheimer’s disease revealed the same pattern of
overexpression of hippocampal Piezol and Piezo2 when compared to control mice. Next, | focused on
Piezol because it is expressed at a much higher level than Piezo2 in the hippocampus and is a pure
mechanosensitive channel, unlike the mentioned TRP channels which have additional important functions.

The immunocytochemical analysis confirmed overexpression of Piezol in neurons of aged mice.

To study the effects of Piezol hyperactivity separately from other abnormalities accompanying aging, we
treated hippocampal acute slices from young mice with Yodal, a chemical activator of Piezol. We observed
that Piezol activation increased the resting intracellular calcium level. Using extracellular recordings of
field postsynaptic potentials in the CA1 region, | demonstrated that theta-burst stimulation of CA3 axons
resulted in impaired long-term potentiation (LTP) in slices treated with Yodal compared to a vehicle.
Subsequent immunohistochemistry, gPCR, and western blot analyses suggested that mechanisms
underlying this impairment may involve the activation of p38 MAPK, calpain protease, and transcriptional
regulators YAP/TAZ. Inhibitors of p38 MAPK and calpain abrogated the effects of Yodal on CAL LTP.

Inspired by these findings, | attempted to rescue the impaired CAL1 LTP and hippocampus-dependent
cognitive function in aged mice by knock-down of Piezol expression via delivery of Piezol shRNA
encoding adeno-associated virus. Our behavioral and LTP analyses showed a partial rescue of synaptic and
cognitive functions in aged mice following the Piezol knockdown. Similar effects were observed after the

degradation of the neural extracellular matrix by an overexpression of ADAMTS5 proteinase.

Taken together, the results of this thesis provide the first evidence that mechanosignaling through
mechanosensitive ion channels is upregulated in aged mice and suggest that inhibiting mechanosignaling

in neurons could be a potential target to rescue the impaired cognitive phenotype during aging.



ZUSAMMENFASSUNG

Das Altern fuhrt zu weit verbreiteten zellularen und molekularen Veranderungen im zentralen
Nervensystem. Die altersabhdngige oder entziindungsbedingte Akkumulation der extrazellularen
Matrixmolekile geht mit einer erhohten Gewebesteifigkeit einher, die Uber die Aktivierung
mechanosensitiver Kandle zu einer fehlregulierten Ca2+-Homgostase fiihren kann. Daher zielte diese
Studie darauf ab, die Expression und Funktion von mechanosensitiven Kanalen im alternden Mausgehirn

Zu untersuchen.

Zuerst habe ich die Expression der wichtigsten mechanosensitiven Kanéle im Hippocampus von jungen 2-
4 Monate alten (2-4 M) und Uber 30 Monate alten (>30 M) mannlichen C57BL6/J-Mé&usen verglichen.
Mittels gPCR fand ich eine altersbedingte Zunahme der Expression der mechanosensitiven Piezo-Kanale
Piezol und Piezo2 und einiger Mitglieder der TRP-Kanalfamilie, einschlieflich TRPV1, TRPV4 und
TRPAL. Eine weitere Analyse von 6 Monate alten (6 M) 5xFAD-Mausen als Modell der familidren
Alzheimer-Krankheit ergab das gleiche Muster der Uberexpression fiir hippocampales Piezol und Piezo2
im Vergleich zu den Kontrollmdusen. Als nachstes habe ich mich auf Piezol konzentriert, weil es im
Hippocampus sehr viel starker exprimiert wird als Piezo2 und ein rein mechanosensitiver Kanal ist, im
Gegensatz zu den erwdhnten TRP-Kandlen, die zusétzliche wichtige Funktionen haben. Die
immunzytochemische Analyse bestatigte die Uberexpression von Piezol sowohl in Neuronen als alter
Méuse.

Um die Auswirkungen der Piezol-Hyperaktivitat getrennt von anderen mit dem Altern einhergehenden
Anomalien zu untersuchen, behandelten wir akute Hippocampus-Schnitte von jungen Méausen mit Yodal,
einem chemischen Aktivator von Piezol. Wir haben beobachtet, dass die Piezol-Aktivierung den
intrazellularen Kalziumspiegel im Ruhezustand erhdht. Anhand extrazelluldrer Aufzeichnungen von
postsynaptischen Feldpotenzialen in der CAl-Region habe ich gezeigt, dass die Theta-Burst-Stimulation
von CA3-Axonen zu einer beeintrachtigten Langzeitpotenzierung (LTP) in mit Yodal behandelten
Schnitten im Vergleich zu einem Trager fuhrte. Nachfolgende immunhistochemische, gPCR- und Western-
Blot-Analysen deuteten darauf hin, dass die Mechanismen, die dieser Beeintrachtigung zugrunde liegen,
mit der Aktivierung von p38 MAPK, Calpain-Protease und der Transkriptionsregulatoren YAP/TAZ
zusammenhéngen konnten. Tatsdchlich hoben Inhibitoren fir p38 MAPK und Calpain die Wirkung von
Yodal auf CAL1-LTP auf.

Inspiriert von diesen Erkenntnissen versuchte ich, die beeintrachtigte CAL1-LTP und Hippocampus-
abhangige kognitive Funktion in gealterten Mausen zu retten, indem ich die Piezol-Expression durch die
Abgabe von Piezol-shRNA, die ein Adeno-assoziiertes Virus kodiert, ausschaltete. Unsere Verhaltens- und

LTP-Analysen zeigten eine teilweise Wiederherstellung synaptischer und kognitiver Funktionen bei
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gealterten Mausen nach dem Piezol-Knockdown. Ahnliche Effekte wurden nach dem Abbau der neuralen
extrazellularen Matrix durch Uberexpression der ADAMTS5-Proteinase beobachtet.

Zusammengenommen liefern die Ergebnisse dieser Dissertation den ersten Beweis dafiir, dass die
Mechanosignaliibertragung durch mechanosensitive lonenkandle in gealterten Mausen hochreguliert ist
und legen nahe, dass die Hemmung der Mechanosignaliibertragung in Neuronen ein potenzielles Ziel sein

kénnte, um den beeintréchtigten kognitiven Phanotyp wéhrend des Alterns zu retten.
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1. INTRODUCTION

1.1 Central nervous system aging

Aging is defined as a progressive loss of physiological integrity, which causes the function to be
compromised and increases mortality risk. In the central nervous system (CNS), aging gives rise to
widespread cellular and molecular changes in the brain (Azam et al 2021, Burke & Barnes 2010). At the
cellular level, aging is associated with changes in the vascular endothelial structure, neuronal shrinkage and
loss, glial senescence, and loss of function of adult stem cell and progenitor cell populations (Sikora et al
2021, Smith et al 1999, White et al 2020, Xu et al 2017). At the molecular level, aging results in genomic
instability, transcriptomic changes, telomere shortening, epigenetic alterations, loss of proteostasis,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication (Figure 1.1) (Baidoe-Ansah et al 2022, Gonzalo 2010, lourov et al 2021, Rizvi et al 2014,
Tyrrell et al 2020), all of which correlate with cognitive disability susceptibility.
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Figure 1.1 Multiple changes happen at the cellular and molecular level in the aged brain. The image is adopted
from (Chao et al 2021).

Aging is also associated with declines in performance in cognitive tasks in both humans and animals
(Baidoe-Ansah et al 2022, Glisky 2007, Kujawski et al 2021). Though there are many listed risk factors for
neurodegeneration, aging alone is the primary risk factor for most neurodegenerative diseases, including
Alzheimer’s disease (AD) and Parkinson’s disease (PD)(Guerreiro & Bras 2015, Hindle 2010). AD affects



10% of people over the age of 65, and its prevalence rises with age (Hogan et al 2016, von Strauss et al
1999). Figure 1.1 illustrates the main cellular and sub-cellular signaling pathways impaired in the aged

neurons.

1.2 Mechanisms of synaptic plasticity and cognitive loss in aging

The hippocampal formation is an important and well-studied structure of the neurobiological foundations
of higher cognitive tasks in both animals and humans. The importance of the hippocampus in cognitive
functioning was discovered decades ago when an epileptic patient exhibited signs of memory impairment
following a bilateral media temporal lobe removal. His memory loss has been widely interpreted as an
inability to transfer transitory, immediate information into stable long-term memory (Squire 2009). The
hippocampus's significance in learning and memory is its most well-known function. It is thought that the
hippocampus collects and consolidates information, allowing for the creation of long-term memories
through synaptic modifications, the most studied form of which is long-term potentiation (LTP). The
hippocampus has a simple and well-organized structure which makes it an ideal place to dissect synaptic
transmission in the mammalian brain. In the transversal view, the hippocampus is split into four distinct
zones labeled CAL, CA2, CA3, and dentate gyrus. The CA1 area is the biggest and is bordered laterally by
the presubiculum and medially by the CA2 with 90% glutamatergic projection neurons and 10% inhibitory
interneurons. The CA2 layer is limited laterally by the CAL layer and medially by the CA3 layer and
receives inputs from the hypothalamic supramammilary area. The CA3 layer is oriented towards the dentate
gyrus hilus and is medially constrained by the CA2 layer. Some refer to the CA3's most superficial cells as
CAA4. Mossy fibers from the dentate gyrus are sent to the apical dendrites of the CA3 layer. CA3 pyramidal
cell axons contribute to the alveus, fimbria, and fornix. The collaterals of the axonal processes originating
from the CA3 pyramidal cells are known as Schaffer collaterals which form synapses with dendrites in the
striatum radiatum of the CAL region. This pathway is the well-studied pathway for understanding LTP in
the hippocampus (Chauhan et al 2021).

The groundbreaking study of Bliss and Lomo in 1973 (Bliss & Lomo 1973) inspired numerous
neuroscientists to conduct studies on the characteristics of LTP. Long-term synaptic plasticity has been
found in several forms in the mammalian CNS. LTP and long-term depression (LTD) are two primary types
of neuronal plasticity. LTP is a long-term and stable activity-dependent facilitation of synaptic transmission
that can be induced by different paradigms such as classic high-frequency stimulation (HFS), theta-burst
stimulation (TBS), pairing, and spike-timing protocol. Conversely, LTD is a long-term reduction in synaptic
potentiation and can be induced by low-frequency stimulation (LFS), pairing, and spike-timing protocols.
LTP, along with other kinds of synaptic plasticity, is widely regarded as the most accurate neural model for

studying the cellular mechanisms underlying learning and memory storage.
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Molecular mechanisms of LTP are now well known and may be simply divided into a few steps including
induction, expression, and maintenance. In the basal condition, Na* and K* pass via the a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor channel but not the N-Methyl-D-aspartate (NMDA)
receptor channel, because Mg?* blocks the NMDA receptor. Postsynaptic membrane depolarization
following a strong stimulus removes the Mg?* barrier of the NMDA receptor, enabling Na*, K*, and, most
crucially, Ca* to pass through. Postsynaptic Ca?" is required and sufficient for the induction of LTP, which
initiates the process that leads to postsynaptic signaling molecules activation such as CaMKII and an
increase in AMPA receptor transmission. GluAl and GluA2 knockout mice studies showed a distinct need
for these two subunits for LTP. GluAl is required (Jiang et al 2021a), while GIuA2 is not (Meng et al 2003).
C-terminal domains (CTD) of GluAs show the largest subunit divergence and they are anchored in the
protein matrix of the postsynaptic density. Therefore, these domains act as the substrate for subunit-specific
modulation of AMPA receptor trafficking and LTP. CaMKII phosphorylates the GluA1 intracellular CTD,
which increases during LTP (Diaz-Alonso & Nicoll 2021). Other phosphorylation sites in the GIuA1 CTD
mediated by various kinases have been found. Raising intracellular calcium level promotes the
phosphorylation of the cAMP-responsive element binding protein (CREB) transcription factor that
regulates the transcription of genes with a CRE site in their promoter resulting in the expression of the
immediately early genes (IEG) such as c-Fos and Ark (Hayashi 2022). Studies reported that c-Fos deletion
impairs learning and memory (Fleischmann et al 2003) and ARC knockout impairs spatial and fear memory

consolidation (Peebles et al 2010).

In multiple brain areas, including the hippocampus, retrosplenial cortex, prefrontal cortex, and anterior
cingulate cortex, aging is associated with impairments or declines in the efficiency of certain components
of learning and memory (Ash et al 2016, Liu et al 2018b, Zhou et al 2014).

The hippocampus is especially sensitive to age-related changes. Lots of studies have shown that aging
diminishes hippocampus synaptic strength and plasticity, which is associated with memory problems in
both elderly animals and aged humans (Burke & Barnes 2010, Li et al 2018, Ojo et al 2015, Wong et al
2021). Previous research with electron microscopy showed that certain synapses may be weaker in older
rats with reduced hippocampus-dependent memory (Nicholson et al 2004), while synapse quantity does not

indicate cognitive state (Calhoun et al 2008).

At the synaptic level, impaired synaptic strength can be caused by one of three mechanisms: (1) loss of
synaptic connections, (2) decreased presynaptic neurotransmitter release, or (3) decreased postsynaptic
response to the transmitter. All of these can be determined by electrophysiology approaches like
extracellular recordings of field excitatory postsynaptic potentials (FEPSPs) in the hippocampal slices of

aged animals. At the cellular level, age-related neuronal loss and impaired neurogenesis have been reported
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in several studies (Daynac et al 2016, Mortera & Herculano-Houzel 2012, Takei 2019) that couple to
increased intracellular calcium level and impaired calcium hemostasis that is frequently underpinning the
pathologies associated with aging and age-related neurodegeneration. Changes in calcium signaling impair
the functioning of the ionotropic glutamate receptors, AMPA and NMDA, which are pivotal in LTP
induction and expression. AMPA receptors are subject to strict regulatory processes by a range of direct
and indirect interacting proteins that control their biosynthesis, membrane trafficking, degradation, and
various post-translational modifications due to their critical role in regulating brain function. AMPA
receptors may be less functional (silent) rather than reduced in number in aged brains because treatment of
positive allosteric modulators of AMPA receptors improved memory and synaptic potentiation deficiencies
in aged rats (Bloss et al 2008).

In many animals, the NMDA receptor's binding densities and functions are compromised with age
(Magnusson et al 2010). Functional NMDA receptors are heterotetramers consisting of two essential GIuN1
subunits and two optional GIuUN2 or GIuN3 subunits. In the CNS, four distinct GIuN2 subunits (GIUN2A-
D) are produced differently, both developmentally and temporally. Each GIuN2 subunit provides unique
ion channel characteristics and intracellular trafficking mechanisms on NMDA receptors. GIuN2B and
GIuN2D are significantly expressed throughout development and decline after birth, but GIUN2A and
GIuN2C rise and remain even in maturity (Paoletti et al 2013). Meanwhile, there is a change in the
distribution of certain NMDA receptor subunits throughout aging, with GluN2B-containing NMDA
receptors diffusing laterally to extra-synaptic dendritic spine locations (Avila et al 2017). Synaptic NMDA
receptors activate positive regulators of synaptic plasticity pathways like the ERK-Jacob-CREB pathway
(Mulholland et al 2008). Synaptic NMDA receptors activity causes ERK1/2 activation and subsequent
binding and phosphorylation of Jacobs (a synapto-nuclear protein encoded by the NSMF gene) at Ser180,
which is required for Jacob to depart from the synapse (Grochowska et al 2021). Calpain | protease is also
activated by the synaptic activity of NMDA receptors that cleaves internexin and Jacob protein. This may
lead to the production of a soluble a-internexin fragment and its interaction with pJacob and pERK to
protect them from dephosphorylation. The presence of pJacob in the nucleus is associated with increased
CREB phosphorylation and increased synthesis of genes involved in plasticity. Upon the activation of
extrasynaptic NMDA receptors, ERK is not activated, and therefore Jacob is not phosphorylated before
nuclear translocation. This leads to CREB shut-off which invokes proapoptotic proteins and suppression of

synaptic plasticity and survival pathways (Karpova et al 2013).

In the presynaptic perspective, aged hippocampus and cortex have shown a considerable increase in button

size and synaptophysin-positive terminals (Grillo et al 2013, Shimada et al 2003), indicating that aging may
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inhibit glutamate release and cause presynaptic compartments and synaptic structure to enlarge as a

compensatory mechanism.

Calcium ions enter neurons via ionotropic glutamate receptors and voltage-dependent Ca?* channels, where
they regulate a variety of cellular processes such as synaptic strength regulation and Ca?*-mediated cell
death. Calcium causes synaptic vesicle exocytosis at the presynapse which can regulate short-term synaptic
plasticity, whereas, in the postsynaptic dendrites, Ca?* modulates multiple signaling cascades involved in

long-term synaptic plasticity and gene transcription.

Dysregulated Ca?" homeostasis has become a prevalent underlying mechanism of neuronal death and has
been linked to several age-dependent conditions like neurodegenerative disease (Delekate et al 2014,
Kuchibhotla et al 2009). A few mechanisms have been proposed following elevated intracellular calcium
leading to impaired neuronal function and phenotype such as poor mitochondrial and ER Ca?* handling,
increased expression of voltage-gated Ca?* channels, decreased activation of Ca?* binding proteins such as
CAMKII, and Ca?*-dependent gene expression, e.g. of brain-derived neurotrophic factor (BDNF) (Jung et
al 2020).

A well-know mechanism is mediated by the declined mitochondria calcium buffering capacity which is
vital to proper cellular function. Studies in different models have revealed that neuronal potential is
decreased due to mitochondrial Ca?* uptake impairment and elevation of intracellular Ca?* in an age-
dependent manner (Pandya et al 2015). The triggering of cell death by Ca?* overload requires the opening
of the mitochondrial permeability transition pore (mMPTP), followed by cytochrome c release and subsequent
apoptosis activation. Cytochrome c released into the cytoplasm induces apoptotic cascades by binding to
the IP3-R on the ER, desensitizing its autoinhibition by calcium and inducing additional calcium release

from ER reserves.

The principal mediators of depolarization-induced calcium entry into neurons are voltage-gated calcium
channels. Early findings suggested that in some types of neurons, such as the principal cells in the
hippocampal CAL region, there is an increased Ca?* influx mediated by increased VOCC activity in aged
neurons especially L-type calcium channel (LTCC) which leads to enhanced calcium current and
afterhyperpolarization (AHP) mainly mediated by calcium-dependent potassium currents. The AHP that
occurs after an action potential (AP) is commonly regarded as an inhibitory mechanism that regulates
neuronal activity by boosting firing frequency adaptation and AP burst termination (Faber & Sah 2007).
Interestingly, chemical inhibition of LTCC is effective in reversing age-related learning impairments,
increasing the basal firing rate of CA1 neurons, and increasing the intrinsic excitability of CA1 neurons by
lowering post-burst AHP (Oh et al 2010).
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As mentioned above, in normal conditions, postsynaptic calcium entry leads to the activation of CaMKIl,
one of the most abundant proteins in neurons and a key regulator of LTP induction with a high localization
in the postsynaptic density. CaMKII activity was considerably diminished in the aged hippocampal neurons
(Bodhinathan et al 2010). In addition to its main role in the phosphorylation of elements in LTP induction,
CAMKII responds to Ca?* influx to promote activity-dependent transcription of several important genes
such as BDNF by phosphorylating CREB and inducing expression of BDNF. A decline in BDNF
expression coincides with hippocampal volume shrinkage and impaired cognitive performance which has

been reported previously in the aged brain (Erickson et al 2010).

In addition to neurons, glial cell functions are modified and undergo significant changes during aging. In
fact, glial cells are the first cells in the CNS to respond to stress conditions in aging (Palmer & Ousman
2018). In physiological conditions, they support neurons physically and metabolically, including neuronal
insulation and communication, as well as nutrition and waste removal. Glial cells, which are mostly
composed of microglia, astrocytes, and oligodendrocyte lineage cells, make up a significant portion of the
mammalian brain. Astrocytes interact with neurons actively and dynamically, reacting to neurotransmitters
and regulating neuronal and synaptic activity by releasing gliotransmitters. Astrocyte function is mainly
dependent on calcium signaling, and therefore, understanding the intricacies of calcium dynamics within
astrocytes is crucial for unraveling their roles in processes such as synaptic transmission and

neuroprotection.

RNA sequencing was used to determine the transcriptional patterns of astrocytes in several brain areas of

adult and elderly mice. It was found that aged astrocytes exhibit a partly reactive state, with increased
expression of the complement system and neuroinflammatory genes in all brain areas (Boisvert et al 2018).
In humans, a meta-analysis of transcriptome data found that aged astrocytes in the human prefrontal cortex
showed a reactive behavior (Payan-Gomez et al 2018). However, brain astroglial networks are critical for
neuronal homeostasis, hippocampal development, and spatial cognition (Hosli et al 2022). Structural and
functional changes in astrocytes including, the decreased volume fraction of process, compromised K* and
glutamate uptake and impaired calcium oscillation result in affected synaptic plasticity in aged animals
(Popov et al 2021, Verkhratsky 2019).

Microglia are resident immune cells in the brain that not only perform immunological responsibilities but
also play crucial roles in maintaining homeostatic activities in a healthy brain. They are involved in
regulating neuronal activity throughout development, controlling synapse formation, maturation, and
elimination (Andoh & Koyama 2021, Cangalaya et al 2020, Stevens et al 2007). In the hippocampus, they
influence neurogenesis and synaptic plasticity (Cornell et al 2022, Diaz-Aparicio et al 2020, Sierra et al

2010). These glial cells are increasingly being linked to age-related pathological conditions like Parkinson's
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and Alzheimer's disease (Ferreira & Romero-Ramos 2018, Hemonnot et al 2019). Like astrocytes,
microglia in the aged brain go through transcriptional changes (Godbout et al 2005) with less migrant
properties and continuously produce pro-inflammatory signaling molecules, indicating compromised
homeostatic function. In the physiological conditions, IL-1p secreted by microglia supports LTP induction
and maintenance (Avital et al 2003, Schneider et al 1998), while in proinflammatory conditions like aging,
it plays a role as a negative regulator of LTP in the synapse (Prieto et al 2019). Interestingly, IL-1p serves

in a synapse-specific manner on the hippocampal synaptic plasticity (Hoshino et al 2017).

1.3 Age-related changes in the brain extracellular matrix

The extracellular matrix (ECM), which is found in tissues and organs, is a dynamic three-dimensional
structure of macromolecules that includes proteoglycans, collagens, fibronectin, laminins, fibrillins, and
several other glycoproteins (Dityatev & Rusakov 2011, Lockhart et al 2011). ECM is uniquely structured
in a tissue-specific type. The ECM of the neural tissue is distinct in its composition and can be divided into
three different categories: The basement membrane, neural interstitial matrix, and perineuronal net (PNN).
The basement membrane covers the cerebral vasculature. Generally, in the brain, the ECM contains less
collagen than other connective tissues, and the collagens are primarily restricted to the cerebral vasculature
and meninges in the basal lamina. PNN mostly surrounds inhibitory neuronal cell bodies and has a
significant influence on synaptic input and the physiology of fast-spiking inhibitory neurons for
producing synchronized activity in local networks. Finally, there is the neural interstitial matrix that is
dispersed throughout the parenchyma and occupies the space between neurons and glial cells (Lau et al
2013) (Figure 1.2).

In addition to the structural support, the neural ECM has a variety of physiological functions during
development (e.g., controlling the closure of critical periods in brain regions) and in the mature brain (e.qg.,
determining synaptic plasticity and stability, cognitive flexibility, and context discrimination)(Dityatev &
Rusakov 2011, Dityatev et al 2021). Recent research indicates that the content and integrity of the ECM
are dynamic and change significantly, which influences the function of the tissue in aging, epilepsy,
neurodegeneration, dementia, depression, bipolar disorder, and schizophrenia (Berretta 2012, Blanco &
Conant 2021, Dityatev 2010, Morawski et al 2014, Vegh et al 2014b).

Brain ECM occupies the space between neurons and glial cells and this extracellular space volume accounts
for approximately 20% of the total volume of the adult brain (Bonneh-Barkay & Wiley 2009). Secreted
ECM molecules produced by both neurons and glial cells aggregate in the extracellular space. ECM
composition and density may vary within the tissue in a region-specific manner to produce unique
conditions for diverse physiological functions (Hobohm et al 1998). Cell attachment to the ECM during

development is influenced by ECM receptors like discoidin domain receptors, integrins, and syndecans,
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which are present in varying amounts across the tissue and affect cell proliferation, migration, and
differentiation.
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Figure 1.2 Various components of the brain extracellular matrix form three distinct structures, basement
membrane, perineuronal net, and interstitial matrix. The scheme is adopted from (Kim et al 2018).

PNN is a specialized form ofthe ECM in the CNS that is condensed with heterogeneous
glycosaminoglycan-rich ECM and mainly surrounds parvalbumin (PV)-expressing, fast-
spiking GABAergic interneurons in several brain regions (Figure 1.3). The time of maturation of PNNs

coincides with the closure of critical periods in many brain regions (El-Tabbal et al 2021, Pizzorusso et al
2002).

Figure 1.3 WFA-labeled of a PV+ inhibitory neuron in the mouse hippocampus.

The primary components of the neuronal ECM in the adult brain are a family of chondroitin sulfate
proteoglycans (CSPGs) known as lecticans and their binding partners, the glycoprotein tenascin-R (TNR)

and the glycosaminoglycan hyaluronic acid as the backbone of the ECM (Dityatev et al 2014). Together,
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they cross-linked by extensive interactions with TNR. Transmembrane hyaluronic acid synthase enzyme

which synthesizes hyaluronic acid links these chains to the cell membrane surface (Siiskonen et al 2015).

According to the proposed tetrapartite model of the synapse, the ECM in addition to the other three classical
components of synapses - including the presynaptic button, postsynaptic spine, and the astroglial processes
- is involved in the stabilization and maintenance of synapses (Dityatev et al 2006, Dityatev & Rusakov
2011).

Synapses are connected with a range of membrane-bound molecules that interact with the adjacent ECM.
The integrin family as the main ECM receptors make a link between the ECM from outside the cell and the
neuronal cytoskeleton inside the cell and ultimately modulate synaptic structure (Shi & Ethell 2006). The
ECM can regulate synaptic function both pre- and postsynaptically. For instance, at the presynaptic level,
the role of laminins, heterotrimeric proteins of the ECM, has been reported in the regulation of vesicle
release machinery at synapses in the adult brain (Hunter et al 2019). A well-studied example of the
postsynaptic modulation by ECM is through the ECM receptor integrin. Activation of postsynaptic betal
integrins by extracellular matrix ligands such as fibronectin results in the activation of subsets of kinase
involved in synaptic plasticity and ultimately phosphorylation of GIuN2A and GIuN2B subunits of NMDA
receptors, while integrin inhibition by antibody reverses the effect (Bernard-Trifilo et al 2005).
Furthermore, the ratio of excitatory to inhibitory synapses is altered in quadruple knockout mice lacking
the ECM components tenascin-C, tenascin-R, neurocan, and brevican, demonstrating the role of the ECM
in regulating the neural network activity (Gottschling et al 2019).

Using proteomic analysis in the hippocampus of young and aged mice, Vegh and colleagues demonstrated
that a small group of proteins showed the most substantial age-dependent shift in synaptic protein levels,
all of which were gradually up-regulated with age. Three of these four proteins are ECM proteins (neurocan,
brevican, and HAPLN1) and their upregulation was correlated with hippocampus-dependent spatial

learning in a Barnes maze test (Vegh et al 2014b) (Figure 1.4).

Sulfation patterns of the chondroitin sulfate-glycosaminoglycans (GAGs) determine their charge structure,
binding affinities, and biological roles. Changes in the pattern have been seen during development and
persist through maturity and aging when carbon 6 sulfation (C6S) decreases gradually (Foscarin et al 2017).
While C6S has been found to promote axonal development and regeneration and is required for
neuroplasticity (Lin et al 2011, Yang et al 2021), carbon 4 sulfation (C4S), on the other hand, is regarded
to be the most inhibitory type of CS for axonal development and guidance (Wang et al 2008). When C6S
is overexpressed, PNN development in the visual cortex is significantly impeded, and mice become more
plastic (Miyata et al 2012).
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Interestingly, ECM removal either by ECM-degrading enzyme hyaluronidase or Chondroitinase ABC
(ChABC), which is a bacterial enzyme that digests the chondroitin sulfate glycosaminoglycans of ECM can
improve neuronal connectivity in vitro, and cognitive impairments in vivo, demonstrating that ECM build-
up does indeed generate a restrictive environment for both structural and functional plasticity. The effects
of ECM removal on cognitive function and synaptic plasticity in different parts of the brain have been well-
documented (Senkov et al 2014). ChABC-mediated ECM removal in the amygdala promoted the extinction
of fear conditioning and drug-seeking behavior in mice (Gogolla et al 2009, Xue et al 2014). In the
hippocampus, ECM digestion resulted in impaired CA1 LTP and contextual fear conditioning memory in
APP/PS1 mice (Vegh et al 2014a). However, in normal adult mice, ECM is required for LTP induction as
it has been shown that ECM removal via ChABC leads to increased SK channel activity, decreased neuronal
excitability, and impaired LTP in CAL, which can be rescued by the application of apamin, an SK channel
inhibitor in hippocampal slices (Dembitskaya et al 2021). Hyaluronidase-mediated ECM removal also
showed similar results with a decrease in contextual fear conditioning and impaired LTCC-dependent LTP
in the CA1 (Kochlamazashvili et al 2010a).

In a study with a quadruple knockout mouse deficient in the ECM molecules tenascin-C, tenascin-R,
neurocan, and brevican, Gottschling and colleagues showed an increase in the excitatory synapses, a
decrease of inhibitory synapses, higher neuronal network activity in vitro, and a reduction of PNNs in vivo
followed by alterations in the gene expression profile in the hippocampus of this quadruple knockout mouse
(Gottschling et al 2019). In a previous study, brevican knockout mice showed an increased LTP in the CAl
region but no change in shuttle box cognitive function was seen (Brakebusch et al 2002). Moreover, in the
auditory cortex, learning causes transitory overexpression of brevican which is required during long-term
memory consolidation (Niekisch et al 2019). Enzymatic digestion of the ECM in mature neural cultures
increased neuronal activity but prevented the disinhibition-induced hyperexcitability seen in age-matched
control cultures with intact ECM. Furthermore, ECM degradation followed by disinhibition had a
considerable effect on network interaction, resembling the pattern found in naive growing cultures (Bikbaev
et al 2015). In an in vivo study, ECM removal by ChABC reduced striatal PNNs and diffusive ECM in a
22-month treated mouse with increased motor learning in the accelerating rotarod test (Richard et al 2018).
ECM also plays a fundamental role in cognitive flexibility as ECM removal in vivo results in enhanced
reversal learning of frequency-modulate discrimination in the auditory cortex of Mongolian gerbils (Happel
et al 2014).
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Figure 1.4 Age-dependent accumulation of ECM and impaired spatial memory. (A) Age-dependent changes of
some ECM components and PNN upregulation in the mouse hippocampus. (B) Performance in the Barnes maze
spatial task is impaired in the elderly animal. The panels are adopted from (Vegh et al 2014b).

Numerous pathophysiological features of schizophrenia, including impaired connectivity and neuronal
migration, synaptic anomalies, and altered GABAergic, glutamatergic, and dopaminergic
neurotransmission, may be attributed to ECM abnormalities (Berretta 2012, Matuszko et al 2017).
Following social defeat and stress (depression), a similar association was also identified in rats. In this case,
an overlap between hippocampus time-dependent cognitive impairment and ECM imbalance was seen
(Koskinen et al 2020).

1.4 Age-related changes in the brain’s tissue stiffness

Normal brain tissue cells reside in a polysaccharide-rich environment. Its composition affects the
characteristics of the brain's biomechanical properties like stiffness. The GAG/collagen ratio is around 10:1,
resulting in very low stiffness of the brain (Akhmanova et al 2015). Changes in the microstructure of the
extracellular matrix and tissue stiffness following pathological conditions influence cell responses,
especially astrocytes as multifunctional cells responding to mechanical and inflammatory stimuli (Johnson
et al 2015). In such situations, astrocytes are converted from a dormant to a reactive state in which glial
fibrillary acidic protein (GFAP) and vimentin are frequently upregulated (Liddelow & Barres 2017, O'Leary
et al 2020). Therefore, modifications in the brain’s ECM stiffness may have an impact on the growth and
neurophysiology of brain cells (Murphy et al 2016, Ryu et al 2021).

Cells can modify their force generation in response to the local stiffness when grown on 2D substrates or
in 3D microenvironments (Doss et al 2020, Langhans 2018). Various heterogeneous components like cells,
vessels, ECM, and interstitial fluid can determine the biomechanical characteristics of the brain such as
stiffness (Franze et al 2013). According to the definition, stiffness is the degree of a material's resistance to
deformation under the application of force (Baumgart 2000). In vitro studies have shown that some
properties of the cells, like proliferation, differentiation, and migration of neural stem cells, progenitor cells,

and mature neurons can be regulated depending on the stiffness of the surrounding environment (Arulmoli
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et al 2015, Kapr et al 2021). In physiological conditions, the adult brain seems to be 3—4 times stiffer than
the child brain in humans (Chatelin et al 2012). In line with this observation, the prefrontal cortex
progressively stiffens with age in the rat brain (Segel et al 2019) (Figure 1.5). Ryu and colleagues also
observed that the stiffness of hippocampus tissue increased from the neonatal to the early adult stage in all
subregions of the hippocampus (Ryu et al 2021). They also discovered that CS-56 immunoreactivity, which
detects the unique oligosaccharide structure of CSPGs, including both C6-sulfation and C4-sulfation,
decreased with maturation. ECM digestion with ChABC enzyme enhanced tissue stiffness in neonatal
hippocampus slices, demonstrating that the ECM plays a role in tissue stiffness (Ryu et al 2021).
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Figure 1.5 Age-dependent changes in tissue stiffness in different parts of the rodent’s brain. The image is adopted
from (Segel et al 2019).

In Alzheimer’s disease, AP plaque deposits are associated with increased brain stiffness (Velasco-Estevez
et al 2018). Since the structure of amyloid plaques is extremely hard and brittle, it affects the surface

morphology of the brain tissue and makes it rougher.

Brain stiffness at different ages can be determined precisely by atomic force microscopy (AFM) indentation
measurements. AFM is a high-resolution, non-optical imaging type of microscopy first illustrated by
Binnig, Quate, and Gerber in 1985 (Binnig et al 1986), which uses piezoelectric elements that allow precise
control of the movement with nanometer precision (Figure 1.6). Local material qualities such as adhesion
and stiffness may be studied in addition to topographic high-resolution information by measuring tip-
sample interaction forces. Though it is an invasive approach for determining stiffness due to the necessity
for the tissue slices, it is routinely being used to characterize the biomechanical properties of the cells and

tissue in vitro and ex vivo.
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Figure 1.6 Simple schematic view of the main components of an AFM. The image is adopted from
https://raman.oxinst.de/

1.5 Mechanical properties of plasma neuronal membrane, axonal growth, and dendrites

A multitude of physical, mechanical, and chemical factors, including stored curvature elastic stress (lateral
pressure), the bulk lipid phase, lipid rafts, and membrane viscoelasticity, may be used to characterize lipid
bilayer properties. Plasma membranes are dynamic, undergoing structural changes across a wide range of
time and length scales, from nanoscopic (nanosecond and nanometer) to microscopic and mesoscopic
(microsecond and millimeter). Plasma membranes react to force as nonlinear functions of strain, indicating
that they are viscoelastic or non-Newtonian fluids (Crawford & Earnshaw 1987, Tyler 2012). In response
to a variety of intracellular and intercellular stresses, the membrane is constantly deformed inward and
outward, and the deformation is described by their compression (Kc), area expansion (Ka), and bending
(Kg) moduli (Figure 1.7).
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Figure 1.7 A schematic view of how the conformational shape of the ion channel can alter as a result of
membrane expansion, compression, bending, and tension, modulating the ion channel's opening and membrane
conductance. The image is adopted from (Tyler 2012).

The force-from-lipids theory of cellular mechanosensation was first inspired by a patch-clamp study of an
E-coli membrane under mechanical forces (Martinac et al 1987) and proposed that ion channel gating reacts
directly to changes in the physical state of the membrane, such as lateral tension. In the neuronal membrane

case, changes in membrane formation lead to millisecond-scale neuronal activity.

The remarkable sensitivity of the neuronal plasma membrane to bending deformation supports its flexibility
to exocytose and recapture vesicles, as well as respond to protrusive and repulsive pressures experienced
during growth and motility (Hui et al 2009, Steinkuhler et al 2019). Neuronal membranes' innate
viscoelastic characteristics are further regulated by cytoskeletal components, which create structural tension
within a cell (Tyler 2012).

In recent years, there has been a focus on the mechanical components related to neuronal development and
maturation, with particular emphasis on their role in processes such as axon growth and guidance. During
neural development, neurons send out axons to reach their postsynaptic partner. Axons often follow very
precise paths and use various guidance cues to navigate in the nervous system, and how they manage to

find their way so accurately remains an area of intense research.

Growth cone motility and axonal pathfinding involve a precise spatial and temporal remodeling of growth
cone architecture resulting in mechanotransduction and motility. The role of mechanics in facilitating
outgrowth cones was first proposed three decades ago by Tim Mitchison and Marc Kirschner as the “clutch
hypothesis” (Jay 2000, Mitchison & Kirschner 1988). Based on this model, ECM-adhesion molecules
interaction would drive to the acto-myosin cytoskeleton via a clutch protein, which ultimately generates a

mechanical force to promote motility.

While spine formation and structural plasticity have been extensively studied for decades, many areas still
require further clarification. Components in synapse formation and plasticity including cytoskeleton,
molecular motors, cell-adhesion molecules, and the extracellular matrix can be either force-generating or
force-bearing, therefore dendritic spine formation can be viewed as a mechanical phenomenon. The BAR-
domain superfamily proteins, which deform membranes into tubular structures, mediate a membrane-
bended remodeling to form proto-protrusions that eventually create the dendritic filopodia. Figure 1.8

illustrates the mechanically relevant component of spine formation.
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Figure 1.8 Mechanically-relevant components of spine formation and maturation. The scheme is adopted from
(Minegishi et al 2022).

1.6 Mechanically relevant components of the cell

1.6.1 Actin and Spectrin

Cells’ mechanical and functional qualities are heavily reliant on their cytoskeleton, which is made up of
networks of biopolymers such as microtubules, actin, and intermediate filaments. Dendritic spines are tiny
protrusions that accept input from mostly a single excitatory presynaptic terminal, enabling synapse-by-
synapse control of synaptic strength. There are 1-10 spines per micrometer of dendrite length (Sorra &
Harris 2000), and some neurons, such as hippocampal neurons, have thousands of spines in their dendritic
arbors. There is strong evidence that structural changes in dendritic spines, driven by the remodeling of the
actin cytoskeleton—a versatile and ubiquitous cytoskeletal protein—play a major role in shaping the
structure and function of neurons. These changes are responsible for consolidating memories following
learning. That is why medications that inhibit actin polymerization inhibit LTP (Fukazawa et al 2003).
Kenneth Holmes, Wolfgang Kabsch, and colleagues discovered the three-dimensional structures of
individual actin molecules and actin filaments in 1990. Actin globular monomer (G-actin) is a globular
protein of 375 amino acids (43 kD). Monomers have tight binding sites that facilitate head-to-tail contacts
with two other actin monomers, allowing actin monomers to polymerize to create filamentous actin (F-

actin). Various actin structures are connected with distinct mechanical loads that are tailored to the
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structure's unique cellular activities. Mechanical forces result in changes in the shape of filaments as well

as how they interact with Actin-Binding Proteins (ABP) (Figure 1.9).
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Figure 1.9 Mechanical forces are translated by the actin cytoskeleton conformational changes and
polymerization and actin binding-protein site changes. The image is adopted from https://www.cytoskeleton.com/

Mechanically-induced changes in F-actin length and its binding partners result in the formation of stabilized
F-actin, facilitating the more efficient development of stress fibers. This represents a crucial aspect of a
cell's mechanotransduction processes (Tojkander et al 2012). Actin can also interact with adhesion family
members, such as E-cadherin, N-cadherin, and P-cadherin, to make a mechanotransduction complex
(Leckband & de Rooij 2014).

Spectrin is a big, cytoskeletal, heterodimeric protein made up of modular and subunits. Spectrin repeats are
106 consecutive amino acid sequence motifs that are frequently found in the spectrin proteins. This
structural protein is well recognized as a membrane skeletal protein that is essential for cell shape
maintenance and mechanical support of the plasma membrane (Deng et al 2020). The spectrin family
contains a and B spectrin II, also known as brain spectrin. The subunits normally form heterotetramers
within the membrane skeleton by generating antiparallel heterodimers that interact head-to-head to create
a tetramer. Spectrin binds the actin cytoskeleton to cell membranes via interacting with transmembrane
proteins such as ankyrin (Czogalla & Sikorski 2005). Evidence revealed by stochastic optical reconstruction
microscopy (STORM) showed that actin has a periodicity of between 180 and 190 nanometers, formed
ring-like structures that wrapped around the circumference of axons, and was equally spaced along axonal
shafts. Actin rings and the actin-capping protein adducin colocalized with spectrin, and the space between

their neighboring rings was about the same as the length of a spectrin tetramer (Xu et al 2013).
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1.6.2 Microtubules and neurofilaments

Microtubules are critical structural elements in biological systems, and their mechanical qualities are
required for a wide range of cellular operations such as cell shape, division, motility, intracellular transport,
and the formation of various cellular morphologies. Their structure, which makes them the stiffest
intracellular cytoskeletal filaments, provides the foundation for their mechanical robustness. Microtubules
are made up of a cylindrical shell of tubulin protein. This tubulin is found in two forms: alpha and beta
tubulin, which form a tight dimeric complex. The cylindrical tubule is then formed by stacking them side
by side.

Mechanical stimuli influence microtubule formation and proliferation as well. For instance, passive
stretching of the heart muscle has been found to have a direct impact on microtubule formation. Tubulin
MRNA and protein levels were shown to be elevated in this case in response to passive stretching of
newborn cardiac myocytes (Watson et al 1996). In somatosensory neurons, microtubule acetylation by a-

tubulin acetylase (dTAT) modulates mechanosensation in a wide and specific manner (Yan et al 2018).

Though many studies have concentrated on reconstituted networks of filamentous actin, which dominate
the mechanics of many cells’ cytoskeleton, intermediate filaments also play an essential role in the
mechanics of the cytoskeleton. In fact, they form the most important network in several cell types. In
contrast to other tissue-specific classes of intermediate filaments (IFs), neurofilaments (NFs) are
heteropolymers made up of four subunits, each of which has a different domain structure and function.
These subunits are NF-L (neurofilament light), NF-M (neurofilament middle), NF-H (neurofilament
heavy), and -internexin or peripherin (Yuan et al 2017). In adult axons, type 1V intermediate filaments
known as neurofilaments are the most prevalent cytoskeletal component, outnumbering both microtubules
and actin (Wong et al 1995).

1.6.3 Extracellular matrix

Living cells are exposed to mechanical stimuli all the time, whether originating from the surronding ECM
or neighboring cells. Mechanical properties of the ECM, including composition, stiffness, and topography
have been shown to impact the function (Dowell-Mesfin et al 2004) and mechanical properties of the

surrounding cells (Young et al 2016).

Integrin clusters as the adhesion receptor and principle receptor for the ECM, detecting extracellular
changes in stiffness, tension, or other mechanical cues. Upon interaction with the ECM via the extracellular
domain, they are activated and these morphological alterations or redistribution recruit focal adhesion kinase
(FAK) via cytoplasmic tail linked to the actin cytoskeleton, and a variety of docking proteins such as talin

rod, vinculin, and paxillin to create the focal adhesion inner site (Figure 1.10).
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Cytoplasm

Figure 1.10 Key mechanosensing players engaged in cell-ECM interaction at the focal adhesion site. The scheme
is adopted from (Martino et al 2018).

On 2D substrates from in vitro studies, it has been known that many cell types may respond to the elastic
characteristics of the underlying surface, which can regulate several biological processes, including cell
motility, cell proliferation, and differentiation (Blaschke et al 2020, Nichol et al 2019). In line with this,
studies on 3D structures revealed that the ECM is a biopolymer network, made up of a variety of
biomolecules and has a highly nonlinear mechanical response (Storm et al 2005) which is extremely
relevant to cell-ECM interactions (Hall et al 2016, van Helvert & Friedl 2016). Biopolymers that form
networks within the cytoskeleton such as F-actin, vimentin, fibrin, or extracellular matrix, exhibit
distinctive physicochemical behavior that is not found in synthetic soft materials utilized as cell substrates
or scaffolds for tissue engineering (Wen & Janmey 2013). Purified biogels made by native molecules show
similar behavior and are force stiffening, with an elastic modulus that can raise the stress equivalent to cell
and tissue deformation in vivo. Theoretically, depending on filament stiffness, different models have been
proposed to explain this behavior (Wen & Janmey 2013). The force-dependent properties of several

cytoskeletal components and synthetic ECM polymers are shown in Figure 1.11.
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Figure 1.11 Non-linear response to different strain magnitudes for cytoskeletal component F-actin, vimentin,
collagen 1, and fibrin and linear response in synthetic polymers matrigel and polyacrylamide. The panel is
modified from (Wen & Janmey 2013).

1.6.4 Mechanosensitive ion channels

Mechanotransduction, the process by which mechanical inputs are translated into electrochemical signals,
is required for several biological processes such as neuronal cell formation, pain sensation, and red blood
cell volume regulation (Cahalan et al 2015, Chighizola et al 2019, Lewin & Moshourab 2004).

Mechanosensitive channels, mechanosensitive ion channels, and stretch-gated ion channels are a subset of
proteins that translate mechanical signals into biochemical responses. A broad range of mechanosensitive
channels (MSCs) in the CNS and PNS can be activated by mechanical cues such as pressure, tension,
stretch, and shear stress. In the CNS, the extending bulk of evidence shows that neurons and glial cells can
respond to the direct mechanical forces in the microenvironment by regulating the expression of
mechanosensitive ion channels (Johnson et al 2021, Ma et al 2022a). In the mammalian CNS, among ion
channels with mechanosensation activity, two families have been categorized well: Transient receptor

potential (TRP) and the Piezo family.
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1.6.4.1 Transient receptor potential channels

TRPs are versatile signaling molecules found in a variety of tissues and cell types. The majority of TRPs
are polymodal channels, or coincidence detectors, that respond to both physical (temperature, voltage,
pressure, and tension) and chemical stimuli (Startek et al 2019, Zheng 2013). Some TRPs act as non-
selective cation channels in the plasma membrane, whereas others control Ca?* release in intracellular

organelles (Zhang et al 2018).
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Figure 1.12 Schematic view of the structure and distinct domains of each TRP member in the cell membrane.
The scheme is adopted from (Clapham 2003).

The proteins of the TRP family form tetrameric non-selective cation channels. TRP channels depolarize the
membrane potential when activated and allow cations to enter the intracellular compartment, depolarizing
the plasma membrane and potentially modulating voltage-gated ion channels (Gees et al 2010, Wu et al
2010). According to the published data, it is well known that some subfamilies of TRP channel members
including TRP canonical (TRPC), TRP melastatin (TRPM), and TRP vanilloid (TRPV), are highly
expressed in the brain with distinct physiological functions (Figure 1.12) (Held & Toth 2021,
Kougioumoutzakis et al 2020, Menigoz & Boudes 2011). They modulate widespread physiological
function, including developmental and homeostatic functions in both neuronal and glial cells (Echeverry et
al 2016, Guo et al 2022, Verkhratsky et al 2014). Table 1.1 describes some of the TRP ion channels that
are potentially involved in mechanotransduction in the PNS and CNS.
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Table 1.1 TRP mechanosensitive ion channels expressed in the brain

Channel Cell type Ref
TRPV1 Retinal ganglion cell neurons | (Sappington et al 2015)
Microglia (Marrone et al 2017)
Astrocyte (Yang et al 2019)
TRPV2 Sensory neurons (Katanosaka et al 2018)
Astrocyte (Shibasaki et al 2013)
TRPV4 Astrocytes (Kim et al 2015)
Microglia (Redmon et al 2021)
DRG neurons (White et al 2016)
TRPC1 Sensory neurons (Alessandri-Haber et al 2009)
Pyramidal neuron (Martinez-Galan et al 2018)
TRPC3 Sensory neurons (Quick et al 2012)
Astrocyte (Hoffmann et al 2010)
TRPC4 Pyramidal neuron (Arboit et al 2020)
DRG neurons (Wu et al 2008)
TRPC5 Pyramidal neuron (Arboit et al 2020)
TRPA1 Sensory neurons (Zappia et al 2017)
Astrocyte (Shigetomi et al 2011)
TRPM3 Oligodendrocyte (Hoffmann et al 2010)
TRPM7 Sensory neurons (Low et al 2011)

Recent research indicates that disruption of TRP channel functioning is implicated in a variety of

pathological events associated with neurological and mental illnesses, including neurodegenerative disease,
autism, epilepsy, and stroke (Griesi-Oliveira et al 2015, Takada et al 2013, Zhang et al 2014, Zhou & Roper

2014).
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1.6.4.2 Piezo channel family
Piezo channels are prototypical mechanosensitive ion channels that are directly gated by mechanical forces

leading to the opening of a non-selective cationic pore (Figure 1.13) (Coste et al 2010, Syeda 2021).
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Figure 1.13. Piezo-dependent mechanosensation. The image is adopted from (Parpaite & Coste 2017).

The discovery of the Piezo ion channel gene family in 2010 (Coste et al 2010) has been considered the most
significant breakthrough in the mechanobiology field, which led to a Nobel Prize in Physiology or Medicine
in 2021 awarded to Ardem Patapoutian (jointly with David Julius). Diverse mechanical stimuli in different
cell types can generate a response from Piezo channels such as shear stress, compression, membrane
tension, cell swelling, and ultrasounds (Cox et al 2016, Jiang et al 2021b, Passini et al 2021, Qiu et al 2019).

Despite some small variations, the fast activation and inactivation features of these channels are mostly
comparable across many cell types (Lewis & Grandl 2020). Piezol and Piezo2 expression is found in a

wide range of tissues and organs, including the CNS, PNS, and capillaries (Coste et al 2010, Harraz et al
2022, Nakamichi et al 2022, Wang et al 2019). Therefore, Piezo proteins have been connected to a variety
of physiological functions in animals, including touch, proprioception, blood-pressure sensing, immunity,
stem cell differentiation, and cognitive function (Assaraf et al 2020, Chi et al 2022, Harraz et al 2022, Jantti
et al 2022, Pathak et al 2014, Wang et al 2019).

1.7 Piezol structure

Piezol ion channels are evolutionarily conserved and functionally diverse mechanosensitive cation
channels in which global knockouts of Piezol and Piezo2 in mice are lethal (Li et al 2014). Piezol and
related Piezo2 are uncommonly large size proteins with approximately 2500 amino acids long. They are
multipass transmembrane proteins that are bioinformatically predicted to have 30—40 transmembrane (TM)

domains (Figure 1.14).
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Figure 1.14 Piezol predicted structure (A) Model illustrating the cylindrical helices of Piezol with individual
domains. (B) Topology model of the full-length mPiezol protein with 38 transmembrane domains. The image is
adopted from (Zhao et al 2018).

Using a single-particle approach and cryo-electron microscopy, Ge and colleagues could map the trimeric
structure of mouse Piezol with three blades and a central cap permeable to monovalent and most divalent
ions (Ge et al 2015). High-resolution structure of mouse Piezol, revealing a distinct 38-TM topology in
each subunit (Zhao et al 2018). The two TM sections (TM37 and TM38) closest to the protein's core are
known as the inner helix (IH) and outer helix (OH), respectively, and enclose the central pore module's
transmembrane pore. The remaining 36 TM regions (TM1-36) create a curved blade-like structure with
nine repeated folds, each comprising four TM regions, which are referred to as transmembrane helical units
(THUs).

The C-terminal extracellular domain of Piezol protein consists of the residues 2210-2457, which are
considered the central cap of the channel following the last transmembrane region of the protein. These
residues form a trimeric complex of the central cap (Figure 1.15). The region-specific deletion in these
residues would result in a mutant (mPiezo1A2218-2453) with negative staining in electron microscopy.
The structure of the cap is consistent with a potential permeation pathway. It has been shown that Piezol
inactivation kinetics and mechanical gating are dependent on small subdomains within the cap (Lewis &
Grandl 2020). By sequence alignment analysis, six cap subdomains have been identified with a special
secondary structure that accounts for the distinct inactivation kinetics of Piezo channels (Lewis & Grandl
2020).
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(90 A)

Figure 1.15 Structure of Piezol. (A) High-resolution illustration of extracellular, side, and intracellular views
showing different components of the Piezol structure. (B) color-coded Piezol subunits. The image is adopted from
(Zhao et al 2018).

A hairpin structure, referred to as the anchor, connects the transmembrane domains 37 and 38 (inner and
outer helix) to the C-terminal domain. This anchor domain of Piezol could be mapped to residues around
2100 to 2190, a region with highly evolutionarily conserved sequence motifs (Ge et al 2015). A disease in
humans, dehydrated hereditary stomatocytosis, is a result of a mutation in this region, which supports the

functionally important role of anchor in Piezo structure (Andolfo et al 2013).

Three beamlike structures generate the intracellular surface which contains the residue 1300-1362 of the
Piezo protein. The length of the beams is 90 nm and organized at a 30° angle relative to the membrane
plane (Wang & Xiao 2018). The absence of mutant protein coming from the deletion of this region showed
the functional importance of this region in the protein structure (Ge et al 2015). The organization of the
beams provides a distinct structure for mechanical gating from the distal transmembrane helical units to the

central ion-conducting pore (Zhao et al 2018).

In the Piezo protein structure, each of the 24 peripheral subunits of TM helices are arranged into 12 parallel
pairs, spreading to generate a highly curved pattern of blades from the core outer helices-inner helices pair
to the periphery. When seen from a line parallel to the plasma membrane plane, the proximal TM25-TM36
and peripheral TM13-24 interact at a 100° angle and a 140° angle, respectively (Figure 1.15). Both
mechanosensation and the induction of local membrane curvature seem to benefit from this distinct
structural property. It's interesting to note that the membrane plane, in which the peripheral TM13-24 looks

to be very curved, suggests that the Piezol channel can bend the membrane in which it is located. This is
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in line with other research suggesting that the mechanical-forced unfolding, tension, and curvature of

cellular membranes can control Piezol ion channel function.

Six transmembrane helices are arranged triangularly in the Piezol channel's membrane-based core. At the
innermost position, three 1Hs appear to line a central pore and are most likely extensions of the C termini
of the CEDs. The three IHs are further enclosed by three OHs that are extended from the CEDs' N termini.
The IH-OH pairs, CEDs, and CTDs found in this middle area most likely make up the pore module of
Piezol(Ge et al 2015).

1.8 The kinetics of Piezo channels

Both vertebrates and invertebrates have piezo ion channels, which are biological mechanical sensors that
are activated by a variety of mechanical stimuli. Three stages—open, closed, and inactivated— can be used
to describe the normal Piezo channel Kinetics; together, these states have become a key mechanism for
Piezo channel function (Bae et al 2015). According to previous studies, the Piezol channel directly responds

to lateral membrane tension in cells (Lewis & Grandl 2015).

Cryo-EM structure of the mouse Piezol proposed a membrane dome mechanism to explain the activation
mechanisms of Piezo channels. Membrane tension will modify gating energetics quantitatively in
proportion to the change in the anticipated area beneath the dome. In the context of a tiny, cation-selective
pore, this process can account for extraordinarily sensitive mechanical gating (Guo & MacKinnon 2017).
Heterologous expression of Piezo channels in HEK cells has provided detailed information on their Kinetics;
notably, these channels don't need cofactors or accessory subunits (Coste et al 2010). The transfected cells
can be stimulated repeatedly in a cell-attached, outside-in patch, and whole cell configurations (Figure
1.16). Piezo currents have unique kinetic characteristics, such as fast activation and voltage-dependent
inactivation (Wu et al 2017b), that set them apart from endogenous currents. In addition, compared to

Piezo2 channel inactivation, Piezol channel inactivation is slower.
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Figure 1.16 Piezol can be studied in different configurations of patch-clamp recording. (A) “stretch” setup with
cell-attached configuration. (B) “poke” setup with whole-cell recording configuration. The text and image are
modified from (Wu et al 2017a).

There have been reports of several point mutations in Piezo channels slowing the inactivation process,
which results in greater cation fluxes and causes several human disorders. In red blood cells, Piezol-
mediated Ca?* influx promotes K+ efflux through the Gardos channel (KCa3.1), leading to water loss and
RBC dehydration (Cahalan et al 2015).

Recent years have seen advancements regarding Piezol small-molecule modulators. Yodal and Jedi1/2 are
two Piezol chemical activators that can open Piezol ion channels in the absence of mechanical stimulation.
Using a cell-based fluorescence assay, Syeda and colleagues screened around 3.25 million compounds and
discovered a synthetic small molecule we named Yodal (Figure 1.17) that functions as an agonist for the
Piezol (Syeda et al 2015). Yodal influences the sensitivity and the inactivation kinetics of mechanically

generated responses. Yodal has been studied in artificial droplet lipid bilayers and it was discovered that
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in the absence of other biological elements, Yodal can activate purified Piezol channels. Their research
shows that Piezol can be chemically activated and suggests that endogenous Piezol agonists may exist.
Yodal become a crucial research tool for examining Piezol regulation and operation (Syeda et al 2015).

Cl N-—

SO

Figure 1.17 Chemical structure of Yodal with chlorines and thioether as the functional groups. The image is
adopted from (Syeda et al 2015).

Jedil/2, a novel hydrophilic Piezol chemical activator, gates the core ion-conducting pore by acting through

the periphery blades and using a periphery lever-like device made up of the blades and a beam (Wang et al
2018b).

Gadolinium and ruthenium red have also been demonstrated to block mouse Piezol channels as non-
specific inhibitors of the ion pore in stretch-activated ion channels (Caldwell et al 1998). It was discovered
that GsSMTx4, a toxin inhibitor of mechanosensitive channels, also inhibited the Piezol channel (Bae et al
2011). Dooku 1 reversibly inhibits the activity of Yodal with the 1C50=1.5 M. It has no impact on
constitutive Piezol channel activity, but it suppresses Yodal-induced Piezol activation in endothelial cells
and Yodal-induced Ca?* entry in vitro (Evans et al 2018). Figure 1.18 illustrates potential activators and
inhibitors of the Piezol channel used in different studies.
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Figure 1.18 Schematic view of some activators and inhibitors of the Piezol channel and their places of action.
The image is adopted from (De Felice & Alaimo 2020).
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1.9 Cellular pathways activated by Piezo channels

1.9.1 HIPPO (YAP/TAZ) pathway

Mechanotransduction molecular control remains unclear. One of the well-studied and key pathways in
mechanosensing is the HIPPO pathway. The Hippo signaling pathway is the most recent addition to the
family of signaling pathways known to be involved in controlling organ size and development (Pan, 2010;
Halder and Johnson, 2011). The Hippo pathway is a serine/threonine kinase signaling cascade that was
discovered first through a genetic screen for cell size control in Drosophila melanogaster (Harvey et al.,
2003; Wu et al., 2003). The Hippo pathway's activity is reliant on cell-cell junctions, cell polarity, cellular
architecture, cellular metabolism, and mechanical inputs from the surrounding microenvironment (Figure
1.19). The alternative name of the HIPPO pathway is Yes-associated protein 1 (YAP/TAZ) pathway

because of the two key components involved in this pathway.
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Figure 1.19 Schematic view of the main component and related stimulator of the YAP/TAZ pathway. The image
is adopted from (Kovar et al 2020).

In mammals, the primary Hippo pathway signaling cascade consists of a serine/threonine kinase cascade
composed of mammalian sterile20-like 1 and 2 (MST1/2) and large tumor suppressor kinase 1 and 2
(LATS1/2). MST1/2 interacts with Salvador homolog-1 (SAV1) and phosphorylate LATS1/2, which are
activated and phosphorylate YAP on five and TAZ on four conserved serine residues. These YAP and TAZ
inhibitory phosphorylation provide a signal for cytoplasmic retention and YAP/TAZ binding to 14-3-3
protein or YAP/TAZ destruction. MST1/2 and LATS1/2 activity indicate that the Hippo pathway is ON,

whilst YAP/TAZ are inactive. Indeed, in the presence of different cellular stimuli including mechanical
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cues and tissue stiffness, cell-cell and cell-matrix interaction LATS1/2 is not able to phosphorylate
YAP/TAZ anymore and drives nuclear translocation and recruitment of YAP/TAZ as a transcriptional co-
activator to a target site to regulate expression of genes involved in cellar homeostasis with a certain
transcription factor, most importantly, the TEA domain family (TEAD) of transcription factors (Heng et al
2021).

Piezol-dependent YAP expression has been studied recently. In osteoblastic cells, Piezol regulates the
YAP-dependent production of type Il and IX collagens, which is required for influencing osteoclast
differentiation in response to mechanical stresses. The findings point to Piezol as the primary skeletal
mechanosensor that regulates bone homeostasis (Wang et al 2020).

Furthermore, in recent studies, abnormal Piezol expression has been linked to a poor prognosis in some
forms of cancer coupled with the YAP/TAZ pathway (Hasegawa et al 2021, Xiong et al 2022, Zhu et al
2021).

1.9.2 Mitogen-activated protein (MAP) kinases

MAP kinases are a diverse family of protein-serine/threonine kinases that engage in signal transduction
pathways governing intracellular processes in response to extracellular responses. Three sequentially active
protein Kinases are essential components of the network that can be activated by distinct extracellular inputs
and result in the activation of a specific MAPK after the activation of a MAPK kinase kinase (MAPKKK)
and a MAPK kinase (MAPKK) (Figure 1.20).
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Figure 1.20 Activation of the MAPK pathway in response to different stimuli results in different biological
responses. The image is adopted from (Morrison 2012).

Recent studies reported that Piezol activation by its specific activator, Yodal, results in enhanced IL6 gene
expression via the p-38 MAPK pathway in cardiac fibroblast. It seems that this effect is specific to p38 as
the inhibitors of other MAPKSs like ERK1/2/5, c-Jun N-terminal kinases (JNK1/2/3) do not rescue the effect
but SB203580, a specific inhibitor for p38 MAPK does (Blythe et al 2019). In a separate study, it has been
shown that Piezol activation by Yodal results in the activation of MAPK in a dose and time-dependent
manner coupled with the YAP/TAZ pathway in hepatocellular tumor cells (Liu et al 2021b).

P-38 MAPK is especially important, as this is one of the most essential signaling pathways in inflammation.
P38 MAPK is highly expressed in brain areas associated with learning and memory (Brust et al 2006, Perea

et al 2022), and it is increasingly becoming recognized as a major factor in synaptic regulation and function.

In microglia, p38 MAPK is an important regulator of proinflammatory pathways induced by beta-amyloid
and tau proteins (Bachstetter et al 2011, Perea et al 2022). An increase in neuronal p38 MAPK activity has

been reported with aging in mice as well (Moreno-Cugnon et al 2019).

It has been reported that p38 activation in Alzheimer's disease in neurons is associated with neurofibrillary
tangles and paired helical filaments in the hippocampus (Hensley et al 1999). In pathological conditions,
p38 MAPK seems to impair LTP. Reduced p38 MAPK activity, for example, increased synaptic plasticity
in angiotensin ll-dependent hypertensive rats via either genetic knockdown or pharmacological inhibition
in the hippocampal slices (Dai et al 2016). In the entorhinal cortex (EC), specific pharmacological inhibition
of p38 MAPK inhibited the reduction of synaptic plasticity caused by the injection of amyloid-beta (Origlia
et al 2008).

Inhibiting extrasynaptic NMDA receptors that include GIuN2B-containing receptor trafficking is a function
of the polysialylated neural cell adhesion molecule (polySia-NCAM). Aging can lead to deficiencies in the
expression of this molecule, which in turn may promote the activity of extrasynaptic GIuN2B-NMDA
receptor, Ras-GFR1 activation, and ultimately decrease LTP levels through increasing phosphorylation of
the p38 MAPK (Kochlamazashvili et al 2010b). Neuronal Ca?*-dependent activation of Ras via calmodulin
binding to an 1Q motif in Ras-GRF has been reported previously (Farnsworth et al 1995). Indeed, p38
MAPK is consistently engaged in synaptic long-term depression (Bolshakov et al 2000).

1.9.3 Calpain protease
Calpains are a kind of non-lysosomal cysteine proteases that have been linked to a variety of calcium-
dependent biological processes. Calpain 1 and 2 are the most common isoforms of calpain found in the

brain and are widely and consistently distributed in both neurons and glial cells. Calpain hyperactivity has
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been associated with both apoptotic and necrotic neuronal death in a variety of in vitro and in vivo
neurodegenerative models (Camins et al 2006). Calpain-1 activation is essential for the formation of LTP
and is neuroprotective in general, but calpain-2 activation restricts the degree of potentiation and is

neurodegenerative (Baudry & Bi 2016).

Piezol-mediated calpain activation has been recently reported in a few studies. In cardiomyocytes, Piezol
disrupted calcium homeostasis by mediating external Ca?* inflow and Ca?* intracellular overload, activating
Ca?*-dependent signaling, calcineurin, and calpain. In vitro, calcineurin or calpain inhibition prevented
Yodal-induced induction of hypertrophy markers and hypertrophic development (Zhang et al 2021). In
pulmonary endothelial cells, enhanced Piezol expression following ionizing radiation was associated with
increased Ca?* influx and calpain activity. Radiation effects on endothelial cell ferroptosis were partially
mitigated by inhibiting Piezol activity with the specific inhibitor GsMTx4 or inhibiting downstream calpain
signaling (Guo et al 2021). Liu and colleagues proposed that membrane stretch during immunological
synapse formation activates Piezol and causes Ca?* influx, which activates calpain. The activation of
calpain contributes to the cleavage of spectrin and the reorganization of the actin scaffold, leading to an
enhancement in human T cell activation (Liu et al 2018a). Interestingly, inhibition of Piezol/calpain
signaling in the rat basal forebrain rescues fear memory impairment induced by sleep deprivation (Ma et al
2022b).

Extrasynaptic NMDA receptors particularly activate calpain-2, which degrades Striatal-Enriched protein
Phosphatase (STEP) and eventually causes neurotoxicity (Xu et al 2009). Calpain also has been
demonstrated to cleave GIuN2B and disrupt its association with synapse-associated protein 102 (SAP102),
impairing NMDA receptor trafficking (Briz et al 2012). The interaction of GUN2A and GIuN2B with the
scaffold proteins postsynaptic density 95 (PSD95) and SAP102 controls the synaptic location and
trafficking of NMDA receptors (Chen et al 2012). Given that aberrant calpain activity was seen in age-
dependent pathological conditions like AD (Saito et al 1993), Therefore, Piezol-mediated calpain
activation might be one of the pathways leading to synaptic plasticity and cognitive function impairment in

the aged brain.

1.10 Role of Piezol in the CNS immunomodulation

High mechanical sensitivity allows both central neurons and glial cells to quickly respond to changes in the
stiffness of their environment (35, 36). Piezol expression in reactive cortical astrocytes is amplified by
peripheral infection and aging (Velasco-Estevez et al 2018). In line with this, non-AD brains do not exhibit
increased Piezol expression while in reactive astrocytes exposed to AP, the expression of Piezol is

upregulated both in the human and animal model of AD (Satoh et al 2006, Velasco-Estevez et al 2018). In
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the AD brain, astrocytes are more reactive and release pro-inflammatory cytokines, therefore, Piezol might

be able to control the signal transduction of reactive astrocytes and changing their phenotype (Figure 1.21).

According to evidence, Piezol is expressed in human MO3.13 oligodendrocytes and mouse Schwann cells
and actively contributes to myelination as a negative regulator by regulating the YAP/TAZ pathway
(Acheta et al 2022, Velasco-Estevez et al 2020). Channel blockage utilizing GsMTx4 may attenuate
demyelination while pharmacological stimulation accelerates demyelination (Acheta et al 2022, Velasco-

Estevez et al 2020). Piezol also limits axonal regrowth and impairs regeneration (Song et al 2019).
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Figure 1.21 Schematic illustration of the role of cell-type specific of Piezol in AD pathology. The image is
adopted from (Liu et al 2022).

Previously, the high expression of Piezol in human microglia has been confirmed. Induced pluripotent stem
cell (iPSC)-derived microglia-like cells (iMGL) from human iPSC-lines that mimic human microglia in
terms of their morphology, marker expression, functional characteristics, and ability to react to ATP and
ADP with Ca?* transients was created in order to examine human microglia. Piezol was expressed by
human iMGLs and the human microglial SV40 cell line. In addition to this, Piezol expression is detected
in murine trigeminal neurons, astrocytes, microglia, and microglial cell line (BV2), whereas Piezo2 was

only found in the SV40 cell line and main mice microglia (Jantti et al 2022).

Interestingly, Yodal treatment of 5XFAD mice for two weeks via intracranially lateral ventricle
administration showed that Yodal-treated mice had a higher immunoreactive area of IBA1-positive

microglia in the hippocampus and cortex (Jantti et al 2022).
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Piezol might also be a viable target for treating hyperglycemia-related brain injury as Liu and colleagues
showed that Piezol is required for microglia-mediated damage in acute hyperglycemia. Piezol inhibition
reduced acute hyperglycemia-induced cell damage and elevated phosphorylation of JNK1 and mTOR,

indicating that the latter alteration represents a possible Piezol downstream pathway (Liu et al 2021a).
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2. AIMS AND OBJECTIVES

With the data outlined in the Introduction section, it seems plausible to hypothesize that increased brain
stiffness in combination with the increased expression of genes involved in mechanosensation may lead to
impaired synaptic plasticity and cognitive function in both aged and 5XxFAD model. The molecular
mechanism involved in this alteration is not clear. The primary aim of this study, therefore, was to identify
the age-dependent changes in the mechanosensitive-dependent pathways in the hippocampus of the aged
and 5xXFAD mice, and dissect the underlying molecular mechanism and target it to rejuvenate the aged

brain.
Therefore, this thesis work includes the following objectives:

1. To investigate the expression of mechanosensitive ion channels and related genes using g-PCR,

western blot, and immunohistochemistry.

2. To mimic activation of the Piezol mechanosensitive channel in the aged brains by its
pharmacological activation in the young brains and study the effects of this activation on synaptic

plasticity in hippocampal slices by electrophysiological approach.

3. To rescue the synaptic plasticity in the young mice after Piezol activation by targeting downstream
signaling pathways.

4. To rescue the synaptic plasticity in the aged brain by knockdown of Piezol in the hippocampus.

5. To unravel the possible cellular and molecular mechanisms behind the age-dependent

mechanosensation.
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3. MATERIALS AND METHODS
3.1 Animals

All animal experiments were performed in strict conditions following the ethical animal research standards
defined by German law and approved by the Ethical Committee on Animal Health and Care of the State of
Saxony-Anhalt, Germany (license 42502-2-1322 DZNE). Animals were from the Deutsches Zentrum fiir
Neurodegenerative Erkrankungen e.V. (DZNE) animal facility (Pawlow Haus). We used C57BL6/J mice
that were 2-4 months old and >30 months old as young and healthy aging conditions, respectively. For
pathological conditions, we used a mouse model 5xFAD (B6SJL) mice as an Alzheimer’s disease model.
These mice express human APP and PSEN1 transgenes with a total of five AD-linked mutations: The
Swedish (K670N/M671L), Florida (1716V), and London (V7171) mutations in APP, and the M146L and
L286V mutations in PSENL1. Basal synaptic transmission and LTP in the CAL area of 5XFAD mice begin
to decline between 4 and 6 months (Kimura & Ohno 2009).

3.2 Hippocampal tissue isolation, RNA, and protein purification

To isolate the hippocampi, animals were anesthetized with isoflurane and transcardially perfused with ice-
cold phosphate-buffered saline (PBS). Animals were decapitated, brains were removed and hippocampi
were dissected quickly and flash-freezed on dry ice and kept at -80°C freezer until the next use for the RNA

and protein purification.

Total RNA and protein from the frozen hippocampi have been purified by using GeneMATRIX
DNA/RNA/Protein Purification Kit (EURx Cat. No. E3597) according to the manufacturer’s recommended
protocol. With this kit, | was able to purify both total RNA and total protein simultaneously from a single
sample. To inactivate DNases, RNases, and proteases, samples are first homogenized in the presence of
lysis and denaturing solutions. Then, DNA fragments are bound to DNA binding spin columns in the
subsequent stage. Following the application of the sample to an RNA-binding spin column, all RNA
molecules are adsorbed. Then, high-quality RNA is eluted in water devoid of RNase. The follow-through
from the RNA binding step is used to purify the protein. Proteins are centrifuged into pellets and finally,
protein dissolving PLB buffer dissolves the protein pellet for the final SDS-PAGE analysis.

3.3 cDNA synthesis and quantitative real-time PCR

The purified RNA from the previous step was converted to cDNA by using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™, Cat.4368814). | used this kit to convert 0.5-1 g of total RNA to
single-stranded cDNA for further quantitate PCR (gPCR) analysis. Table 3.1 describes the mixture of the

reaction for cDNA synthesis.
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Table 3.1 Components of a reaction for the cDNA synthesis

cDNA synthesis reaction components | Volume for 1 reaction
10X RT buffer 2 ul

25X dNTP mix (100 mM) 0.8 ul

10X random primers 2 ul
Reverse transcriptase 1l
RNase-free H20 4.2 ul
Volume of the sample 10 pl

Total volume 20 pl

Table 3.2 Components of a reaction for the gPCR analysis

gPCR reaction mix component

Volume for 1 reaction

2X TagMan™ gene expression mater mix 5ul
20X TagMan™ gene expression probe 0.5 ul
RNase-free H20 2 ul
cDNA sample 2.5l
Total volume 10 ul

for gPCR analysis in this study.

Table 3.3 Tagman gPCR probes used in this thesis

Gene Species Reference Sequence
Gapdh
Mus musculus NM_001289726.1
Piezol Mus musculus Mm01241549_ml
Piezo2 Mus musculus Mm01265861_ml

Gene expression analysis has been done by using the TagMan gene expression array (Cat. 4331182) from
Thermo-Fisher Scientific and the Quant-Studio-5 device from Applied Biosystems. PCR reaction
components were prepared using TagMan™ Fast Universal PCR Master Mix (2X) kit (Applied
Biosystems™ Cat. 4352042) (Table 3.2).

Based on the Ct value observed for each transcript, | used the 224t method to calculate the relative fold

gene expression of target genes in different experimental groups. Table 3.3 lists all Tagman probes used
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Mm01143263_m1l

YAP Mus musculus

TAZ Mus musculus MmO04239390_g1
CTGF Mus musculus MmO01192933_g1
CYR61 Mus musculus Mm00487498_m1
ANKRD1 Mus musculus MmO00496512_m1
TRPV1 Mus musculus MmO01246300_m1
TRPV2 Mus musculus MmO00449223_m1
TRPV4 Mus musculus MmO00499025_m1
TRPC1 Mus musculus MmO00441975_m1
TRPC3 Mus musculus Mm00444690_m1

TRPC4 Mus musculus Mm00444280_m1
TRPCS Mus musculus MmO00437183_m1
TRPC6 Mus musculus MmO01176083_m1
TRPM3 Mus musculus Mm01210379_m1
TRPM7 Mus musculus MmO00457998_m1
TRPA1 Mus musculus MmO01227437_m1
TNF Mus musculus MmO00443258_m1
IL1p Mus musculus Mm00434228_m1

3.4 SDS-PAGE and western-blot

The concentration of the pellet containing total protein from the purification step has been determined by
using Pierce™ BCA Protein Assay Kit (ThermoFisher Cat. 23225) and NanoDrop™ 2000/2000c
Spectrophotometers (ThermoFisher). Protein samples were boiled for 5 minutes at 95°C then 10 ug loaded
per lane and analyzed by 10 % SDS gels (Table 3.4).
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Table 3.4 Chemical component for SDS-PAGE gel preparation

Separating gel (10%) - 10 ml

H20 4 mi
Acrylamide/bis 3.3ml
Tris-HCI (1.5 M, pH 8.8) 2.5ml
SDS, 10% 100 pl
TEMED 10l

Ammonium persulfate (APS), 10% | 50 pl
Stacking gel (4%) - Sml

H20 3.05 ml
Acrylamide/bis 0.650 ml
Tris-HCI (0.5 M, pH 6.8) 1.25ml
SDS, 10% 50 pl
TEMED 10 pl

Ammonium persulfate (APS), 10% | 100 pl

Samples were separated in the electrophoresis tank containing cold separating 1X TGS (Tris/Glycine/SDS)
buffer for 2 hours at 90 V. Separated proteins were blotted on nitrocellulose membranes by using the Trans-
Blot Turbo transfer system (Bio-Rad).

The blocking step was done using tris-buffered saline with 0.1% tween20 (TBST) supplemented with 5%
skim milk (SERVA) for 1 hour at room temperature. Primary antibodies were diluted in TBST/1% milk
and applied to the membranes overnight at 4°C on a shaker. Next, blots were washed three times for 10 min
with TBST and incubated for one hour with secondary antibodies conjugated with Horseradish Peroxidase
(HRP) in 1/10000 dilution (Table 3.5). After another three steps of washing in TBST, blots were developed
by using the SuperSignal® West Pico Chemiluminescent Substrate (ThermoScientific Cat. 34078). The
membranes were incubated with a working solution containing one to one volume of peroxide solution and
luminol enhancer for 5 minutes at room temperature. Excess reagent was drained and the blots were covered

with clear plastic wrap and imaged by the chemiluminescence Imager (Azure Biosystems C300).

Table 3.5 Secondary antibodies used for western-blot in this thesis

Antibody Dilution Provider Cat. No
HRP Goat anti-Rabbit 1:10000 Jackson ImmunoResearch 111-035-144
HRP Goat Anti-Guinea pig | 1:10000 Jackson ImmunoResearch | 106-035-003
HRP Goat Anti-Mouse 1:10000 Jackson ImmunoResearch 115-035-146
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3.5 Immunohistochemistry
Brain samples were fixed with 4% PFA in PBS overnight and then immersed in 30% sucrose in PBS for 48
hours overnight. Finally, brains were frozen in 100% 2-methyl butane at -80°C before sectioning into
coronal sections. For 350 pm hippocampal slices, tissue was kept in 4% PFA for 2 hours and then 30%
sucrose until further sub-sectioning. All tissue samples were cut into 50 pm-thin sections for
immunostaining and kept in a floating solution (Table 3.6) at 4°C until further use.
I permeabilized the sections in a permeabilization solution (Table 3.6) for 10 minutes at room temperature
after washing the sections three times with 120 mM PB solution pH of 7.2 (Table 3.6). | blocked the sections
for an hour at room temperature using a blocking solution (Table 3.6). Following blocking, I incubated the
sections with primary antibodies (Table 3.7) at 37 °C overnight, washed them three times in PB for 10
minutes, then incubated them with secondary antibodies (Table 3.8) at room temperature for 3 hours,
followed by a third three-hour incubation at room temperature, and finally washed them three times in PB
for 10 minutes. Finally, 1 used Fluoromount (Sigma, F4680) to mount the slices on Superfrost glasses so
that confocal pictures could be captured.

Table 3.6 Buffers and solutions for IHC

Buffer Composition

4% paraformaldehyde (PFA) | 4 % PFA in PBS, pH 7.4

(Wiv)

Phosphate buffer (PB) 0.1 M sodium phosphate dibasic; 0.1 M
sodium phosphate monobasic

Permeabilization solution 0.4 % Triton-X 100 in PB

Blocking Solution 10 % normal goat serum (NGS) in PB, 0.4 %
Glycine, 0.4 % Triton-X 100

Floating solution Ethylene glycol, glycerin, PBS in the ratio
1:1:2

Table 3.7 Primary antibodies used for the IHC in this thesis

Antibody/Reagent | Dilution Species Provider Cat. No
Piezol 1:200 Rabbit Novus Biologicals | NBP1-78537
NeuN 1:500 Guinea pig | Synaptic Systems | 266004
Phospho-CaMKI|I 1:300 Mouse Cell signaling 12716
(Thr286)

GFAP 1:500 Chicken Millipore AB5541
IBAL 1:500 Guinea pig | Synaptic Systems | 234004
YAP 1:500 Mouse Cell Signaling 12395

p- YAP 1:500 Rabbit Cell Signaling 13008

P38 1:300 Rabbit Cell Signaling 9212S
Phospho-p38 1.300 Rabbit Cell Signaling 4511S
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Table 3.8 Secondary antibodies used for the IHC in this thesis

Antibody Dilution Species Provider Cat. No
(Alexa Fluor)
Anti-Rabbit 1:1000 Goat Invitrogen A11034
Anti-Guinea pig 1:1000 Goat Invitrogen Al11074
Anti-Mouse 1:1000 Goat Invitrogen A11029
Anti-Chicken 1:1000 Goat Invitrogen A-11040

3.6 Generation, and characterization of Adeno-associated viruses (AAV) containing Piezol
ShRNA

To knock down the Piezol protein, we used short hairpin RNA (shRNA) strategy. Production, purification,
and titration of the viral particles were done in collaboration with Mrs. Katrin Boehm (DZNE, Magdeburg).
The shRNA plasmid was created by inserting siRNA sequences (Sigma) which were previously shown to
be effective against Piezol mRNA (Coste et al 2010) with a target sequences CACCGGCATCTACGT
CAAATA into AAV U6 GFP backbone (Cell Biolabs Inc.) using BamH1 (New England Biolabs) and
EcoR1 (New England Biolabs). The shRNA universal negative control (scramble) (Sigma, Control ShRNA)
was employed as a non-targeting control. Following bacterial transformation, positive clones were selected

and plasmid was purified with a mini-prep kit to confirm further by sequencing approaches.

After doing maxi-prep plasmid purification to have a high yield of the plasmid, HEK 293T cells were
transfected with an equal amount combination of the shRNA-encoding AAV U6 GFP, pHelper (Cell
Biolabs Inc), and RapCap DJ plasmids (Cell Biolabs Inc) by using PEI (1ng/ul). Freeze-thaw cycles were
used 48-72 hours after transfection to lyse cells, followed by 1 hour at 37 °C with benzonase (50 U/mL;
Merck Millipore, Burlington, MA, USA). Lysates were centrifuged at 8000 g for 4 minutes at 4 °C,
supernatants were collected, and a 0.2-micron filter was used to filter the supernatants. We then purified
the filtrates using pre-equilibrated HiTrap Heparin HP affinity columns (GE HealthCare, Chicago, IL,
USA), followed by washing with the following buffers in order: Wash Buffer 1 (20 mM Tris, 100 mM
NaCl, pH 8.0; sterile filtered) and Wash Buffer 52 (20 mM Tris, 100 mM NaCl, pH 8.0; sterile filtered) (20
mM Tris, 250 mM NaCl, pH 8.0; sterile filtered). The viral particles were then eluted using elution buffer
(20 mM Tris, 500 mM NaCl, pH 8.0; sterile filtered).

To further purify viral particles, we used the Amicon Ultra-4 centrifugal filters with 100,000 Da molecular
weight cutoff (Merck Millipore, Burlington, MA, USA) along with 0.22 uM Nalgene® syringe filter units
(sterile, PSE, Sigma-Aldrich, St. Louis, MO, USA) to further purify viral particles before being aliquoted
and stored at -80 °C.
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3.7 Primary neural culture preparation

To validate the knockdown efficiency of the AAV, | used primary hippocampal neurons. The hippocampal
cells were isolated from embryonic C57BL6/J mice (E18) as described previously (Kaech & Banker 2006).
The pregnant mouse was killed by breaking the neck. The babies were carefully removed with tweezers
and scissors and put in a Petri dish filled with 50ml ice-cold HBSS. The heads were transferred in the Petri
dish on ice under the sterile bench and fixed with forceps (in the eyes area) and with scissors 3 small cuts
were made in the skull of the head (from behind to midline, to down left, and to downright. The brain was
removed and cut into 2 halves using a scalpel. The hippocampus was isolated and transferred to in 15ml
tube filled with HBSS. When all of the hippocampi have been extracted, we put them in a 15 ml conical
centrifuge tube and dilute them with HBSS to 4.5 ml. In a water bath at 37 °C, we added 0.5 ml of 2.5%
trypsin and incubated for 15 minutes. Trypsin solution was gently removed, leaving the hippocampi at the
bottom of the tube then 5 ml of HBSS was added and left at room temperature for 5 minutes twice to allow
the remaining trypsin to disperse from the tissue. Pipet the hippocampi up and down repeatedly in a Pasteur
pipet to dissociate them. After harvesting, | seeded the cells with a density of 500,000 cells per well in a 6-
well plate coated with PLL/laminins in 1ml DMEM+ (DMEM supplemented with 2% B27, 1% L-
glutamine, and 1% Pen-Strep) for 4 hours. After 4 hours, the DMEM+ medium was replaced with NB+
media, which had the same composition as DMEM+ but contained Neurobasal medium instead of DMEM.
Cells were infected with either Piezol_shRNA or control shRNA at 7 days in vitro (DIV). Cells were fed
every three other days up to DIV-21. Virus efficiency was monitored by observing the GFP signal in each

well. Total RNA purification and quantitative real-time PCR analysis have been done as described above.

3.8 Injection of AAV encoding control and Piezol shRNA into the dorsal hippocampus

The injection of the virus into the dorsal part of the hippocampus is a commonly used procedure in
neuroscience research, particularly for the study of learning and memory. This precise localization is crucial
because the hippocampus exhibits functional specialization along its longitudinal axis. The dorsal portion
is primarily associated with spatial navigation, cognitive mapping, and declarative memory. When AAV
vectors are introduced into this region, they enable the targeted manipulation of specific genes or proteins
within neurons, facilitating the investigation of their roles in memory processes. To this, same AAV
suspension from control and Piezol shRNA was injected bilaterally into the CA1 region of the hippocampus
(2 mm posterior, 1.5 mm lateral to the bregma, 1.3 mm depth; 1 pL/side). All injections were carried out
with a 10 pl NanoFil syringe (World Precision Instrument, USA) and a UMP3 pump (World Precision

Instrument, USA) at a rate of 0.2 pL/min. The needle was remained in place for 5 minutes after each
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injection. Following the procedure, the animals were placed in a recovery chamber with red light for 15

minutes.

3.9 Behavioral experiments

Behavioral studies were conducted in collaboration with David Baidoe-Ansah (DZNE, Magdeburg). For
behavioral tests, 5 mice aged 2-4 months (1 mouse died a few days after injection) and 6 mice aged >30
months were employed. All mice were transported from the DZNE animal breeding house to the DZNE
research facility and kept separately for at least 72 hours before tests under a reversed 12/12 light/dark cycle
(light on 9 P.M.). All trials were carried out during the dark part of the cycle when mice were active and at
constant temperature and humidity. The Anymaze 4.99 (Stoelting Co., Wood Dale, IL, USA) software was
used to record and evaluate animal activity during behavioral experiments. Following that, animals were
subjected to the open field test, the novel object location test (NOLT), and the novel object recognition test
(NORT). All behavior trials, particularly following injection, were carried out by a trained observer who

was blinded to the treatment circumstances.

3.9.1 Open field

Animals from each experimental group were placed in an open field arena (50 x 50 x 30 cm) and permitted
to walk freely for 10 minutes while being recorded with an above camera. The arena was divided into two
sections: the core (30 x 30 cm) region and the periphery (30 x 30 cm) area (the 10 cm area adjacent to the
wall of the recording chamber). | estimated the animal's general activity and anxiety based on the total

distance traveled and time spent in the central/peripheral region.

3.9.2 Novel object location and recognition tests

In the same open-field arena, we conducted the novel object location test. During the encoding phase, we
let animals explore the area for 10 minutes with a pair of identical items. During the retrieval phase, we let
the animals explore the arena again for 10 minutes with identical items, except one of them was placed in
a different position. To assess animal behavior, we utilized the time spent investigating items in familiar
(F) and novel (N) locations, as well as the discriminating ratio [(N-F)/(N+F)] x 100%. Following that, 24
hours after the NOLT retrieval phase, we conducted the NORT in the open field arena, which included the
previously stated encoding and retrieval phases. We allowed animals to explore the arena with a pair of
identical items throughout the encoding phase, but during the retrieval phase, one of the objects was
replaced by a novel object that the animal had never seen before. The encoding and retrieval phases each
took 10 minutes (Figure 3.1). We measured animals' recognition memory using a manner identical to the

one described before.
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Figure 3.1 Timeline for NOLT and NORT tests

3.10 Preparation of acute hippocampal slices

Hippocampal slices were prepared from 2- to 4-month-old C57BL6/J male mice. Animals were deeply
anesthetized with isoflurane and then immediately decapitated. The brain was removed and cut into two
hemispheres. 350 um-thick transverse slices were cut by a Vibroslicer (Leica, Nussloch, Germany) in an
ice-cold sucrose-based solution (Table 3.9). Slices were transferred and kept at room temperature in a large
chamber (500 ml) filled with carbogen-bubbled storage solution (Table 3.9) containing drugs for at least
three hours before recording. The final concentration of DMSO (0.1%), Yodal (10 um), p38 inhibitor
SKF86002 (5um) and calpain inhibitor E64 (2um) were used in our experiments. Finally, acute slices were
transferred into a submerged-type recording chamber for recordings of fEPSPs in artificial cerebrospinal
fluid (ACSF) (Table 3.9). All solutions were saturated with 95% O, and 5% CO, with osmolality
maintained at 300 £ 5 mOsm.

Table 3.9 Solutions used for the electrophysiology experiment on hippocampal slices

Solution Composition (in mM)

Slice cutting solution 240 sucrose, 2 KCI, 2 MgSOs, 1.25 NaH2PO4, 25 NaHCO3, 1 CaCly,
1 MgCl,, and 10 D-glucose. (pH 7.3, adjusted with NaOH)

Storage solution 113 NacCl, 2.38 KCl, 1.24 MgSQ,, 0.95 NaH;PQO,, 24.9 NaHCO;3, 1
CaCl,, 1.6 MgCl,, 27.8 D-glucose (pH 7.3, adjusted with NaOH)

ACSF 120 NaCl, 2.5 KCI, 1.5 MgCl,, 1.25 NaH;PO4, 24 NaHCOs, 2
CaCl, and 25 D-Glucose

3.11 Analysis of synaptic transmission and plasticity

For stimulation and recording of fEPSPs, glass electrodes filled with ACSF were employed. Monopolar
stimulating glass electrodes with a fractured tip and resistance less than 1 MQ were used to deliver 0.2 ms
stimulation current pulses. The stimulus-response curve was generated by applying increasing current

pulses and monitoring the slope of evoked responses. For recordings of paired-pulse facilitation (PPF) and
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LTP, the stimulation intensity was selected based on the stimulus-response curve to elicit fEPSPs with a
slope of 30% and 50% of the supramaximal fEPSPs, respectively.

PPF was defined as the ratio of the slopes of the fEPSPs elicited by the second and first pulses given with
20, 50, 100 ms intervals. For LTP induction in young and aged animals, TBS protocol has been used which
includes 5 trains of stimuli delivered with 20 sec intervals. Each train is composed of 8 stimulus bursts
delivered at 5 Hz (200 ms interval) with each burst consisting of four pulses given at 100 Hz (Figure 3.2).
The LTP value was computed by comparing the mean slope of fEPSPs obtained 50-60 minutes after TBS
to the mean slope of fEPSPs recorded 10 minutes before TBS.

All recordings were obtained at 30+1 using an EPC-10 amplifier (HEKA Elektronik, Germany). The
recordings were filtered at 1 kHz and digitized at 10-20 kHz.

5tim 5C

Burst (4 pulses at 100 Hz)

r

200 ms

1 Train (8 bursts at SHz)

Figure 3.2 TBS pattern for LTP induction in hippocampal slices

In the TBS analysis, for each burst-induced fEPSP, | analyzed the area of the curves which correspond to
fast component AMPA (50 ms) and slow component NMDA (90 ms) receptors activity normalized to

baseline area, 20 ms before the beginning of the burst (Figure 3.3).
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Figure 3.3 Burst-induced fEPSPs were measured as the fEPSPs area corresponding to AMPA and NMDA

components.

3.12 Chemical LTP induction

Chemical LTP was induced as described previously (Kopec et al 2006). Hippocampi are dissected from the
young brain and acute 350 um thick slices are prepared in ice-cold ACSF. Before stimulation, slices were
incubated in ACSF at 30 + 1°C in a submerged chamber containing drugs (DMSO, Yodal) for 3 hours.
Then they are transferred into new beakers containing rolipram (100 nM), forskolin (50 uM), and picrotoxin
(100 uM) dissolved in ACSF lacking Mg?"* at 31 + 1°C for induction of chemical LTP for 15 minutes. Basal
control slices are incubated in the same buffer without stimulation. The LTP value was calculated by
comparing the mean slope of fEPSPs obtained 80-90 minutes after chemical induction to the mean slope of
fEPSPs recorded 10 minutes before induction.

3.13 Statistical analysis

For data administration and statistical analysis, | utilized GraphPad Prism 7.0. (GraphPad Software Inc., La
Jolla, USA). Figures with asterisks imply statistical significance. The Kolmogorov-Smirnov test was used
to verify for normal distribution of the data before subjecting it to one-way ANOVA or the t-test. The data
in the text is all mean values £SEM. I used the Student’s t-test for pairwise comparisons when the samples
qualified for the normality test; otherwise, | used the Mann-Whitney test. In addition, for paired
comparisons that failed the normality test, the Wilcoxon matched-pairs test was applied. To account for
multiple comparisons, the Holm-t-test Sidak's was utilized. When suitable, one- and two-way ANOVA with

uncorrected Fisher's LSD, as well as Brown-Forsythe and Welch ANOVA tests, were utilized. Additionally,
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cumulative frequency distribution analysis was employed before post hoc testing when the p-value for one-
way ANOVA showed a tendency toward significance. To compare cumulative frequency distributions, the
Kolmogorov-Smirnov test was utilized. Unless otherwise noted, the p-values represent the degree of
significance as shown in the figures by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, and **** p <0.0001).

3.14 List of chemicals and equipment

The following tables 3.10 and 2.11 show the chemicals and equipment used in this thesis.

Table 3.10 Lis of chemical used in this thesis

Chemical Provider Cat. No
2-mercaptoethanol Roth 4227-3
2-Propanol Roth 6752.4
4% PFA Roth P087.1
Acrylamide/bis Sigma A3574
Agarose Roth 3810.2
Ammonium persulfate MP biomedicals 802811
B27 Gibco 17504044
CaCl2 Roth 31307
DMEM Gibco 41965039
DMSO Roth A994.1
E-64 Sigma E3132
Forskolin Tocris 1099
Glucose Sigma 49139
Glycine Sigma 50046
KCI Roth P017.2
L-glutamine Gibco 25030024
MgCI2 Roth A537.4
MgSO4 Roth 31307
NaCl Sigma S7653
NaH2PO4 Roth T879.2
NaHCo3 Sigma S5761
Neurobasal medium Gibco 10888022
PBS Gibco 10010056
Penicillin/Streptomycin Gibco 15140122
Picrotoxin Tocris 1128
Rolipram Tocris 0905
SDS Sigma 151-21-3
SKF-86002 Sigma S0193
Sucrose Roth 4661.2
TEMED MP biomedicals 110-18-9
Tris Sigma A411.2
Triton X-100 Sigma 9036-19-5
Tween-20 Scy Tek 62620
Yodal Tocris 5586
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Table 3.11 List of equipment used in this thesis

Equipment Provider
Vibroslicer Leica
EPC-10 Patch Clamp Amplifier HEKA
Micromanipulators Scientifica
Stimulus Isolator WPI

Azure ¢300 Gel Imaging System

Azure Biosystems

Osmometer

VAPRO

pH meter METTLER TOLEDO
Pipet puller Zeitz

LSM 700 confocal microscope Carl Zeiss
NanoDrop™ 2000/2000c ThermoScientific
Spectrophotometers

Mini-PROTEAN Tetra Vertical BioRad
Electrophoresis Cell

Trans-Blot Turbo Transfer System BioRad

QantStudio 5 Real-Time PCR Systems | ThermoFisher
Mastercycler® Nexus X2 Thermal Eppendorf®

Cyclers

4. RESULTS

4. 1 Increased expression of some mechanosensitive ion channels in the hippocampus of
aged mice

In the hippocampus of the aged brain, the increased protein level of some mechanosensitive channels such
as Piezol and TRPV4 has been reported (Lee & Choe 2014, Velasco-Estevez et al 2018). As these changes
coincide with the ECM accumulation, increased stiffness, and also impaired cognitive function and synaptic
plasticity in the aged brain, first | investigated the expression levels of two main families of
mechanosensitive genes such as Piezo and TRP channel families in two age groups, the 2-4 months, and
the > 30 months old mice. | observed an upregulation in the mMRNA levels of the Piezo family including
Piezol and Piezo2 by more than 79% and 160%, respectively (Figure 4.1A). | also found that Piezo2
expression is 88% less than the expression of Piezol in young mice (Figure 4.1A). The inflammatory
condition in the collected aged brains was confirmed by increased expression of the neuroinflammatory
markers including GFAP (95%), TNFa (184%), and IL1S (247%) (Figure 4.1B). | also found that from the
TRP channels family, the mRNA levels of TRPV1, TRPV4, TRPM3, and TRPA1 were increased in >30 m
mice compared to young mice (37%, 85%, 47%, and 92%, respectively). Additionally, the mRNA levels
of TRPC4 and TRPC5 were slightly but significantly downregulated in >30M mice by 15% and 12%,
respectively (Figure 4.1C).
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Figure 4.1. mRNA expression levels of the Piezo family and some TRP mechanosensitive channel genes are
increased in the aged hippocampus. (A) The mRNA expression of the Piezol and Piezo2 were upregulated in >30
m old mice compared to 2-4 m old mice. The normalized levels are expressed relative to the mean level of Piezol in
young mice. Gene expression values were normalized using the mean value of gene expression in young mice, here
and in all following panels (B) Inflammatory markers genes were upregulated in the aged hippocampus. (C) The
MRNA levels of some TRP channel such as TRPV1, TRPV4, and TRPA1 were increased in >30 m old mice relative
to 2-4 m old mice while TRPC4 and TRPCS5 expression was decreased. The bar graph shows mean + SEM values;
Unpaired t-test with Welch’s correction. For TRPM3 gene, Mann-Whitney test was used: *p < 0.05, **p < 0.01,
***p<0.005 and ****p < 0.001.

Previously, it has been shown that the HIPPO pathway (YAP/TAZ) is downstream of Piezol in different
cell types, therefore | utilized it as a marker for Piezol activation. | measured the expression levels of the
main components of the HIPPO pathway, YAP and TAZ, and also two downstream targets of this pathway
such as CYR61 and CTGF. Upregulation of these two genes is correlated with YAP/TAZ dephosphorylation
and translocation to the nucleus. I’ve found that YAP1 expression showed a tendency to upregulation (p
value= 0.06) while TAZ did not. CYR61 mRNA levels were upregulated significantly (40%) but CTGF did

not show a significant difference (Figure 4.2).
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Figure 4.2 mRNA fold changes of YAP/TAZ pathway components in aged mice. The mRNA expression of the
YAP and its downstream target gene CYR61 are upregulated in >30 m old mice compared to 2-4 m old mice. Not a
significant difference was seen in TAZ and CTGF expression. The bar graph shows mean + SEM values. Unpaired t-
test with Welch’s correction: *p < 0.05, **p < 0.01.

Piezo 1 is upregulated both in the human and animal models of AD compared to the control condition
(Satoh et al 2006, Velasco-Estevez et al 2018). To investigate the changes in the mMRNA level for the Piezo
channel family and also for TRP channels, | did a gPCR analysis of the hippocampi of 6-month-old 5XxFAD
mice and the littermate controls (Figure 4.3A). Interestingly, like in aged animals, Piezol and Piezo2 were
upregulated in the mRNA level (by 75% and 70%, respectively). As expected, inflammatory gene
expression also increased, TNFa (195%), GFAP (315%), IBA1 (119%), and I1L6 (53%) compared to control
mice (Figure 4.3B). Some members of TRP channels such as TRPV1, TRPC1, TRPC3, and TRPM7 were
also upregulated in 5xFAD mice (47%, 84%, 75%, and 72%, respectively) (Figure 4.3C).
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Figure 4.3. mRNA expression levels of the Piezo family and some TRP mechanosensitive channels are increased
in the 5XFAD hippocampus. (A) The mRNA levels of the Piezol and Piezo2 were upregulated in 5xFAD mice
compared to control mice. Gene expression values were normalized using the mean value of gene expression in young
mice, here and in all following panels (B) The mRNA level of some TRP channels such as TRPV1, TRPC1, TRPC3,
TRPM?7 was increased in 5xFAD mice relative to control mice. The bar graph shows mean + SEM values; Unpaired
t-test with Welch’s correction. For the TRPV4 gene, Mann-Whitney test was used. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

Expression analysis of the YAP/TAZ pathway showed a significant increase in YAP and TAZ (61% and

60% respectively) and also in the downstream genes, CYR61 and CTGF (141%% and 52, % respectively)
(Figure 4.4).
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Figure 4.4. The mRNA levels of YAP/TAZ pathway components are upregulated in 5XFAD mice. Expression
of the YAP and TAZ and its downstream target genes CYR61 and CTGF is upregulated in 5XFAD mice compared to
control mice. The bar graph shows mean = SEM values; Unpaired t-test with Welch’s correction: *p < 0.05.

4.2 Expression of Piezol channel is increased at the protein level in neurons but not in
astrocytes of aged mice

To verify the significant upregulation of Piezol in the mRNA level, | quantified the protein levels of Piezol
in the aged hippocampus. To reveal a source of increased upregulation of Piezol, | did cell-type
immunostaining for neurons and astrocytes. For this purpose, | used NeuN and GFAP as specific markers
for neurons and astrocytes, respectively. With this staining, | found that Piezol and YAP proteins are
upregulated in the aged neurons about by 20% and 44% in NeuN positive cells (Figure 4.5A, B) whereas
no significant difference was seen for Piezol protein in aged astrocytes, but YAP protein was increased
33% in GFAP positive cells (Figure 4.6A, B). The antibody used for Piezol quantification was previously
validated in Piezol knockout cells (Lee et al 2021). YAP upregulation implies the HIPPO pathway

involvement, which has been previously reported for cells that reside in a stiff environment.
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Figure 4.5 Piezol protein is increased in aged neurons. (A) Representative image of Piezol and YAP IHC in
CAL1 neurons of young and aged mice. (B) Cumulative probability functions for Piezol and Y AP intensity values
normalized to NeuN area. Kolmogorov-Smirnov’s test for the comparison of cumulative frequency distributions: **
p < 0.01: **** p < 0.0001. Young: n=150, N=3, and aged: n=150, N=3. n and N represent the numbers of cells and

animals used for the analysis, respectively.
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Figure 4.6. Piezol protein was not increased in the aged astrocyte. (A) Representative image of Piezol and YAP
IHC in CAL astrocytes of young and aged mice. (B) Cumulative probability functions for Piezol and Y AP intensity
values normalized to GFAP area. Kolmogorov-Smirnov’s test for comparison of the cumulative frequency
distributions: **** p < 0.0001. Young: n=200, N=3, and aged: n= 250, N= 3. n and N represent the number of cells
and animals used for the analysis, respectively.

4.3 YAP/TAZ expression is decreased following Piezol knockdown in vitro

As synaptic plasticity and cognitive functions are impaired in both aged and 5XxFAD mice, targeting the
Piezol to rescue the phenotypes is reasonable. We used the ShRNA approach to downregulate the Piezol
expression in the aged brain. For this, we generated an AAV carrying the ShRNA for the Piezol gene and
validated it in vitro by qPCR in the mouse primary hippocampal cultures (Figure 4.7A). The qPCR result
demonstrated that our ShRNA is able to reduce the expression of Piezol mRNA at least by 60% (Figure
4.7B). | also analyzed the YAP/TAZ pathway as a control for ShRNA efficiency and realized that ShRNA
reduced the expression of the main components and downstream targets of the YAP/TAZ pathway.
Downregulation for YAP1, TAZ, CYR61, and CTGF was approximately 49%, 25%, 33%, and 42%,
respectively (Figure 4.7C).
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Figure 4.7 Piezol shRNA decreases mRNA levels of Piezol and YAP/TAZ pathway components. (A) Timeline
for the in vitro approach to validate the Piezol shRNA. (B, C) Decreased mRNA level of Piezol, YAP, TAZ, CYR61,
and CTGF following shRNA treatment in vitro. The bar graph shows mean £+ SEM values; Unpaired t-test with
Welch’s correction: *p < 0.05, **p < 0.01, ***p < 0.001 and, ****p < 0.0001.

4.4 Piezol knockdown changes the expression pattern of ECM molecules and ECM-related

enzymes in vitro

Tissue homeostasis is kept by cells sensing and modifying the mechanical condition of the ECM via
specialized cell-matrix interactions. To find out how Piezol knockdown affects the ECM turnover, |
analyzed the expression of ECM genes and genes involved in the regulation of ECM formation and
remodeling like proteases (MMP9, ADAMTS4, and ADAMTDS5) and protease inhibitors (TIMP1 and
TIMP3). Interestingly, following shRNA treatment, upregulation of some ECM proteins such as aggrecan
(197%), brevican (46%), and TNR (100%) was seen (Figure 4.8A). The qPCR results for brevican and
aggrecan were further confirmed by western blot analysis from the protein lysate samples (Figure 4.8B). |
also observed an increase for HAS2 (179%), a key enzyme involved in the synthesis of hyaluronic acid,
ADAMTSS5 (36%), and a decrease for MMP9 (31%), TIMP1 (35%), and TIMP3 (53%) (Figure 4.8C).
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Figure 4.8 Piezol knockdown changes the expression pattern of some ECM molecules and ECM-related
enzymes in vitro. (A) qPCR analysis revealed an elevated expression of ECM molecules after Piezol
knockdown. (B) Western blot analysis of two ECM proteins brevican and aggrecan revealed an increase in
the expression of brevican. (C) The expression of several ECM-modifying enzymes was changed after
Piezol knockdown. Bar graphs show mean + SEM values; Unpaired t-test with Welch’s correction: *p < 0.05,
*xp < 0.01, ****p < 0.0001.

4.5 Aging-mimicking activation of Piezol impairs synaptic plasticity in the young
hippocampus

Following the upregulation of Piezol in the aged hippocampus, we hypothesized that Piezol chemical
activation could mimic this aspect of aging and lead to synaptic dysfunction in young mice. To test this
hypothesis, | incubated hippocampal slices with Yodal, a specific Piezol chemical activator for at least 3
hours to simulate an aged condition accompanied by chronic activation of Piezol and did subsequent
analyses using gPCR, western blot, IHC, and electrophysiology approaches. As Piezol is permeable for
Ca?, it is plausible to expect that Yodal can increase the basal resting calcium level in the pyramidal
neurons in the CAL. In collaboration with Prof. Christian Henneberger (Institute of Cellular Neurosciences,
University of Bonn) we performed FLIM measurements of intracellular Ca?*. The result shows that resting
somatic calcium concentration significantly increased following incubation of hippocampal slices with

Yodal (Figure 4.9A, B), demonstrating Piezol1’s functional importance for neurons.
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Figure 4.9 Piezol activation increases the resting intracellular calcium level. (A) Representative FLIM image of
the pyramidal neuron in the CA1 treated with DMSO and Yodal. (B) Calculated resting calcium in both groups. **p
< 0.01, two-sample t-test. DMSO: n=30, N=4; Yodal: n=36, N =4. n and N represent the number of cells and
animals used for the analysis, respectively.

Based on the previously published studies in non-neuronal cells (Blythe et al 2019, Fu et al 2021, Liu et al
2021b), we realized that potential pathways downstream of Piezol activation are the p38 MAPK and
calpain pathways. P38 MAPK has a central role in both neuroinflammation and synaptic plasticity. Calpain
also plays a fundamental role in synaptic plasticity by modifying a few targets including the spectrin-based
cytoskeleton and Glun2A. Hence, we analyzed the synaptic plasticity using fEPSPs recordings (Figure
4.10A) to answer the questions of whether Piezol activation will lead to synaptic plasticity impairment and
if the plasticity could be rescued by applying p38 MAPK and calpain inhibitors. First, | found that basal
synaptic transmission is impaired in the Yodal-treated slices compared to DMSO (Figure 4.10B). A
positive tendency toward improvement was seen in the SKF86002 group, however, the impairment can not
be rescued by SKF86002 and calpain inhibitor E64 (Figure 4.10B). No significant differences were seen
following the PPF analysis between groups (Figure 4.10C).
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Figure 4.10 Piezol activation impairs slightly basal synaptic transmission and does not change the
PPF in the young hippocampus. (A) Timeline for chemical treatment of the hippocampal slices and LTP
recordings. (B) The stimulus-response curve was constructed by applying increasing current pulses and calculating
the slope of evoked responses. Holm-Sidak’s multiple comparisons after two-way RM ANOVA. (C) PPF calculation,
as the ratio of the slopes of the fEPSPs elicited by the second and first pulses given with 20, 50, and 100 ms intervals
and representative traces showing PPF in all conditions. Holm-Sidak’s multiple comparisons after RM ANOVA.
DMSO: n=9; Yodal: n=9; Yodal+SKF86002: n=6; Yodal+E64: n=5. n represents the number of hippocampal slices
used for the analysis.

Analyzing the burst-induced AMPA and NMDA receptor-mediated fEPSP components during TBS
showed no significant difference between DMSO and Yoda groups, however, a slight increase in both
components was observed in the SKF86002 and E-64 groups (Figure 4.11A, B). LTP analysis revealed a
significant decrease in the normalized fEPSPs slope in the Yodal-treated group compared to the DMSO
group, which could be rescued by co-treatment with the p38 inhibitor SKF 86002, and also by the calpain
inhibitor E-64 (Figure 4.11C, D).
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Figure 4.11 Piezol activation impaired LTP which could be rescued by p38 and calpain inhibitors. (A, B)
Normalized burst-induced AMPA and NMDA receptors component during LTP induction. No significant differences
were detected by Holm-Sidak’s multiple comparisons two-way mixed ANOVA. (C) The LTP graph of normalized
basal and post-TBS fEPSPs slope. LTP was calculated by comparing the mean slope of fEPSPs obtained 50-60
minutes after TBS to the mean slope of fEPSPs recorded 10 minutes before TBS. (D) Cumulative frequency graph of
LTP values obtained in each group. Kolmogorov-Smirnov’s test was used for the comparison of cumulative frequency
distributions: * p < 0.05. DMSO n=9, Yodal n=9, Yodal+SKF86002 n=6, Yodal+E64 n=5. n represents the number
of hippocampal slices used for the analysis.

4.6 Piezol activation mimics the aged brain and stimulates the p38 MAPK pathway

To dissect the molecular mechanism underlying the synaptic impairment after Yodal treatment, | did a
series of western blot and IHC experiments (Figure 4.12A). Some Piezol-dependent molecular pathways
were proposed previously in different cell types including p38 MAPK and calpain pathways (Blythe et al
2019, Zhang et al 2021). Western blot analysis following hippocampal slice incubation with Yodal
demonstrated a 41% upregulation in the phosphorylated form of p38 when normalized to total protein
(Figure 4.12B). Yap phosphorylation also decreased up to 55% when normalized to total protein (Figure
4.12C). | also observed degradation in the full length of all-spectrin which leads to an increased level of
the spectrin breakdown products (SBDPs) up to 45% (Figure 4.12D).
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Figure 4.12 Piezol activation increases p38 MAPK, decreases YAP phosphorylation, and cleaves all-spectrin.
(A) Timeline for chemical treatment of the acute hippocampal slices and subsequent experiments. (B, C,
D) Representative western blot images and subsequent analysis for the protein levels of p38, phosphorylated
p38, YAP, phosphorylated YAP, all-spectrin full length, and its breakdown products in acute hippocampal
slices treated with DMSO and Yodal. The bar graph shows mean = SEM values; unpaired t-test *p < 0.05, **p <
0.01.

I further analyzed the mRNA level of the YAP, TAZ, and its downstream targets and also inflammatory
markers TNFo and /L1, which may increase as a consequence of p38 phosphorylation. At the mRNA level,
there was no significant difference in Piezol, YAP, TAZ, and CTGF expression, however, | observed a
tendency for upregulation in the expression of CYR61 (65%) (Figure 4.13A). Analysis of inflammatory
markers showed a significant increase in 7L 1/ (152%) but not in TNFa mRNA level (Figure 4.13B).
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Figure 4.13 Piezol activation by Yodal in hippocampal slices slightly increased expression of Yapl-
downstream gene CYR61 and inflammatory marker IL1g. (A) A tendency in the upregulation of the mRNA level
of the YAP downstream target gene, CYR61 was seen after Yodal treatment. No significant difference was seen for
other genes; Bar graph shows mean £ SEM values. Unpaired t-test with Welch’s correction. For the CYR61 gene,
Mann-Whitney test was used. (B) /L1 mRNA level increased after acute Yodal treatment in the young hippocampus
slices. The bar graph shows mean + SEM values; Unpaired t-test with Welch’s correction: *p < 0.05.

Next, I did immunostaining on the hippocampal tissues treated with Yodal and DMSO to further confirm
the elevation of the phosphorylated p38 in both neurons and astrocytes. | detected an upregulation in the
intensity of phosphorylated p38 in both neurons (75%) and astrocytes (20%) in the striatum pyramidale of

the CA1l region (Figure 4.14A, B), as a confirmation of what | observed in the western blot before.
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Figure 4.14 Piezol activation increases p38 phosphorylation in both neurons and astrocytes. (A) Representative
40x images of NeuN+ neurons in the striatum pyramidale of the young hippocampus treated with DMSO and Yodal
with subsequent analysis showing an increase in the p-p38 intensity (Scale bar; 5 um). (B) P-p38 intensity is enhanced
in the CA1 astrocytes marked by GFAP (Scale bar; 5 um). Kolmogorov-Smirnov’s test was used for the comparison
of cumulative frequency distributions: **p < 0.01, and ****p < 0.0001. For each group, 3 hippocampal slices from 3
different animals were used for the staining, and from each slice, 2 images from the CA1 region were captured for
final analysis.

4.7 Piezol activation impairs chemical LTP (cLTP) induction in the young hippocampus

We employed chemical LTP in hippocampal slices to correlate the Piezol activity and changes in synaptic
transmission. The cLTP was generated by perfusing the acute slices for 15 minutes with an Mg-free ACSF
solution containing rolipram (100 nM), forskolin (50 uM), and picrotoxin (100 uM). This approach raises
the amount of cAMP followed by increased network activity which ultimately results in a tetanic-like

stimulation in the excitatory synapses in the hippocampus. Hippocampal slices treated with Yodal showed
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an impaired potentiation in the mean slope of fEPSPs was recorded 80-90 minutes after the beginning of

LTP induction when normalized to the averaged slope before stimulation (Figure 4.15A, B).
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Figure 4.15 Yodal application impaired chemical LTP in young hippocampal slices. (A) The LTP graph of
normalized basal and post-cLTP fEPSPs slopes. LTP was calculated by comparing the mean slope of fEPSPs obtained
80-90 minutes after the beginning of cLTP induction relative to the mean slope of fEPSPs recorded 10 minutes before
cLTP. (B) The LTP level was calculated by comparing the mean slope of fEPSPs recorded 80-90 minutes after cLTP
to the mean slope of fEPSPs recorded 10 minutes before cLTP. Unpaired t-test with Welch’s correction: * p <
0.05. DMSO: n=4, and Yodal: n=5. n represents the number of hippocampal slices used.

4.8 Piezol activation mimics aging in the brain and reduces the CaMKII phosphorylation
CaMKII is known as a central regulator of synaptic plasticity for a long time. It enhances synaptic
transmission and is necessary for LTP induction and maintenance (Tao et al 2021). Acute CaMKII
inhibition erases LTP, but transitory CaMKII inhibition promotes LTP. With this knowledge, | did
immunostaining in the activated (phosphorylated at Thr286) form of CaMKII (p-CaMKII) in pyramidal
neurons of the CA1 region as a marker for synaptic plasticity. | found that the intensity of the p-CaMKII
decreased significantly (47%) in the slices treated with Yodal (Figure 4.16).
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Figure 4.16 Piezol activation decreased CaMKII phosphorylation (Thr286). Young hippocampal slices treated
with Yodal show decreased the p-CaMKII levels in the CAL neurons marked by NeuN. Kolmogorov-Smirnov’s test
was used for the comparison of cumulative frequency distributions: **** p < 0.0001. For each group, 2 hippocampal
slices from 2 different animals and 50 NeuN positive cells were used for the staining. (Scale bar 20 um).

4.9 Synaptic plasticity is impaired in the aged mice compared to the young mice

To establish analysis of synaptic plasticity in aged mice, I did a series of fEPSPs recordings in the stratum
radiatum of the CAL region of >30 M old mice. | measured both pre- and postsynaptic changes by analyzing
the paired-pulse facilitation and fEPSPs changes during LTP induction, respectively. Interestingly, no
significant difference was seen in basal synaptic transmission (Figure 4.17A). This indicates no changes in
synapse numbers in both young and aged groups. However, analysis for PPF showed a significant decrease
in the ratio of second to first fEPSPs slopes for 20 ms inter-event interval (Figure 4.17B). TBS-induced
activation of AMPA and NMDA receptors did not show a significant difference when the area of the AMPA
and NMDA receptor-mediated components was analyzed (Figure 4.17C, D). LTP levels were analyzed
using the normalized mean slope of fEPSPs recorded 50 to 60 min after induction of LTP relative to the
mean baseline slope. In this case, an impairment in the LTP value (14.7% vs. 34.6 %) was seen in the aged
mice as compared to young mice (Figure 4.17E, F).
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Figure 4.17 (A) The stimulus-response curve was computed by applying increasing current pulses and calculating the
slope of evoked responses. Holm-Sidak’s multiple comparisons two-way RM ANOVA. (B) PPF calculation, as the
ratio of the slopes of the fEPSPs elicited by the second and first pulses given with 20, 50, and 100 ms intervals. Holm-
Sidak’s multiple comparisons after RM ANOVA. (C, D) Normalized burst-induced AMPA and NMDA receptor
activity during LTP induction. No significant differences were observed when analyzed by two-way RM ANOVA.
(E) The LTP graph of normalized fEPSPs slope. The LTP level was calculated by comparing the mean slope of fEPSPs
recorded 50-60 minutes after TBS to the mean slope of fEPSPs recorded 10 minutes before TBS. (F) Cumulative
probability of LTP values obtained in each group. Kolmogorov-Smirnov’s test was used for the comparison of
cumulative frequency distributions: ** p < 0.01. Young mice: n=10; aged mice: n=7, n represents the number of

hippocampal slices used.

75



4.10 Piezol knockdown tends to improve the impaired cognitive function in aged mice
Spatial memory and navigation are notably linked to the dorsal portion of the hippocampus (Lee et al 2019).
The dorsal hippocampus plays a significant role in NOLT, which assesses an individual’s capacity to recall
the location of a novel object in a setting they are acquainted with (Asgeirsdottir et al 2020). This area stores
and retrieves spatial information, enabling mammals to detect changes in the locations of objects within a
specific environment. Spatial memory and the capacity to perform NOLT can be hampered by disturbances
in the dorsal hippocampus (Broadbent et al 2004).

To investigate the beneficiary effects of Piezol knockdown in the aged hippocampus, we performed
behavioral analysis in the aged mice injected with control and Piezol shRNA (Figure 4.18A). We used the
NOLT together with the NORT to study spatial memory, object discrimination, and recognition memory.
We have previously published that there is a difference in the hippocampus-dependent NOLT assay
between young and aged mice (Baidoe-Ansah et al 2022). We initially analyzed mice for motor or
emotional changes by using the open-field test. The results of this test in two groups of aged mice showed
no significant differences between Piezol shRNA and control groups. No statistical distinction suggests
that the locomotor activity and exploratory behavior of these two groups of aged mice are comparable
(Figure 4.18B). Additionally, I did not find any difference in time spent in the central area between groups
(Figure 4.18B).

Then, | compared the discrimination ratio for groups after injection and noticed a tendency toward
improvement in the aged Piezol shRNA mice compared to aged control mice (p = 0.1) (Figure 4.18C).
This suggests that the Piezol knockdown may enhance hippocampus-dependent spatial discrimination and
memory, but more data should be collected for the final conclusion. Next, | performed the NORT test and
observed no difference in time spent exploring both familiar and novel objects between groups (Figure
4.18D). It is noteworthy to mention that whereas the NOLT test has a clear hippocampal dependency that
is well documented, the NORT is perirhinal cortex-dependent and less hippocampus-dependent (Aggleton
et al 2010). This needs to be considered while interpreting the NORT data after hippocampal injection of
Piezol shRNA.
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Figure 4.18 Piezol knockdown tends to improve hippocampal function in aged mice. (A) Timeline of experiments
and paradigm used for the behavioral analysis. (B) A representative epifluorescent image of GFP expression in the
dorsal CALl region of injected mice. (C) Open-field test graphs showing distances traveled and time spent at the central
areas for both groups. The bar graph shows mean + SEM values, t-test. (D) The exploration time spent in both familiar
and non-familiar locations and the calculated discrimination ratio in NOLT. The bar graphs show mean + SEM values,
unpaired t-test was used for statistical analysis. (E) The exploration time spent in both familiar and non-familiar
objects and the calculated discrimination ratio in NORT. The bar graphs show mean £ SEM values, unpaired t-
test was used for statistical analysis. Aged control mice: n=5; aged Piezol shRNA mice: n=6.

After performing the behavioral test and seeing a tendency for improvement in cognitive function, | did
fEPSPs recording in the CAL region to study the synaptic plasticity changes in aged mice treated with
Piezol shRNA (Figure 4.19A). There was no significant difference between the groups in the basal synaptic
transmission (Figure 4.19B). TBS-elicited AMPA and NMDA receptor-mediated components also were
not statistically significant (Figure 4.19C, D). However, the fEPSPs slope calculated for the last 10 minutes
of the 1-hour recording after TBS showed a significant difference in aged mice injected with Piezol shRNA
(Figure 4.19E, F).
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Figure 4.19 Piezol knockdown rescues impaired synaptic plasticity in the aged mice. (A) Timeline for AAV
injection into hippocampal CAL and LTP experiments. (B) The stimulus-response curve was computed by applying
increasing current pulses and calculating the slope of evoked responses. No significant difference was seen after Holm-
Sidak’s multiple comparisons two-way RM ANOVA. (C, D) Normalized TBS-induced AMPA and NMDA receptors
components during LTP induction. No significant difference was detected by two-way RM ANOVA. (E) The LTP
graph of normalized fEPSPs slopes. LTP was calculated by comparing the mean slope of fEPSPs recorded 50-60
minutes after TBS to the mean slope of fEPSPs recorded 10 minutes before TBS. (F) Cumulative probability of LTP
values obtained in each group. Kolmogorov-Smirnov’s test was used for the comparison of cumulative frequency
distributions: * p < 0.05. Aged control mice: n=8; aged Piezol shRNA mice: n=8. n represents the number of
hippocampal slices used.
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4.11 ECM cleavage downregulates Piezol expression in vitro and rescues synaptic plasticity
deficits in aged mice ex vivo

To analyze the ECM accumulation effects on the mechanotransduction and Piezo 1 function, we cleaved
the mature ECM in the primary hippocampal culture by overexpressing ADAMTS 5 enzyme (Figure
4.20A). We chose this enzyme for several reasons. ADAMTS-5 has a stronger aggrecanase activity than
other proteoglycanases. Under physiological conditions, ADAMTS-5 aggrecan-cleaving activity is more
than 1,000 times that of ADAMTS-4. ADAMTS-5 also cleaves additional lecticans such as versican and
brevican, although it has little effect on fibronectin. | found that ADAMTS5 overexpression results in Piezol
(36%) and Piezo2 (60%) downregulation (Figure 4.20B) and was accompanied by decreased expression of
the main and downstream components of the YAP/TAZ pathway (Figure 4.20C).
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Figure 4.20 Gene expression analysis after ADAMTS5 overexpression in hippocampal primary cultures. (A)
Timeline for AAV infection of hippocampal cultures and subsequent experiment. (B, C) The mRNA expression of
the Piezol, Piezo2, YAP1 and TAZ and its downstream target genes CYR61 and CTGF are decreased after ADAMTS5
overexpression in the primary hippocampal cultures compared to the control condition. The bar graph shows mean +
SEM values; Holm-Sidak’s multiple comparisons test: *p < 0.05, **p < 0.01.

To test whether ECM cleavage will rescue the synaptic plasticity impairment in the aged mice, in
collaboration with David Baidoe-Ansah (DZNE, Magdeburg), we injected AAV for overexpression of
ADAMTSS5 in the CA1 region of the hippocampus (Figure 4.21A). Two weeks post-injection, | did fEPSPs
recordings to analyze basal synaptic transmission, PPF, TBS, and LTP. No significant differences in basal
transmission, PPF, and activation of AMPA and NMDA receptors during TBS were seen (Figure 4.21B-

E). However, the average fEPSPs slope of the last 10 minutes of 1-hour recording after induction of LTP
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was significantly increased in the ADAMTSS injected aged mice as compared to control aged mice (Figure
4.21F, G).
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Figure 4.21 ADAMTSS overexpression improved the synaptic plasticity in aged mice. (A) Timeline for AAV
injection into the hippocampal CALl and LTP experiments. (B) The stimulus-response curve by increasing current
pulses and calculating the slope of evoked responses. No differences were detected by two-way RM ANOVA. (C)
PPF calculation, as the ratio of the slopes of the fEPSPs elicited by the second and first pulses given with 20, 50, and
100 ms intervals. Multiple comparisons were done after RM ANOVA and significant differences were detected. (D,
E) Normalized TBS-induced activation of AMPA and NMDA receptors during LTP induction. No difference was
detected by two-way RM ANOVA. (F) The LTP graph of normalized fEPSPs slopes. LTP was calculated by
comparing the mean slope of fEPSPs recorded 50-60 minutes after TBS to the mean slope of fEPSPs recorded 10
minutes before TBS. (G) Cumulative probability plot of LTP values obtained in each group. Kolmogorov-Smirnov’s
test was used for the comparison of cumulative frequency distributions: * p < 0.05. Aged mice: n=13; aged ADAMTS-
5 mice: n=12, n represents the number of hippocampal slices.
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5. DISCUSSION

The functions of mechanosensitive ion channels in the CNS are getting increased attention following the
initial studies on these channels performed in other systems. Cell-cell and cell-ECM adhesion systems
couple cells together and to the microenvironments to generate physically coherent tissues capable of
resisting and responding to mechanical forces (McMillen & Holley 2015). Tissue mechanics arises from
the mechanical properties of cells interacting with the extracellular matrix, thereby governing tissue
homeostasis through a bidirectional exchange of information between cells and the matrix. Cells regulate
the ECM mechanics by degrading, synthesizing, and organizing it (Humphrey et al 2014). Cells’ ability to
sense and exert stresses on their environment is essential for growth, differentiation, and morphogenesis
during development (Vining & Mooney 2017). Dynamic changes in how cells take in and react to pressures
in their surroundings are necessary for the coordinated morphogenetic cellular movements that characterize
embryonic development (Fernandez-Sanchez et al 2015). In addition to interacting with the ECM, cells can
respond to force by causing an immediate change in their membrane structure, which makes them able to
convert mechanical inputs, such as tension, compression, shear forces, and stretch into biochemical signals
via transmembrane and intracellular molecular signaling cascades. This eventually results in modified gene

transcription outcomes (Pruitt et al 2014).

The brain as a heterogeneous tissue is made up of a variety of cell types with different shapes and
morphology, including neurons and glial cells. They reside in the ECM, which is composed of filamentous
proteins such as fibronectin and collagens, as well as proteoglycans of the lecticans family. Although in
recent decades, neuroscience research has focused on electrophysiological, pharmacological, and
biochemical investigations, new data indicate that mechanobiology plays an important role in regulating
brain function (Tyler 2012). Embryonic development demands precise cell and tissue patterning, which is
driven by integrated signals to respond to physical and chemical cues. It is well understood that substrate
stiffness impacts neural progenitor cell proliferation and differentiation, as well as axonal development,
branching, and maturation (Leipzig & Shoichet 2009).

In the field of brain mechanobiology, the most important outstanding question is how neurons detect nano-
scale mechanical stimulation. Data from electron microscopy revealed that the neurites are in close contact
with the underlying topographical cues (Blumenthal et al 2014). Changes in membrane tension which affect
the shape and distribution of mechanosensitive ion channels should occur as a result of intimate contact
between neurites and surrounding areas (Blumenthal et al 2014). In terms of the brain, it remains unknown
how tension interacts with other factors to govern cell activity and regulate morphology. However, animal
models together with the gene editing approach taregetting the potential genes, have provided valuable

information to dissect the precise mechanical-dependent molecular pathways in the CNS (Cota-Coronado
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et al 2019). As noted in the introduction part, brain tissue progressively stiffens with age and also in
pathological conditions like AP deposition in AD (Segel et al 2019). Interestingly, this phenomenon is
accompanied by the accumulation of certain ECM molecules in the hippocampus (Vegh et al 2014b). Little
to no information exists regarding the mechanisms behind the age-dependent changes in
mechanotransduction pathways coupled to synaptic function in the CNS. Therefore, in this study, |
investigated how age-dependent changes in mechanotransduction may lead to impairments in synaptic

function during healthy aging and in the diseased brain.

5.1 mRNA levels of mechanosensitive ion channels and YAP/TAZ are upregulated in the

aged and 5xFAD mice

With immunoblotting, Velasco-Estevez and colleagues showed that Piezol expression increased from 12-
to 18 months in wild-type rats in the DG and CA1 area (Velasco-Estevez et al 2018). However, they failed
to dissect the underlying mechanism and did not investigate the relevance of these changes to synaptic
alterations. This thesis, to my knowledge, is the first study to provide a shred of evidence that relates the
increased mechanosensitivity of the cells in the aged hippocampus to impaired synaptic plasticity. First, as
expected, I showed that mRNA levels of some inflammatory markers including GFAP, TNFa, and IL1f
are increased in the hippocampus of aged animals, which is consistent with our previous data from a
different batch of animals (Baidoe-Ansah et al 2022). Then | observed that the mRNA level of the main
families involved in the mechanotransduction including Piezo and TRP channels are upregulated in an age-
dependent manner. Interestingly the expression levels of the main components of the YAP/TAZ pathway
were upregulated as well in the hippocampus of both healthy aging and 5XxFAD mice. YAP translocation
to the nucleus is an indicator of the mechanotransduction process in the cell and plays an important role in
regulating responses to mechanical cues (Elosegui-Artola et al 2017, Mohri et al 2017). This event coincides
with the increased protein levels of PNN components in the aged hippocampus as reported previously by
our laboratory and others (Baidoe-Ansah et al 2022, Vegh et al 2014b). Several factors contribute to
determining the stiffness of the environment, including ECM, cell density, and the cell's capacity to respond
to mechanical forces. As noted before, changes in the microenvironment stiffness due to ECM overloading
can be sensed by cells via mechanosensitive channels (Wang et al 2018a). Mechanosensitive receptors
mainly are known from studies of sensory organs. Physical stimulation of sensory receptors in vertebrates
causes a wide range of feelings, including touch, pressure, proprioception, and pain. The stimulation of
specialized mechanoreceptors in sensory nerves initiates a neural signal to the CNS for the following motor
responses (Cho et al 2002). However, our results suggest that mechanosensitive channels also are
responsible for the nano-scale mechanical changes and signaling in the CNS in an age-dependent manner.

Meanwhile, we also observed changes in the expression levels of some mechanosensitive channels,
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especially Piezol and also YAP/TAZ pathway components in the 5xFAD model of AD which is consistent
with the previously published finding of upregulation for Piezol in all subregions of the hippocampus of
TgF344-AD rats (Velasco-Estevez et al 2018). Similar to 5XFAD mice, this transgenic rat expressing
human APP with the Swedish mutation and human PSEN1 with the A exon 9 mutation. At 6 months, the
number of neurons in the hippocampus and cortex of TgF344-AD rats is comparable to that of wild-type
animals, but by 16 months, there is a 40 % loss of neurons (Cohen et al 2013). In 5xFAD mice, neuronal
loss occurs at 6 months of life in the regions with the most severe amyloidosis—the subiculum and cortical
layer V (Eimer & Vassar 2013). Therefore, it is reasonable to hypothesize that impaired cognitive function
in both healthy aged and AD brains might be at least in part due to the upregulation of mechanosensitive

receptors and downstream pathways.

5.2 Piezol activation mimics the aged brain by increasing p38 MAPK phosphorylation

As a first step, to confirm that synaptic plasticity is impaired in the aged hippocampus, | recorded LTP in
the CAL region. As expected, the analysis showed that PPF and LTP are impaired in the aged mice
compared to young controls. This is consistent with the previous published results (McGregor et al 2018).
Since | observed an upregulation of Piezol expression in the aged brain, | hypothesize that similar to the
aged brain, Piezol over-activation leads to synaptic dysfunction in the young hippocampus. To test this
hypothesis, first, | incubated acute hippocampal slices with Yodal, a widely used chemical to induce Piezol
activation (Syeda et al 2015). As expected, Yodal treatment induced impairment in the LTP after 3-hour
incubation in comparison to slices treated with vehicle (DMSO). To my knowledge, it is the first time that
LTP impairment due to Piezol activation has been reported. However, the adverse effects of Piezo loss or
gain of function on cellular functions in the CNS have been reported previously. Piezol deficiency in
Drosophila melanogaster promotes axonal regrowth in both PNS and CNS (Song et al 2019). Moreover,
conditional ablation of its mammalian counterpart promotes regeneration in vivo, while pharmacological
activation with Yodal lowers regeneration (Song et al 2019). In a separate study, Yodal-mediated
demyelination of CNS axons was proposed, which can be reversed by Piezol inhibitor GsMTx4 that
mitigated the adverse effects of Piezol overactivation (Velasco-Estevez et al 2020). This study proposed
that enhanced Ca?" influx via Piezol triggers calcium-induced calpain signaling in the neurons, which
ultimately leads to axonal demyelination (Velasco-Estevez et al 2020). Yodal also generates a shear stress-
induced TRAIL sensitization, increased mitochondrial outer membrane permeability (MOMP),
mitochondrial depolarization, activated Bax, and finally apoptosis induction in some cell lines in vitro
(Hope et al 2019). Based on previous knowledge of activated pathways following Piezol activation in
different cell types, | analyzed involved potential pathways in the hippocampal slices by different

approaches. Yodal activation raises both mRNA levels and protein release of IL-6, a pro-hypertrophic and
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profibrotic cytokine in human cardiac fibroblasts (Blythe et al 2019). Furthermore, Piezol knockdown
lowered baseline IL-6 expression. Subsequent analysis from multiplex kinase activity profiling revealed
that Piezol activation increases IL-6 secretion via the p38 mitogen-activated protein kinase, a downstream
target following Ca?* influx (Blythe et al 2019). | observed similar findings in the young hippocampus
treated with Yodal. Phosphorylation of p38 MAPK was increased in both IHC and western blot analysis.
P38 MPAK can induce biosynthesis of IL-1$ and IL-6 in microglia and astrocytes (Asih et al 2020). My
subsequent analysis of the inflammatory cytokines revealed an increased expression of 7L1f following
Yodal-mediated Piezol activation. Interestingly, IL-1p can stimulate the synthesis of a variety of other
proinflammatory chemicals (nitric oxide and IL-6) by astrocytes and microglia (Basu et al 2002). One
possible explanation for impaired LTP observed following Yodal could be mediated by IL-1p, as the
adverse effect of IL-1pB on synaptic plasticity is well documented (Hoshino et al 2017, Prieto et al 2019).
IL-1B has been demonstrated to impact Ca?* conductance via NMDARs in a dose-dependent manner,
improving or inhibiting Ca?* influx at low and high concentrations, respectively (Viviani et al 2003).
Moreover, p38-mediated /L1 overexpression inhibits BDNF-dependent Arc regulation as well as
phosphorylation of cofilin and CREB through phosphorylation of insulin receptor substrate 1 (Tong et al
2012). Furthermore, it has been shown that following cLTP, IL-1p lowers the amount of newly generated
proteins in proximal dendrites by suppressing Akt/mTOR signaling as well as the activation of GIuA1, and

LIM Domain Kinase 1 (LIMKZ1), an actin polymerization-promoting kinase (Prieto et al 2019).

Expectedly, in my experiment, impaired LTP observed in the hippocampal slices treated with Yodal was
rescued by coincubation of slices with Yodal and p38 inhibitor SKF86002. Given that p38 can be activated
by cellular stressors such as inflammatory cytokines, there is a feedforward loop in which changes in tissue
mechanics either in aged mice or after agonist treatment in young mice can be sensed by Piezol to promote

p38 activation, cytokine release, and further increase p38 activity.

There are several examples of association between ECM remodeling, tissue stiffness, and activated
inflammatory pathways. The best and most well-known example is cancer. Dysregulated matrix production
and remodeling occur during different types of cancer (Giussani et al 2019). Tumors are generally stiffer
than normal tissue as a result of ECM changes which causes abnormal mechanosignaling (Winkler et al
2020). Interestingly, increased expression and activity of p38 MAPK are reported in cancer including brain
cancer glioblastoma which is correlated with poor prognosis (Goldsmith et al 2018). Interestingly, p38
MAPK inhibition in cancerous cells reduces tumor invasiveness (Goldsmith et al 2018). That is why p38
MAPK inhibitors have attracted significant attention for use in chemotherapy. It is noteworthy to mention
that increased Piezol activity in tumor cells has been reported recently in several studies (Dombroski et al

2021, Sun et al 2020). Piezol also regulates macrophage responses within varying stiffness environments
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and its hyperactivity promotes interferon-y and LPS-induced inflammatory response and suppresses IL4
and IL13-induced healing responses (Atcha et al 2021). P38 activation also impairs the activity-dependent

trafficking of AMPA receptors as the key mechanism of LTP expression (Krapivinsky et al 2004).

5.3 Piezo1l activation dephosphorylates YAP

I also observed an increase in dephosphorylation of YAP following Yodal treatment. The role of the HIPPO
pathway and downstream targets in synaptic plasticity and cognitive function is not clear yet. Our results
clearly showed upregulation in both mRNA and protein levels of YAP in healthy aged and 5XxFAD mice as
well as an increase in dephosphorylation state (nuclear translocations) in young slices treated with Yodal.
In line with these findings, data from old and young fibroblasts, and young fibroblasts cultured on stiff
silicone gel substrates showed a significant increase in the nuclear translocation of both YAP and TAZ
(Stearns-Reider et al 2017). Moreover, age-mediated muscle stiffness promotes YAP/TAZ-mediated

pathogenic production of matricellular proteins by fibroblasts (Stearns-Reider et al 2017).

However, a recent study showed that in the cortical neurons of 5XFAD mice, nuclear YAP is decreased due
to cytoplasmic co-segregation with AP before the onset of cognitive impairment (Tanaka et al 2020). The
analysis also found a comparable decrease in YAP in temporal and occipital tip tissues from AD patients,
which was consistent with the lower nuclear YAP (Tanaka et al 2020). It is not clear, however, if the YAP
activity alone can be involved in the impaired LTP phenotype. Further experiments are warranted to
investigate the effects of YAP inhibitors in the acute hippocampal slices to answer this open question.

5.4 Piezol activation mediated calpain-dependent spectrin cleavage

Our western blot result showed an increased cleavage of all-spectrin mediated by Piezol hyperactivity.
Resting intracellular cytosolic Ca?* concentration is generally 100 nM, which is substantially lower than
the extracellular concentration. Ca?* hemostasis is a critical cellular function, especially for Ca?*-dependent
molecules like calpains which are tightly regulated and their aberrant activity can have negative
consequences, resulting in the cleavage of multiple targets (Metwally et al 2021). The considerable portion
of calpain-cleaved spectrin observed in the cerebrospinal fluid of AD patients indicates hyperactivation of
calpains in the AD brain (Higuchi et al 2012). It is noteworthy to mention the subcellular localization of
calpain 2 in the aged synapse is extrasynaptic. Contrary to calpain 1, which is localized in the synaptic
density and is required for the LTP induction (Baudry & Bi 2016), Calpain 2 activity in the extrasynaptic
region leads to STEP inhibition and finally p38 activation and neurotoxicity (Xu et al 2009). This may
explain the higher LTP value observed in our experiments when the hippocampal slices were treated with
calpain inhibitor E64 when compared to the p38 inhibitor. A hallmark of calpain activity is the spectrin
cleavage. A substantial body of evidence indicates that calcium dysregulation and increased proteolysis of

spectrin are processes that occur in the brain during both normal aging and Alzheimer's disease (AD)
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(Benuck et al 1996, Garg et al 2011). Atypical spectrin labeling appeared in neuronal processes and axon
terminals in the AD human brain, which may indicate an accumulation of SBDPs in the atrophic neurons.
These findings support evidence of calpain overexpression and activation in AD. In addition to AD,
enhanced SBDPs levels in aged brains were reported previously (Bernath et al 2006). Furthermore, as
mechanoresponsive protein, spectrin influences cell surface physiology and shape, thus its partial
degradation would be predicted to result in severe and long-lasting changes in synapses (Duan et al 2018,
Nestor et al 2011, Pielage et al 2005).

5.5 Piezol activation mimics an aged brain and reduces the CaMKII phosphorylation

CaMKII is the most prominent signaling molecule in the postsynaptic density (PSD) and a key mediator
and effector in the early stages of LTP. Ca?/CaM binding stimulates CaMKIl and Thr-286
autophosphorylation, resulting in an autonomously active version of CaMKI| that facilitates transitory Ca?*
signals. My IHC results showed that there is a reduced level of phosphorylation in Thr-286 residue for
CaMKII. This result is consistent with the previously published data showing that Piezol knockdown
results in a tendency toward increased phospho-CaMKII (Thr286) and pCREB in the mouse hippocampal
cell line mHippoE-18 (CLU199) (Qiu et al 2019). In the aging context, CaMKII is also reduced in elderly
rats, which corresponds with worse spatial memory and presynaptic release probabilities since it is required
for the phosphorylation of key vesicular proteins such as the SNARE complex (VanGuilder et al 2011). In
5xFAD mice, relative to wild-type mice, the level of p-CaMKIIo/CaMKIIa in both the hippocampus and

cortex was decreased significantly (Zeng et al 2015).

5.6 Piezol knockdown tends to improve impaired cognitive function and enhances synaptic
plasticity in aged mice

Previous findings suggest that the CA1 region of the hippocampus, especially the dorsal CAL region, plays
a critical role in spatial memory (Yu et al 2018). It is also acknowledged that other subregions of the
hippocampus, including CA3 and the dentate gyrus, may potentially contribute to spatial memory
processing (Broadbent et al 2004). Our behavior analysis showed an improved tendency for NOLT but not
NORT in the aged mice injected with Piezol shRNAL in the dorsal CAl area. There is not much
information regarding the role of Piezol in cognitive function so far. However, a recent study showed that
Piezol activation by Yodal injection into the rat basal forebrain mimicked sleep deprivation-induced
effects followed by TrkB full-length cleavage and reduced short- and long-term fear memory (Ma et al
2022b). This phenotype was ameliorated further by Piezol inhibitor GsSMTx4 which partially restored
short- and long-term fear memory deficits (Ma et al 2022b). Furthermore, sleep deprivation resulted in a
lower pain threshold than the control condition, which could be partially corrected by injections of GSMTx4

or calpain inhibitor PD151746. These findings suggest that Piezol/calpain signaling is involved in sleep
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deprivation-induced TrkB signaling disruption and fear memory deficits in rats (Ma et al 2022b). My data
demonstrated an increase in LTP in the aged mice injected with Piezol shRNA. This is consistent with the
impaired LTP after Piezol activation with Yodal in the young hippocampus. In a recent study in young
mice, astrocytic Piezol knockout mice have impaired hippocampus LTP and learning and memory behavior
(Chi et al 2022). While overexpression of Piezol in astrocytes, on the other hand, significantly improved
LTP, and learning and memory function, presumably through the facilitation of gliotransmitter release (Chi
et al 2022). However, in the aging context, the condition is different because of low-grade inflammation
and the involvement of other factors like ECM upregulation and changes in tissue stiffness. Further studies

in aged mice and cell type-specific knockdown or overexpression strategies are needed to address this issue.

5.7 ECM cleavage downregulates Piezol, 2, YAP, and TAZ expression in vitro and rescues
synaptic plasticity deficits in aged mice ex vivo

Many cell types respond to the elastic characteristics of the microenvironment they reside. Stiffness
properties can influence several biological processes in neurons and non-neuronal cells including cell
motility, cell proliferation and differentiation, and even neural axon guidance (Nichol et al 2019). ECM
stiffness mainly depends on fibrillar collagens, glycosaminoglycans, and proteoglycans. To explore the link
between ECM mechanical properties and mechanotransduction pathways in neurons, we cleaved ECM by
overexpressing ADAMTS-5, which has a strong aggrecanase activity, and observed that ECM cleavage
leads to decreased expression of Piezol, Piezo2 and downstream Y AP/T AZ signaling pathway components.
Interestingly, similar to Piezol knockdown, aged mice with ADAMTS5 overexpression in the CA1 region
exhibited an increased LTP. According to previously published data in the 3xTg-AD model and our
unpublished data in the aged mice, ADAMTS5 protein levels and activity are lower in comparison to control

and young mice, respectively (Krstic et al 2012).

5.8 Limitations and outlook

In this study, | found that the mechanosensitive channel Piezo family and some of the TRP channels are
upregulated in an aged-dependent manner. | used total hippocampal mMRNA samples and protein lysate.
Hence, | was not able to determine which cell types specifically are sensitive and more responsive to the
age-dependent changes in tissue mechanics. As different cell types sense and respond to the mechanical
cues in different strengths and intensities, single-cell RNAseq or cell-sorting approaches to screening the
expression profile of these genes in different cell types is necessary for future studies. In this case, it would
be easier to understand which specific cell types mediate impaired synaptic plasticity in the aged condition
due to increased Piezol expression. In a similar vein, the knockdown method employed in this study was
founded on a universal promoter and the AAV-DJ system, which utilizes a hybrid capsid composed of eight

distinct AAV serotypes. This design significantly enhances infectivity rates across a broad spectrum of cell
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types and tissues. Recently, a few cell-specific approaches using a synthetic specific promoter and specific
AAV serotyping have been introduced to target specific cell types within a tissue (Challis et al 2022,
Hoshino et al 2021).

While the knockdown of Piezol yielded limited effects on behaviour in our experimental paradigm, it is
essential to consider the context in which these results were obtained. Notably, the sample size employed
for this study was relatively small, and as such, the statistical power to detect significant differences may
have been insufficient. To draw more definitive conclusions regarding the behavioural consequences of
Piezol knockdown, future studies with larger sample sizes and more comprehensive behavioural

assessments may be necessary to provide a more robust and accurate characterization of its effects.

Another constraint in this study was the absence of commercially accessible, specific Piezol inhibitors.
Fortunately, Yodal represents a highly specific agent for Piezol activation. However, it's worth noting that
for inhibition purposes, the commonly employed inhibitor, GsMTx4, not only inhibits Piezol but also
affects TRPC1 and TRPC6 (Suchyna et al 2000) , and it was not utilized in the experiments conducted in
my research. As | observed some tendencies toward improvement in some series of experiments including

the behavioral testing, increasing the sample size is planned to reach a defined statistical power.

Figure 5.1 shows a summary of proposed underlying mechanisms by which Piezol hyperactivation may
affect synaptic plasticity in the aged brain, multiple aspects of which, such as the roles of IL1R receptor

and modulation of CREB signaling, still need direct experimental validation.
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Figure 5.1. A proposed model of how Piezol activation in neuronal and glial cells may lead to modulation of
synaptic plasticity under aged conditions. ECM accumulation and subsequently increased tissue stiffness can be
sensed by the mechanosensitive channel Piezol. Excessive Ca?* influx upon Piezol activation stimulates
inflammatory pathways in glial cells and increases the release of proinflammatory cytokines such as IL-1p. IL-1p acts
via IL1 receptor and inhibits NMDAR, phosphorylation of CREB and cofilin, and F-actin formation in the dendritic
spines. In neurons, Piezol activation promotes p38 MAPK and calpain proteases, which have adverse effects on LTP.
Y AP nuclear translocation downstream of Piezo1l activation also contributes to transcriptional changes and remodeling
of ECM in the synapse. Lectican core protein cleavage mediated by lecticanase ADAMTSS5 releases the perisynaptic
nano-scale tension on spines and attenuates the negative effect of Piezol overactivation on synaptic plasticity similar
to Piezol knockdown. The molecules whose changes have been experimentally shown in the present work are
underlined.

6. CONCLUSION

e Mechanosensitive ion channels in the aged hippocampus are upregulated, which coincides with
increased tissue stiffness, ECM accumulation, and increased YAP dephosphorylation and nuclear
translocation.

e Activation of the Piezol channel in the young hippocampus impairs synaptic plasticity and
activation of CaMKII and increases expression of proinflammatory cytokine IL-1p, elevation in
resting Ca?" concentration, phosphorylation of p38 MAPK, and calpain activation-mediated
spectrin degradation.

e Impaired LTP after Piezol activation in young mice is rescued by p38 and calpain inhibitors.

e Aging-associated impairment in cognitive function and synaptic plasticity in aged mice are partially

rescued by Piezol knockdown or digestion of ECM by overexpression of ADAMTS5.
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