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SUMMARY

SUMMARY

Age-dependent accumulation of extracellular matrix (ECM) molecules is implicated in the age-associated
decline in synaptic and cognitive functions, which is the common phenotype of both normal and
pathological aging. Therefore, understanding age-associated changes in the expression of genes involved
in regulating various ECM components can provide an insight into the role of ECM in aging and identify
targets to potentially rejuvenate the aging brain and rescue synaptic plasticity and cognition. Hence, in this
study, we investigated the cell-type-specific expression of major ECM-degrading and modifying enzymes
in the hippocampus of three groups of C57BL6/J male mice: 2- to 3-month-old (2-3M), 22- to 24-month-
old (22-24M), and more than 30-month-old (>30M). Using gPCR, we discovered a downregulation of the
majority of ECM-related genes in the hippocampus of >30M mice, which was not the case in 22-24M mice,
although genes related to neuroinflammation were highly upregulated in both aged groups. Interestingly,
we found a consistent for both 22-24M and >30M old mice downregulation of two genes known to regulate
proteolysis of ECM proteoglycans, the carbohydrate sulfotransferase 3 (CHST3) responsible for 6-sulfation
of chondroitin sulfates and a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-
5). Therefore, | tried to rejuvenate the aged hippocampus of 22-24M mice by overexpressing ADAMTS-5
using an adeno-associated virus (AAV) delivery, which indeed improved the hippocampus-dependent
synaptic and cognitive functions. Immunohistochemical studies of ADAMTS-5 overexpressing 22-24M
mice revealed a loss of ECM chondroitin sulfate proteoglycans, in particular of aggrecan as the major
component of perineuronal nets around parvalbumin-expressing (PV+) interneurons and readjustment of
both excitatory and inhibitory synaptic inputs to PV+ cells to the levels matching those in 2-3M mice.
Degradation of ECM was accompanied by changes in astroglia, microglia, and oligodendrocytes, which
may improve clearance and long-range interactions in the aged brains. | also found enhanced long-term
potentiation (LTP) and CREB signaling in the CAL region, presumably due to inhibition of signaling
through the extrasynaptic GIuUN2B-NMDA receptors, which activation has been previously shown to impair
synaptic plasticity in aged brains. Moreover, overexpression of ADAMTS-5 rescued behavioral
performance of 22-24M mice in the novel object location test and finding a reward in a dry maze test.
Altogether, | demonstrated that age-dependent dysregulation of the ECM proteolytic remodeling culminates
in the accumulation of neural ECM, while its partial degradation by overexpression of ADAMTS-5

abrogates multiple aging-associated cellular alterations and restores cognitive functions.
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ZUSAMMENFASSUNG

Altersabhdngige Ansammlungen von extrazellulare Matrix (EZM)-Molekilen werden mit der
altersbedingten Abnahme der synaptischen und kognitiven Funktionen in Verbindung gebracht, die ein
gemeinsamer Ph&notyp sowohl des normalen als auch des pathologischen Alterns sind. Daher kann das
Verstandnis altersbedingter Verdnderungen in der Expression von Genen, die an der Regulierung
verschiedener EZM-Komponenten beteiligt sind, einen Einblick in die Rolle der EZM beim Altern geben
und Ziele identifizieren, die das alternde Gehirn verjungen und die synaptische Plastizitit und Kognition
retten konnten. In dieser Studie untersuchten wir daher die zelltypspezifische Expression der wichtigsten
EZM-abbauenden und -modifizierenden Enzyme im Hippocampus von drei Gruppen mannlicher
C57BL6/J-Méuse: 2- bis 3 Monate alt (2-3M), 22- bis 24 Monate alt (22-24M) und alter als 30 Monate
(>30M). Mithilfe von gPCR entdeckten wir eine Herunterregulierung der meisten EZM-bezogenen Gene
im Hippocampus der >30M-Mause, was bei 22-24M-Mausen nicht der Fall war, obwohl Gene, die mit der
Neuroinflammation zusammenhéngen, in beiden Altersgruppen stark hochreguliert waren.
Interessanterweise fanden wir sowohl bei 22-24M-M4&usen als auch bei >30M-M&usen eine konsistente
Herunterregulierung von zwei Genen, die bekanntermalen die Proteolyse von EZM-Proteoglykanen
regulieren: die Kohlenhydrat-Sulfotransferase 3 (CHST3), die fur die 6-Sulfatierung von
Chondroitinsulfaten verantwortlich ist, und eine Desintegrin- und Metalloproteinase mit Thrombospondin-
Motif-5 (ADAMTS-5). Deshalb habe ich versucht, den gealterten Hippocampus von 22-24M-Méusen zu
verjlngen, indem ich ADAMTS-5 mit Hilfe eines adeno-assoziierten (AAV)-Virus Uberexprimiert habe,
was tatsachlich die vom Hippocampus abhangigen synaptischen und kognitiven Funktionen verbesserte.
Immunhistochemische Untersuchungen an ADAMTS-5-lberexprimierenden 22-24M-Mdusen ergaben
einen Verlust von EZM-Chondroitinsulfat-Proteoglykanen, insbesondere wvon Aggrecan, dem
Hauptbestandteil perineuronaler Netze um Parvalbumin-exprimierende (PV+)-Interneurone, und eine
Anpassung sowohl der exzitatorischen als auch der inhibitorischen synaptischen Eingénge zu PV+-Zellen
auf ein Niveau, das dem von 2-3M-Mausen entspricht. Der Abbau der EZM ging mit Veranderungen der
Astroglia, Mikroglia und Oligodendrozyten einher, was die Clearance und die weitreichenden
Wechselwirkungen im gealterten Gehirn verbessern konnte. Ich fand auch eine verstirkte
Langzeitpotenzierung (LTP) und CREB- Signaltbertragung in der CA1-Region, vermutlich aufgrund der
Hemmung der Signaliibertragung durch die extrasynaptischen GIuN2B-NMDA-Rezeptoren, deren
Aktivierung nachweislich die synaptische Plastizitat in gealterten Gehirnen beeintréchtigt. Darlber hinaus
rettete die Uberexpression von ADAMTS-5 die Verhaltensleistung von 22-24M-Mausen im Novel-Object-

Location-Test (Test zur Lokalisierung neuartiger Objekte) und bei der Suche nach einer Belohnung im
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Trockenlabyrinthtest. Insgesamt konnte ich zeigen, dass eine altersabhdngige Regulationsstérung des
proteolytischen Umbaus der EZM zu einer Anhdaufung neuronaler EZM fihrt, wéhrend ihr teilweiser Abbau
durch Uberexpression von ADAMTS-5 mehrere altersbedingte zellulare Veranderungen aufhebt und die

kognitiven Funktionen wiederherstellt.
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1 INTRODUCTION
1.1 ECM

The extracellular matrix (ECM) is a complex network of macromolecules present within tissues and organs,
including collagens, fibronectin, laminins, fibrillins, proteoglycans, and several other glycoproteins
(Lockhart etal., 2011; Ulbrich et al., 2021). In the past, ECM was viewed to solely confer structural support
such as strength and elasticity, to cells and tissues within their microenvironment. Recent findings have
unraveled more complex biomechanical, biochemical and physiological functions (Frantz et al., 2010).
These include cell to cell signaling, volume transmission, regulation of cell proliferation and differentiation
(Lockhart et al., 2011; Sykovéa and Nicholson, 2008).

In the mammalian brain, ECM occupies a volume fraction of 10%-20% of the total volume of the normal
adult brain, and is interspersed between neurons and glia cells (Bonneh-Barkay and Wiley, 2009; Ulbrich
etal., 2021). Neurons and glial cells synthesize and secrete various ECM molecules into extracellular space
(ECS) where they aggregate around cell soma, dendrites, the axon initial segment, the nodes of Ranvier
and synapses (Rasband and Peles, 2021). The composition and density of ECM molecules within the brain
are region-specific and depend on neural activity (Carulli et al., 2010; Dityatev et al., 2007; Sykova and
Nicholson, 2008). During brain development, ECM molecules are mostly diffuse and influence cell
proliferation, migration and differentiation because of their ability to adhere to cell surface receptors such
as integrins and syndecans (Itoh, 2021; Kleiser and Nystrom, 2020). The switch from juvenile to the more
heterogeneous and compact adult ECM (El-Tabbal et al., 2021) strongly correlates with the development
of essential brain functions including the closure of the critical period, synaptic plasticity, synaptogenesis,
learning and memory, synaptic stabilization and neural regeneration (Frischknecht et al., 2014).
Additionally, the ECM protects the integrity of the brain microenvironment by using its buffering properties
to maintain physiological ion and water concentration (Bonnans et al., 2014; Frantz et al., 2010) (Figure
1.1).

Overall, ECM molecules are highly dynamic and several studies have unraveled the varying organization
of brain ECM and the diverse alterations during brain development. These studies have shown a strong
correlation between certain brain functions and specific components of ECM which will be elaborated on

in the next sections.
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Figure 1.1: Localization of ECM in the CNS

In the brain, ECM molecules are localized at the basement membranes, around soma and proximal dendrites
in a condensed lattice-like form called perineuronal nets (PNNSs). In addition, ECM can be found in the
intestinal space, where it is called the neural interstitial matrix. This form can be found around neuronal
synapses (Lau et al., 2013).

1.1.1 Molecular composition of brain ECM

Here | will differentiate between the two forms of neural ECM: a more diffuse form within the extracellular
space and a condensed form that is fettered to the surfaces of cells, known as perineuronal nets (PNNs)
(Dityatev and Schachner, 2003; Bruckner et al., 2006; Fawcett et al., 2019). In the brain, ECM consists of
proteoglycans and glycoproteins, such as chondroitin sulfate proteoglycans (CSPGs), heparin sulfate
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proteoglycan (HSPGs), tenascins and link proteins (Harlow and Macklin, 2014; Lundell et al., 2004). PNNs
are predominantly enriched around the soma, proximal dendrites, and axon initial segments of parvalbumin-
expressing (PV+), gamma-aminobutyric acid (GABA)ergic interneurons and a subtype of excitatory
neurons (Ulbrich et al., 2021) in the hippocampus, cerebral cortex and cerebellum as well as other brain
regions (Song & Dityatev, 2018; Ulbrich et al., 2021). The formation and maturation of PNNSs are essential
for the onset and closure of the critical period during brain development. This process can be reopened by
digesting the chondroitin sulfate glycosaminoglycans (CS-GAGs) of PNNs with the bacterial enzyme,
chondroitinase ABC (chABC) (Hou et al., 2003; Pizzorusso et al., 2002).

A typical PNN contains CSPGs bound to HA through the N-terminal hyaluronan binding domain, with the
CSPG - HA complex stabilized by the hyaluronan and proteoglycan link proteins (HAPLN1-4), and the
carboxylic ends cross-linked to the ECM glycoprotein, Tenascin-R (TNR) (Dityatev & Schachner, 2003,
Morawski et al., 2014). HA is a non-sulfated linear polysaccharide made up of D-glucuronic acid and N-
acetyl-D-glucosamine units, and it is synthesized by a family of transmembrane hyaluronan synthases
(HASS) that includes HAS1, HAS2, HAS3 and HAS4 (Bikbaev et al., 2015; Weigel et al., 2015). CSPGs
are sulfated proteoglycans with two major families, the lecticans and non-lecticans. Each CSPG lectican
consists of a core protein attached covalently to CS-GAGs side chains and they include; aggrecan (ACAN),
brevican (BCAN), neurocan (NCAN), and versican (VCAN). The core protein of lecticans is, thus, divided
into 3 major domains namely the G1, G2 and G3 (Gottschall and Howell, 2015). The G2 domain is bound
to the CS-GAGs which are long, unbranched, varying-length chains of polysaccharides with repeating
disaccharide units of amino sugar, either N-acetylglucosamine (GIcNAc) or N-acetylgalactosamine
(GalNACc), and glucuronic acid (GIcA)(Sethi and Zaia, 2017). The differences in core protein, the number
of GAG chains and sulfation patterns influence the varying functions in CSPGs (Pendleton et al., 20133;
Properzi et al., 2003). The second family of CSPGs, the non-lecticans, include phosphacan (PCAN), the
cell-surface glycoprotein, CD44 antigen (CD44), the transmembrane proteoglycan, neural/glial antigen 2
(NG2), and others (Long & Huttner, 2019). Currently, PNNs are visualized using the plant lectin molecule,
Wisteria floribunda agglutinin (WFA) that specifically labels the highly abundant N-acetylglucosamine of
CSPGs (Djerbal et al., 2017). Recent findings have identified both orthodenticle homeobox 2 (OTX2) and
semaphorin 3A (Sema3A) to bind to the GAGs of CSPGs (Carulli and Verhaagen, 2021). Interestingly,
OTX2 has been shown to influence maturation of PV interneurons through internalization and this is

essential for the critical period(Sugiyama et al., 2008), whereas the accumulation of sema3A in an activity-
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dependent manner coincides with the closure of the critical period (Boggio et al., 2019) (Figure 1.2 &
1.3).

neuron

WHAS  «¢ TN-R ® otx2
% HA € link protein = Sema3A
%= CSPG @ cD44 B phosphacan receptor

Figure 1.2: Molecular composition of PNN around PV+-interneurons

Immunostaining to visualize PNN around PV+ interneurons with WFA (green) and PV(red) antibodies.
The individual composition of PNNs including CSPGs, ACAN, VCAN, NCAN and BCAN bound to the
(HA) backbone, stabilized by link proteins and the lecticans are cross-linked by the glycoprotein, TNR.
Both OTX2 and Sema3A bind to CSPG via the GAGs. This scheme is modified from both Lorenzo and
Carulli (Carulli and Verhaagen, 2021; Lorenzo Bozzelli et al., 2018).

Along axons, ECM is prominent at the axon initial segment (AIS), the nodes of Ranvier of myelinated
axons and at the axonal terminals (perisynaptic ECM) (Krishnaswamy et al., 2019). The AIS and nodes of
Ranvier are composed of clusters of voltage-gated Na* channels [Nav], which are required for the
generation and propagation of action potentials (Hedstrom et al., 2007). Furthermore, at the AIS, the
clustering of these ion channels in addition to cell adhesion molecules CAMs; neurofascin-186 [NF-186]
and neuron glia-related CAM [NrCAM] depend on the cytoskeletal proteins, ankyrin G and B4 spectrin
(Hedstrom et al., 2007; Rasband and Peles, 2021). Surprisingly, these regions are highly enriched by ECM,
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whereby BCAN, whose localization at the AIS depends on NF-186 and NrCAMSs expression, is the major
ECM molecule enriched at the AIS (Hedstrom et al., 2007; Zonta et al., 2011). Meanwhile, at the nodes of
Ranvier, VCAN, PCAN and TNR are enriched in addition to BCAN, with VCAN functioning as the major
organizer of ECM at this region (Bekku et al., 2009; Dours-Zimmermann et al., 2009). At synapses, ECM
has been identified as a major component (Yuzaki, 2018), giving rise to the tetrapartite synapse model
which includes presynapse (axon terminal), the postsynapse, the astrocytic endfoot and, the synaptic cleft
with perisynaptic ECM around (Dityatev and Rusakov, 2011; Ferrer-Ferrer and Dityatev, 2018;
Korotchenko et al., 2014). Several ECM molecules secreted by neurons and glia function by facilitating the
interaction between dendrites and axons of neurons. These molecules are also known as the extracellular
scaffolding proteins (ESPs) and they include Cerebellin 1 (CbInl), neuronal pentraxins, Hevin,
thrombospondins, and glypicans (Yuzaki, 2018). (Figure 1.4).

4
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Figure 1.3: Structure of CSPGs of the lectican family

Each CSPG includes a core protein with varying number of sugar chains, the GAGs, of which ACAN has
the highest number of GAGs followed by VCAN. BCAN, on the other hand, has the least number of GAGs
and the shortest length of core proteins.
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The interactions of ECM molecules with their respective receptors at the pre- and postsynapse are essential
for their organization, function and modification (Korotchenko et al., 2014). A review by Korotchenko
shows that the secreted protein leucine-rich glioma-inactivated 1 (LGI1), neuronal activity-regulated
pentraxin (NARP) and neuronal pentraxin 1 (NP1) are localized in the synaptic cleft (Xu et al., 2003) and
they interact with their receptors to organize synapses. Furthermore, the perisynaptic extracellular space of
glutamatergic synapses contains BCAN and NCAN associated with HA and they are interconnected via
TNR and TNC, that function in the organization and modification of synapses (Korotchenko et al., 2014)
(Figure 1.4 and 1.5).
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Figure 1.4 ECM organization around various compartments of neurons

PNN around soma and dendrites of PV+ interneurons consist of the CSPGs, versican, neurocan and
brevican, bound to the backbone hyaluronan and stabilized by link proteins, HAPLN2. At the nodes of
Ranvier, ECM molecules are found to stabilize and regulate interactions between glia and neurons through
association with cell adhesion molecules such as Neurofascin 186 and NrCAM. Sodium channels (Nav) at
axonal membrane are stabilized by Neurofascin 186 and B1-subunits. From (Fawcett et al., 2019).
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Figure 1.5 Zooming in at the tetrapartite synapse

The composition of the tetrapartite synapse includes pre- and postsynaptic terminals coupled with synaptic
and perisynaptic ECM such as ACAN, TNR and TNC along with the astrocytic end feet. AMPA receptors
colocalize with neuronal pentraxins NP1 and NARP in synaptic domains (Korotchenko et al., 2014).

1.1.2 Functions of ECM in the developing brain: cell differentiation, cell migration, axon
guidance, myelination, synaptogenesis

The mammalian brain development can be divided into two distinct stages. Firstly, the developing brain
which includes the embryonic brain in utero together with the postnatal brain, and secondly the adult brain.
CNS development in both rodents and humans starts with the formation of the neural tube which gives rise
to the spinal cord and brain (Semple et al., 2013). This process (called neurulation) finishes on gestational
days eight to eleven days in rodents and after three to four weeks in humans (Kolb and Gibb, 2011; Semple
et al., 2013; Urban and Guillemot, 2014). The brain development is influenced by unique cues produced in

the maternal environment in the embryonic stage, the environment together with experience-dependent
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brain activity in the postnatal stage, and a more complex and matured extracellular space in the adult brain
(Chini and Hanganu-Opatz, 2021; Kolb and Gibb, 2011). Recent findings also point to the epigenetic
modifications as another cue, that can regulate brain development via alteration to the normal gene
expression that can occur at any stage of brain development (Blumberg et al., 2009). One common factor

that is found to influence brain development at any stage is the ECM.

The brain development in rodents and humans follows a similar sequence. First of all, the cell type, either
neurons (neurogenesis) or glia cells (gliogenesis) is determined by the proliferation and differentiation of
neural progenitor cells (Urban and Guillemot, 2014). The newly formed cells then migrate to their
destinations such as the hippocampus and cortical locations. This is followed by cell maturation, synapse
formation and pruning, and finally myelination (Kolb and Gibb, 2011; Williams et al., 2010). Studies have
demonstrated that ECM facilitates intracellular signaling that regulates these embryonic processes
(Dityatev and Schachner, 2003). For instance, HA in the developing brain maintains neural progenitor cells
proliferation but not their differentiation (Wang et al., 2012). Other examples are NCAN, exclusively
produced by neurons in the CNS, and PCAN derived from astrocytes (Grumet et al., 1994), which are all
abundantly expressed in the developing brain as they regulate neurite outgrowth and cell adhesion. NCAN
is a known CSPG with a high affinity for the neural adhesion molecules namely NCAM and Ng-CAM but
has little or no affinity for laminin (Friedlander et al., 1994). The association of NCAN to NCAM and Ng-
CAM inhibits neurite growth and cell adhesion in neurons cultured on surfaces coated with the said
molecules. On the other hand, PCAN, a secreted form of receptor-type protein-tyrosine phosphatase (
(RPTP(), enhances neurite outgrowth in hippocampal and cortical neurons (Maeda & Noda, 1996). Other
lecticans also inhibit neurite outgrowth such as BCAN in rat cerebellum along with ACAN in dorsal root
ganglion neurons (Chan et al., 2008). The distribution of CSPGs as well as sulfation of GAGs side chains
are altered during brain development (Mencio et al., 2021), indicating a potential developmental function
for sulfated sugar chains in the brain. Case in point, a study shows that the digestion of CSPGs GAGs with
chABC in the developing neocortex of mice reduced neural progenitor proliferation to neurons whereas the
density of glia, specifically astrocytes, increased, indicating a switch in the fate of progenitor cells (Sirko
et al., 2007). Moreover, ECM proteoglycans, like CSPG content in the embryonic brain is constant but
starts to increase at birth until it reaches adult levels post-birth (Margolis and Margolis, 1993; Oohira et al.,
1986), suggesting they are vital for brain development. This implies that CSPGs GAGs play vital role in

proliferation and differentiation during brain development (Figure 1.6).
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Once neurons migrate to their respective functional sites and differentiate, they begin to form connections
that requires both axonal growth and dendritic formation. Axonal pathfinding also called axonal guidance,
is an aspect of neural development whereby neurons send axons to their targets, and this process is critical
for the wiring or neuronal network of the developing brain. ECM proteoglycans and glycoproteins function
as adhesive cues during axonal guidance by facilitating neurite elongation or outgrowth (Kappler et al.,
1997). In addition, cell adhesion proteins fibronectin and laminin interact with lecticans in controlling
axonal growth by repelling the inhibiting effects of CSPGs towards axonal pathfinding (Katoh-Semba et
al., 1995). In rodents and humans, the neural network relies on dendritic development and synaptogenesis
which begins at the mid embryonic stage and continues after birth. The overall function of the brain arises
from the appropriate connections between neuronal populations, and these connections rely on the efficient
axonal guidance to the exact target zones, recognition of receptive target cells and formation of synapses
on the postsynaptic neuron. CSPGs interact with NCAM to facilitate synaptogenesis and synapse
stabilization (Mencio et al., 2021), like BCAN influencing synaptogenesis in the postnatal brain (Shabani
etal., 2021). Another essential process in the developing brain is synaptic pruning, which occurs postnatally
in rodents and humans. It is influenced by NCAN through inhibiting synaptic pruning via control of SEMA
3F signaling (Figure 1.6).

Finally, in the brain, myelination of neurons by oligodendrocytes is pivotal and this process is highly
intense, especially during brain development, and therefore requires high expression of myelin proteins and
lipids. Myelination begins before birth in humans compared to after birth in rodents, and originates in the
caudal brain and progresses towards the forebrain with fibers of cerebral cortex being the last site to be
myelinated (Santos et al., 2020). During myelination, the glia oligodendrocyte precursor cells (OPCs)
rapidly proliferate, mature into oligodendrocytes, align their long and elaborated membrane along neuronal
axons (Keough et al., 2016; Webb, 2017). Brain ECM has been found to both positively and negatively
influence myelination (Williams et al., 2007). For instance, on the bright side, laminins are strongly detected
in the white matter tracts, which surprisingly, are completely lost in fully-myelinated axons (Colognato et
al., 2005). Strikingly, laminin expression reappears in demyelinated fiber tracts (Zhao et al., 2009),
indicating laminin as one of the major ECM molecules necessary for myelination. Besides being essential
for the proliferation, migration, and differentiation of progenitor cells during brain development, CSPGs
also function in neuronal myelination. In the developing brain, VCAN, BCAN and TNR are synthesized
by oligodendrocytes (Harlow and Macklin, 2014) with BCAN observed at membrane extension around

axon fibers (Ogawa et al., 2001). Also, in the context of CNS injury and diseases, new oligodendrocytes
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and astrocytes are recruited at and around the injury site, yet they are less effective in remyelinating
demyelinated axons (Harlow and Macklin, 2014). At the injury site, the inhibitory glial scar, which is made
up of excess expression of CSPGs from astrocytes and oligodendrocytes like BCAN, NCAN, VCAN as
well as PCAN with decreased ACAN (Andrews et al., 2012; Jones et al., 2003; Lemons et al., 2001), is
known to inhibit functions of oligodendrocytes. This suppression has been known to depend on the
interaction between CSPGs and the protein tyrosine phosphatase sigma (PTPo) receptor (Coles et al., 2011,
Harlow and Macklin, 2014), as well as the leukocyte common antigen-related phosphatase (LAR) (Fisher
et al., 2011). The interaction between the said molecules inhibits the outgrowth of oligodendrocytes and
myelination, and this effect is reversed or rescued in experiments using chABC to degrade CSPGs as well
as RNA interference-mediated down regulation of THE protein tyrosine phosphatase sigma (PTPo)
receptor (Harlow and Macklin, 2014; Pendleton et al., 2013a), and in LAR knockout animal models (Fisher
etal., 2011) (Figure 1.6 and Table 1.1).

Table 1.1: Stages cell development

Developmental stage  |[Neuronal function Glial function ECM
Cell birth Neurogenesis Gliogenesis HA, NCAN
Cell migration NCAN, PCAN
Cell differentiation Formation of dendrites and NCAN, PCAN, BCAN
axon
Cell maturation Dendrite and axon growth |Glia processes NCAN,PCAN, Laminin,
Fibronectin
Contact formation Synaptogenesis Myelogenesis BCAN, NCAN, VCAN,
(Myelination), astroglial TNR, Laminin
contacts, e.g. around
vessels and synapses
Cell death Neuronal death andGlia death NCAN, PCAN
synaptic pruning
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Figure 1.6 Brain development in rodent and human

Rodents and humans have similar embryonic and post-natal brain developmental processes. This includes
neurulation, proliferation, migration and neurogenesis representing the embryonic phase of brain
development followed by postnatal processes like myelination and synaptic pruning. However, dendritic
development and synaptogenesis begin before birth in both animals but terminate by P40 in rodents whereas
in humans it continues even into adulthood (Chini and Hanganu-Opatz, 2021).
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1.1.3 Functions of ECM in the adult brain: synaptic transmission and plasticity, learning and
memory, regulation of immune functions

The transition from postnatal to adulthood brain is accompanied by extensive maturation of neuronal
networks (Pujol et al., 2021) through the formation, elimination and reorganization of synapses
(synaptogenesis and synaptic pruning) (Mencio et al., 2021; Pires-Neto et al., 1999), and elimination of
cells (apoptosis) (Chan et al., 2002; Khundrakpam et al., 2016; Orlando et al., 2012). This transition also
significantly influences functional and behavioral properties such as synaptic transmission and plasticity,
and learning and memory. During this period, CSPGs such as NCAN and VCAN are upregulated for the
first couple of weeks after birth in mice but downregulated in adulthood, with ACAN and BCAN increasing
especially during the critical period (Zimmermann and Dours-Zimmermann, 2008). The critical period
coincides with extreme synaptogenesis, and in humans, this period starts from infancy to early childhood
which corresponds to P1-P20 in mice. The plastic nature of this period shapes the cognitive and behavioral
developments serving as a platform for the acquisition of future skills (Cao et al., 2017). The closure of this
period coincides with the maturation of PNNs along with an increase in the number of PV+ interneurons
and less dynamic dendritic spines, which is an important aspect of structural plasticity (Orlando et al.,
2012).

Studies have demonstrated that PNNs are essential for controlling critical period via maturation of PV cells
and this phenomenon is known to depend on OTX2, which once trapped in PNNs enhances PV maturation
and eventually closes the critical period (Bernard and Prochiantz, 2016). The transition from the critical
period to the adult brain involves synaptic refinement through synaptic pruning, that is the elimination of
excess synapses. A typical synapse includes axonal terminal(s) and a dendritic spine(s), and these spines
are extensions from dendritic shafts. Dendritic spines are very dynamic in structure and function during
brain development, but stable synaptic connections in the adult brain are stabilized by PNNs (Hering and
Sheng, 2001). The stabilization of synapses requires appropriate adjustment of spines as well as regular
remodeling, and impairment of these processes results in brain diseases like Alzheimer’s disease (Levy et
al., 2014). Although PNNs regulate spine and synapse stabilization, they also influence synaptic pruning.
The removal of PNN in the hippocampus, for example, impairs synaptic pruning (Orlando et al., 2012), and
this is observed in diseases like autism and schizophrenia (Bitanihirwe and Woo, 2014). Additionally,
neuronal cell death is another process essential for the maturation of adult brain as about half of neurons do
not reach adulthood (Vanderhaeghen and Cheng, 2010; Yuan et al., 2003).
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Under the scope of synaptic transmission, plasticity, learning and memory, recent evidence show these
processes share common structural and physiological features. They involve the long-term potentiation
(LTP) and long-term depression (LTD) of dendritic spines to strengthen or weaken synaptic connections
respectively (Ashby et al., 2021; Bliss and Collingridge, 1993), and they can be induced in rodents and
humans (Cooke and Bliss, 2006). Both LTP and LTD are activity-dependent modulation of synaptic
transmission between the pre and post-synapses (Abraham et al., 2019), and they are characterized by
several factors such as changes in neurotransmitter release probability and alterations in postsynaptic
receptors (Collingridge et al., 2010). In the mammalian brain, three glutamate-gated ion channels localized
at the post-synapse are the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), the
N-methyl-D-aspartate receptor (NMDAR) and kainate receptors (Blanke and VVanDongen, 2009). These
receptors are anchored in the post-synaptic membrane by the scaffold post-synaptic density protein with a
molecular weight of 95 kDa, hence the name PSD-95 (Blanke and VanDongen, 2009; Sheng, 2001).
NMDAR and AMPAR are known to induce the formation, maintenance, and maturation of dendritic spines,
especially of excitatory synapses, and also influence synaptic remodeling via calcium-dependent

modifications of filamentous actin (F-actin) (Malenka and Bear, 2004; Tian et al., 2007).

AMPAR is a tetrameric ion channel formed in the ER with four subunits, namely GIuA1-4, which regulate
the conductance and gating properties of the channel (Greger et al., 2007). Functionally, AMPARs facilitate
the fast excitatory transmission and depolarization of the post-synapse during synaptic transmission (Greger
et al., 2007). Comparatively, NMDARs are also heterotetrameric as AMPARs, but they can bind to
glutamate and glycine/D-serine. NMDAR subunits include one GIuN1, four GIuN2 (GIuN2A, GIuN2B,
GIuN2C, GIuN2D) and two GIuN3 (GIuN3A and GIuN3B) subunit genes (Paoletti et al., 2013a). All
NMDARs are composed of 2 GIuN1 in combination with either GIUN2 and GIuN3 (Traynelis et al., 2010).
Interestingly, NMDARs conduction of cations is voltage-dependent even after binding to glutamate, the
reason being, specific sites on the receptor are usually bound to extracellular magnesium (Mg?*) and zinc
(Zn?) at resting membrane potential, blocking the ion pore (Hatton and Paoletti, 2005; Mayer, 2005)
(Figure 1.7).

However, following the depolarization of post-synapse by AMPAR conductance, Mg?* and Zn?" are
removed and repelled from the pore, therefore, allowing the influx of both Na* and Ca?* ions into dendritic
spines whereas potassium goes the opposite direction (Malenka and Bear, 2004). The sharp rise in

intracellular Ca?* activates Ca?*/Calmodulin-dependent protein kinase (CaMKII), which represents the
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important step in the induction of LTP. Progression of LTP involves stabilization of changes at dendritic
spines as a result of LTP expression, which includes the enlargement of dendritic spines and recruitment of
extra AMPAR. The trafficking of AMPAR at synapses relies on phosphorylation of the GIuR1 subunit
which is catalyzed by activated CaMKII (Malenka and Bear, 2004). This stage of LTP, termed the LTP
maintenance, involves protein synthesis and gene transcription, and eventually the polymerization of F-
actin to stabilize the new spine shape and anchoring of trafficked AMPAR via PSD-95 (Tian et al., 2007).
This is one of the major molecular signatures for memory formation as well as memory consolidation. With
LTD, the gradual and prolonged increase in the intracellular Ca?* via NMDAR induces LTD also known as
the NMDAR-dependent LTD (NMDAR-LTD) (Mango et al., 2019; Neveu and Zucker, 1996). It is essential
for some learning properties, especially with the novelty exploration in hippocampal CA1 of mice (Dong
et al., 2012; Manahan-Vaughan and Braunewell, 1999). Additionally, Ca?*-permeable AMPAR can induce
LTD as observed in some hippocampal CA3 interneurons (Laezza et al., 1999). Generally, LTD occurs
when the slow rise in Ca?* sensed by Calmodulin (CaM) activates protein phosphatase 1 (PP1) which
dephosphorylates GIuR1 of AMPAR and PSD-95 (Collingridge et al., 2010). This results in the lateral
diffusion of AMPAR from the synaptic cleft to the extra-synaptic zone for endocytosis (Figure 1.7).

The removal of CSPGs by chABC and knockout of TNR reduced LTP in CA1 of hippocampal slices
(Saghatelyan et al., 2000; Bukalo et al., 2001; Senkov et al., 2014) whilst the degradation of HA with
hyaluronidase impaired LTP and affected the retention of contextual fear memory in the hippocampus
(Kochlamazashvili et al., 2010a). Furthermore, the removal of PNN with chABC impairs memory
consolidation and reconsolidation whereas upregulation of the PNN component, HAPLNZ1, maintains or
enhances both recent and remote memory stabilization (Shi et al., 2019). An interesting study demonstrated
an improvement in the long-term recognition memory coupled with the altered synaptic transmission in the
perirhinal cortex of HAPLN1 KO mice. From this study, they also show that recognition memory is
dependent on LTD which was enhanced in HAPLN1 KO mice, and similar memory results were produced
using chABC, although, the effect diminished over time due to PNN recovery (Romberg et al., 2013).
Interestingly, deletion of the CSPG lectican, BCAN, in the hippocampus influenced the expression of other
CSPGs, e.g. reduced NCAN expression along with impaired LTP, however, no overall defects in learning
and memory were reported (Ogawa et al., 2001). These data suggest the varying effect of CSPG core

proteins and the GAG chains on synaptic plasticity and learning and memory.
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Figure 1.7 Synaptic changes during LTD and LTP

Molecular organization of synapses during synaptic plasticity, i.e. LTD and LTP. With LTP, activation of
NMDAR results in a rapid influx of Ca?* activating several kinases such as PKA, PKC and CaMKII. These
kinases phosphorylate GIuA1 subunits of AMPAR facilitating lateral diffusion of AMPAR from extra-
synaptic sites to synaptic domains. Contrarily, during LTD Ca?" increase is gradual and this activates
phosphatases that dephosphorylate GIuA1 subunits causing endocytosis of AMPAR at synapses (Vitureira
and Goda, 2013).

In the adult brain, there is increased inflammation and tissue damage which CSPGs are known to be vital
to these processes. Following an injury, activation of astrocytes by factors like interleukin-6 (IL-6) and
transforming growth factor (TGF) released from microglia is the first event to occur (Jang et al., 2020), and
upon arrival to injury sites they secrete more inflammatory cytokines like tumor necrosis factor-a (TNF-o)
and IL1beta (Pekny et al., 2014; Santos-Galindo et al., 2011), and CSPGs around the injury site (Pendleton
et al., 2013a). CSPGs at this region form a barrier termed glia scar, that prevents axonal growth or
regeneration, impairs the repair of demyelinated fibers, and results in the death and dysfunction of
oligodendrocytes (Pendleton et al., 2013a; Silver and Miller, 2004). In multiple sclerosis (MS), for example,
remyelination of injured neurons is impaired due to the suppression of OPCs migration (Keough et al.,

2016) along with reduced maturation (Back et al., 2005). Studies have related OPC’s suppression with the
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myelin-associated inhibitors and ECM (Keough et al., 2016). Removal of CSPGs with chABC or inhibition
of CSPGs synthesis restores myelination, indicating an inhibitory role played by glycan chains as well as
their sulfation (Keough et al., 2016; Zhai et al., 2021). Furthermore, the relationship between neural ECM

and inflammation is extensively studied at the moment.

1.1.4 CSPG biosynthesis and glycosylation

The amount of ECM at any time point during the development of the mammalian brain depends on the
balance between synthesis and degradation. Almost 90% of brain ECM proteins are glycosylated, which is
necessary for their molecular recognition functions in cell adhesion and differentiation (Li and Wang,
2016). The formation of ECM CSPGs follows the sequence of: 1. the initial synthesis of the core proteins
2. translocation to the endoplasmic reticulum (ER) and Golgi apparatus for glycosylation, which includes
GAG initiation, elongation and sulfation, and 3. CSPG secretion. Glycosylation, an enzyme-catalyzed post-
translational modification, involves the covalent attachment of a carbohydrate donor to the functional group
of CSPG core protein to give rise to a glycoconjugate (Dalziel et al., 2014). Here, the enzyme
xylosyltransferase that initiates glycosylation is encoded by the xylosyltransferase 1 & 2 (XYLT1 and 2)
genes. These genes are differentially expressed in tissues with XYLT1 mostly expressed and localized in
the ER of neuronal and glial cells (Luderman et al., 2017). At the ER, XyIT1 transfers the monosaccharide,
xylose, from UDP-xylose to the serine residue of CSPG core protein through the following recognition sites
(G-S-G or G-S-X-G) (Kimata et al., 2007; Luderman et al., 2017; Olson and Esko, 2004). After this step,
the developing CSPG molecule is transferred to the Golgi apparatus for further GAG synthesis (Dalziel et
al., 2014) (Figure 1.8).

At the Golgi apparatus, two galactose (Gal) residues and one glucuronic acid (GIcA) residue are
sequentially added to the CSPG core protein and xylose-complex to give rise to the tetrasaccharide linkage
region, GIcA-B-1,3--Gal-B-1,3--Gal-p-1,4--Xyl-B-O-Ser, also called the GAG-protein linkage region (Li
and Wang, 2016; Mikami and Kitagawa, 2013a; Noti and Seeberger, 2005). These reactions are catalyzed
by their appropriate glycosyltransferases including XyIT1, GalT-1(p1,4-galactosyltransferase 1), GalT-
2(B1,3-galactosyltransferase 2, and dGICAT-1 (B1,3-glucuronyltransferase 1)(Bai et al., 2001, 1999;
Kitagawa et al., 1998; Wei et al., 1999). Then, the GAG-protein linkage region is further modified through
sulfation of the Gal residues together with the phosphorylation of the xylose (Olson and Esko, 2013, 2004),

after which the GAG chains are synthesized.
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Figure 1.8 Biosynthesis and function of chondroitin sulfate

CSPGs synthesis follows a sequence of four events including the core protein synthesis, GAG initiation in
the ER, and then the GAG elongation and sulfation, which take place in the Golgi apparatus and, finally,
secretion. Once secreted, CSPGs can either diffuse or be membrane-bound.
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Figure 1.9 Glycosylation and sulfation of CSPGs

The CSPG-GAGs are catalyzed by the chondroitin polymerase complex that includes Chsy-1, Chsy-3 and
Chpf-2. This complex can only synthesize the GAGs once the linkage region is formed, which depends on
the initial association of xylose to the core protein. The GAGs of CSPGs are modified via sulfation of the
4™ and 6" carbon of disaccharide units catalyzed by the C4ST and C6ST enzymes respectively.

Surprisingly, recent findings suggest that the said modification of the GAG-protein linkage region,
especially the phosphorylation of xylose, regulates the synthesis and turnover of CSPGs and HSPGs (Wen
et al., 2014). One study demonstrated that overexpressing the Golgi secretory kinase, FAM20B, which
phosphorylates xylose, increased the expression of CSPGs and HSPGs but this effect was lost when
FAM20B was downregulated (Koike et al., 2009). A truncated GAG-protein linkage region that could not
initiate as well as elongate GAG chains was also observed in FAMB20 knockout cells (Wen et al., 2014).
This, therefore, indicates that the phosphorylation of xylose is essential for the maturation of the linkage
region, which eventually, makes it a good acceptor and stimulator of the initiation stage of GAG chain
synthesis (Koike et al., 2014; Mikami and Kitagawa, 2013a; Wen et al., 2014). Although, GAG biosynthesis
depends on the formation and modification of the GAG-protein linkage region which serves as the primer
for either CSPGs or HSPGs synthesis, however, this process also relies on the exact type of the initial sugar
residue covalently added to this region (Wei et al., 1999). For CSPGs, the addition of the amino sugar unit,
N-Acetyl-D-galactosamine (GalNAcP1-4), to the linkage region (Gotoh et al., 2002; Li and Wang, 2016)
by the GalNAc transferase family (GalNACcT) also known as the chondroitin GalNAc transferase (ChGn)
(Uyama et al., 2003), initiates GAG synthesis. The ChGn-1(GalNAcT-I) and the ChGn-2 (GalNacT-II)
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make up the GalNAc transferase family and both catalyze the initiation of CSPG GAG chains, and recent
studies show that they can also regulate chain length and number (Uyama et al., 2003) (Figure 1.9).

After GAG chain initiation, the assembly of the GAG-protein linkage region and GalNAcp1-4 is elongated
through the sequential and alternate addition of the uronic acid, D-Glucuronic acid (GlcAB1-3) and
GalNAcB1-4 units to form the repeating disaccharide units. This reaction is catalyzed by the GalNAc
transferase family together with the chondroitin synthase family also known as the chondroitin polymerase
complex (Olson & Esko, 2004), and all these enzymes are localized in the Golgi apparatus. The chondroitin
polymerase complex comprises the chondroitin polymerizing factor 2 (ChPf2), chondroitin sulfate
synthases 1 (ChSy 1) and chondroitin sulfate synthase 3 (ChSy3), as all possess dual glycosyltransferase
activities, and that is both GaINACT-II and GICAT-II activities (Izumikawa et al., 2008; Sato et al., 2003).
However, the individual components of the chondroitin polymerase complex cannot polymerize GAG
chains on their own except in combinations, and this eventually contributes to the variable chain length
observed in the various CSPGs (Izumikawa et al., 2008; Kitagawa et al., 2003). Together, they elongate
GAG chains that are subsequently modified through sulfation to give rise to a matured CSPG (Mikami and
Kitagawa, 2013a). In the end, matured CSPGs are either secreted into the extracellular space or membrane-
bound (Figure 1.8 and 1.9).

1.1.5 Sulfation of chondroitin sulfates in developing and adult brain

The sulfation of CSPG GAGs is necessary for their maturation and function. This is tightly controlled by
various carbohydrate sulfotransferases such as the carbohydrate sulfotransferase 3 (Chst3), carbohydrate
sulfotransferase 7 (Chst7), carbohydrate sulfotransferase 11 (Chst11), and carbohydrate sulfotransferase 13
(Chst13). These sulfotransferases are also known as chondroitin 6-O-sulfotransferase 1 (C6ST1),
chondroitin 6-O-sulfotransferase 2 (C6ST2), chondroitin 4-O-sulfotransferase 1 (C4ST1) and chondroitin
4-O-sulfotransferase 3 (C4ST3), respectively. The sulfation reaction involves the addition of a sulfate group
from the universal sulfate donor, 3’-phosphoadenosine 5’-phosphosulfate (PAPS), to various positions on
the universal disaccharide acceptor, the O unit (GlcAB1-3 and GalNAcp1-4) (Mikami and Kitagawa,
2013a). Additionally, the reaction varies in several pathways including the 2-O-sulfation, 4-O-sulfation and
the 6-O-Sulfation pathways. With the 6-O-sulfation pathway, both Chst3 (C6ST1) and Chst7 (C6ST2)
catalyze the addition of a sulfate group at the C-6 position (C6S) of GalNAc residues. On the other hand,
the addition of the sulfate group at the C-4 position (C4S) of GalNAc, catalyzed by Chstl1 (C4ST1) and
Chst13 (C4ST3), comprises the 4-O-sulfation pathway. The enzyme uranyl 2-O-sulfotransferase (UST)
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catalyzes the 2-O-sulfation of the GIUA residues (Mikami and Kitagawa, 2013a; Miyata and Kitagawa,
2017). Overall, diverse disaccharide units of CSPGs namely; O, A, C, D and E are formed due to variation
in sulfation patterns. The O unit (GIcA and GalNAc) is the non-sulfated disaccharide whereas the
monosulfated are A (GIcA and GalNAc [C4S]) and C units (GIcA and GalNAc [C6S]), and the disulfated
are D (GIcA [C2S] and GalNAc [C6S]) and E units (GIcA and GalNAc [C4S & C6S])(Mikami and
Kitagawa, 2013a) (Figure 1.10).

Different sulfation patterns influence brain development and have distinct functions. For instance, in the
developing brain, most CSPGs are 6-O-sulfated and they enhance migration, differentiation and
myelination of neurons. CSPGs quantification studies over the years have observed upregulation of the 6-
sulfating catalases compared to 4-O-sulfation (Mikami and Kitagawa, 2013a; Sugahara et al., 2003) during
early brain development. On the flip side, in the adult brain the ratio of 6 to 4-O-sulfated CSPGs shift to 4-
O-sulfation, which influences the length of GAG chains, as shown in a loss of function study that C4ST1
(Chst11) elongates GAG chains (Uyama et al., 2006). Furthermore, sulfated CSPGs have been associated
with the inhibition or enhancement of neural regeneration after injury, suggesting a potential role for
CSPGs-GAGs in proliferation, migration and differentiation (Lin et al., 2011; H. Wang et al., 2008).
Additionally, overexpressing C6ST-1 delays the termination of the critical period possible due to reduced
ACAN expression which is a major component for PNN formation (Shinji Miyata and Kitagawa, 2016).
Although CSPGs are inhibitory to axonal regeneration during injury, upregulation of 6-O-sulfation
positively influences axonal regeneration, as glia scar predominantly 4-O-sulfated (Miyata and Kitagawa,
2017). This means 4-O-sulfation inhibits whereas 6-O-sulfation enhances axonal growth (Lin et al., 2011;
H. Wang et al., 2008). This explains why 6-sulfated, and both 6- and 4- sulfated CSPGs GAGs are
predominant in the embryonic brain (Carulli et al., 2010; Lin et al., 2011). Furthermore, sulfation patterns
of CSPGs are pivotal for synaptic plasticity and memory retention (Yang et al., 2021). In this study, the
authors showed that lack of chondroitin 6-sulfotransferase (Chst3) resulted in a loss of memory in 11-18
month-old mice. They also showed that overexpressing Chst3 rescued the cognitive and LTP impairments
observed in aged mice (Yang et al., 2021).

In humans, mutations as well as post-transcritptional regulation of the Chst3 gene have been implicated in
defects like the spondyloepiphyseal dysplasia (Srivastava et al., 2017) and the lumbar disc degeneration
(LDD) (Song et al., 2013), respectively. Interestingly, mutation of arginine to glutamine (R304Q) at the

PAPs binding site of a recombinant CHST3 completely impairs sulfation activity, which correlates with
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reduced sulfated CSPG in urine of patients with spondyloepiphyseal dysplasia (Thiele et al., 2004). This

indicates that 6-O-sulfation is also essential for CNS development in humans.

r Ounitt GlcA-GalNAC Chondroitin sulfate (CS)

Aunit:  GlcA-GalNAc(4S) cHz0@)
C unit: GlcA-GalNAcC(BS)
D unit:  GicA(25)-GalNAc(6S) ek 0

o®

kE unit: GleA-GalNAC(45,65) HNAC

GicA GalNAc
Figure 1.10 Disaccharide units found in Chondroitin sulfates proteoglycans (CSPGs)
CSPGs consist of GIcA and GalNAc residues that are sulfated at the 4™ or 6™ carbon on GalNAc residues
to give rise to the A and C units respectively. In addition, sulfation of the 2" carbon of GIcA and 6" carbon

of GalNAc residues give rise to the D-unit and the E-unit when both the 4" and 6" carbon of GalNAc
residues are sulfated (modified from (Mikami and Kitagawa, 2013a)).

1.2 Proteolytic remodeling of ECM in the brain

Within the microenvironment of cells during development, the synthesis, modification, secretion and
degradation or remodeling of ECM requires an intricate balance between ECM production and remodeling,
which is termed as ECM homeostasis (turnover) (Cox and Erler, 2011). Dysregulation of this balance at
any point in time can result in structural (developmental) or physiological abnormalities that constitute
pathological conditions. For instance, the physiological cleavage of ECM facilitates cell migration that is
prevented under insufficient degradation conditions whereas uncontrolled cleavage inhibits cell-matrix
interactions, and this is a major cause of some connective tissue pathologies (Chakraborti et al., 2003). In
addition, accumulation of ECM due to impaired remodeling or degradation can result in fibrotic tissues or
organs like seen in lungs during multiple sclerosis (Gagliano, 2019). Other conditions like cancer and
cardiovascular disorders have been associated with altered ECM remodeling (Brinckerhoff and Matrisian,
2002). Studies show that remodeling enzymes are expressed throughout development and maturation of
tissues and organs at varying degrees, to regulate CSPGs turnover at any level of organization. As during

tissue and organ formation in vertebrates it is imperative to have a well-controlled dynamism of CSPGs,
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this is, therefore, orchestrated by matrix-degrading enzymes such as the matrix metalloproteinase (MMPs),
cathepsins and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS).

1.2.1 Matrix metalloproteinase (MMPs)

Matrix metalloproteinases (MMPs), also known as matrixins are calcium-dependent, zinc-containing
endopeptidases that belong to the metzincin superfamily. MMPs are one class of the major matrix-
degrading enzymes expressed in several organs and tissues in vertebrates and thus essential for ECM
remodeling during development. MMPs cleave various ECM such as collagens, elastin, gelatins,
glycoprotein and proteoglycans (Verma and Hansch, 2007). The physiological expression of MMPs has
been associated with several processes like angiogenesis, inflammation, neurogenesis and wound healing
(Verma and Hansch, 2007), as its expression is regulated by the endogenous inhibitors, the tissue inhibitors
of metalloproteinases (TIMPs) and a2-macroglobulins (Aranapakam et al., 2003). Therefore, activation of
MMP proenzymes (zymogens) by other MMPs or enzymes (Nagase et al., 2006), along with
posttranslational modifications (Chakraborti et al., 2003) also regulates their activities. The regulation of
MMPs is critical to maintaining a balance in ECM turnover throughout the life of an organism as altered
expression of MMPs and TIMPs have been associated with several development aberrations as well as
pathological processes (Chakraborti et al., 2003; Verslegers et al., 2013). For example, the overexpression
of MMPs coupled to downregulation of TIMPs is implicated in pathologies such as arthritis, multiple
sclerosis as well as tumor formation and progression (Groblewska et al., 2012; Herszényi et al., 2012). On
the other hand, reduced MMP expression results in excess accumulation of ECM as seen in the formation
of cleft palate in organisms lacking specific collagen cleaving MMPs resulting in limited collagenolytic
activity (Shi et al., 2008). In addition, MMP inhibition or loss of function studies show that impaired
embryogenesis is a result of disrupted cell proliferation and migration due to reduced ECM remodeling
(Brauer, 2006; Ries et al., 2007; Vu & Werb, 2000).

In vertebrates, various MMPs of varying substrates preference and composition are produced by several
structural cell types including endothelial and epithelial cells, and by inflammatory cells like macrophages
and neutrophils (Shin et al., 2007). Once formed and secreted, MMPs attach to cell membranes and this
enhances their interaction to respective substrates (Chakraborti et al., 2003). The general composition of
MMPs consists of 4 domains namely the N-terminal pro-domain which includes the signal and pro-peptides,
followed by the catalytic (CAT) region, the hinge region (linker 1) and four hemopexin-like (HPX) domains

(carboxylic-terminal domain) (Brauer et al., 2011), whereas membrane-bound MMPs (MT-MMPs) have
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an additional transmembrane and cytoplasmic domains after another linker region (linker 2)(Cerofolini et
al., 2016). Some domains offer unique functions like observed in the hemopexin-like domain of MMP-2
where it facilitates cell surface activation of pro-MMP-2 by the MT1-MMP (Strongin et al., 1995). About
13 MMPs upon secretion are processed with the help of the signal peptide serving as bait due to its
susceptibility to proteolysis releasing the pro-MMPs for further processing (Nagase et al., 2006). The pro-
MMPs are subsequently cleaved by other active MMPs. Interestingly, about 10 MMPs have a furin-like
pro-peptide region that is cleaved intracellularly before being secreted as inactive pro-MMPs (Nagase et
al., 2006). Overall, thus far, in vertebrates more than 25 MMPs with different substrate specificities have
been described (Lo6ffek et al., 2011) including 24 found in humans. MMPs are further categorized into 6
classes based on composition and function (as well as substrate specificities), and these classes are 4
collagenases, 2 gelatinases, 4 stromelysins, 2 matrilysins, 6 MT-MMPs and 8 other enzymes (Sternlicht
and Werb, 2001) (Figure 1.11 and Table 1.2).

S Linker 1
Signal . . ) H in-lik
peptide Pro-peptide Catalytic domain emopexin-like
MMP
- Li Linker 2
Signal | . I | _ | Transmembrane
- Pro-peptide Catalytic domain I Hemopexin-like

peptide domain

MT-MMP
Figure 1.11 Domain organization of secreted and membrane-bound MMPs

MMPs have domain organization similar to ADAMTS which includes signal peptide, pro-peptide, a
catalytic domain and the hemopexin-like domain. However, the membrane-bound MMPs have an
additional transmembrane domain.
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1.2.2 Matrix metalloproteinase-9 (MMP-9)

MMP-9 belongs to the gelatinase family of MMPs and it is also known as the gelatinase B that cleaves
gelatin, collagens and elastin (Sindhu et al., 2016). Uniquely, MMP-9 contains 3 fibronectins type Il repeats
at the catalytic domain which defines its specificity to the said substrates (Steffensen et al., 1995; Verslegers
et al., 2013), especially for gelatin/collagen. MMP-9 is initially synthesized as a pre-proenzyme of 707
amino acid sequence which is then processed and secreted as a stable 92kDa inactive pro-MMP-9. The
secreted inactive pro-MMP-9 attaches to the cell surface by binding to CD44 (Yu and Stamenkovic, 2000),
and it is then activated by a protease cascade that includes plasmin and inactive MMP-3 (Stromelysin-1).
Activation of MMP-9 involves the initial activation of pro-MMP-3 by plasmin, making active MMP-3 a
potent activator of MMP-9. The activated MMP-3 then functions by removing the pro-peptide off pro-
MMP-9 to produce 82-kDa active MMP-9 that contains two Zn?* and three Ca?" at the catalytic domain
(Ramos-DeSimone et al., 1999). The presence of these ions at the catalytic domain confers stability and is
necessary for MMP-9 activity (Nagase and Woessner, 1999). Studies indicate that the expression of MMP-
9 and other MMPs are inducible and are produced from several cell types or tissues in both developmental
or adult stages. MMP-9 expression is induced by certain growth factors, like epidermal growth factor as
seen in human breast cancer cells (Kondapaka et al., 1997) facilitating tumor progression (invasion and
metastasis) (Himelstein et al., 1994; Itoh et al., 1999). Additionally, cytokines such as TNF-o and IL1beta
from cancer cells (Unemori et al., 1991), and from cultured rat astrocytes (Gottschall and Yu, 1995; Spiegel
et al., 1996), together with hormones and cell-matrix interactions induce MMP-9 expression. Also, other
chemical agents such as lipopolysaccharides (LPS) or tumor progressing agents like phorbol esters
influence MMP-9 expression (Lee et al., 2003).

In the developing brain of mice, several MMPs are expressed such as MMP-2 but MMP-9 is highly
upregulated at early postnatal stages which later decreases (Verslegers et al., 2013). In the CNS, astrocytes
synthesize MMP-2 whereas MMP-9 is expressed in neuronal dendrites (Tian et al., 2007). Interestingly,
MMP-9 expression is highly increased parallel to cellular proliferation (neurogenesis) and migration during
brain development. This is observed in rat cortical neural stem cells (NSCs) (Beurden and Hoff, 2018;
Ingraham et al., 2011), and in neuronal differentiation (Higgins et al., 2009). Furthermore, a study by
Vaillant and colleagues, demonstrated by in vitro experiments that MMP-9 is critical for postnatal brain
development specifically with migration and axonal outgrowth of cerebellar granule explant cells. From
their study, MMP-9 deficiency in mice delayed migration of granular precursors cells and apoptosis

(Vaillant et al., 2003), which indicates that MMP-9 plays a role in cerebellar morphogenesis (Ayoub et al.,
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2005). The interactions between CAMs and ECM molecules are involved in forming and modifying
synapses like observed for NCAMs (Dityatev et al., 2004) during early synaptogenesis, as well as for reelin
and laminins (Tian et al., 2007). Another CAM, the intercellular adhesion molecule-5 (ICAM-5), which is
expressed in dendritic spines of excitatory neurons during postnatal development (Mitsui et al., 2005;
Yoshihara et al., 1994), has been found to function in the formation and stabilization of dendrites, however,
this is dependent on MMP-9 activity (Tian et al., 2007). Here, the association of intercellular adhesion
molecule-5 with actin filaments favors dendrite formation and synaptogenesis by inhibiting its cleavage by
MMP-9. Neuronal apoptosis is also known to be one of the essential processes for brain development as
well as maturation. Hence, a study by Murase and Mckay in 2012 advocated the involvement of MMP-9 in
neuronal death. They show that deficiency or inhibition of MMP-9 enhances neuronal survival via laminin-

integrin interaction (Murase and McKay, 2012), conferring neuroprotection (Figure 12).

Regarding the effect of MMP-9 on synaptic plasticity, several studies highlight the contribution of MMP-
9 to synaptic ECM proteolysis along with trafficking and activation of glutamate receptors during synaptic
transmission (Bozdagi et al., 2007; Verslegers et al., 2013). One study shows that the increase in MMP-9
proteolytic activity depends on the activation of NMDAR, and this is a physiological regulatory role of
MMP-9 (Bozdagi et al., 2007). Another study shows that the late-phase of LTP (L-LTP) in CAl along with
memory retention depends on MMP-9 expression and activity (Nagy et al., 2006), indicating a function of
MMP-9 on LTP maintenance. Other experiments have been carried out on the dentate gyrus and mossy
fibers to CA3 projections, and all conclude that MMP-9 regulates LTP (Gawlak et al., 2009; Wang et al.,
2008). However, no effect of MMP-9 on the LTP induction as well as LTD has been observed. In MMP-9
deficient mice, Nagy and colleagues demonstrate that MMP-9 function on synaptic physiology is via
integrin receptors, and it also offers structural modification of synapses. Additionally, MMP-9 enhances
synaptic plasticity through NMDARs surface diffusion which depends on integrin 1 signaling but not on

ECM cleavage or AMPAR trafficking (Michaluk et al., 2009).
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Figure 1.12 Effect of MMP-2 and-9 in developing brain

In the developing brain, both MMP-2 and -9 degradation of ECM influence processes such as
vascularization, neurogenesis, neuron and astrocyte migration, axonal growth and guidance as well as
myelination (Verslegers et al., 2013).
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Table 1.2. Classification of matrix metalloproteinase enzymes (adopted from (Beurden and Hoff,

2018)).
No. | MMP No. Class Enzyme
1 MMP-1 Collagenases Collagenase-1
2 MMP-8 Neutrophil collagenase
3 MMP-13 Collagenase-3
4 MMP-18 Collagenase-4
5 MMP-2 Gelatinases Gelatinase-A
6 MMP-9 Gelatinases-B
7 MMP-3 Stromelysins Stromelysin-1
8 MMP-10 Stromelysin-2
9 MMP-11 Stromelysin-3
10 MMP-27 Homology to stromelysin-2 (51.6%)
11 MMP-7 Matrilysins Matrilysin
12 MMP-26 Matrilysin-2
13 MMP-14 MT-MMP (membrane type) MT1-MMP
14 MMP-15 MT2-MMP
15 MMP-16 MT3-MMP
16 MMP-17 MT4-MMP
17 MMP-24 MT5-MMP
18 MMP-25 MT6-MMP
19 MMP-12 Other enzymes Macrophage metalloelastase
20 MMP-19 RASI 1
21 MMP-20 Enamelysin
22 MMP-21 MMP identified on chromosome 1
23 MMP-22 MMP identified on chromosome 1
24 MMP-23 From human ovary cDNA
25 | MMP-28 Epilysin
26 MMP-29 Unnamed
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1.2.3 Cathepsins

2

Lysosomes sometimes referred to as “lord of destruction” are membrane-bound acidic degrading
organelles that recycle proteins or macromolecules by resident hydrolytic enzymes, also known as
lysosomal peptidases (Somiya, 2020). About 50 lysosomal peptidases are known thus far, and these
peptidases require an acidic environment, usually around a pH of 5, for efficient protein degradation (Jako$
etal., 2019). Cathepsins are the main group of lysosomal peptidases, and they are a large family of enzymes
that are ubiquitously expressed in humans and rodents (Wartmann et al., 2010). This includes 3 major
classes of peptidases namely the aspartic, serine and cysteine peptidases. The aspartic peptidases are
cathepsins D and E, whereas cathepsins A and G are serine peptidases and the papain-like thiol proteases
form the cysteine peptidases group. Eleven (11) members of the cysteine peptidases are observed in
humans, namely; cathepsins B, C, F, H, K, L, O, S, V, W and X (Turk et al., 2012), meanwhile, mice lack
the cathepsins V and have 8 additional cathepsins (Mason, 2008). Interestingly, cysteine cathepsins are
highly expressed in endosomes and lysosomes as they have some extra-lysosomal function including
cytosol, cell membrane and extracellular space proteolytic activity (Rossi et al., 2004; Turk et al., 2012;
Vermaet al., 2016). Such proteolytic functions are essential for lysosomal-dependent processes like antigen
presentation, cell death and metabolism, and maintaining steady protein turnover (Turk et al., 2012) (Figure
1.13).

To prevent unnecessary activity-dependent degradation of proteins as well as developmental aberrations,
cathepsins are usually produced in an inactive form, which includes the signal peptide followed by the pro-
domain and the heavy and light chain domains (Cheng et al., 2012). Interestingly, differences in the length
and sequence composition of the pro-domain constitute the various groups of cysteine peptidases (Bromme
and Wilson, 2011), namely the endopeptidases, exopeptidases and the unknown groups as shown in the
figure below. Proenzyme cathepsins once synthesized are initially localized to the ER with the help of the
signal peptide. In the ER, the signal peptide is removed, and the remaining cathepsin residue is glycosylated,
followed by phosphorylation in the Golgi apparatus. From the Golgi apparatus, the inactive cathepsins are
translocated to early endosomes in an acidic environment where the pro-domain are removed resulting in
the active cathepsin (Cheng et al., 2012). Pro-cathepsin activation can be done by other proteases as well
as other cathepsins as observed with cathepsin D and papain-like cysteine proteases activating cathepsins-
B, Sand K (Bromme et al., 2004; Turk et al., 2000). Although, activation of cathepsins through the removal
of pro-domain can be done by other cathepsins (Olson & Joyce, 2015), however, this can also occur through

auto-activation. For example, auto-activation of the pro-cathepsin-B is seen to be accelerated by ECM,
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especially the CSPG GAGs (Cagli¢ et al., 2007). Once activated, cathepsins are either localized in
endosomes or lysosomes as well as secreted into the extracellular space.

1.2.4 Cathepsins and CNS

In the CNS, cysteine cathepsins are secreted by microglia (Lively and Schlichter, 2013), astrocyte and
neurons, and are known to function in normal and diseased brain. For instance, neurological hallmarks like
gliosis (reactive change in glial cells) along with reduced motor functions are observed in cathepsin-F
deficient aged mice (Tang et al.,, 2006). As cysteine cathepsins function both intracellularly and
extracellularly, they are, therefore, essential for ECM degradation, which is one of the major relationships
between cathepsin activity and cancer invasion (Sevenich and Joyce, 2014). Regarding ECM degradation,
cysteine cathepsins are secreted to degrade ECM in the extracellular space whilst endocytosed-ECM are
degraded by endosome or lysosome localized-cathepsins (Brémme and Wilson, 2011). Within the
extracellular space, the degradation of ECM by secreted cysteine cathepsins is prevented at neutral or higher
pH due to their stability once bound to CSPG GAGs (Song et al., 2000). Cathepsin-B and other cysteine
cathepsins like cathepsin-L cleave ECM proteins like fibronectin (Buck et al., 1992; Taleb et al., 2006), in
addition, cathepsin-S cleaves laminin (Buck et al., 1992; Ishidoh and Kominami, 1995; Lah et al., 1989)
and nidogen-1, a component of the basement membrane of tissues in CNS (Sage et al., 2012). Moreover,
lecticans like ACAN and human link proteins are cleaved by cathepsins-K, L, S and B (Hou et al., 2003;
Nguyen et al., 1990).

Cathepsins' activities towards ECM are mostly during pathological conditions relative to MMPs that
function during development. For instance, in vivo studies show that cathepsin-B and Tenascin-C are
upregulated in gliomas, specifically in astrocytoma and glioblastomas, whereas in vitro experiments show
that Tenascin-C is cleaved by cathepsin-B (Lu et al., 2011). However, other studies have implicated cysteine
cathepsins in brain development and maturation. For instance, the expression and activity of cathepsins,
especially cathepsin-B, promotes axonal outgrowth by removing the inhibitory effect of CSPGs (Tran et
al., 2018; Tran & Silver, 2021), such as ACAN (Rodriguez-Manzaneque et al., 2015) as well as axonal
regeneration (Tran et al., 2018b). Cathepsin expression and activity are strictly regulated, otherwise, may
result in CNS pathologies like neuroinflammation and Alzheimer’s disease (Butler et al., 2011). In rats, 7
days after spinal cord injury, excessive cathepsin-D and B are secreted by microglia and invading
macrophages to the injury site (Moon et al., 2008; Tran and Silver, 2021) which degrades ECM. Cathepsin-

S, known to cleave ECM, is also upregulated in activated microglia at injury sites (Tran and Silver, 2021).
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Amyloid precursor protein (APP) as well as amyloid-p peptides (AB) are cleaved by cathepsins (Cermak et
al., 2016), and studies by Embury and Fabrizatto show that cathepsin-B activity enhances learning and
memory in demented mice (Embury et al., 2017; Farizatto et al., 2017), whereas lack of cathepsin-B
increases amyloid-f load (Cermak et al., 2016). Surprisingly, inhibition of cathepsin-B and L decreases the
formation and accumulation of Amyloid-f oligomers (Butler et al., 2011; Zheng et al., 2012). Cathepsins
also play role in synaptic plasticity, for example, cathepsin-B is secreted from lysosomes after calcium
influx during neuronal transmission, and activates MMP-9 which subsequently digests (remodels) CSPGs
(Ibata et al., 2019; Padamsey et al., 2017). Findings from Padamsey and colleagues suggest that inhibition
of cathepsin-B secretion modifies structural and functional properties of dendritic spines. Additionally,
cathepsin-S and L influence neuronal plasticity by eliminating spine and synapse densities through actin
remodeling (Graber et al., 2004; Hayashi et al., 2013).
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Figure 1.13 Domain organization of cysteine cathepsins in humans

unknown

The cysteine cathepsins have a similar domain organization as MMPs, which includes the signal peptide,
the pro-domain and the mature domain. In humans, the cysteine cathepsins are divided into 3 subclasses
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that are the endopeptidases (cathepsins L, V, S, K and F), exopeptidases (cathepsins X, B, C, and H) and
unknown class including Cathepsins O and W (Brémme and Wilson, 2011).

1.2.5 ADAMTS family

Although ECM is regulated by proteases like MMPs and cathepsins, however, ADAMTS also have a major
proteolytic effect on CSPGs, especially during tissue and organ formation. MMPs and ADAMTS belong
to the metzincin protease family that has Zn?* at their active sites (Gomis-Riith, 2009). Unlike lysosomal
cathepsins and MMPs, ADAMTS with their multiple thrombospondin 1-like repeats (TSR) (Nagase and
Fushimi, 2008), lack a transmembrane domain (Porter et al., 2005), and therefore, they are generally
secreted once synthesized and modified (Kelwick et al., 2015). In humans, about 19 ADAMTS have been
studied and these are further classified into subclasses based on their substrate specificities. Seven are
aggrecanases including the ADAMTS-1, 4, 5, 8, 9, 15 and 20, with ADAMTS-2, -3 and -14 belonging to
the procollagen class, the cartilage degrading ADAMTS are ADAMTS-7 and-12, one von-Willebrand
Factor proteinase ADAMTS-13, and, finally, the orphan enzymes which includes ADAMTS-6, 10, 16, 17,
18 and 19 (Kelwick et al., 2015) (Figure 1.14).

All ADAMTS have a similar structure which comes in two major domains, the peptidase and the ancillary
domains (Lemarchant et al., 2013). The peptidase domain includes the signal peptide followed by the pro-
domain, a metalloproteinase and finally the disintegrin-like domain. On the other hand, the ancillary domain
that gives variability to ADAMTS includes one or more TSR motifs, a cysteine-rich domain and a spacer
region (Kelwick et al., 2015; Nagase and Fushimi, 2008). ADAMTS, like in MMPs, are synthesized in a
pre-pro-ADAMTS form and then secreted in a pro-ADAMTS format and then activated by MMPs and
cathepsins in the extracellular space (Kelwick et al., 2015). Although the pro-domains of MMPs, cathepsins
and ADAMTS function to regulate the folding and latency of these enzymes, however, with ADAMTS,
they also have additional functions. The pro-domains of ADAMTS have conserved unique recognition sites
localized between the pro-protein and metalloproteinase domains (Hatsuzawa et al., 1992; Molloy et al.,
1992), and these sites are cleaved by furin or furin-like protein convertase (PPC) resulting in an intracellular
activation of ADAMTS. For example, the activation of ADAMTS-1 by furin and MMPs yield two active
forms; namely p87 and p65 (Rodriguez-Manzaneque et al., 2000), with the former occurring inside the cell.
In addition, pro-ADAMTS-4 with its 3 multiple furin-susceptible sites in its pro-domain is activated at the
trans-Golgi (Wang et al., 2004), contrary to the extracellular activation of pro-ADAMTS-5 and the cell
surface activation of pro-ADAMTS-9 (Koo et al., 2007, Longpré et al., 2009). The disintegrin-like domain

42



INTRODUCTION

which is part of the metalloproteinase domain has been shown to function in determining the cleavage
specificity of ADAMTS, as shown for ADAMTS-13 (de Groot et al., 2009)(Figure 1.14).

The ancillary domain, on the other hand, determines the association with, and specificities of ECM
substrates. This is because all ADAMTS have at least one TSR with ADAMTS-9 and -20 having the largest
number of TSRs (Kelwick et al., 2015). The TSR domain, especially in the vascular system, has been shown
to have an anti-angiogenic function in ADAMTS-1 and -8, as well as non-enzymatic effects in other
ADAMTS (Rodriguez-Manzaneque et al., 2015). Proteolytic modification of ancillary domains together
with overall glycosylation of ADAMTS regulates the spatial and functional properties of ADAMTS. Like
MMPs and cathepsins, ADAMTS expression and activities are regulated or inhibited by four TIMPs,
namely TIMP-1, -2, -3 and -4 (Murphy, 2011), with TIMP-3 proving to be the most effective inhibitor of
ADAMTS (Rodriguez-Manzaneque et al., 2002). TIMPS-1, -2 and -3 are secreted in their active forms
whereas TIMP-3 is also active intracellularly with TIMP-4 less or not expressed in some tissues, especially
in fibroblasts (Takizawa et al., 2000). Studies show that ADAMTS regulation relies on the interaction
between the ancillary domain and the N-terminal domain of TIMPs as seen in ADAMTS-4 and -5 with
TIMP-3 (Kashiwagi et al., 2001; Troeberg et al., 2009). Generally, ADAMTS are known to function in
diverse developmental and physiological processes via their proteolytic activity. ADAMTS activity has
been found, through analysis of human pathologies and knockout rodent models, to be critical for the
development and maintenance of tissues and organs. For instance, the cleavage of essential embryonic
CSPGs by aggrecanases (ADAMTS-1, -4, -5, -8, -9, -15 and -20), is critical for development of heart tissues
(Sandy et al., 2001), and ovulation (Russell et al., 2003).

In the CNS, several ADAMTS such as ADAMTS-1, -4, -5, -8, and -9, are expressed in several brain regions
like DG, cortex and striatum (Lemarchant et al., 2013; Yuan et al., 2002), as well as in developing mice
embryo (Jungers et al., 2005). ADAMTS proteolytic properties are essential for both developmental and
physiological processes in CNS. For instance, the lack of ADAMTS-1 reduces the expression of some
synaptic proteins such as the synaptosomal nerve-associated protein 25 (SNAP-25) and PSD-95, indicating
how essential ADAMTS are for synaptic activity (Lemarchant et al., 2013). Furthermore, from in vitro
experiments, ADAMTS can induce neurite elongation which is a central piece in CNS development
(Gottschall and Howell, 2015). ADAMTS family members have also been implicated in several of CNS-
related developmental and physiological conditions like ADAMTS-1 associated with Downs syndrome and

with demented conditions such as Alzheimer’s and Pick’s disease (Miguel et al., 2005).
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In the next two sections, we will discuss current findings regarding the expression and function of the two

major aggrecanases, which are ADAMTS-4 and -5.
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Figure 1.14 Members of the ADAMTS family and their domain organization

In the ADAMTS family, about 20 ADAMTS of which 7 members constitute the aggrecanases such as
ADAMTS-4 and-5. All ADAMTS are divided into two major domains which are the proteinase domain
that comprises the signal peptide, the pro-domain metalloproteinase and the disintegrin-like regions, and
the ancillary domain. The ancillary domain includes the thrombospondin typel motif (TSR), the cysteine-
rich and the spacer domains (Kelwick et al., 2015).
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1.2.6 ADAMTS-4

ADAMTS-4 also known as aggrecanase-1 belongs to the adamlysin family of zinc-binding metalloprotease
and is one of the major ECM proteases that cleave CSPGs around tissues and organs (M. D. Tortorella et
al., 2000). ADAMTS-4’s overall structure consists of 837 amino acid residue protein with a 1-207
prodomain residue, 208-212 furin-sensitive site, a catalytic domain of 213-440 residue, residues from 441
to 547 for a disintegrin-like and TSR, along with residues from 548-694 and 695-837 constituting the
cysteine-rich and c-terminal spacer domains respectively (Gao et al., 2002; Mosyak et al., 2008).
Comparatively, ADAMTS-4 has a similar zinc-binding motif to MMPs, and has a similar number of
domains as ADAMTS-5 but has less TSR (Tortorella et al., 2000; Tortorella et al., 1999). An early study
identified that the TSR domain function in the recognition, binding and cleavage activity of ADAMTS-4

to its substrates, as cleavage is dependent on binding efficiency (M. Tortorella et al., 2000).

ADAMTS-4 is known to cleave several aggregating proteoglycans, like ACAN, specifically, the bond at
the inter-globular domain (IGD) between glutamic and alanine amino acids, Glut®3-Ala®"* (Gao et al., 2004;
Tortorella et al., 2000). BCAN is also cleaved at the bond between glutamic acid at 395 and serine at 396,
Glu3%-Ser®® (Matthews et al., 2000), and for VCAN the bond between glutamic and alanine amino acids
with Glu*-Ala*? site for V1, Glu*® for V2 and Glu*% @ 1428 for \/0 (Sandy et al., 2001). However,
ADAMTS-4 does not cleave other extracellular matrix proteins such as fibronectin, thrombospondin and
type | and Il collagens (Tortorella et al., 2002). Interestingly, the efficient interaction between the
recognition site of ECM and ADAMTS-4 depends on the modification of non-catalytic domains. In 2002,
Gao and colleagues demonstrated how ADAMTS-4 is activated in vitro using human chondrosarcoma cell
lines. Here, they show that the full-length ADAMTS-4 (p100) contains a furin-recognition site that yields
a p75 form once cleaved by furin (Gao et al., 2002). Moreover, they also reported that only the p75 form
of ADAMTS-4 can be further processed to yield two active forms, that is p60 and p50, via c-terminal spacer
domain truncation. Two years later, Gao’s group explored further to elucidate the enzyme that performs the
c-terminal truncation. They reported that the inactive ADAMTS-4 is catalyzed by the glycosylphosphatidyl
inositol-anchored membrane-type 4 matrix metalloproteinase (MT4-MMP) (Gao et al., 2004). Surprisingly,
studies by Kashiwagi using several variants of ADAMTS-4 found the full length without the pro-domain
as well as without both pro-domain and c-terminal spacer domain to be most effective in cleaving ACAN
compared to variants lacking the TSR and cysteine-rich domain (Kashiwagi et al., 2004). Additionally, the
binding of ADAMTS-4 to ACAN is found to be GAG chain dependent, and more importantly, this requires

the function of the cysteine-rich domain as lack of this domain reduced affinity between ADAMTS-4 and
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ACAN (Flannery et al., 2002; Tortorella et al., 2000). This indicates that both TSR and cysteine-rich
domains are essential for substrate interaction as well as catalytic functions of ADAMTS-4 (Malfait et al.,
2002; Schlatmann and Becker, 1977).

1.2.7 ADAMTS-4 and CNS

In the CNS, ADAMTS-4 is expressed in several brain regions including the cortex and hippocampus
(Nguyen et al., 2020), and in the spinal cord (Hamel et al., 2005; Lemarchant et al., 2017). ADAMTS-4
MRNA is found in the murine cortex as early as p8 and at maturity, with adult mice showing the most
abundant levels of ADAMTS-4 compared to other ADAMTS both in the cortex and the spinal cord (Howell
et al., 2012). Meanwhile, a contrasting result was reported by Levy and colleagues when they show that
ADAMTS-4 mRNA during hippocampal and cortical development using in situ hybridization did not co-
localize with neurons, microglia and astrocytes but rather with oligodendrocytes (Levy et al., 2015). This
means, ADAMTS-4 is expressed by oligodendrocytes during development and later taken over by neurons,
astrocytes and microglia. A study by Haddock and co-workers observed ADAMTS-4 expressed in snap-
frozen human white matter tissues from both normal and diseased states like multiple sclerosis (Haddock
et al., 2006). This was further corroborated by studies in Alzheimer's patients (Pehlivan et al., 2016). In the
brain, ADAMTS-4 cleaves ACAN, BCAN, NCAN and VCAN and other CSPGs like PCAN, and the
extracellular signaling molecule, reelin (Lemarchant et al., 2017). ADAMTS-4 activity has been associated
with specific physiological and pathological events in the CNS. For instance, like MMP-9, ADAMTS-4
has been found to function on neurite growth of cortical and spinal cord neurons by removing the inhibitory
effect of CSPGs (Cua et al., 2013). Reelin is found to be essential in preventing the transition between
normal and pathological aging (Doehner and Knuesel, 2010). Furthermore, as ADAMTS-4 cleaves reelin
which is known to influence migration and maturation of neurons during development as well as synaptic

activity of adult neurons, therefore ADAMTS-4 expression is rigorously regulated (Krstic et al., 2012a).

As spinal cord results in excessive production of CSPGs that inhibits axonal regeneration, it has been shown
that the exogenous and in vivo proteoglycanase activities of ADAMTS-4 on BCAN, NCAN and PCAN
enhance the functional recovery of motor neurons by improving axonal regeneration (Tauchi et al., 2012)
and myelination (Pruvost et al., 2017). From Tauchi, the inhibitory effects of CSPGs were reversed in
cerebellar granule neurons cultured on surfaces coated with proteoglycan and ADAMTS-4 compared to

only proteoglycan, and this effect was comparable to the effect of chABC (Tauchi et al., 2012).
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Inflammatory-induced upregulation of ADAMTS-4 by TNF-a was also shown in rats with cerebral artery

occlusion (Cross et al., 2006) as well as following induced seizures in rats.

ADAMTS-4 also has an anti-inflammatory effect as demonstrated by Lemarchant and colleagues in mouse
models of ischemic stroke. They show that downregulation of ADAMTS-4 to about 50% via SIRNA
technology prior to exposure to lipopolysaccharides increased the production of pro-inflammatory
cytokines like TNF-a and IL1beta. They also show that ADAMTS-4 results in the expression of anti-

inflammatory cytokines like IL-10 and IL-6 around the ischemic area (Lemarchant et al., 2016).

1.2.8 ADAMTS-5

Just like ADAMTS-4, ADAMTS-5 (aggrecanase-2), also called ADAMTS-11 belongs to the adamlysin
family of metalloprotease and these aggrecanases have about 48% sequence similarity beyond the signal
peptide and pro-domain (Mosyak et al., 2008). ADAMTS-5 is expressed in several tissues including
adipocytes, skeletal tissues, uterus, breasts and in the brain. Moreover, ADAMTS-5 expression is associated
with several factors such as the cytokines IL-1 & -6, and TNF-a. (Kelwick et al., 2015). Once formed, the
full-length pre-pro-ADAMTS-5 has a similar domain organization as ADAMTS-4. In the case of
ADAMTS-5, there are 2 TSR domains flanking the cysteine and spacer domains (Gendron et al., 2007).
After the signal peptide is removed from the pre-pro-ADAMTS-5, the pro-ADAMTS-5 is processed
differently to ADAMTS-4. Both ADAMTS-4 and -5 have furin recognition sites, however, furin processing
of ADAMTS-5 takes place extracellularly contrary to intracellular processing of ADAMTS-1 and -4
(Longpré et al., 2009). Three furin recognition sites are located in the pro-domain of mice and human
ADAMTS-5 (Fosang et al., 2008). Additionally, the cleaved pro-peptide and the mature ADAMTS-5
localized extracellularly do not bind to the cell surface as seen in the processing of pro-ADAMTS-9,
indicating distinct processing of pro-ADAMTS-5 to the other ADAMTS (Fosang et al., 2008).

As previously described, the non-catalytic ancillary domain of ADAMTS-4 and -5 regulates both matrix
interaction as well as cleaving properties, but for ADAMTS-5, there are some fundamental differences. The
cysteine-rich domain of ADAMTS-5, for instance, regulates its attachment to matrix substrates contrary to
the spacer domain for ADAMTS-4 (Gendron et al., 2007). Also, the TSR 1 and 2 of ADAMTS-5 facilitate
affinity to sulfated GAGs as well as fibronectin (Vankemmelbeke et al., 2001). The catalytic domain of

ADAMTS-5 can only cleave matrix at a very low efficiency whereas further addition of any of the c-
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terminal domains enhances activity. ADAMTS-5 is very effective under a wide pH range, that is from 7.0
t0 9.5 (Gendron et al., 2007).

Interestingly, the biochemical signature of ADAMTS-5 is not as elaborate as ADAMTS-4. However, both
ADAMTS-4 and -5 have similar aggrecanase activity which is higher than for other proteoglycanases like
ADAMTS-1, -8 and -9 (Collins-Racie et al., 2004; Kuno et al., 2000; Somerville et al., 2003).
Comparatively, ADAMTS-5 aggrecanase activity is more than 1,000 times higher compared to ADAMTS-
4 under physiological conditions (Gendron et al., 2007). Meanwhile, both aggrecanases cleave ACAN at
similar sites, that is at the Glu®"3-Ala®™ bond (Abbaszade et al., 1999; Tortorella et al., 1999). Furthermore,
ADAMTS-4 and -5 also have four additional aggrecanase-sensitive sites localized in the chondroitin
sulfate-rich regions of ACAN. These sites are the GELE-1“¥1GRGD, KEEE%%7-1568 GLGS, TAQE'"* -
U2AGEG, and VSQES™ - 1872] GQR that exist between the G2 and G3 domains of the core-protein, and
they are conserved in various species (Nagase & Kashiwagi, 2003; Tortorella et al., 2000). Just like
ADAMTS-4, ADAMTS-5 cleaves other CSPGs like VCAN and BCAN (Demircan et al., 2014), and also
HA in cartilage extracts potentially through its disintegrin and spacer domains (Plaas et al., 2007), but it
has weak activity on fibronectin (Fosang et al., 2008), and it cleaves CSPG biglycan and link proteins
(Didangelos et al., 2012) (Figure 1.15).

ADAMTS-5 proteolytic activity has been associated with several developmental and physiological
processes in various tissues. In the heart, VCAN is highly expressed in the developing valves especially in
endothelial cells but this is reduced in adult valves (Zhou et al., 2015). The lack of ADAMTS-5 in mice
enlarges the developing valves and it is associated with adult cardiac valve diseases such as the aortic valve
sclerosis (Hinton and Yutzey, 2011). ADAMTS-5 remodeling of adult skin proteoglycan has been studied
and ACAN and VCAN accumulates in the dermis of ADAMTS-5 knockout mice affecting wound healing
(Velasco et al., 2011). Furthermore, the extensive degradation of ACAN by ADAMTS-5 has been observed
in cartilages of mouse models of inflammatory arthritis (Nagase and Kashiwagi, 2003; Stanton et al., 2005).
In human, cartilage diseases like OA and rheumatoid arthritis, there is a significant reduction in cartilage
matrix content as a result of excessive degradation of ACAN by ADAMTS-5 (Nagase and Kashiwagi,
2003; Stanton et al., 2005), and in mice (Abbaszade et al., 1999; Stanton et al., 2005). Furthermore, studies
in ADAMTS-5 knockout female and male mice by Sonya in 2005, demonstrated that ADAMTS-5 has
limited developmental functions. Here, ADAMTS-5 knockout mice developed normal organs like heart,
lungs, testis, eye and others, in addition to no aberrations in body weight and blood analysis (Glasson et al.,

2005). The relationship between inflammation, expression and activity of ADAMTS-5 has also been

48



INTRODUCTION

demonstrated in cultured articular cartilages with factors like IL-1 and retinoic acid reducing the release of

proteoglycans (Glasson et al., 2005).

During normal development, TIMP-3, the most potent inhibitor of ADAMTS-5, is expressed in skeletal
tissues (in epithelia, cartilage and muscle) of mice embryos (Apte et al., 1994), as well as in bovine and
human chondrocytes (Su et al., 1999). However, under disease conditions, the expression of TIMP-3 is
upregulated as seen in the synovium of human OA as well as in cultured medium and lysates of rheumatoid
synovial fibroblasts (Takizawa et al., 2000).

1.2.9 ADAMTS-5 and CNS

In the CNS, thus far, little knowledge has been gathered regarding the role of ADAMTS-5 in brain
development as well as synaptic functions. At the moment, ADAMTS-5 is known to be expressed in
neurons, astrocytes and microglia of several brain regions like striatum radiatum of hippocampus of aged
mice (Ferrer-Ferrer and Dityatev, 2018; Krstic et al., 2012a), cerebral cortex of rodents (Reid et al., 2009;
Zamanian et al., 2012) and humans (Cross et al., 2006), and in the spinal cord (Demircan et al., 2013).
Using IHC, ADAMTS-5 is located in the dendrites of rat hippocampus which supports findings by Krstic
in 2012 (Dubey et al., 2017). In mice hippocampus, Levy and colleagues demonstrated using in situ
hybridization and quantitative RT-PCR (gPCR) that ADAMTS-5 mRNA peaks at P7 which is about 6-fold
abundant to ADAMTS-4 levels, but by P15 ADAMTS-5 mRNA decreases and reaches minimum levels by
P56. ADAMTS-4 mRNA, on the other hand, peaks at P15 but also reaches minimum levels by P56 and
P60 in hippocampus and cortex respectively. They show that ADAMTS-5, in particular, is essential for
hippocampal development (Levy et al., 2015). Complementary findings were also reported by Gottschall
and Howell in 2012, where they also confirm peak expression of ADAMTS-5 at P8 which reduces even at
P160 in the frontal cortex, and here, the expression pattern is not sex-dependent (Gottschall and Howell,
2015; Howell et al., 2012). ADAMTS-5 protein levels are extensively reduced in AD mice models (Ferrer-
Ferrer and Dityatev, 2018) but both mRNA and protein levels remained unchanged in animal model of
status epilepticus (Dubey et al., 2017). This might explain why ECM accumulates in AD mice models. In
contrast, the nerve fibers of Multiple sclerosis in humans have very low mRNA and protein levels of
ADAMATS-5 and this is about 50-fold less expressed relative to ADAMTS-4 (Haddock et al., 2006).

Functionally, ADAMTS-5 cleaves brain lecticans such as BCAN, VCAN and ACAN, as well as PCAN
and reelin (Krstic et al., 2012a; Nakada et al., 2005). Although ADAMTS-5 offers a protective effect in the
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aorta wall, but in the brain and the spinal cord cleavage of BCAN by ADAMTS-5, which is extensively
expressed in human glioblastoma cells, is strongly associated with glioblastoma compared to normal brain
(Nakada et al., 2005). Moreover, VCAN cleavage in brain endothelial cells by ADAMTS-5 has been
implicated with the cerebral cavernous malformations (Hong et al., 2020) and this is prevented in
ADAMTS-5 knockout mice. In the spinal cord, ADAMTS-5 and ADAMTS-4 knockout mice are protected
from the degradation of VCAN which is known to be upregulated during injury, however, ACAN and
BCAN are cleaved potentially by ADAMTS-1 (Demircan et al., 2014). This indicates that in mice CNS,
both ADAMTS-4 and -5 are the most effective proteases of VCAN.

One interesting feature of ECM during spinal cord injury is the upregulation of CSPGs like BCAN and
VCAN but not ACAN (Asher et al., 2002; Lemons et al., 2001), however, ADAMTS-5 is also upregulated
at those sites. The upregulation of ADAMTS-5 mRNA levels during conditions like the transient middle
cerebral artery occlusion (tMCAOQO) and spinal cord injuries (Cross et al., 2006; Demircan et al., 2013;
Zamanian et al., 2012) promotes neurite outgrowth by cleaving BCAN and VCAN. This effect has also
been shown to occur without ECM cleavage through the mitogen-activated protein (MAP) kinase and
extracellular signal-regulated kinase 1/2 (ERK1/2) pathway. This was demonstrated by Hamel in 2008,
whereby adding recombinant ADAMTS-5 to neuronal cultures enhanced neurite growth. Meanwhile,
irrespective of ECM cleavage, the addition of selective MAP kinase inhibitors impaired neurite growth
indicating that ADAMTS-5 effect on neurite growth can also be through MAP ERK1/2 kinase signaling
(Hamel et al., 2008). Furthermore, cleavage of reelin by ADAMTS-5 has been implicated to function in
neurodevelopment and synaptic plasticity (Krstic et al., 2012a). Unfortunately, not much information exists
regarding the detailed effect of ADAMTS-5 during adult ECM remodeling and learning and memory. The
perisynaptic proteolysis of BCAN and ACAN by ADAMT-4 and -5 at excitatory synapses has been
demonstrated to be enhanced through dopamine receptor activation, specifically the D1-type DA receptor
(Mitléhner et al., 2020).
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Figure: 1.15 Cleavage sites of ACAN by ADAMTS and MMPs (Nagase and Kashiwagi, 2003).

1.3 Aging

Aging is a dynamic process in the life span of every organism. In humans, the aging population is rapidly
growing and it is currently one of the major risk factors associated with some detrimental pathologies.
Aging is a fundamental phenomenon for the development and maturation of an organism from juvenile
towards adulthood. The rate at which rodents grow is about 150x faster compared to humans after birth
which decreases to about 25x after 6-months, and both organisms experience similar burdens of aging
(Flurkey et al., 2007) (Figure 1.16). Aging is a continuous and dynamic process, mostly occurring after
adulthood in every organism’s life and it is accompanied by significant changes in essential processes
(Flurkey et al., 2007). Such processes include alterations in biological (structural), physiological and
behavioral processes that are essential for the survival of organisms in their environment. Studies show that
these phenomena culminate from the basic changes in single cells (cellular senescence) due to insults from
stimulators like oxidative stress, cytokines, mitochondrial and DNA damage (Papadopoulos et al., 2020).

Eventually, they disrupt the homeostasis and health of tissues and organs (Gorgoulis et al., 2019) as well
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as the integrity of their microenvironment. In ideal situations, once these detrimental changes or stimulators
occur in cells they are either removed or reversed, however, failure of cells in this regard activates death
pathways (Gorgoulis et al., 2019). From a broad perspective, aging can be classified into two classes hamely

pathological and non-pathological also known as normal aging.

1.3.1 Pathological and normal aging

Although aging is essential for development and maturation, however, with pathological aging, tissue and
organs are both structurally and functionally altered to the point of dysfunction and degeneration. For
instance, aging has been associated with pathological changes in several organs like the heart, lungs,
kidneys and the brain. Aging heart comes with a decreased rate of ventricular filling due to fibrosis and
stiffening of walls of the left ventricles and these are critical defects observed in patients and animals with
atrial fibrillation (Keller and Howlett, 2016). Atrial fibrillation in recent studies is associated with an
increased risk of sudden cardiac death (Waldmann et al., 2020) which also occurs in patients with
ventricular fibrillation as well as atrial fibrillation (Ritchie et al., 2013). Also, an age-dependent decrease
in ventricular myocytes as a result of cell death has been associated with some cardiac diseases in men but
not in women (Ritchie et al., 2013). Aging increases adipose tissues (Silaghi et al., 2008), calcification and
inflammation of heart tissues (New and Aikawa, 2011), and decreased cardiac conduction due to reduced
activity of pacemaker cells (Jones, 2006; Ritchie et al., 2013). Moreover, aging has strongly been associated
with a significant decrease in lung function such as reduced physiological expiratory volume and the

development of lung diseases like cancer and pulmonary fibrosis (Navarro and Driscoll, 2017).
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Figure 1.16 Comparison between the various life stages of C57BL/6J mice to human beings (Flurkey
et al., 2007).

CNS pathologies such as dementia, small vessel disease, stroke, spinal cord injuries and others are highly
prevalent in aged human and animal populations (Rosso et al., 2013). In the CNS, aging negatively alters
the microenvironment of various cells of several brain regions including the hippocampus, which,
eventually, decreases CNS functions. Such alterations include activation of microglia and astrocytes, which
results in neuroinflammation (Chee and Solito, 2021), a common event found in several pathophysiological

diseases in the CNS like in AD animal models as well as in physiologically aged organisms (Jurga et al.,
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2020; Schwab et al., 2010). Microglia, the brain’s resident macrophage, in the resting state functions as an
immune cell by maintaining the integrity of neurons through its processes, regulating synaptic plasticity
and also monitoring the microenvironment (Hornik et al., 2016). However, once activated, a common
phenomenon in the aging brain, microglia release a host of molecules including reactive oxygen species
(ROS) that eventually damage neurons, and they also secrete pro-inflammatory cytokines like IL-6, TNF-
a, IL1beta, and IL-8 (Cleeland et al., 2019; Jurga et al., 2020). These factors together with cytotoxic factors
like nitric oxide (NO) function in activating astrocytes, especially the Al astrocytes, initiate neuronal death
through phagocytosis by microglia (Liddelow et al., 2017). The Al astrocytes are unable to perform normal
functions of supporting neuronal survival, rather they stimulate the death of neurons and oligodendrocytes
as seen in AD animals (Liddelow et al., 2017; Peters, 2002; Tuppo and Arias, 2005). Both microglia and
astrocytes also function amongst others in the release of ECM molecules as well as proteases and these

functions are also altered in most CNS pathologies like dementia and epilepsy (Schwab et al., 2010).

With normal aging, tissues and organs of animals encounter a decrease in their functional efficiencies as a
result of altered gene expression and signaling of some specific biomolecules and inflammation as
described above (Papadopoulos et al., 2020). However, these changes do not culminate into any
pathological phenotypes, thereby allowing the aging organism to continue to survive, but with some
limitations or difficulties (Gorgoulis et al., 2019). Concentrating on normal aging in the CNS of animals,
studies show that the growing brain encompasses structural and functional changes ranging from an
increase in neuronal and glial cells population (Yamaguchi et al., 2016) as well as size, to increase in
neuronal connections between and within brain regions (Gorgoulis et al., 2019). Functionally, these changes
during development and maturation of the brain enable it to function efficiently regarding learning and
memory along with the regulation of other organs of the body. For example, the matured hippocampus and
cortex function in memory acquisition and storage (Brod et al., 2013; Takehara-Nishiuchi, 2020) whereas
the hypothalamus influences the endocrine and cardiovascular functions like heart rate and blood pressure
(Rahmouni, 2016). However, once the brain advances with age, that is post adulthood, certain changes in
brain cells and their microenvironment decrease the efficiency of the brain, and some of these changes will

be discussed in the following sections.
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1.3.2 Learning and memory in normal aging

In the brain, aging stimulates a gradual loss of ability to learn, keep as well as recall important information
and this is one of the earliest effects of aging (Bergado and Almaguer, 2002). Learning and memory follow
two stages, namely the initial acquisition of short-term memory followed by the consolidation and storage
of long-term memory (Alberini et al., 2013; Roesler and McGaugh, 2010). Memory acquisition, also
referred to as learning, requires structural modifications of the brain, specifically with neurons by sensory
stimulus (Puzzo et al., 2016) resulting in short-term memory (Cowan, 2008). This phase of memory
formation involves the retention of limited information over a short period that can be in a matter of seconds
and minutes (Vallar, 2017), and this strongly correlates with synaptic plasticity, LTP and LTD. Here,
synapses triggered by memory acquisition undergo long-lasting potentiation through NMDAR activation
(Roesler and McGaugh, 2010). The transition of sensory information from short- to long-term storage
depends on a critical step called memory consolidation (Bisaz et al., 2014; Fiebig and Lansner, 2014). The
neural basis of memory consolidation includes synaptic consolidation which is the fastest form of memory
consolidation lasting more than 24 hours (Dudai, 2004). This involves protein synthesis, trafficking of new
AMPAR to synaptic membrane as well as structural stabilization of changes at the dendritic spines
(Malenka and Bear, 2004). Different brain regions are involved in varying aspects of learning and memory
together with the hippocampus, for example, encoding and storing short-term memories, in addition to,
consolidating information from short-term memory to long-term memories which are then stored in the

cortical regions (Preston and Eichenbaum, 2013).

Age-dependent impairments or decrease in the efficiency of the various aspects of learning and memory in
several brain regions including the hippocampus, prefrontal cortex (PFC) and anterior cingulate cortex
(ACC) in both humans and rodents (Gallagher and Burwell, 1989; Mizoguchi et al., 2009) have been
reported. Age-dependent changes in hippocampal neuronal transmission and reduced volume influence
memory impairments in aging population of rodents and humans (Gould and Feiro, 2005). In humans,
decreased performance in spatial navigation using virtual maze have been reported (Marutle et al., 1998)
as well as impaired memory acquisition (Squire and Wixted, 2011). Aged-dependent cognitive effects
observed in rodents include impairment of spatial learning and memory retention from different behavioral
strategies (Feiro and Gould, 2005) such as the Barnes maze, water- and T-maze. One study by Vegh in
2014 reported impairment of hippocampus-dependent spatial memory using the Barnes maze. With this
maze, mice are placed on a circular platform with holes and trained to locate the escape hole within a target

region. From their work, they found that animals from 1 year-old struggled to locate the escape holes
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compared to 5-months-old controls (Vegh et al., 2014). This finding corroborates with previous work
performed in young and 18-month-old wild-type mice (Barreto et al., 2010). Another study in 20-month-
old mice show a progressive loss of memory in 3-behavioral paradigms namely spontaneous object
recognition and alternation as well as spatial navigation using the Barnes maze (Yang et al., 2021). Other
brain regions like amygdala and PFC are also affected by aging and studies show similar cognitive
impairments in these regions. Impairment of spatial working memory as the result of decreased dopamine
expression in cortical cells in aged rats, reduced long-term retention of contextual and cued fear
conditioning memories, which are known to involve amygdala, have all been reported in multiple studies
(Gould and Feiro, 2005; Mizoguchi et al., 2009). In humans as well, non-pathological aging impairs
working memory which has been associated with reduced dopamine release in the PFC (Bimonte et al.,
2003) and in the Anterior cingulate cortex (Ota et al., 2006). This has also been reported in PFC of monkeys
together with a reduction of neuronal population (Smith et al., 2004).

1.3.3 Aging and impaired synaptic plasticity

Many researchers suggest that alterations in the number and function of synapses are a critical physiological
substrate for memory formation and retention (Ashby et al., 2021; Bliss and Collingridge, 1993). Therefore,
synaptic loss in areas necessary for learning and memory such as the hippocampus and the cortex as a result
of aging (Bergado and Almaguer, 2002; Kumar et al., 2012; Morrison and Baxter, 2012) culminates in age-
dependent cognitive impairments. One major change due to aging is alterations of dendritic branching and
spine density of excitatory neurons (Burke and Barnes, 2006; Torres and Cardenas, 2020) as observed in
humans (Honer et al., 1992) and animal models (Adams et al., 2008). Also, there is decreased expression
of glutamate in the hippocampus of aged mice and rats, but the total number of Schaffer collaterals-CA1l
connections are somehow constant between young and aged animals (Bear et al., 1987). The decreased
glutamate expression in aged hippocampus is coupled with decreased presynaptic glutamate release (Deak
and Sonntag, 2012a). In addition, increase in nonfunctional and immature synapses in aged hippocampus
has been reported (Burke and Barnes, 2010), all indicating an age-dependent changes in the synaptic
density.

In the aging brain, a decrease in the ability to induce LTP as a result of changes in expression or function
of AMPAR and NMDAR at excitatory synapses has been reported to impair synaptic plasticity (Temido-
Ferreira et al., 2019). The reduced AMPAR and NMDARs functions (Deak and Sonntag, 2012a) as well as

increased internalization of AMPARSs in aged hippocampus correlates with impaired LTP and behaviorally-
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dependent plasticity, and this depends on changes in Ca2* signaling (Burke and Barnes, 2010). One major
finding of the age-dependent modification of NMDAR is with its subunits and this accounts for the
reduction in excitatory postsynaptic potentials (EPSPS) in hippocampal CA1 (Temido-Ferreiraetal., 2019).
During development, GIuN2B and GIuN2D are highly expressed which decreases after birth whereas
GIuN2A and GIuN2C increase and persist even at adulthood (Paoletti et al., 2013b). Meanwhile, during
aging, there is a shift in the distribution of specific subunits of NMDAR of which GIuN2B containing
NMDARs diffuses laterally to extra-synaptic sites of dendritic spines (Avila et al., 2017). This movement
and signaling of extra-synaptic NMDAR impairs or dephosphorylates transcription factor CAMP response
element-binding protein (CREB), and inactivates the ERK1/2 and the MAP kinase (Avila et al., 2017,
Hardingham and Bading, 2010). A shift in synaptic and extra-synaptic NMDAR correlates with cognitive
impairments found in the aged brain (Avila et al., 2017; Hardingham and Bading, 2010). Aging also
increases GIUN2B subunits of NMDAR in cortical and hippocampal neurons as compared to GIuN1
(reduced) and GIuN2A (unaltered) subunits (Biello et al., 2018; Magnusson, 2012) (Figure 1.17). An
interesting study demonstrated that the reduction in LTP observed in 24-month-old mice was rescued by
stimulating GIuUN2A or inbibition of GIUN2B receptors, suggesting that LTP depends on the appropriate
balance between GIUN2A and GIuN2B signaling (Kochlamazashvili et al., 2012).

Interestingly, in aged hippocampal neurons, L-type voltage-gated Ca?" channels (LTCC) are highly
expressed thereby altering Ca?* (Navakkode et al., 2018; Thibault and Landfield, 1996) conductance. The
altered calcium conductance, therefore, impairs LTP whereas enhancing LTD sensitivity along with the
increase in the slow after-hyperpolarization in aged animals (Navakkode et al., 2018). Also, studies report
an age-dependent increase in the LTP threshold compared to reduced LTD threshold, potentially explaining
the difficulties in memory acquisition in aged animals (Barnes et al., 2000). Furthermore, a strong
relationship has been established between dysregulated Ca?* signaling and impairment of learning and
memory (Koh et al., 2021). Hence, the increased entry of Ca?* into aged synapses through L-type voltage-
gated Ca?* channels stimulates extensive release of Ca?* from the ER and this further increases calcineurin
functions as well as reduces both protein kinase-A and CREB activity (Koh et al., 2021; Singh et al., 2012).
Regarding CREB, the phosphorylated species related to learning and memory, and more importantly with
neuronal excitability (Guzowski and McGaugh, 1997), are significantly reduced in aged animals compared
to young ones, especially, right after behavioral tests (Porte et al., 2008). This is because the late phase of
LTP depends on protein synthesis, and CREB activation is essential for protein synthesis but this signaling

is impaired in aged brain (Deak and Sonntag, 2012a). Also, CaMKII-a is decreased in aged rats which
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correlates with decreased spatial memory and presynaptic releases probabilities as it is essential for the
phosphorylation of major vesicular proteins like, SNARE complex; SNAP25 and synaptobrevin 2 (Deak
and Sonntag, 2012a; VanGuilder et al., 2011).
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Figure 1.17 Effect of Aging on hippocampal synaptic plasticity

Aging compromises synaptic transmission by reducing the number of NMDAR as well as AMPAR in the
postsynaptic compartment. In addition, the presynaptic compartment is plight with reduced glutamate
content and synaptic vesicles due to altered Ca?* signaling in both compartments (Deak and Sonntag,
2012a).

1.3.4 Aging and ECM

The fact that aging affects synaptic plasticity and cognitive performance, it is, therefore, interesting to know
the effect of aging on ECM expression, and how they are all connected. However, this puzzle is not fully
unraveled. Thus far, accumulating evidence indicates that both perisynaptic and PNNs also called
perisomatic ECM can influence synaptic plasticity in several brain regions including the hippocampus and

cortex (Senkov et al., 2014). For instance, PNNs alter AMPAR trafficking and neuronal excitability thereby
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impairing LTP and LTD, molecular substrates of learning and memory (Wingert and Sorg, 2021).
Interestingly, the digestion of PNNs with chABC relieves the burden of elevated ECM on synaptic plasticity
together with cognitive performance (Bosiacki et al., 2019; Dityatev et al., 2010).

Cognitive functions throughout the lifespan of animals are associated with ECM load which peaks at
adulthood. The ECM during the 1° week of postnatal development is mostly juvenile, which is immature,
highly dynamic and very diffuse (Richard and Lu, 2019). At this point, ECM are mostly CSPG clusters that
are lost by the end of the 2" week, and studies highlights the onset of PNN formation at this period
(Nakamura et al., 2009). Adulthood ECM including PNNs and perisynaptic ECM, on the other hand, are
rich in CSPGs and they coincide with climaxed cognitive performance as there is a slow turnover of ECM
which is essential for several processes such as memory stabilization (Dityatev and Fellin, 2008). However,
during post adulthood, cognitive performance in animals gradually declines with normal aging (Richard
and Lu, 2019) as well as in models of age-dependent pathologies like depression (Dityatev and Fellin, 2008;
Koskinen et al., 2020), but ECM content steadily increases (Richard and Lu, 2019) (Figure 1.18). The
relationship between ECM and aging, as reviewed by Richard in 2018, shows that age-dependent
accumulation of both PNNs and diffuse CSPGs, results in a decline in cognitive functions specifically in
motor learning. They also show that removal of ECM with chABC rescues the age-dependent cognitive
impairments, indicating that indeed ECM accumulation creates a restrictive environment for both structural
and functional synaptic plasticity (Richard et al., 2018). Similar relationship was also reported in rats
following social-defeat-stress (depression),and here, an overlap between hippocampus time-dependent
cognitive impairment and ECM imbalance (Koskinen et al., 2020) was observed. Another study reports a
strong relationship between ECM and cognitive performance in aged mice. Here, they show that CSPGs
BCAN and NCAN together with the link protein HAPLN1 in hippocampus increases with age, correlating
with the decrease in hippocampus-dependent spatial memory (Vegh et al., 2014).

Furthermore, the role played by the sulfation patterns of CSPGs in learning and memory has been studied
using enzymatic digestion or knockout models. From these approaches, it has been known that the sugar
chains as well as the sulfation patterns might affect cognitive performance in animals. For example, removal
of CSPGs with chABC rescues the negative effect of elevated ECM on LTP and this was studied in both
wild-type aged mice as well as in models of disease (Vegh et al., 2014). More recently, age-dependent
impairment of hippocampal cognitive performance and increased ECM amount in aged animals were shown
to depend on a loss of 6-O-sulfation of CSPGs (Yang et al., 2021). From this study, the removal of CSPGs

with chABC as well as overexpression of chondroitin 6-sulphotransferase 1 rescued the aging-dependent
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cognitive impairments. This means the switch from 6-O-sulfated CSPGSs as found in the juvenile brain to
4-O-sulfated CSPGs during brain development maturation results in the said phenotypes, that is 4-O-

sulfated CSPGs negatively affects cognitive functions in the aged brain.
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Figure 1.18 Relationship between Aging and ECM

(A) Role of ECM in synaptic plasticity and cognitive functions under normal aging (Richard and Lu, 2019)
(B) Interaction between ECM expression and cognitive functions in depressed animals, i.e. during
pathological aging (Koskinen et al., 2020).
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2 AIMS AND OBJECTIVES

From this introduction, it follows that ECM molecules are significantly increased at the protein level with
aging, and a strong association has been established between ECM expression and decline in cognitive
performance in normal aging and diseased conditions. However, the mechanism behind these alterations is
not clear. The primary aim of this study, therefore, was to identify the age-dependent changes in the
expression of ECM and related genes - namely the ECM-degrading and modifying enzymes - in the

hippocampus of wild-type mice.
Therefore, this thesis work includes the following objectives:

1. To investigate the expression of neural ECM molecules and related genes including the

sulfotranferases and proteases using g-PCR.

2. To rejuvenate the hippocampal ECM of aged mice by enhancing ECM proteolysis in order to

potentially abrogate age-dependent cognitive impairments.

3. To study both cognitive and synaptic changes after ECM remodeling using hippocampus-

dependent cognitive tasks and electrophysiological methods.

4, To unravel the possible cellular and molecular mechanism(s) behind ECM changes.
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3 MATERIALS AND METHODS

In this thesis, the chemicals used for all experiments were from the following manufacturers: Invitrogen,
Sigma-Aldrich, Thermoscientific, Abcam, Roche, Merch, and Gibco. In addition, buffers for RT-gPCR
were prepared with deionized-double distilled water whereas, for immunohistochemistry, | used ultra-pure

water. Details and composition of buffers are described below.

3.1 Animals

All animals used in this thesis were from the Deutsches Zentrum fiir Neurodegenerative Erkrankungen e.V.
(DZNE) animal facility (Pawlow Haus) and all animal experiments were performed in strict accordance
with 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 42502-2-1343 DZNE).
Overall, a total of 94 male C57BL6/J mice were used in this thesis work. They include thirty-nine 2-3
months-old, four 10 months-old, forty-two 22-24 months-old and nine >30 months-old mice.

Tissue isolation, RNA extraction and RT-gPCR
Table 3.1 Probes used for g°PCR

Gene Species Reference Sequence (5' to 3%)
Sequence
Acan Mus NM 007424.2 Fw CTTACCCTGAGGCTGGTGTG
musculus -
Rv ACATTGCTCCTGGTCTGCAA
vean Mus NM 001081249 1 Fw CTAGGAAACGGGAGATGGGC
musculus -
Rv AGGCGCTTCGTGTAAGTGAA
Ncan Mus NM 007789.3 Fw CAGGCCACAGCAATCATCCT
musculus -
Rv GATGTGGAAACAGAAGTGGGG
Bean Mus NM 001109758.1 | Ew TGCCCTCGTTCCCTTTTCTG
musculus -
Rv CTGTGTGGCCAGTGAGATGT
Hapin1 Mus NM_013500.4 Fw AGTCTCCTGGTGACGCTTTG
musculus
Rv GGGGCCATTTTCTGCTTGGA
T Mus NM 0223123 Fw TTCACGTCAGAGGCAGGAAC
musculus -
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Rv GAGCAGAGAGCTAGAGCAGC
Chsy1 Mus NM_001081163.1 Fw GGAGATCCTGGAGTGGGAGT
musculus
Rv TCCGCTGTAAACACCAGGTC
Chsy3 Mus NM_001081328.1 Fw CCTCATATCGGCGAATGCCT
musculus
Rv GAGTAAAGCAGCTTCCCCGT
Chpf2 Mus NM_133913.2 Fw AGGGTGAGGGAGAAGATCCC
musculus
Rv ATACCGAGTCCTGAGCACCT
Chst3 Mus NM_016803.3 Fw GATCGGAGTCGTGGGTAGGA
musculus
Rv GCTGCTGTGGGAAAGTTGTG
Chst7 Mus NM_021715.1 Fw CCCAACATTGAGGGAGACCC
musculus
Rv GTCTCGGAAGAGTTGCACCA
Chstl1 Mus NM 0214392 Fw TTCCAAAGTATGTTGCACCCAG
musculus -
Rv GCGTGAACTTGTTGCGGTAG
Chst13 Mus NM 0279281 Fw CATGGGAAGACGCTCCTGTT
musculus -
Rv TTTTCAAATGCGGGACGCAG
Gapdh Mus NM 001289726.1 Fw CCCTTAAGAGGGATGCTGCC
musculus -
Rv ACTGTGCCGTTGAATTTGCC
Timp-1 Mus NM_001044384.1 Fw CACACCAGAGCAGATACCAT
musculus
Rv CCCTTATGACCAGGTCCGAG
Timp-2 Mus NM_011594.3 Fw CTCGGAGCGCAATAAAACGG
musculus
Rv CCTCTTGATGGGGTTGCCAT
Timp-3 Mus NM_011595.2 Fw CCCTTGGCCACTTAGTCCTG
musculus
Rv ATGCAGGCGTAGTGTTTGGA
Timp-4 Mus NM_080639 Fw GGAGGAGTCCTGGAGGGGCT
musculus
Rv AAGC ATTTTCCCTC CAGGTT
Mmp-2 Mus NM_008610.2 Fw ACAACAGCTGTACCACCGAG
musculus
Rv AGCTCCTGGATCCCCTTGAT
Mmp-9 Mus NM_013599.3 Fw TCTAGGCCCAGAGGTAACCC
musculus
Rv GTGCCTGTCACAAAAGCCAG
Mmp-12 Mus NM_008605.3 Fw TTGTGTTCTTACAGGTATCTGCC
musculus
Rv TCTTGACAAGTACCATTCAGCAAAT
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Mmp-14 Mus NM_008608.3 Fw CGCGCTCTAGGAATCCACAT
musculus
Rv TTCTCATGTCCCTCCCGGAT
Adamts-1 Mus NM 009621 Fw TTGCACTCGC TAGAAAGCAG
musculus -
Rv TATTTACAAA AACAAA
Adamts-4 Mus NM 172845.2 Fw CATCCTACGCCGGAAGAGTC
musculus -
Rv AAGGTGAGTGCTTCGTCTGG
Adamts-5 Mus NM 011782.2 Fw AAGAAGGTCGCACACGCTTA
musculus -
Rv AAGACCAGGCTGTGAGAAGC

3.1.1 Tissue isolation

I isolated brain tissue in ice-cold phosphate-buffered saline (PBS) after quickly decapitating the animals.
Then, | dissected and quickly froze specific brain regions on dry ice and stored them at -80°C until further
use. | isolated and stored the right hippocampi of all animals for RNA extraction and downstream

processing.

3.1.2 RNA extraction, cDNA conversion, and gPCR

| extracted total RNA from the frozen right hippocampi by using the EURx GeneMatrix DNA/RNA
Extracol kit (Roboklon Cat. No. E3750) according to the manufacturer’s recommendations (Ventura
Ferreiraetal., 2018). Then, | checked the yield, purity, and integrity of RNA products with Nano-drop and
gel electrophoresis respectively, to confirm the absence of genomic DNA. Furthermore, | converted 1.5 pg
of RNA to cDNA by using the High-Capacity cDNA Reverse Transcription Kit (Cat.4368814). For gPCR
analysis of cDNA products, | used the TagMan gene expression array (Cat. 4331182) from Thermo-Fisher
Scientific and the Quant-Studio-5 device from Applied Biosystems (Table 3.1). Overall, | analyzed twenty-
four genes comprising five CSPG genes namely Acan, Bcan, Ncan, Vcan, and Pcan, two genes coding for
the link proteins Haplnl and Tnr, and eight genes coding for the enzymes necessary for glycosylation and
sulfation of CSPG GAGs that are Chpf2, Chsyl, Chsy3, Chst3, Chst7, Chstl11, and Chst13. Furthermore,
seven genes for major metalloproteases degrading neural ECM proteins, namely; Mmp-2, Mmp-9, Mmp-
12, Mmp-14, Adamts-1, Adamts-4, and Adamts-5, in addition to four genes coding for the tissue

metalloprotease inhibitors Timp-1, Timp-2, Timp-3 and Timp-4 were also analyzed. All gene targets were
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analyzed relative to the expression of glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (Meldgaard et
al., 2006). I did not find any difference in the mRNA levels of Gapdh between 2-3M, 24-26M, and >30M
mice, making it a suitable candidate for the normalization of other genes.

3.2 3.2.3 FACS technology

Table 3.2 Buffers and solutions for FACS technology

Buffer

Composition

Low-sucrose buffer (LSB)

5mM CaCl2 -Applichem A3652,0500, 320mM sucrose-Applichem
A4737,5000, 0.1mM EDTA-Invitrogen AM9260G, 5mM MgAc2 -
Sigma M5661-250G, 10mM HEPES pH 8 - Gibco 15630-056, 1mM
DTT - Roth 6908.2, 0.1% Triton X-100 — Sigma T8787, 1x EDTA
free Roche protease inhibitor cocktail - Sigma 5056489001, RNAse
inhibitor (Promega N2615)

High-sucrose buffer (HSB)

3mM MgAc2, ImM DTT, 1000mM Sucrose, 10mM HEPES pH 8,
protease inhibitor, RNAse inhibitor (Promega N2615)

Resuspension  buffer;  PBS
containing Tween-20 and BSA
(PBTB)

1% BSA, 0.2% Tween-20, EDTA-free protease inhibitor dissolved
in 1X PBS, RNAse inhibitor (Promega N2615)

Figure 3.1: FACS Strategy
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3.2.1 FACS sorting for neuronal and glial nuclei extraction

Next, | collaborated with Sadman Sakib from DZNE Goettingen to use fluorescence-activated cell sorting
(FACS) technology to sort hippocampal cells with the nuclei extraction protocol (NeuN antibodies) into
neurons and glia. For this experiment, | dissected hippocampi from four 2-3M and four 22-24M mice, flash
froze and kept them at -80°C until further use. Sakib adopted the nuclei extraction protocol from (Halder
et al., 2016) with slight modifications. He homogenized the right frozen hippocampi in Low-sucrose buffer
(Table 3.2). He then spun down nuclei by centrifuging at 2000 x g for 3 minutes at 4°C. The remaining
crude nuclear pellet was re-suspended into Low-sucrose buffer and homogenized with a mechanical
homogenizer (IKA Ultraturax T10). He layered the suspension on 6mL High-sucrose buffer (Table 3.2) in
oak-ridge tubes and centrifuged for 10 minutes at 3220 x g at 4°C. After removing the upper phase
containing myelin debris, he re-suspended the resulting nuclear pellet into the leftover buffer, then
transferred it into microfuge tubes (Eppendorf DNA-low bind, 022431021) and centrifuged at 2000 x g for
3 minutes to recover the nuclear pellet. Before staining, the nuclei pellet was re-suspended into PBS
containing Tween-20 and BSA (Table 3.2) and anti-NeuN-Alexa488 conjugated antibody (MAB377X) was
added at 1:1000 dilution. After 1-hour incubation at 4°C, the samples were washed twice with PBS and
proceeded with the sorting in BD FACS Aria Ill. Sorted nuclei were collected into Falcon tubes, pelleted
with brief centrifugation, and pellets were used for RNA extraction by using the Trizol reagent (Sigma
T9424) and RNA was kept at -80°C until further processing.

Table 3.3 Probes used for sorted nuclei gPCR

Gene Species Reference Sequence (5' to 3")
Sequence

Chst3 Mus musculus | NM_007424.2 Fw CCACAGCAGCCAGATCTTC
Rv TGGGGGACACTCTGATCCT

Adamts-5 Mus musculus | NM_011782.2 Fw CCTGGATGATGGTCATGGTA
Rv AGTTCCTCGGGACCCAAA

Topl Mus musculus | NM_009408.2 Fw TGCCTCCATCACACTACAGC
Rv CGCTGGTACATTCTCATCAGG
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3.2.3.2 cDNA preparation from sorted nuclear RNA and gPCR

Next, RNA concentrations were measured from the sorted nuclei in Qubit 2.0 (Invitrogen) using an RNA
high sensitivity kit. Three ng of RNA were used to prepare cDNA using SMART-Seq v4 Ultra Low Input
Kit (Takara). Following cDNA preparation, equal amounts of cDNA were subjected to qPCR using primers
(designed by Roche universal probe library tool) for Chst3 and Adamts-5 mRNA. A standard curve was
generated to calculate primer efficiency, which was used to obtain normalized expression value (delta-delta
Ct method), using DNA topoisomerase | (Topl) as housekeeping gene (Penna et al., 2011).

3.3 Immunohistochemistry (IHC) and Immunocytochemistry (ICC)

Table 3.4 Primary antibodies and their dilutions

Antibody/Reagent Dilution Species Provider
Aggrecan (ACAN) 1:300 Rabbit Millipore; AB1031
Brevican (BCAN) 1:500 Guinea pig | LIN, Magdeburg (Prof. C.Seidenbecher)
Neurocan (NCAN) 1:500 Guinea pig | Synaptic System; 453 004
Versican (VCAN) 1:200 Mouse The Developmental Studies Hybridoma Bank,
12C5
Phosphacan (PCAN) 1:200 Mouse The Developmental Studies Hybridoma Bank, 3F8
Parvalbumin 1:500 Chicken | Synaptic System; 195006
MAP2 1:500 Chicken Abcam; ab5543
MAP2 1:200 Mouse Millipore; MAB3418
vGLUT1 1:1000 Guinea pig | Synaptic Systems; 135304
VGAT 1:500 Rabbit Synaptic Systems; 131002
GFP 1:100 Sheep BioRAD; 4745-1051
pCREB 1:500 Rabbit LIFE Technologies; MA511192
C-FOS 1:500 Rabbit Santa Cruz; sc-52
CaMKIlI 1:300 Mouse Abcam; ab22609
MADAMTS-5 1:100 Rabbit Abcam; ab231595
hADAMTS-5 1:200 Rabbit OriGene Technologies; TA321798
CHST3 1:200 Rabbit Proteintech; 18242-1-AP
C6S 1:200 Mouse Seikagaku; 270423
GFAP 1:500 Chicken Millipore; AB5541
IBA1 1:500 Guinea pig | Synaptic Systems; 234004
CD68 1:500 Rat AbD Serotec; MCA1957
Clq 1:1000 Rabbit Abcam; abh182451
NeuN 1:500 Mouse Chemicon; MAB377
OLIG2 1:200 Rabbit Millipore; AB9610
DAPI 1:300 Life Technologies; D1306
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Table 3.5 Secondary antibodies and their dilutions

Antibody Dilution Species Company
(Alexa Fluor)
Anti-Rabbit 1:1000 Goat Invitrogen
Anti-Guinea pig 1:1000 Goat Invitrogen
Anti-Sheep 1:1000 Donkey Invitrogen
Anti-Mouse 1:1000 Goat Invitrogen
Anti-Chicken 1:1000 Goat Invitrogen
Anti-Rat 1:1000 Goat Invitrogen

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

Pemeabilization 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 Buffer composition for ICC

Buffer

Composition

4% PFA (wW/V)

4 % PFA in PBS, pH 7.4

Permeabilization solution

0.1 % Triton-X 100 in PBS

Blocking Solution

10 % normal goat serum in PBS, 0.1 % Glycine, 0.4 % Tween 20

3.3.1 Immunohistochemistry

Deeply anesthetized mice were perfused with ice-cold PBS, and fixed with 4% PFA in PBS. Then, |

extracted mice brains and kept them immersed in 4% PFA overnight before cryoprotecting in 30% sucrose

for 48 hours. Finally, | chilled the brains in 100% 2-methyl butane at -80°C before sectioning into 50-pum

thick coronal sections. | maintained the sections in a floating solution at 4°C (Table 3.6). Using one section

per animal for each staining, | washed the sections 3 times in 120 mM PB at a pH of 7.2 for 10 minutes and

then permeabilized the sections in a permeabilization solution for 10 minutes at room temperature. | blocked

the sections with a blocking solution for 1 hour at room temperature (Table 3.6). After blocking, | incubated

the sections with primary antibodies (Table 3.4) at 37°C for 20 hours, washed 3 times in PB for 10 minutes,
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followed by secondary antibodies (Table 3.5) at room temperature for 3 hours, and afterward also washed
3 times in PB for 10 minutes. Finally, I mounted the sections on Superfrost glasses with Fluoromount

(Sigma, F4680), and then confocal images were taken.

3.3.2 Immunocytochemistry

| fixed cultured hippocampal neurons by incubating them in 4% paraformaldehyde (PFA) for 10 minutes,
then permeabilized them in a permeabilization solution for 10 minutes, washed them 3 times, and blocked
them for 60 minutes at room temperature (Table 3.4). Next, the blocked cells were then stained with primary
antibodies (Table 3.4) at 4°C overnight, washed 3 times with PBS for 10 minutes, and incubated with
secondary antibodies (Table 3.5) at room temperature for 1.5 hours. After secondary antibody staining,

coverslips were finally mounted for imaging.

3.4 Generation, characterization and stereotaxic injection of hAADAMTS-5 AAVs

Table 3.9 Buffer composition for AAV production

Buffer Composition

Wash buffer 1 20 mM Tris, 100 mM NacCl, pH 8.0; sterile filtered
Wash buffer 2 20 mM Tris, 250 mM NacCl, pH 8.0; sterile filtered
Elution buffer 20 mM Tris, 500 mM NacCl, pH 8.0; sterile filtered

3.4.1 Generation of pAAV_hPGK_hADAMTS5 T2A eGFP and pAAV_hPGK_eGFP

With the help of Dr. R. Kaushik in the lab of Prof. A. Dityatev at the DZNE, constructs to overexpress
hADAMTS-5 were designed and plasmids were produced by a company (VectorBuilder Inc. USA). |
produced, purified, and titrated viral particles together with Mrs. Katrin Boehm at the DZNE. In brief, the
human ADAMTS-5 (GenelD: NM_007038.5) sequences under the human phosphoglycerate kinase
(hPGK) promoter tagged with the enhanced green fluorescent protein (EGFP) was inserted into the
mammalian gene expression AAV vector (VB191122) (pPAAV[EXp]-
hPGK_hADAMTS5[NM_007038.5]/T2A/EGFP, hereafter referred to as pAAV_hPGK_hADAMTS5_
T2A_EGFP) (VB191122-1897eux). Furthermore, the control vector which included the hPGK and the
EGFP tag inserted into the mammalian gene expression AAV vector (VB191122) (pAAVI[EXxp]-
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hPGK>EGFP, hereafter referred to as pAAV_hPGK_EGFP) (VB191122-1902dpv) were developed. These
vectors were delivered in Escherichia coli (E. coli) stocks and | used them for the production of recombinant
adeno-associated particles as described previously (McClure et al., 2011). Here, | transfected HEK 293T
cells using PEI (1ng/ul) with an equimolar mixture of the pAAV_hPGK_hADAMTS5  T2A EGFP or
pAAV_hPGK_EGFP, pHelper (Cell Biolabs Inc., San Diego, CA, USA). Then, 48-72 hours after
transfection, | implemented the freeze-thaw cycles to lyse cells and treated them with benzonase (50 U/mL;
Merck Millipore, Burlington, MA, USA) for 1 hour at 37 °C. | centrifuged the lysates at 8000x g at 4 °C,
then collected the supernatants, and filtered with a 0.2-micron filter. | then purified the filtrates using the
pre-equilibrated HiTrap Heparin HP affinity columns (GE HealthCare, Chicago, IL, USA), followed by
washing with the following buffers in sequence; wash buffer 1 followed by wash buffer 2 and then eluted
viral particles with the elution buffer. Finally, I used the Amicon Ultra-4 centrifugal filters with 100,000
Da molecular weight cutoff (Merck Millipore, Burlington, MA, USA) along with 0.22 pM 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.

3.4.2 Cell culture and characterization of pAAV_hPGK_hADAMTS5 T2A EGFP and
pAAV_hPGK_EGFP

Table 3.8 Chemicals for Cell Cultures

Name Company Catalog number
Polyethyleneimine solution Sigma-Aldrich 408727-100ml
Neurobasal medium Life Technologies 21103049
Dulbecco’s Modified Eagle’s | Life Technologies 41965062
Medium (DMEM)

B27 Life Technologies 17504044
L-glutamine Life Technologies 25030-81
Pen-Strep Sigma-Aldrich P4333-20ML

Hippocampal neurons were isolated from embryonic C57BL6/J mice (E18), as described previously (Minge
et al., 2017). After harvesting, | used polyethyleneimine-coated 18 mm coverslips (Thermo Scientific) in
12 well plates with a cell density of 150,000 per well for plating. Firstly, | plated neurons in a 1ml DMEM+,
which included DMEM supplemented with 2% B27 and 1% L-glutamine and 1% Pen-Strep, for 4 hours.
After 4 hours, DMEM+ was then changed to NB+ media which had the same composition as DMEM+,

except for Neurobasal medium used instead of DMEM. Cultured neurons were maintained by feeding cells
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with 250ul NB+ medium at 14 and 17 days in vitro (DIV). At DIV 17, | infected neurons with
PAAV_hPGK_hADAMTS5 T2A _EGFP and pAAV_hPGK_EGFP vectors (4.96x10' and 4.9x10%,
respectively) and they were fixed and stained on DIV 21 (Figure 3.2A). | then investigated the proteolytic
activity of hADAMTS-5 protease by staining for ACAN and BCAN around CaMKII-immunopositive or
negative (CaMKI1+/CaMKII-) neurons (Figure 3.2B).
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Figure 3.2: In vitro proteolytic activity of hAADAMTS-5 in hippocampal cultured neurons

In vitro characterization of the proteolytic activity of hAADAMTS-5 expressed in hippocampal neurons was
performed. (A) Hippocampal neurons were infected from DIV 17 to 21, fixed and stained for major neural
CSPGs. (B) Proteolytic activity of hADAMTS-5 on ACAN and BCAN was examined around
CaMKII+/CaMKII- cells.
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3.4.3 Stereotaxic injection of pAAV_hPGK_hADAMTS5_T2A_EGFP and pAAV_hPGK_EGFP
into the hippocampal CAl

| briefly sedated fifteen 2-3M, and twenty-nine 22-24M mice with isoflurane in a chamber and fixed them
in a stereotactic frame (SR-6M, Narishige Scientific Instrument Lab, Japan). | anesthetized mice with
isoflurane and adjusted its concentration to 4% for induction and then reduced to 1.5-2%, with oxygen
levels set to 0.4 L/min (Baxter 250ml Ch.-B.: 17L13A31). I also maintained the body temperature of mice
at 37°C by using a heating pad (ATC1000 from World Precision Instrument, USA). | applied an ophthalmic
ointment (BAUSCH and LOMB) to protect the eyes during surgery after which the skin was cleaned with
70% ethanol and hair shaved. I injected viral particles at a volume of 1000 nl by using a 10 pl NanoFil
syringe (World Precision Instrument, USA) and calibrated glass microelectrodes connected to an Ultra
microinfusion pump (UMP3, World Precision Instrument, USA) at a rate of 3 nl/sec. The coordinates for
injection were dorso-ventral (DV) from the brain surface, anterior-posterior (AP) from bregma, and medio-
lateral (ML) from the midline (in mm): AP, -1.94; ML, -/+ 150; DV, -1.0. | injected
pAAV_hPGK_hADAMTS5_T2A EGFP (4.96x10%) and pAAV_hPGK_EGFP (4.9x10%) bilaterally into
the hippocampal CAL. After all procedures, | placed the animals in a recovery chamber under red light for

15 minutes.
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Figure 3.3: Time-line for NOLT & NORT tests

3.5 Behavioral experiments

In my thesis work, | used for behavioral experiments 27 male C57BL6/J mice in total, which included nine
2-3-month-old and eighteen 22-24-month-old mice. | have described the numbers of mice used in each
experiment in the text and figure legends. All mice | used were transferred to the DZNE research facility
from the DZNE animal breeding house and were housed individually with food and water available ad

libitum for at least 72 hours before experiments under a reversed 12/12 light/dark cycle (light on 9 P.M.). |
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performed all behavioral experiments during the dark phase of the cycle, i.e. when mice are active, under
constant temperature and humidity. | used the Anymaze 4.99 (Stoelting Co., Wood Dale, IL, USA) to
capture and analyze animals’ performance during behavioral tests. Animals were subsequently tested using
the open field test, the novel object location test (NOLT), and the novel object recognition test (NORT).
All behavior experiments, especially after injection, were performed by a trained observer who was blinded
to treatment conditions. Also, objects used for NOLT and NORT experiments as well as entry-paths used

in the labyrinth test were counterbalanced for all groups of mice.

3.5.1 Open field

I put animals from each experimental group into an open field arena (50 x 50 x 30 cm) (Holter et al., 2015;
Kaushik et al., 2018) and allowed them to freely move for 10 minutes while recording with an overhead
camera. The arena was predefined into two parts, the central area (30 x 30 cm) and a peripheral area (the
10 cm area adjacent to the wall of the recording chamber). | used the total distance moved and time spent

in the central/peripheral area to estimate the animal’s general activity and anxiety.

3.5.2 Novel object location and recognition tests

I carried out the novel object location test in the same open-field arena. This test includes two phases: the
encoding phase and the retrieval phase (Vogel-Ciernia & Wood, 2014). In the encoding phase, | permitted
animals to explore the arena with a pair of identical objects for 10 minutes. Twenty-four hours later, in the
retrieval phase, | gave the animals 10 minutes to explore the arena again with the same objects, except that
one of them was placed in a novel position. | used the time spent exploring the objects located at familiar
(F) and novel (N) positions as well as the discrimination ratio [(N-F)/(N+F)] x 100 % to analyze animals’
behavior. Next, twenty-four hours after the NOLT retrieval phase, | conducted the NORT in the open field
arena containing the encoding phase and retrieval phase as described previously (Antunes & Biala, 2012;
Kaushik et al., 2018). In the encoding phase, | allowed animals to explore the arena with a pair of identical
objects whereas, in the retrieval phase, one of the objects was replaced by a novel object that the animal
had not seen before. Both the encoding and retrieval phase lasted 10 minutes. | used a similar method of

analysis as described earlier to measure animals’ recognition memory.
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3.5.3 Labyrinth (dry maze)

A

Q4

Labyrinth (Quadrant method) task

Water Restriction

(1ml per day)

10min T1&T2 T1
[l ]

Probe Test

No Reward & Reward
& T2

Q1

3-5 Days / / Dayl Day?2
‘T2 g P -,
y H = S B _‘
ST
Reward‘ t-<_l@ ‘, : 3
T P
K [T
t2
T e
el M- | oty
1 E B d |
ALy | | Q2
l‘ . t

C

Day 3

Time spent in quadrant (sec)
&

o

=

1<)

S
1

o
S
1

Day 4

Reward Quadrant
(Asymmetrical quadrant-based labyrinth)

% %k
- w01
} - Q2
Q3
l + Q4 (Reward quadrant)

1501

Time spent in quadrant (sec)

1004

504

T T
No Reward  Reward

D4

Reward Quadrant
(Symmetrical-quadrant based labyrinth)

- Q1 (Reward quadrant)
m QZ

- Q3

v Q4

T T
No Reward Reward

D4

D2 D3

Figure 3.4. Optimization of the quadrant-based labyrinth A. Time-line for all cognitive tests B. Layout
of asymmetrical quadrant-based labyrinth with distal cues C. Time spent in the asymmetrical quadrant-
based labyrinth D. Time spent in the symmetrical quadrant-based labyrinth. All data in the graph represent

mean + SEM values, ***P<0.001.

3.5.4 Optimization of the quadrant-based labyrinth task (dry maze)

I designed a quadrant-based labyrinth task with the objective of measuring spatial learning and memory as

well as spatial navigational strategies in aged mice. This task was designed and implemented as an

alternative to Morris water maze (MWM) task that uses imaginary quadrants (software) compared to actual

guadrants. Comparatively, the dry maze is less stressful and capable of distinguishing between navigational
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strategies used by mice, namely egocentric (route) and allocentric (place) (Harrison and Feldman, 2009;
Rich and Shapiro, 2007). Recent studies recommend the use of navigational errors as a more effective
measure of spatial learning and memory instead of latency to reward (Maei et al., 2009a). Here | used the
asymmetrical-quadrant-based labyrinth to quantify percentage errors. Initially, | made 2 different
guadrants-based labyrinth configurations, namely, the symmetrical and asymmetrical configurations. I then
implemented these configurations to optimize them. Therefore, | used four 10M mice to test both quadrants-
based labyrinths at different time points and, surprisingly, |1 found the asymmetrical quadrant-based
labyrinth to better measure spatial navigation (learning and memory) than the symmetrical quadrant-based
labyrinth. The symmetrical quadrant-based labyrinth failed to differentiate between time spent in the reward
guadrant relative to other quadrants, especially during the probe test without reward (Figure 3.4D). For both
symmetrical and asymmetrical quadrants-based labyrinth, | restricted mice to 1ml of water per day (for a
maximum of 5 days), which | dispensed in the labyrinth room. | designed the labyrinth with three entry-
paths and divided the maze into quadrants of equal size but with different intra-quadrant configurations (for
asymmetrical quadrant) and similar intra-quadrant configurations (for symmetrical quadrant) (Figure
3.4A&B).

In each quadrant configuration, | defined the zones to quantify errors (shown by pink highlights). As
outlined above, | carried out the quadrants-based labyrinth task with distal cues placed on curtains to enclose
the maze and the reward (water) placed in a particular quadrant (which can be changed for the reversal-
learning task). This is because studies show that distal cues are essential for the allocentric form of spatial
navigation in mice (Vorhees and Williams, 2014). The quadrants-based labyrinth experiment was
categorized into two phases of memory tests: the memory acquisition phase and the probe phase. With the
memory acquisition phase, | used two entry-paths (E1 and E2) for all daily training sessions from day 1
(D1) to day3 (D3), whereas the probe path (P) was used for the probe phase on day 4 (D4) (Figure 3.4A&B).
On D1, I allowed mice to explore the maze for 10 minutes with a reward. From subsequent training sessions,
| performed 2 trails per day for 2 days (T1 &T2 for day2 & day3), and each trial ended once each mouse
entered into the reward zone. | implemented an inter-trial delay of 1 hour for each daily training session.
On the fourth day (D4), | performed the 2-phase probe test sequentially, namely; 1% probe test without
reward followed by an hour delay, and finally 2" probe test with reward. For both probe tests, | allowed
mice to explore the maze for 5 minutes (this time can be changed without significant changes in results),
but I quantified mice performance with the first approach of the reward. Using an overhead camera with

animal tracking software (Anymaze 4.99: Stoelting Co., Wood Dale, IL, USA), | recorded and quantified
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parameters such as the distance travelled and errors made. However, to compare the sensitivity of
symmetrical to asymmetrical quadrants-based labyrinth, | used the time spent in each quadrant during both
the memory acquisition phase and the probe phase. Interestingly, during the probe test, | found the
asymmetrical quadrant-based labyrinth to be more efficient in quantifying the cognitive performance of
mice (Figure 3.4C&D).
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Figure 3.5. Asymmetrical quadrant-based labyrinth
A. Time-line for all cognitive tests B. Layout of asymmetrical quadrant-based labyrinth with distal cues.

3.5.5 Asymmetrical-quadrant-based labyrinth task

Next, | used the asymmetrical-quadrant-based labyrinth to study hippocampus-dependent spatial learning
and memory in mice injected with AAV. Here, | followed the behavioral paradigm described above with

minor modifications to further complicate the learning process and promote the use of allocentric strategy.
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Such modifications include alternation between the entry-paths and trial sessions for each mouse during the
memory acquisition phase. That is, the entry-path used by each mouse during a particular training session
was changed in subsequent training sessions. | implemented the alternation of entry-paths from the 1%
training session on D2 to the last training session on D3. Additionally, during the memory acquisition phase,
I counterbalanced the entry-paths for all groups. All measurement for each session was limited to the first
entry into the reward location for both the memory acquisition phase and the probe phase. Therefore, |
used two measures, the errors made and distance travelled by each mouse to estimate the spatial
navigational learning and memory performance of each mouse as they explored the maze locate the reward
(water). I also measured the level of familiarity of mice to the maze after their first encounter with the maze,

by comparing the total number of errors made on day 1 and the first training session on day 2.

Finally, from the 2-phase probe test, | estimated the degree of memory stabilization by matching the
performance of each mouse between the 1% and 2™ probe tests. The percentage difference (Memory

stabilization (%)) was then calculated. The following formulas were then used:

1. Memory Stabilization (%) = ((Er - Er ﬂ £ 100
(Etrors made) L(EI- + FEr )J

Er =errors made
Ernr = errors made in probe test without reward
Err = errors made in probe test with reward

t ]
2. Memory Stabilization (%) = )
(Distance travelled) (Dt + Dt )J

Dt = Distance travelled
Dt s = Distance travelled in probe test without reward
Dtr = Distance travelled in probe test with reward
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3.6 Microscopy and image analysis
3.6.1 Confocal microscopy, High-resolution imaging, image acquisition, processing, and
analysis

Confocal images in this thesis were obtained with the Zeiss LSM 700 microscope (1024x1024 pixels
display resolution, 8-bit dynamic range, 63X (NA 1.40) and 40X (NA 1.30) oil objectives, 0.5 X optical
zoom, pixel size app. 60 nm). | took images with the 63X or 40X objective as z-stacks. Usually, 20-25
optical sections were taken with an average depth of 25 um and a two-time line average. | used maximum
intensity projections from each fluorescence channel from the image stack for image analysis. | also used

the open software Image J (NIH, http://rsb.info.nih.gov/ij/) to further process and analyze images. |

implemented a novel semi-automatic open-source Fiji-script co-developed in DZNE by me and Dr. Rahul
Kaushik to perform individual quantifications. Overall, 12 and 18 sections from 2-3M and 22-24M mice
respectively, were used for the IHC analysis. Sections from six 2-3M and seven 22-24M mice were used
for CHST3, mMADAMTS-5, and C6S staining. Furthermore, six and five respective sections from 2-3M and
22-24M mice injected with pAAV_hPGK_GFP, together with six sections from pAAV_hPGK_hADAMTS-5_GFP
injected mice were used for hADAMTS-5, ACAN, BCAN, NCAN, VCAN, and PCAN staining. They were
also used for the glial fibrillary acidic protein (GFAP), allograft inflammatory factor 1 (IBA1),
oligodendrocyte transcription factor (OLIG2), pCREB, c-FOS, and presynaptic: vesicular glutamate
transporter (vVGLUTL) and vesicular GABA transporter (VGAT)) staining. | maintained the acquiring
conditions throughout all imaging sessions to compare the fluorescence intensity between samples for each

staining.

Untreated CHST3 BFP No Primary Ab

Figure 3.6. Validation of CHST3 antibody specificity
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Figure 3.7. Cell-type-specific quantifications

3.6.2 Cell-type specific analysis

For CHST3 staining, | first confirmed the specificity of the antibody in hippocampal neuronal and
astrocytes cultures infected with CHST3 overexpressing vectors, which showed a stronger immunolabelling
than control cultures (Figure 3.6). Then, | processed and analyzed images by using a modified version of
previously developed Fiji-scripts (Strackeljan et al., 2021). For cell-type-specific quantification of the
expression of specific molecules (CHST3 and mMADAMTS-5), | thresholded, identified, and outlined
astrocytes and microglia by using the GFAP and IBAL channels, respectively. This approach was also used
for all GFAP and IBA1 measurements. However, for neuronal expression using NeuN antibody, a manual
outlining of cell approach was used (Figure 3.7).

PNN

Outline !
Figure 3.8. Perineuronal net measurements
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3.6.3 Perineuronal and synaptic puncta analysis

Analysis of images with C6S, ACAN, BCAN, NCAN, VCAN, and PCAN immunostainings was done by
measuring the perineuronal expression of ECM. With this measurement, | manually outlined the soma of
PV-and PV+ cells, and a band of 0.6 um was then created as the region of interest (ROI) to measure protein
levels of the aforementioned ECM targets (Figure 3.8). For the quantification of the perisomatic expression
of vGLUT1+ and VGAT+ puncta on PV+ cells, | outlined manually the profiles of the cell somata and
created a band of 1.5 pm as the region of interest (ROI). The bands were duplicated, cleared outside,
background-subtracted with the rolling value of 50, and filtered using Gaussian blur with s-value of 1.
Synaptic puncta were detected using “find maxima” plugin in Fiji with a prominence of 5, the size of 0.3
to 1.0 um? and the circularity between 0.5 and 1.0. | measured the mean intensity along with the number of
synaptic puncta.

3.6.4 Analysis of PV-network configuration

Analysis of PV expression in PV+ cells was performed using z-maximum projection of 5 confocal images
collected using the 40x objective with 1um interval, in which PV+ cells were manually outlined. Then, |
measured the mean intensity of PV signals and normalized it to soma size. Next, | studied the PV-network
configurations by following the “operational” definitions of 4 classes of PV+ cells previously described by
Donato and colleagues (Donato et al., 2013). Following these definitions, | categorized the PV intensity of
PV+ cells, after normalizing to soma size, into approximately 0-5% (low), 5-30% (interlow), 30-80%
(interhigh), and from 80% (high) for young mice and then applied the same thresholds to measurements
performed in aged ADAMTS-5 and control mice.

3.6.5 GIuN2B staining and image analysis

Slice fixation was performed using 4% PFA in PBS (137 mM NaCl, 2 mM KH2PO4, 10 mM Na2HPO4,
2.7 mM KClI, pH 7.4), for 40 minutes at room temperature, followed by quenching for 30 minutes using
100 mM NHA4CI (dissolved in PBS). Permeabilization was performed using 0.3% Triton X (#9005-64-5,
Merck, Germany) for 15 minutes, in presence of 2.5% bovine serum albumin (BSA; #A1391-0250;
Applichem, Germany), as a blocking reagent. Primary antibodies were then added overnight, in the same
buffer (against GIuN2B, Neuromab, 75-101). Two additional labels were used, a nanobody for PSD95
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(FluoTag-X2 anti-PSD95 conjugated to AZDye™ 568, Nanotag Biotechnologies GmbH, Germany) and
phalloidin (conjugated to iFluor 488, ab176753, Abcam, USA). Secondary nanobodies were also added, to
reveal the primary antibodies (FluoTag®-X2 anti-Mouse Immunoglobulin kappa light chain, conjugated to
Abberior STAR 635P, Nanotag Biotechnologies GmbH, Germany). The samples were then washed, 3 times
for 5 minutes in the same buffer, followed by high-salt PBS (same as above, but with 500 mM NacCl), and
finally by a normal PBS wash. The samples were then embedded in Mowiol (Calbiochem, USA).
Stimulated emission depletion (STED) microscopy was performed using the Leica TCS SP5 microscope
(Leica Microsystems, Wetzlar, Germany) and a x100 1.4 NA HCX PL APO CS oil-immersion objective
(Leica). Phalloidin was excited using an Argon laser line at 488 nm and PSD95 was excited using a helium-
neon laser line at 543 nm. The appropriate emission windows were obtained using acusto-optic tunable
filters, and detection was performed using hybrid detectors (Leica). Abberior STAR 635P was excited using
diode laser at 635 nm. Stimulated emission depletion was obtained using a 750 nm beam (Spectra-Physics
MaiTai multiphoton laser, Newport Spectra-Physics, USA), and the photons were detected using an
avalanche photodiode (Leica). Data analysis for GIuUN2B staining was performed by identifying the
synapses in the PSD95 channel, using an empirically set threshold, and analyzing the fluorescence in the
vicinity of the PSD95 spots, using macros written in Matlab (version R2017b, The Mathworks, Natick,
MA, USA).

3.7 Electrophysiological experiments

Table 3.9 Solutions for in vitro electrophysiology

Solution Composition (in mM)

Slice cutting solution 240 sucrose, 2 KCI, 2 MgSOy4, 1.25 NaH,PO4, 26 NaHCO3, 1 CaCl,,
1. MgCl;, and 10 D-glucose.

Storage solution 113 NacCl, 2.38 KClI, 1.24 MgSQ,, 0.95 NaH;PQ,, 24.9 NaHCO3, 1

CaCl,, 1.6 MgCl,, 27.8 D-glucose
Artificial cerebrospinal fluid | 120 NaCl, 2.5 KCI, 1.5 MgCl,, 1.25 NaH;PQOs4, 24 NaHCOs, 2
(ACSF) CaCl; and 25 D-Glucose
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LTP recordings were carried out in collaboration with Hadi Mirzapourdelavar (DZNE Magdeburg). Acute
hippocampal slices were prepared from mice with AAV injected into the hippocampal CAL area, as
described before (Kochlamazashvili et al., 2010b). After killing mice by cervical dislocation and
decapitation, hippocampal transverse 350 pm-thick slices were prepared in sucrose-based ice-cold cutting
solution (Table 3.9) using the vibrating microtome (VT1200S, Leica). Slices then were transferred and
incubated in a submerged chamber containing storage solution (Table 3.9) for at least 2 hours at room
temperature before recording. Next, slices were transferred to a recording chamber and were continuously
perfused with the ACSF (2-3 ml/min) (Table 3.9). All solutions were saturated with 95% O, and 5% CO;
with osmolality maintained at 300 =+ 5 mOsm. Thin glass electrodes filled with ACSF were used for
stimulation and recording of fEPSPs. CA1 pyramidal neurons were identified with an infrared differential
interference contrast microscope (Slicescope, Scientica, UK). The stimulation intensity was determined
based on the input-output curve and was set to give fEPSPs with a slope of ~30 % and ~50 % of the
supramaximal fEPSP for the paired-pulse facilitation (PPF) and LTP induction, respectively. In the CA3-
CAL pathway, single stimuli were repeated every 20 seconds for at least 10 minutes for baseline recording
before and for 60 minutes after LTP induction. Theta-burst stimulation (TBS) was applied two times with
20 seconds interval as 8 bursts of four pulses delivered at 100 Hz repeated with 200 ms inter-burst-intervals
to induce LTP. The paired-pulse ratio (PPR) was evaluated at different time intervals under the same
conditions. All recordings were obtained at room temperature using an EPC-10 amplifier (HEKA
Elektronik). The recordings were filtered at 1-3 kHz and digitized at 10-20 kHz. For pharmacological
analysis, 3 UM RO25 (Ro 25-6981) was added to the recording solution (ACSF).

3.8 Statistical analysis

I used RStudio 1.4.1106 software for data management and statistical analysis along with GraphPad Prism
7.0 (GraphPad Software Inc., La Jolla, USA). All data are shown as mean £ SEM with n being the number
of samples per each mouse and N being the number of mice. Asterisks in figures indicate statistical
significance (with details in the figure legends or results). The hypothesis that experimental distributions
follow the Gaussian law was verified using Kolmogorov-Smirnov, Shapiro-Wilk, or D’ Agostinio tests. For
pairwise comparisons, | performed the Students t-test where the samples qualify for the normality test;
otherwise, the Mann-Whitney test was employed. Additionally, Wilcoxon matched-pairs test was used for
paired comparisons that did not pass the normality test. The Holm-Sidak’s t-test and Dunn’s test were used

to correct for multiple comparisons. As indicated, one- and two-way ANOVA with uncorrected Fisher’s
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LSD as well as Brown-Forsythe with Welch ANOVA tests were also used, when appropriate. For skewed
data, the Kruskal-Wallis test was implemented. Additionally, cumulative frequency distribution analysis
was used once the p-value for one-way ANOVA showed a tendency toward. The Kolmogorov-Smirnov
test was used to compare cumulative frequency distributions. The p-values represent the level of
significance as indicated in figures by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001 and **** p < 0.0001)

unless stated otherwise.
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4 RESULTS

The results of my thesis are in two parts, that is, an exploratory side and an intervention side. The
exploratory aspects address the mechanism behind aged-dependent ECM protein accumulation in the
hippocampus and identify potential targets to reverse this accumulation associated with aging. The
intervention side reports on the structural changes after the hippocampal ECM remodelling of the aged mice

and their functional correlates.

4.1 Increased ECM protein levels in the aged brains do not correlate with mRNA levels
of CSPG core-proteins
4.1.1 Expression of CSPG core-proteins and enzymes regulating synthesis and sulfation of
GAG chains in the hippocampus of 22-24 and >30M old mice

In the aged brain, several major neural ECM proteins have been reported to be upregulated (Vegh et al.,
2014), and this has been associated with an age-dependent cognitive decline as well as reduced synaptic
plasticity (Koskinen et al., 2020; Richard et al., 2018). However, as the mechanism behind the reported
ECM upregulation in the aged brain is still not clear, | aimed at investigating the relationship between the
reported ECM protein expression and transcription of ECM-related genes using RT-qPCR. Therefore, |
studied the mRNA changes of ECM-related genes including CSPG core-proteins and modifying enzymes
in three age groups, namely, the 2-3 months (M), 22-24M, and the > 30M old mice. Surprisingly, | observed
a downregulation in the mMRNA levels of the CSPG core-proteins Acan, Bcan, Vcan, and Ncan in >30M
mice by more than 30% compared to 2-3M old mice (37%, 35%, 32%, and 48%, respectively), alternatively,
this was not the case in 22-24M old mice. Additionally, the gene for the link protein HapInl was equally
reduced in >30M old mice to about 38%, with no difference observed for the glycoprotein gene Tnr (Figure
4.1.1A). Similar to the CSPG core-protein expression, | found a reduction in mRNA levels of glycosylation
and sulfation genes, with Chsy3, Chst3, and Chst11 reduced to about 41%, 50%, and 33%, respectively.
However, no significant reduction was observed for Chsyl, Chpf2, Chst7, and Chst13 (Figure 4.1.1B).
Furthermore, the mRNA levels of Acan, Bcan, Vcan, Ncan, Hapinl, and Tnr did not change in 22-24M old
mice compared to 2-3M old mice (Figure 4.1.1C).
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Figure 4.1.1 Expression of CSPG core-proteins and enzymes regulating synthesis and sulfation of
GAG chains in the hippocampus of 22-24 and >30M old mice.

(A) The mRNA expression of the core proteins of major components of PNNs except for Tnr were
downregulated in >30M old mice compared to 2-3M old mice. Bar graph shows mean + SEM values; Holm-
Sidak’s multiple comparisons t-test *p < 0.05, **p < 0.01, and ***p < 0.001 (2-3M old mice: N=10 and
>30M old mice: N=9).

(B) The glycosylation enzyme Chsy3 along with Chst3 and Chst11 were downregulated in >30M old mice
relative to 2-3M old mice. Bar graph shows mean + SEM values; Holm-Sidak’s multiple comparisons t-
test *p < 0.05 and ***p < 0.001 (2-3M old mice: N=10 and >30M old mice: N=9).

(C) The gene expression of PNN components was not different between 22-24M old mice and 2-3M old
mice. Bar graph shows mean + SEM values; Holm-Sidak’s multiple comparisons t-test (2-3M old mice:
N=10 and 22-24M old mice: N=10).

(D) Furthermore, the gene expression of glycosylation and sulfation enzymes, except for Chst3, were not
different between 22-24M old mice and 2-3M old mice. Bar graph shows mean = SEM values; Holm-
Sidak’s multiple comparisons t-test **** p < 0.0001 (2-3M old mice: N=10 and 22-24M old mice: N=10).
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Furthermore, | detected no difference in the mRNA levels of Chsyl, Chsy3, Chst7, Chstll, and Chst13.
Surprisingly, Chst3 that encodes for the chondroitin 6-O-sulfotransferase-1, which catalyzes 6-sulfation of
CSPG GAGs in the hippocampus (Mikami and Kitagawa, 2013b), was reduced to about 52% in 22-24M
old mice, similar to levels found in >30M old mice (Figure 4.1.1D). This was the only ECM-related gene
whose expression profile was consistent between 22-24M and >30M old mice, suggesting Chst3 might be
an interesting candidate to better understand the aged-dependent changes in ECM protein levels.
Collectively, the data suggest that the age-associated negative feedback mechanisms might be involved in
regulating the expression levels of CSPG core-proteins and glycosylating and sulfating enzymes to
counteract their accumulation.

4.1.2 Reduced Adamts-5 expression in the hippocampus of 22-24 and >30M old mice

Since there was no correspondence between the mRNA levels of ECM-synthesizing genes and the reported
ECM protein levels in 22-24 and >30M old mice, | then checked the mMRNA levels of major ECM-degrading
enzymes. | observed no difference in the mRNA levels of matrix metalloproteinases Mmp-2, Mmp-9, Mmp-
14, Adamts-1, and -4 in >30M old mice. However, compared to 2-3M old mice Mmp-12 was upregulated
by 80-fold in the hippocampus of >30M old mice (Figure 4.1.2A). This protease, in particular, has a unique
substrate preference, which is mostly elastin and is highly active during inflammation (Liu et al., 2013). In
contrast to the mRNA pattern of Mmp-12, the major CSPG protease in the hippocampus, Adamts-5, was
downregulated to about 30% in >30M old mice (Figure 4.1.2A). | explored further to see if aging might
have an impact on other regulatory factors of ECM degrading enzymes. Therefore, | checked the mRNA
levels of tissue inhibitors of metalloproteinases (TIMPSs) because it is known that a disturbance in the
balance of TIMP/MMP and TIMP/ADAMTS results in a number of pathologies (Brew and Nagase, 2010).
| found that the Timp-1 gene, a major inhibitor of MMP-9, was upregulated to about 4.5-fold whereas Timp-
3 was downregulated by about 45% in >30M old mice (Figure 4.1.2B). Similar outcomes were observed in
22-24M old mice regarding MMPs, ADAMTS, and TIMPs gene expression with Adamts-5 reduced by
about 29%. One exception, however, was that Timp-2 and -3 were upregulated with Timp-3, a major
inhibitor of ADAMTS-5, increased by about 38% (Figure 4.1.2C and 4.1.2D). These findings together
suggest that the reported age-dependent increase in ECM-protein levels might be due to the accumulation
of CSPGs due to reduced expression and activity of degrading enzymes. This is as a result of the age-
dependent dysregulation in the mRNA levels of Adamts-5 coupled with a potential increase in the inhibition
of its proteolytic activity via increased expression of Timp-3. Therefore, | selected 22-24M old mice to be

the appropriate age to further elucidate the compromised ECM proteolysis.
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Figure 4.1.2 Reduced Adamts-5 expression in the hippocampus of 22-24 and >30M old mice.

(A) The mMRNA expression levels of major ECM proteases, Mmps and Adamts, were not different between
>30M old mice and 2-3M old mice baring Mmp-12 (upregulated) and Adamts-5 (downregulated). Bar graph
shows mean + SEM values; Holm-Sidak’s multiple comparisons t-test **p < 0.01 and ***p < 0.001 (2-3M
old mice: N=10 and >30M old mice: N=9).

(B) Further analysis shows that Timp-1 and -3 were upregulated and downregulated respectively, in >30M
old mice relative to 2-3M old mice. Bar graph shows mean = SEM values; Holm-Sidak’s multiple
comparisons t-test *p < 0.05 and ****p < 0.0001 (2-3M old mice: N=10 and >30M old mice: N=9).

(C) Similar expression profiles for both Mmps-12 and Adamts-5 were found in 22-24M old mice compared
to 2-3M old mice. Bar graph shows mean £ SEM values; Holm-Sidak’s multiple comparisons t-test *p <
0.05 and **p < 0.01 (2-3M old mice: N=10 and 22-24M old mice: N=10).

(D) Regarding Timp gene expression in 22-24M old mice, all Timps were upregulated except for Timp-4.
Bar graph shows mean £ SEM values; Holm-Sidak’s multiple comparisons t-test; *p < 0.05, **p < 0.01,
and ***p < 0.001 (2-3M old mice: N=10 and 22-24M old mice: N=10).
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4.1.3 Cell-specific reduction of Adamts-5 and Chst3 in the hippocampus of 22-24M old mice

Next, | dissected the effect of aging on the cell-specific expression of Adamts-5 in the hippocampus of 22-
24M old mice. I collaborated with Sadman Sakib from DZNE Goettingen to use FACS technology to sort
hippocampal cells with the nuclei extraction protocol (NeuN antibodies) into neurons and glia. With this
approach, | found that NeuN+ cells were reduced in 22-24M old mice compared to 2-3M old mice contrary
to the glia proportion (Figure 4.1.3B). Furthermore, using the chromatin immunoprecipitation (ChIP)
technique, we discovered that the reduced Adamts-5 mRNA levels in 22-24M old mice came from both
neurons and glia. Here, about a 50% reduction of Adamts-5 was observed in both neurons and glial cells
(Figure 4.1.3C). Further analysis of the sorted samples revealed that the aforementioned downregulation of
Chst3 in 22-24M old mice is glia-specific (Figure 4.1.3D).
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Figure 4.1.3 Cell-specific reduction of Adamts-5 and Chst3 in the hippocampus of 22-24M old mice.

Using FACS techniques with neuron-specific NeuN-antibody conjugated to Alexa Fluor 488, the cell-
specific changes of Adamts-5 and Chst3 during aging were investigated in neurons and glia of the
hippocampus of 22-24M old mice and 2-3M old mice. (A) Therefore, the percentages of neurons and non-
neuronal cells (mostly glia) within 22-24M old mice and 2-3M old mice were compared. Bar graph shows
mean + SEM values; Holm-Sidak’s multiple comparisons t-test; *p < 0.05 (2-3M old mice: N=4 and 22-
24M old mice: N =4).

(B) Adamts-5 mRNA levels were significantly and modestly reduced in neurons and glia, respectively in
22-24M old mice compared to 2-3M old mice. Bar graph shows mean + SEM values; Two-way mixed
ANOVA (Age: F=13.74, p=0.003); Holm-Sidak’s post hoc test, *p < 0.05 (2-3M old mice: N=4 and 22-
24M old mice: N =4).

(C) Meanwhile, Chst3 was downregulated only in glia of 22-24M old mice. Bar graph shows mean + SEM
values; Due to difference in variability between cell types, Holm-Sidak’s multiple comparisons t-test was
used instead of two-way ANOVA; *p < 0.05 (2-3M old mice: N=4 and 22-24M old mice: N=4).
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4.1.4 Cell-specific increase in ADAMTS-5 and CHST3 expression in the hippocampus of 22-
24M mice

To prove that the reduced Adamts-5 expression and the increased mRNA levels of its inhibitor, Timp-3, in
the hippocampus are the potential causes of the age-dependent increase in ECM protein levels, | used IHC
to elucidate the cell-specific expression of ADAMTS-5 proteins. Therefore, | stained for mouse ADAMTS-
5 and checked for the cell-specific expression in neurons, astrocytes, and microglia by using MAP2, GFAP,
and IBAL antibodies (Figure 4.1.4.1A, 4.1.4.1B and 4.1.4.1C, respectively). | quantified ADAMTS-5
expression by using masks generated from MAP2, GFAP+, and IBA+ cells to measure the mean intensity
of ADAMTS-5 signals. Surprisingly, | found an increase in the protein levels of mouse ADAMTS-5 in
neurons, astrocytes, and microglia cells in the hippocampus of 22-24M old mice compared to 2-3M old
mice. Then, I also used IHC to quantify the protein levels of CHST3 in neurons, astrocytes, and microglia
in the hippocampus of 22-24M old mice. In glia, CHST3 levels were measured using masks created from
GFAP+ and IBA1+ cells, whereas neurons in the pyramidal layer were manually outlined using NeuN
signals (Figure 4.1.4.2A, 4.1.4.2B and 4.1.4.2C). Similar to the ADAMTS-5 protein expression pattern,
especially in glia, there was an increase in the protein levels of CHST3 in GFAP+ and IBA+ cells. However,
no difference in neurons was detected (Figure 4.1.4.2D). This finding was contrary to the observed mRNA

levels.
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Figure 4.1.4.1 Cell-specific increase in ADAMTS-5 protein levels in the hippocampus of 22-24M mice.

ADAMTSS5 protein levels were quantified in the hippocampus of 2-3M old mice and 22-24M old mice
using IHC. (A) Using MAP2, mouse ADAMTS-5 (MADAMTS-5) protein was upregulated in neurons of
22-24M old mice relative to 2-3M old mice (Scale bar 20um). Bar graph shows mean + SEM values;
Unpaired t-test; Welch’s correction **p < 0.01 (2-3M old mice: N=6 and 22-24M old mice: N=7).

(B) Additionally, mMADAMTS-5 protein was upregulated in astrocytes of 22-24M old mice compared to 2-
3M old mice (Scale bar 20um). Bar graph shows mean + SEM values; Unpaired t-test with Welch’s
correction, *p < 0.05 (2-3M old mice: N=6 and 22-24M old mice: N=7).

(C) Analysis of IBA1+ cells showed that mMADAMTS-5 protein was also upregulated in microglia of 22-
24M old mice relative to 2-3M old mice (Scale bar 20pum). Bar graph shows mean £ SEM values; Unpaired
t-test with Welch’s correction, *p < 0.05 (2-3M old mice: N=6 and 22-24M old mice: N=7).
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Figure 4.1.4.2 Cell-specific increase in CHST3 protein levels in the hippocampus of 22-24M mice.

(A) CHST3 protein levels were quantified in neurons, astrocytes, and microglia by using NeuN, GFAP, and
IBA1 antibodies respectively; in the hippocampus of 2-3M old mice and 22-24M old mice (scale bar,
50pm).

(B) Zoomed confocal images CHSTS3 staining (Scale bar 50 um)

(C) Method of selecting cells.
(D) The mean intensity of CHST3 was increased in astrocytes and microglia but not in neurons of 22-24M
old mice compared to 2-3M old mice. Bar graph shows mean + SEM values; Holm-Sidak’s multiple

comparisons t-test; *p < 0.05 (2-3M old mice: N=6 and 22-24M old mice: N=7).
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4.1.5 Reduced activity of CHST3 and ADAMTS-5 in the hippocampus of 22-24M old mice

Since CHST3 and ADAMTS-5 protein levels were in direct contrast to their mRNA levels, I, then checked
for their functionality in aged animals by labelling the core proteins of the CSPG, VCAN, and the
chondroitin 6 sulfates with the VCAN and C6S antibodies (Figure 4.1.5A). This is because recent data
suggest that VCAN is the major carrier of 6-0-sulfates (Chelini et al., 2021) as well as having unique
ADAMTS-5 cleavage sites (Demircan et al., 2014). Having quantified VCAN protein levels in a 0.6um
proximity around PV+ cells, | observed a significant increase in VCAN levels in 22-24M old mice. This
finding confirmed the reports of increased ECM protein levels in the hippocampus of aged mice.
Additionally, the increase in VCAN core-proteins, as reported for the first time by this study, suggests
potential impairment of ADAMTS-5 activity in aged mice. Furthermore, when C6S protein levels were
normalized to VCAN core-proteins, | found a reduction in C6S intensity in 22-24M old mice, indicating a
reduced functionality of CHST3 in these animals (Figure 4.1.5B).

To better understand the potential targets for the abrogation of the age-dependent changes in ECM-related
genes in the hippocampus, | summarized the mRNA and protein expression patterns. As shown in Figure
4.1.5C, a picture that includes no change in the expression of CSPG core-proteins and modifying enzymes,
except for Chst3, was observed. Also, no difference was found for the ECM proteases, with the exception
of the major ECM protease, Adamts-5. Both Chst3 and Adamts-5 were reduced in 22-24M old mice.
Interestingly, a relationship between these two enzymes has been reported earlier by Miyata and Kitagawa,
where they show that high 6-O-sulfated CSPGs are readily cleaved by ADAMTS-5 (S. Miyata and
Kitagawa, 2016). Summarizing my IHC findings, | found that in the hippocampus of 22-24M old mice,
both CHST3 and ADAMTS-5 protein levels are contradictory to their mRNA levels. However, it is likely
that these enzymes have reduced functionality since | detected no increase in 6-O sulfation and increased
levels of VCAN core-proteins in 22-24M old mice. Therefore, both major changes in gene and protein
expression of CHST3 and ADAMTS-5 point to impaired ECM proteolysis in the aged hippocampus.
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Figure 4.1.5 Reduced activity of CHST3 and ADAMTS-5 in the hippocampus of 22-24M old mice.

(A) Using C6S (red) and VCAN (green) antibodies, the perineuronal content of 6-O sulfated GAGs around
PV+ cells (blue) in the hippocampus of 2-3M old mice and 22-24M old mice were investigated (Scale bar

20 pm).

(B) VCAN core-proteins increased with the respective reduction of 6-O sulfated GAGs in 22-24M old
mice relative to 2-3M old mice. Bar graphs show mean £ SEM values; Unpaired t-test with Welch’s
correction, *p < 0.05 and **p < 0.01 (2-3M old mice: N=6 and 22-24M old mice: N=7).

(C) Summary of mMRNA and protein expression patterns.
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4.2 ECM remodelling by overexpressing hAADAMTS-5 in the hippocampus of 22-24M old
mice
4.2.1 Increased ECM cleavage by hADAMTS-5 in the hippocampus of 22-24M old mice and in
hippocampal cultures

Having identified an age-dependent reduction in the expression of ECM-related genes and increased protein
levels of ADAMTS-5 along with its compromised functionality, | overexpressed the human ADAMTS-5
in the hippocampus of 22-24M old mice. This approach was adopted to potentially override the existing
age-dependent brakes due to neural ECM accumulation. Before delivering AAV invivo, I first characterized
the efficiency of the developed pAAV_hPGK _hADAMTS-5 EGFP vectors in hippocampal neuronal
cultures. I infected hippocampal cells with the pAAV_hPGK_hADAMTS-5_EGFP on DIV 17, for 3 days.
Then, the cells were fixed and stained with antibodies against the major known substrates of ADAMTS-5,
that is, ACAN and BCAN. | found that after 3 days of infection, ACAN and BCAN were extensively
cleaved by the hAADAMTS-5 protease, indicating a promising proteolytic efficiency (Figure 3.2). Then, |
injected the pAAV_hPGK_hADAMTS-5_EGFP vectors into the hippocampal CAL of 22-24M old mice
(hereafter referred to as aged ADAMTS-5) and the control vectors, pAAV_hPGK_EGFP into aged-
matched mice as well as into 2-3M old mice (hereafter referred to as aged control and young, respectively).
I studied these mice using IHC, hippocampus-dependent cognitive tests, and electrophysiological
experiments to characterize the structural and functional changes after long-term expression of hAADAMTS-
5 and continuous cleavage of CSPGs (Figure 4.2.1A). Using a human ADAMTS-5 specific antibody, |
evaluated the levels of hAADAMTS-5 expression two weeks and ten weeks after AAV injection. The time-
dependent expression of the pAAV_hADAMTS-5 vectors was quantified in the targeted CAL region. There
was a significant upregulation of hADAMTS-5 in aged ADAMTS-5 mice compared to aged control and
young mice (Figure 4.2.1B and 4.2.1C). There was no difference in hAADAMTS-5 expression between two
weeks and ten weeks after injection in aged ADAMTS-5 mice. Additionally, I monitored the bodyweight
of injected animals and observed no change in body weight between two weeks and ten weeks after
injection, indicating no systemic detrimental effects of AAV delivery (Figure 4.2.1D). Therefore, | studied

the structural and physiological effects of acutely cleaving ECM in the hippocampus of 22-24M old mice.
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Figure 4.2.1 Validation of hAADAMTS-5 expression in the hippocampus of 22-24M old mice injected
with the pAAV_hPGK_hADAMTS-5_EGFP and pAAV_hPGK_EGFP.

(A) Timeline for remodelling ECM in the hippocampus of 22-24M old mice.

(B) Maximum protection of confocal images of hippocampal sections of test groups labelled with the
human ADAMTS-5 antibody (red) (Scale bar 10 um).

(C) Comparison of the time-dependent expression (2 weeks and 10 weeks) show no difference (p=0.226)
in the protein levels of NAADAMTS-5 in aged ADAMTS-5 mice. Bar graph shows mean £ SEM values;
Two-way mixed ANOVA (Group: F=88.60, p<0.0001); Holm-Sidak’s post hoc test, *p < 0.05 and **p <
0.01 (Young mice: N=4 and 4 for 2 and 10 weeks, respectively; Aged mice: N=4 and 4; Aged ADAMTS-
5 mice: N=4 and 3).

(D) Analysis of body weight shows no detrimental effects of AAV delivery in all test groups. Bar graph
shows mean + SEM values; Two-way mixed ANOVA (Group: F=42.97, p<0.0001); Holm-Sidak’s post
hoc test, *p < 0.05, **p < 0.01, and ***p < 0.001 (Young mice: N=6 and 9 for 2 and 10 weeks, respectively;
Aged mice: N=5 and 8; Aged ADAMTS-5 mice: N=6 and 9).
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4.2.2 Removal of Aggrecan and Brevican in CA1, CA2, and CA3 of 22-24M old mice injected
with pAAV_ hPGK _hADAMTS5_EGFP

To evaluate the proteolytic properties of the pAAV_hADAMTS-5 vectors in vivo, | used IHC to study the
expression of BCAN and ACAN core proteins in the hippocampal sections. The overexpression of
hADAMTS-5 in the CA1 of aged ADAMTS-5 resulted in extensive loss of BCAN and ACAN compared
to aged and young control mice. As BCAN and ACAN are major components of PNN, | then, quantified
the fluorescent intensity of BCAN and ACAN in a 0.5um band created around PV positive and negative
neurons (PV- and PV+). As shown in Figure 4.2.2.1A, the mean intensity of BCAN around PV- cells was
decreased by 54% between aged ADAMTS-5 and aged control mice, whereas | observed no difference in
the mean intensity between young and aged control mice. Similarly, around PV+ neurons BCAN was
significantly reduced by about 52% and 60% in aged ADAMTS-5 mice compared to young and aged control
mice, respectively. Around PV- neurons, about a 52% reduction of ACAN core-proteins was observed in
aged ADAMTS-5 mice compared to aged control mice. Moreover, about an 11-fold reduction of ACAN
was observed around PV+ neurons in aged ADAMTS-5 mice compared to aged control mice. This confirms
previous findings that ACAN is extensively cleaved by ADAMTS-5 compared to other CSPGs, as this is
due to a high number of ADAMTS-5 cleavage sites (Durigova et al., 2011; Gendron et al., 2007) (Figure
4.2.2.1B). In the neuropil of CA1, | found similar results as above which includes about a 38% and 37%
reduction of BCAN core-proteins at the stratum radiatum and oriens, respectively, in aged ADAMTS-5
mice compared to aged control mice. With ACAN, on the other hand, about a 28% and 39% reduction was
observed in the stratum radiatum and oriens, respectively, in aged ADAMTS-5 mice compared to aged
control mice (Figure 4.2.2.1C). In the CA2, BCAN expression was reduced by approximately 52.4% and
52.1% around PV- and PV+ neurons, respectively, in aged ADAMTS-5 mice, compared to the aged control
mice. On the other hand, ACAN was reduced in CA2 10- and 11-fold around PV- and PV+ neurons
respectively in aged ADAMTS-5 mice compared to aged control mice (Figure 4.2.2.2A and 4.2.2.2B).
Furthermore, BCAN was reduced to about 41% and 49% whereas ACAN was reduced by 26.5% and 7-
fold around PV- and PV+ neurons respectively, in the CA3 of aged ADAMTS-5 mice compared to aged
control mice (Figure 4.2.2.3A and 4.2.2.3B).
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Figure 4.2.2.1 Removal of Aggrecan and Brevican in CA1 of 22-24M old mice injected with pAAV _
hPGK _hADAMTS5_EGFP or pAAV_hPGK_EGFP.

(A) Maximum projection of high-magnification confocal images (63x) of hippocampal CA1 of 2-3M old
mice and 22-24M old mice two weeks after hAADAMTS-5 injection. EGFP (green), parvalbumin (PV; blue),
brevican (BCAN; grey), and aggrecan (ACAN; red) (Scale bar 20um).

(B) Quantification of perineuronal expression of ECM shows that BCAN and ACAN were reduced in aged
ADAMTS-5 mice relative to aged mice and young mice. Bar graphs show mean + SEM values. One-way
ANOVA (BCAN p=0.0187 and 0.0092 for PV- and PV+ cells, respectively; ACAN p=0.034 and 0.003 for
PV- and PV+ cells, respectively); Holm-Sidak’s post hoc test, *p < 0.05 and ***p < 0.001 (Young mice:
N=6, n=46 PV- and 82 PV+ cells; Aged mice: N=5, n=47 PV- and 76 PV+ cells; Aged ADAMTS-5 mice:
N=6, n=49 PV- and 99 PV+ cells).

(C) Similarly, analysis of neuropil ECM expression shows reduced levels of BCAN and ACAN core-
protein levels in aged ADAMTS-5 mice compared to control groups. Bar graphs show mean + SEM values;
One-way ANOVA (str. radiatum: BCAN p=0.0334, ACAN p=0.0178; str. orien: BCAN p=0.0268, ACAN
p=0.0028); Holm-Sidak’s post hoc test, *p < 0.05 and **p < 0.01 (Young mice: N=6 and n=57 ROIs; Aged
mice: N=5 and n=51 ROIs; Aged ADAMTS-5 mice: N=6 and n=50 ROIs).
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Figure 4.2.2.2 Removal of Aggrecan and Brevican in CA2 of 22-24M old mice injected with pAAV_
hPGK _hADAMTS5_EGFP.

(A) Maximum projection of high magnification of confocal images (63x) of hippocampal CA2 of 2-3M old
mice and 22-24M old mice two weeks after hAADAMTS-5 injection. EGFP (green), Parvablumin (PV; blue),
Brevican (BCAN; grey), and Aggrecan (ACAN; red) (Scale bar 20um).

(B) Quantification of perineuronal expression of ECM shows that BCAN and ACAN were reduced in aged
ADAMTS-5 mice relative to aged mice and young mice. Bar graphs show mean + SEM values; One-way
ANOVA (BCAN p<0.0001 for both PV- and PV+ cells; ACAN p=0.0003 and p < 0.0001 for PV-and PV+
cells, respectively); Holm-Sidak’s post hoc test, **p < 0.01, ***p < 0.001 and **** p < 0.0001 (Young
mice: N=6, n= 16 PV- and 16 PV+ cells; Aged mice: N=5, n=16 PV- and 15 PV+ cells; Aged ADAMTS-
5 mice: N=6, n=18 PV- and 25 PV+ cells).
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Figure 4.2.2.3 Removal of Aggrecan and Brevican in CA3 of 22-24M old mice injected with pAAV _
hPGK _hADAMTS5_EGFP.
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(A) Maximum projection of high magnification of confocal images (63x) of hippocampal CA3 of 2-3M old
mice and 22-24M old mice two weeks after hAADAMTS-5 injection. EGFP (green), Parvablumin (PV; blue),
Brevican (BCAN; grey), and Aggrecan (ACAN; red) (Scale bar 20um).

(B) Quantification of perineuronal expression of ECM shows reduced levels of BCAN and ACAN core-
proteins in aged ADAMTS-5 mice relative to control aged mice and young mice. Bar graphs show mean +
SEM values; One-way ANOVA (BCAN p<0.0001 for both PV- and PV+ cells; ACAN p<0.0001 for both
PV-and PV+ cells); Holm-Sidak’s post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001
(Young mice: N=6, n=19 PV- and 15 PV+ cells; Aged mice: N=5, n=7 PV- and 12 PV+ cells; Aged
ADAMTS-5 mice: N=6, n=16 PV- and 18 PV+ cells).
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4.2.3 pAAV_hPGK _hADAMTS-5 EGFP cleaved other CSPGs in the hippocampus of 22-24M
old mice

Previous studies showed that CSPGs other than ACAN and BCAN, such as VCAN, also have ADAMTS-
5 cleavage sites, therefore, | checked the degree of activity of hRADAMTS-5 on the other CSPGs (Demircan
et al., 2014). Using IHC, further investigation revealed that the hRADAMTS-5 has a mild proteolytic effect
on three other CSPGs, namely VCAN, NCAN, and PCAN. I stained hippocampal slices of young, aged
control, and aged ADAMTS-5 mice with antibodies raised against PV (blue) and the three CSPG core-
proteins, namely, VCAN (grey), NCAN (grey), and PCAN (red), as shown in Figure 4.2.3A, 4.2.3C and
4.2.3E, and quantified their levels of enrichment around PV+ neurons. Using a similar method of analysis
as used for ACAN and BCAN, and additionally computing the cumulative frequency distributions, |
measured the intensity of VCAN, NCAN, and PCAN around PV+ neurons in all three groups of mice. |
found that the mean intensity of VCAN per cell was reduced by about 27% in aged ADAMTS-5 compared
to aged control mice, whereas approximately 17% reductions were observed for NCAN and PCAN (Figure
4.2.3B, 4.2.3D, and 4.2.3F). Overall, the IHC results show that the hAADAMTS-5 is proteolytically active
against all CSPGs, albeit in varying order of sensitivity. ACAN was extensively cleaved, followed by
BCAN, then VCAN, PCAN, and finally, NCAN, being the least sensitive. These findings corroborate with
the following studies (Demircan et al., 2014; Durigova et al., 2011).
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Figure 4.2.3 pAAV_hPGK_hADAMTS5_GFP cleaved other CSPGs in the hippocampus of 22-24M
old mice.

Representative confocal images of other CSPGs cleaved by hADAMTS-5 in the hippocampus of 22-24M
old mice. These include, (A) Versican; VCAN (grey), (C) Neurocan; NCAN (grey) and (E) Phosphacan;
PCAN (red) in addition to EGFP (green) and Parvalbumin (PV; blue) staining of the hippocampus of 22-
24M old mice (Scale bar 10um).

(B) Comparison by group means shows a tendency in the proteolysis of VCAN by hADAMTS-5 protease
and this was observed to be significant from the cumulative frequency distribution. Bar graph shows mean
+ SEM values; For comparison of group means: One-way ANOVA with Welch’s correction (p=0.0878).
For cumulative frequency analysis: Kolmogorov-Smirnov’s test, *p < 0.05, **p < 0.01, and **** p < 0.0001
(Young mice: N=6, n=70 PV+ cells; Aged mice: N=5, n= 60; Aged ADAMTS-5 mice: N=5, n=52).

(D) Analysis of NCAN mean intensity showed a significant reduction in aged ADAMTS-5 mice compared
to aged mice indicating proteolysis by hADAMTS-5 protease. Bar graph shows mean + SEM values; One-
way ANOVA (p=0.0323); Holm-Sidak’s post hoc test, *p < 0.05 (Young mice: N=6, n=68 PV+ cells; Aged
mice: N=5, n=54; Aged ADAMTS-5 mice: N=5, n= 57).

(F) Additionally, PCAN was cleaved by hADAMTS-5 protease from the comparison of group means. Bar
graph shows mean = SEM values; For comparison of group means: One-way ANOVA with Welch’s
correction (p=0.0955); Unpaired t-test with Welch’s correction, *p < 0.05. For cumulative frequency
analysis: Kolmogorov-Smirnov’s test (Young mice: N=6, n= 68 PV+ cells; Aged mice: N=5, n= 54; Aged
ADAMTS-5 mice: N=5, n=57). Measurements from one animal were excluded from the VCAN analysis
after applying the identify outlier function in Graphpad with ROUT (Q=1%).

101



RESULTS

4.2.4 Effect of overexpressing hADAMTS-5 on neuroinflammation in hippocampal CAl of 22-
24-month-old mice

Following up on the aforementioned structural changes in CSPGs in hADAMTS-5 overexpressing mice, |
investigated the effects of cleaving CSPGs on astroglial and microglial activation. Using GFAP and IBA1
as markers for astrogliosis and microglia, respectively (Figure 4.2.4.1A, 4.2.4.1C), | discovered that the
removal of CSPGs did not alter the density of GFAP+ cells in the CAL area of the hippocampus in the aged
ADAMTS-5 mice compared to young and aged control mice. However, | detected a reduction in the area
of GFAP+ cells in aged control mice compared to young mice but no difference between young and aged
ADAMTS-5 mice. Regarding the mean intensity of GFAP, | found that though aging increased the mean
intensity of GFAP in astrocytes, this was, however, reduced in the aged ADAMTS-5 mice using cumulative
frequency distribution (Figure 4.2.4.1B). Furthermore, using a similar approach as described earlier
(Kaushik et al., 2018), | characterized the morphometric properties of microglia after cleaving CSPGs. Two
weeks after injection, | observed that microglia branching was slightly higher in young mice compared to
aged control and aged ADAMTS-5 mice. Additionally, | detected an increase in the soma area of IBA1+
cells in aged control and aged ADAMTS-5 mice compared to young mice. Compared to young mice, the
IBA1+ cells density was higher in aged control and aged ADAMTS-5 mice, by about 18% and 33%,
respectively (Figure 4.2.4.1D). This initial measurement suggested that microglia in aged control and aged
ADAMTS-5 mice were activated, as it is known that increased soma area with a respective decrease in
branching area of microglia is a major morphological indicator of microglial activation (Davis et al., 2017;
Kaushik et al., 2018). Then, | investigated the changes in microglia 10 weeks after injection, and
interestingly, | detected similar outcomes for both the branching area and the soma area of IBAL1+ cells in
aged control and aged ADAMTS-5 mice compared to young mice. Furthermore, the density of IBA1+ cells

was increased in aged control and aged ADAMTS-5 mice (Figure 4.2.4.1E).
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Figure 4.2.4.1 Effect of overexpressing hAADAMTS-5 on neuroinflammation in hippocampal CAL of
22-24-month-old mice.

(A&C) Using GFAP and IBA1 antibodies as markers for astrocytes and microglia respectively, the effects
of cleaving CSPGs on astroglial and microglial activation were investigated (Scale bar 50um).

(B) There were no changes in the density or area of GFAP+ cells, while a decrease in GFAP signal intensity
was indicated by cumulative frequency distributions, suggesting reduced astroglial activation in
hADAMTS-5 injected mice. Bar graphs show mean + SEM values; For comparison of group means: One-
way ANOVA (Area, p=0.0415; intensity, p=0.0550); Holm-Sidak’s post hoc test, *p < 0.05. For cumulative
frequency analysis: Kolmogorov-Smirnov’s test, **p < 0.01 (Young mice: N=6, n=1417 GFAP+ cells;
Aged mice: N=5, n=971; Aged ADAMTS-5 mice: N=6, n=1374).
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(D) Analysis of IBA1+ cells, 2 weeks after injection, showed enhanced microglial activation due to reduced
branching area together with increased soma area in aged ADAMTS-5 mice but surprisingly not in aged
mice. A higher density of IBAL1+ cells was found in aged ADAMTS-5 mice and aged mice compared to
young mice. Bar graphs show mean + SEM values; One-way ANOVA (Branching area, p<0.0001; soma
area, p<0.0001; density, p=0.0024); Holm-Sidak’s post hoc test, **p < 0.01, ***p < 0.001, and ****p <
0.0001 (Young mice: N=6, n=911 IBA1+ cells; Aged mice: N=5, n=717; Aged ADAMTS-5 mice: N=6,
n=1538).

(E) Therefore, 10 weeks after injection showed as expected increased microglial activation and density of
IBA+ cells in aged mice compared to young mice. Regarding aged ADAMTS-5 mice, microglial activation
was still present. Bar graphs show mean = SEM values; One-way ANOVA (Branching area, p=0.0148;
soma area, p=0.0148; density, p=0.0026); Holm-Sidak’s post hoc test, *p < 0.05 and **p < 0.01 (Young
mice: N=6, n=291 IBA1+ cells; Aged mice: N=5, n=552; Aged ADAMTS-5 mice: N=6, n=786).

The above analysis suggests that the cleavage of CSPGs did not reduce microglial activation, therefore, |
analyzed the functional state of activated microglia by using IL1beta, CD68, and Clg markers. The
expression of IL1beta, produced predominantly by microglia and astrocytes, have a number of age-
dependent effects such as inducing the release of other inflammatory cytokines (Gee et al., 2006), and have
a beneficial effect on learning and memory in young mice but not in adult mice (Takemiya et al., 2017).
CD68 and C1q are essential for the phagocytic phenotype of activated microglia in the context of ECM
removal and synaptic pruning, respectively (Presumey et al., 2017; Vainchtein et al., 2018). From IL1beta
analysis, | detected an age-dependent downregulation in pyramidal cells, GFAP+ cells, and IBA1+ cells of
aged control mice compared to young mice. However, IL1beta expression increased in aged ADAMTS-5
mice compared to aged control mice in the aforementioned cell types except for IBA1+ cells (Figure
4.2.4.2). Additionally, 1 found a decreased density of CD68+ puncta in activated microglia of aged
ADAMTS-5 mice compared to aged control mice (Figure 4.2.4.3B). On the other hand, | detected an
increase in the area and intensity of CD68+ puncta along in activated microglia of aged ADAMTS-5 mice
compared to aged control mice (Figure 4.2.4.3B). | found an increase in C1q intensity in both activated
microglia and in the neuropil area of the hippocampus of aged control mice compared to young mice.
However, Clq intensity in the soma and branches of microglia of aged ADAMTS-5 mice was reduced to
the levels of young mice. From the neuropil analysis, C1q intensity was also reduced in aged ADAMTS-5

mice to the levels of young mice compared to aged control mice (Figure 4.2.4.3C).

Putting together, these data indicate the increased activation of microglia in aged ADAMTS-5 mice is

possibly due to the increased phagocytosis of ECM from the extracellular space.
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Figure 4.2.4.2 Effect of overexpressing hADAMTS-5 on IL1beta signalling in 22-24-month-old mice
injected.

(A&C) Using IL1beta antibody, additional inflammatory status after cleaving CSPGs were investigated in
pyramidal cells, astrocytes, and microglia (Scale bar; 50 pm and 20um, respectively).

(B) Quantification of IL1beta intensity at the pyramidal area revealed a slight increase in the mean intensity
which was confirmed by cumulative frequency distribution in aged ADAMTS-5 mice relative to aged mice.
The bar graph shows mean + SEM values; One-way ANOVA with Welch’s correction (p=0.0944). For
cumulative frequency distribution: Kolmogorov-Smirnov’s test, ***p < 0.001 and ****p<0.0001 (Young
mice: N=6, n=270 cells in stratum pyramidale; Aged mice: N=5, n=225; Aged ADAMTS-5 mice: N=6,
n=270).

(D) Additionally, IL1beta was upregulated in astrocytes of aged ADAMTS-5 mice compared to aged mice.
Bar graph shows mean + SEM values; One-way ANOVA (p=0.0126); Holm-Sidak’s post hoc test, *p <
0.05 (Young mice: N=6, n=270 GFAP+ cells; Aged mice: N=5, n=225; Aged ADAMTS-5 mice: N=6,
n=262).

(E) IL1beta expression in microglia was increased in aged ADAMTS-5 mice relative to aged mice. Bar
graph shows mean + SEM values; One-way ANOVA (p=0.0286); Holm-Sidak’s post hoc test, *p < 0.05
(Young mice: N=6, n=270 IBA1+ cells; Aged mice: N=5, n=210; Aged ADAMTS-5 mice: N=6, n=263).
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Figure 4.2.4.3 Effect of overexpressing hADAMTS-5 on microglia functionality in 22-24-month-old
mice.

(A) Using CD68 and Clq antibodies, the functional properties of the activated microglia after cleaving
CSPGs were investigated (Scale bar; 10 pm).

(B) The density of CD68+ puncta reduced whereas area and intensity increased in aged ADAMTS-5 mice
relative to aged mice. Bar graphs show mean + SEM values; One-way ANOVA (density, p=0.8051,;
intensity, p=0.7733); One-way ANOV A with Welch’s correction (area, 0.0778). For cumulative frequency
distribution: Kolmogorov-Smirnov’s test, *p < 0.05, **p < 0.01 and ***p<0.001 (Young mice: N=6, n=194
IBAL+ cells; Aged mice: N=5, n=191; Aged ADAMTS-5 mice: N=6, n=245).

(C) Quantification of Clg showed reduced intensity in microglia as well as at the neuropil area in aged
ADAMTS-5 mice compared to aged mice. Bar graphs show mean + SEM values; One-way ANOVA
(Intensity/microglia, p=0.3688; intensity/neuropil, p=0.3963). For cumulative frequency distribution:
Kolmogorov-Smirnov’s test, **p < 0.01, ***p<0.001, and **** p < 0.0001 (Young mice: N=6, n=194
IBAL+ cells; Aged mice: N=5, n=191; Aged ADAMTS-5 mice: N=6, n=245).
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4.2.5 Effect of overexpressing hADAMTS-5 on myelination in the hippocampus of 22-24M mice

Next, | studied the effect of removing CSPGs on the migration of oligodendrocytes as previous studies
showed that CSPGs like BCAN, NCAN, and VCAN inhibit the functions and distribution of
oligodendrocytes (Andrews et al., 2012). This inhibitory effect of CSPGs on oligodendrocytes, especially
during injury, prevents the remyelination of demyelinated axons (Harlow and Macklin, 2014). As such, the
digestion of CSPGs by chABC has been shown to rescue the inhibitory effects of CSPGs on
oligodendrocytes (Harlow and Macklin, 2014; Pendleton et al., 2013b).
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Figure 4.2.5 Effect of overexpressing hAADAMTS-5 on oligodendrocytes in the hippocampus of 22-
24M mice.

(A) Using the OLIG2 antibody, the effect of cleaving CSPGs on the migration of oligodendrocytes into the
hippocampal CA1 was examined (Scale bar; 50 um).

(B) The density of OLIG2+ cells was restored in aged ADAMTS-5 mice to the level measured in young
mice in the stratum oriens (white dashed ROI). Bar graphs show mean £ SEM values; One-way ANOVA
with Welch’s correction (p=0.0215); Unpaired t-test with Welch’s correction, *p <0.05 (Young mice: N=6;
Aged mice: N=4; Aged ADAMTS-5 mice: N=6).

(C) However, only a tendency was detected in the stratum radiatum (yellow dashed ROI). Bar graphs show
mean £ SEM values; One-way ANOVA (p=0.0442); Holm-Sidak’s post hoc test, p=0.07 (Young mice:
N=6; Aged mice: N=4; Aged ADAMTS-5 mice: N=6).
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Then, I used IHC to check if the continuous removal of CSPGs in aged ADAMTS-5 mice could improve
oligodendrocytes distribution and functions. | labelled oligodendrocytes with the known marker OLIG2
and | observed an increase in the density of OLIG2+ cells in the stratum oriens of aged ADAMTS-5 mice
to the level of young mice. However, | did not see any difference in the density of OLIG2+ cells in the
stratum radiatum between aged control and aged ADAMTS-5 mice, which were reduced for both groups

compared to the young mice (Figure 4.2.5A and 4.2.5B).

4.2.6 Overexpression of ADAMTSS improved long-term memory of NOLT in 22-24M mice

Having confirmed the proteolytic activity of hADAMTS-5 and the effects of the continuous removal of
CSPGs on neuroinflammation and myelination, | then studied the cognitive functions of aged ADAMTS-5
mice. | used the novel object location task (NOLT) together with the novel object recognition task (NORT)
to study spatial memory and discrimination, and recognition memory before and after removing ECM
(Figure 4.2.6.1A and 4.2.6.1B). I initially checked mice for any motor or emotional changes before injection
by using the open field test. In this test, both aged control and aged ADAMTS-5 mice covered less distance
compared to young mice. Additionally, I did not see any difference in time spent in peripheral or central
areas between all groups, indicating no anxiogenic effects of aging and ADAMTS-5 overexpression (Figure
4.2.6.1C). Before injection, both aged control and aged ADAMTS-5 mice had equal performance regarding
time spent exploring familiar and novel objects in the NOLT task, which was significantly different from
young controls, indicating cognitive impairments (Figure 4.2.6.1D). However, 2 weeks after injection, there
was an improvement in the performance of aged ADAMTS-5 mice regarding their ability to discriminate
between objects at familiar and novel locations (Figure 4.2.6.1E). Then, | compared the discrimination ratio
for all groups before and after injection and noticed a significant improvement in the aged ADAMTS-5
mice compared to aged control mice (Figure 4.2.6.1F). This suggests that the removal of ECM by
hADAMTS-5 rather enhances hippocampus-dependent spatial discrimination and memory.

Next, | performed the NORT test before and after injection and observed no differences in time spent
exploring both familiar and novel objects between all study groups. A similar outcome was also observed
2 weeks after the injection whereby the discrimination ratios for all groups did not show any difference
either (Figure 4.2.6.2D). However, comparing the discrimination ratios before and after AAV injection, |
found that with the aged ADAMTS-5 mice, there was an enhancement of recognition memory, whereas no

change occurred for both young and aged controls (Figure 4.2.6.2E).
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Figure 4.2.6.1 Overexpression of ADAMTS5 improved long-term memory of NOLT in 22-24M mice.

Hippocampus-dependent long-term NOLT memory was tested in all test groups.

(A&B) Timeline of experiments and behavioral paradigm.

(C) Before injecting mice with AAV vectors into the CA1, a baseline cognitive test was performed. From
the open field test, both groups of aged mice travelled shorter distances compared to young mice, in addition
to, no difference in time spent at both peripheral and central areas. Bar graphs show mean + SEM values;
One-way ANOVA (Distance travelled, p=0.0012; Time in peripheral and central areas, p=0.1957 and
0.2281, respectively); Holm-Sidak’s post hoc test, **p < 0.01 (Young mice: N=9; Aged mice: N=8; Aged
ADAMTS-5 mice: N=9).

(D) With the NOLT test before injection, aged mice spent equal time exploring the objects at familiar (F)
and novel (N) locations, which was different from young mice. Bar graph shows mean + SEM values;
Paired t-test, **p < 0.01 (Young mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).

(E) Two weeks after AAV injection, aged ADAMTS5 mice spent a significant amount of time exploring
the displaced object whereas aged mice spent a similar amount of time exploring the familiar and the
displaced objects. Bar graph shows mean + SEM values; Paired t-test, **p < 0.01, and ***p < 0.001 (Young
mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).
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(F) Comparing the discrimination ratios before and after injection, a significant improvement in NOLT
memory was observed in aged ADAMTS5 mice. Bar graph shows mean + SEM values; Two-way mixed
ANOVA (Group: F=15.03, p<0.0001); Fisher’s LSD test, *p < 0.05 (Young mice: N=9; Aged mice: N=8;
Aged ADAMTS-5 mice: N=9).
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Figure 4.2.6.2 Overexpression of ADAMTS5 has a tendency to improve long-term NORT memory in
22-24M mice.

Long-term NORT memory was tested in all test groups. (A&B) Timeline of experiments and behavioral
paradigm.

(C) NORT test before injection showed all test groups spent significantly more time exploring the novel
object relative to the familiar object. Bar graph shows mean + SEM values; Paired t-test, *p < 0.05 and **p
< 0.01 (Young mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).

(D) Two weeks after AAV injection, all test groups spent a significant amount of time exploring the novel
objects compared to familiar objects. Bar graph shows mean £ SEM values; Paired t-test, *p < 0.05 and
**p < 0.01 (Young mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).

(E) Interestingly, comparing the discrimination ratios before and after injection, an improvement in NORT
memory was observed in aged ADAMTS5 mice. Bar graph shows mean £ SEM values; Wilcoxon matched-
pairs test, *p < 0.05 (Young mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).
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4.2.7 Overexpression of ADAMTS-5 improved spatial learning and memory in 22-24M mice

After observing the enhancement of hippocampus-dependent memory in the aged ADAMTS-5 mice in the
NOLT test, I then used another hippocampus-dependent cognitive function test to confirm the observed
cognitive improvement. Therefore, | employed the labyrinth or dry maze task, which has been shown to be
highly sensitive in measuring hippocampus-dependent spatial navigation learning and memory (Peters et
al., 2013). Additionally, this behavioral task is known to be much less stressful compared to the water maze
task (Harrison and Feldman, 2009; Rich and Shapiro, 2007). Here, | designed an asymmetrical quadrant-
based dry maze experiment with two phases of memory tests: the memory acquisition phase and the probe
phase. The asymmetrical quadrant-based dry maze had three entry-paths, and two of these entry-paths were
used for the memory acquisition phase, which lasted three days. The 3™ entry-path was used for the 2-phase
probe test on the 4™ day with an hour delay. The entry-paths for the memory acquisition phase were
counterbalanced for all groups. Additionally, I included distal cues, which studies show are essential for
the allocentric form of spatial navigation in mice (Vorhees and Williams, 2014) (Figure 4.2.7A and 4.2.7B).
Using two measures, the errors made and the distance travelled, | estimated the spatial navigational learning
and memory performance of each mouse as they explored the maze to locate the reward (water) during both
the acquisition and probe phases. The first parameter | measured was the level of familiarity of mice with
the maze, that is, how well each mouse knew the reward location after their first encounter with the maze.
With this metric, | compared the total number of errors made on day 1 (as mice explored the maze for 10
min) and the first trial on day 2, with both measurements limited to the first entry into the reward location.
This is because, during the first session on day 2, each mouse used the same entry-path as on day 1. Using
the level of familiarity metric, | observed that the aged control mice, despite some cognitive impairments,
were able to familiarize themselves with the maze. Similarly, aged ADAMTS-5 and young control mice all
showed a satisfactory degree of familiarity with the maze. However, as the entry-paths from subsequent
training sessions, that is, from the 1% trial on day 2 to the 2™ trial on day 3, were alternated, | noticed a
unique learning pattern in the aged ADAMTS-5 mice which was consistent with that of young controls.
Thus, by the last training session on day 3 (T2 on day 3), aged ADAMTS-5 mice eventually became
consistent in reducing the number of errors together with covering shorter distances in their quest to locate
the reward. This was not the case with aged control, as they consistently increased the number of errors and
travelled long distances to locate the reward (Figure 4.2.7C, 4.2.7D, 4.2.7F, and 4.2.7G).
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Figure 4.2.7 Overexpression of ADAMTS5 improved spatial learning and memory in 22-24M mice.

Hippocampal-dependent spatial learning and memory were investigated in all tests by using the
asymmetrical quadrant-based Labyrinth.

(A&B) Timeline of labyrinth test and design.

(C&F) Two measures, errors made and distance traveled, were used to estimate the cognitive performance
of each mouse during the acquisition phase. Plots show mean + SEM values; Two-way mixed ANOVA
(Errors made, Group: F=7.991, p=0.0006; distance travelled, Group: F=4.314, p=0.0156); Fisher’s LSD
test, *p < 0.05 and **p < 0.01 (+ aged ADAMTS-5 mice vs aged mice; # young mice vs aged mice; Young
mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).

(D&G) Although aged mice are cognitively challenged, however, they displayed, together with young
mice, a satisfactory level of familiarity with the maze. Aged ADAMTS-5 mice on the other hand showed
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an enhanced efficiency in memory acquisition relative to aged mice. Bar graphs show mean + SEM values;
Two-way mixed ANOVA (Level of familiarity: errors made, Group: F=4.961, p=0.0112; distance
travelled, Group: F=3.699, p=0.0324; acquisition efficiency: errors made, Group*Training session:
F=4.504, p=0.0309); Fisher’s LSD test, *p < 0.05 and **p < 0.01 (Young mice: N=9; Aged mice: N=8;
Aged ADAMTS-5 mice: N=9).

(E&H) From the 2-phase probe test, aged ADAMTS-5 mice showed an enhanced memory stabilization
contrary to aged mice. Bar graphs show mean £ SEM values; For probe tests: Two-way mixed ANOVA
(Errors made: Group: F=5.566, p=0.0068; Distance travelled, Group: F=5.198, p=0.0092); Fisher’s LSD
test, *p < 0.05 and **p < 0.01. For memory stabilization: One-way ANOVA (Errors made, p=0.0614;
Distance travelled, p=0.2284), Fisher’s LSD test, *p < 0.05 (+ aged ADAMTS-5 mice vs aged mice; #
young mice vs aged mice; Young mice: N=9; Aged mice: N=8; Aged ADAMTS-5 mice: N=9).

Next, using the 2-phase probe test, which includes the 1% probe test without reward and the 2™ probe test
with reward with an hour delay, | observed a trend in the mean number of errors and distance travelled for
both aged ADAMTS-5 and young mice. Here, both groups made fewer errors compared to aged control
mice; however, they were not statistically different. Meanwhile, after the hour interval, | observed that both
aged ADAMTS-5 and young mice made significantly fewer errors along with travelling shorter distances
to the reward. Then, | matched the performance between the 15t and 2™ probe tests to estimate the degree
of memory stabilization. Thus, when computing the effect of mice entering the reward location but not
finding water on memory stabilization, | found that both aged ADAMTS-5 and young mice were able to
maintain their memory of the reward location, which was, however, modified in aged controls (Figure
4.2.7E and 4.2.7F). It appears from both NOLT and dry maze studies that the continuous removal of CSPG
from the hippocampus restores spatial learning and memory, spatial discrimination memory, and navigation

memory.

4.2.8 Overexpression of ADAMTS5 improved synaptic plasticity in 22-24M mice

LTP in the hippocampus of aged mice has been shown to be impaired due to a host of structural and
physiological factors. Such factors include changes in the expression and function of both AMPAR and
NMDAR in excitatory neurons (Burke and Barnes, 2010; Temido-Ferreira et al., 2019). Aging is known to
increase the internalization of AMPARSs from synaptic sites as well as alter the expression and distribution
of NMDARs (Deak and Sonntag, 2012b). With NMDARSs, aging increases GIuN2B-containing NMDARS
that are mostly located at the extrasynaptic sites, thereby reducing synaptic NMDARs (Hardingham and
Bading, 2010). Activation of the extrasynaptic GIuUN2B-containing NMDARs in the hippocampus of aged
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mice may impair CREB signaling and this correlates with cognitive impairments (Avila et al., 2017;
Morrison and Baxter, 2012). Therefore, prompted by the cognitive enhancements seen in NOLT and in the
spatial learning and memory of aged ADAMTS-5 mice, | analyzed the possible cellular and molecular
mechanisms by using electrophysiological and pharmacological experiments in collaboration with Hadi
Mirzapourdelavar (DZNE Magdeburg). We detected no difference between the three compared groups in
terms of the basal excitatory synaptic transmission, measured using the stimulus-response curves (Figure
4.2.8B).

I found that the basal synaptic transmission was not different in aged control mice relative to young mice
or aged ADAMTS-5 mice. However, there was a reduction in the stimulus-response curves of aged
ADAMTS-5 mice compared to young mice. Then, I studied the effect of cleaving CSPGs on the induction
and maintenance of LTP. | found that the percentage of short-term potentiation (STP) within the first 3
minutes of LTP induction was reduced in both aged control mice and aged ADAMTS-5 mice compared to
young mice. | did not see any difference between aged ADAMTS-5 mice and aged control mice. From the
analysis of the last 10 minutes of LTP, | found that LTP reduced to about 20% in aged control mice whereas
a 12% reduction was observed in aged ADAMTS-5 mice, compared to young mice. This 8% difference in
LTP levels observed between aged ADAMTS-5 mice and aged control mice was statistically significant
(Figure 4.2.8C, 4.2.8D, and 4.2.8E). Furthermore, | investigated if the removal of CSPGs increased LTP
by inhibiting signaling via the extrasynaptic GIuN2B-containing NMDARs. signaling by blocking their
activation with RO25 (Ro 25-6981). Application of GIuUN2B antagonist Ro 25-6981 (RO25) at the
concentration of 3 uM enhanced LTP in the aged control mice to the level seen in aged ADAMTS-5 mice
without RO25. Blocking the GIuN2B NMDARs in aged ADAMTS-5 mice with RO25 did not alter the
level of LTP, suggesting that overexpression of ADAMTS-5 and removal of perisynaptic ECM might
inactivate signaling via extrasynaptic GIUN2B or increase signaling via synaptic GIuN2B to counterbalance

activity of extrasynaptic GIuN2B-containing receptors (Figure 4.2.8C and 4.2.8D).
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Figure 4.2.8 Overexpression of ADAMTS5 improved synaptic transmission in 22-24M mice.

(A) Timeline for AAV injection into hippocampal CA1 and experiment.

(B) The basal synaptic transmission was not different in aged mice relative to young mice and to aged
ADAMTS-5 mice. This was, however, reduced in aged ADAMTS-5 mice compared to young mice. Plot
shows mean £ SEM values; Two-way mixed ANOVA (Group: F=2.167, p=01348); Fisher’s LSD test, *p
< 0.05 (Young mice: N=9, n=11 slices; Aged mice: N=8, n=13; Aged ADAMTS-5 mice: N=9, n=12).

(C) The mean slope of fEPSPs recorded 10 minutes before TBS was used as the baseline and subsequent
trace which is the average of fEPSPs recorded 60 minutes after TBS.

(D) The short-term potentiation (STP) was computed using the first 3 minutes after TBS. Here, both aged
mice and aged ADAMTS-5 mice showed a reduced percentage of STP. Bar graph shows mean + SEM
values; Two-way mixed ANOVA (Group: F=8.402, p=0.0019); Fisher’s LSD test, **p < 0.01 (Young
mice: N=9, n=11 slices; Aged mice: N=8, n=13; Aged ADAMTS-5 mice: N=9, n=12).

(E) Impaired LTP in aged mice, as estimated using the last 10 minutes of a 60-minute LTP time course,
was improved after cleaving CSPGs in aged ADAMTS-5 mice. Pharmacological inhibition of the
extrasynaptic GIuN2B-containing NMDAR by RO25, slightly enhanced LTP in aged mice but had no effect
in aged ADAMTS-5 mice. Bar graph shows mean £ SEM values; For LTP without RO25, One-way

115



RESULTS

ANOVA (p=0.010), Fisher’s LSD test, *p < 0.05 and **p < 0.01 and comparison of aged mice with and
without RO25, Unpaired t-test, (Young mice: N=9, n=11, [8] slices; Aged mice: N=8, n=13, [10]; Aged
ADAMTS-5 mice: N=9, n=12, [10]); [RO25].
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Figure 4.2.9 ECM remodeling did not affect synaptic GIuN2B expression in 22-24M mice.

(A) STED imaging of hippocampal sections from all groups immunostained with antibodies to GIUN2B
(magenta) and PSD-95 (blue) with dendritic spines labelled with phalloidin (green). (Scale bar; 1um and
zoomed images 250nm). (B&C) No difference between synaptic GIUN2B expression in all test groups was
observed in cumulative distribution as well as comparison of group means. One-way ANOVA (p=0.900).
Bar graph shows mean £ SEM values (Young mice: N=4, n =1521 spines; Aged mice: N=5, n=1882; Aged
ADAMTS-5 mice: N=6, n=2680).
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4.2.9 CSPG remodelling does not change expression of synaptic GIUN2B expression in 22-24M
mice

To further investigate if the enhanced LTP in aged ADAMTS-5 mice was due to accumulation of synaptic
or dispersal of extrasynaptic GIuUN2B-containing NMDAR receptors, STED imaging of hippocampal
sections from all groups immunostained with antibodies to GIuUN2B and PSD-95 was performed in
collaboration with Prof. Dr. Silvio Rizzoli from the Georg-August-Universitat, Gottingen. Since the GFP
signals were weak to identify synapses, phalloidin which stains F-actin structures in all dendritic spines
(Bér et al., 2016), was used for spine detection (Figure 4.2.9A, 4.2.9B and 4.2.9C). From this experiment,
| observed no changes in cumulative distributions of GIuN2B at synaptic (PSD-95+ area) between all test
groups. There was no difference in the mean intensity of GIUN2B signals per animal. Overall, these data
suggest that the removal of CSPGs did not affect GIUN2B expression at synaptic sites, but influenced the
perisynaptic GIUN2B signaling.

4.2.10 CSPG remodelling enhanced pCREB signaling in aged ADAMATS-5 mice

Next, | investigated the mechanism downstream of the extrasynaptic GluN2B-containing NMDAR
signaling in aged ADAMTS-5 mice. In the aging postsynaptic compartment, activation of the extrasynaptic
GIluN2B-containing NMDARs shuts-off the CREB pathway (Grochowska et al., 2021). In detail, activation
of the extrasynaptic GIuN2B-containing NMDARs prevents the phosphorylation of ERK1/2 or the synapto-
nuclear messenger, Jacob. The phosphorylation of Jacob is essential for transducing NMDAR signals to the
nucleus (Karpova et al., 2013), nevertheless, once the non-phosphorylated Jacob translocates to the nucleus
it activates protein phosphatase 1 which then dephosphorylates CREB thereby displacing CREB (Dieterich
et al., 2008; Spilker et al., 2016). However, recent evidence indicates that aging decreases the expression
and phosphorylation of CREB which affects the expression of some synaptic genes like c-FOS and brain-
derived neurotrophic factor (BDNF) (Miranda et al., 2019). Meanwhile, both ¢c-FOS and brain-derived
neurotrophic factor are essential for the maintenance of LTP and synaptic plasticity (Gandolfi et al., 2017;
Loebrich and Nedivi, 2009). Therefore, | used IHC to study the effects of removing CSPGs on pCREB
signaling in the hippocampal sections of all test groups (Figure 4.2.10A and 4.2.10C). Image analysis
revealed that pPCREB mean intensity increased in aged ADAMTS-5 mice compared to aged control mice
in both the distal and proximal CA1 regions that are known to influence spatial and recognition memory,
respectively (Beer et al., 2018; Nakazawa et al., 2016) (Figure 4.2.10B and 4.2.10D).
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Figure 4.2.10 ECM remodelling enhanced pCREB signaling in aged ADAMTS-5 mice.

(A&C) Representative 40x images of pCREB in the distal and proximal CA1 of young mice, aged
ADAMTS-5 mice, and aged mice (Scale bar; 50um).

(B&D) Quantification of mean intensity as well as cumulative frequency analysis show that pCREB levels
increases in aged ADAMTS-5 mice relative to aged mice. Bar graphs show mean + SEM values; For distal
CAL: One-way ANOVA with Welch’s correction (p=0.1069). For cumulative frequency distribution:
Kolmogorov-Smirnov’s test, **p < 0.01 and **** p < 0.0001. For proximal CAl: One-way ANOVA
(p=0.0061); Holm-Sidak’s post hoc test, *p < 0.05. For cumulative frequency distribution: Kolmogorov-
Smirnov’s test, **p < 0.01 and **** p < 0.0001 (Young mice: N=6, n=[128 and 69] pCREB+ cells; Aged
mice: N=5, n=[134 and 19]; Aged ADAMTS-5 mice: N=6, n=[198 and 52].

(E&F) Using c-FOS staining which is downstream of pCREB signaling revealed that in aged ADAMTS-5
mice the removal of CSPGs slightly increased the mean intensity of c-FOS signal without affecting the
density (Scale bar; 50um). Bar graphs show mean + SEM values; For c-FOS intensity: Kruskal-Wallis test
with uncorrected Dunn’s test. For the number of ¢c-FOS+ cells: One-way ANOVA (p=0.0367); Holm-
Sidak’s post hoc test, *p < 0.05 (Young mice: N=6; Aged mice: N=5; Aged ADAMTS-5 mice: N=6).
Measurements from one animal were excluded from aged ADAMTS-5 mice for both intensity and number
of c-FOS+ cells as outliers detected by Graphpad with ROUT (Q=1%).
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Then, | decided to confirm the functionality of the increased pCREB, especially in the distal CA1, by
staining for c-FOS, whic expression is downstream of pCREB. | noticed that c-FOS intensity slightly
increased in aged ADAMTS-5 mice compared to aged control mice to the level found in young mice.
However, no difference was observed in the density of c- FOS+ cells in the distal CA1 between aged mice
and aged ADAMTS-5 mice (Figure 4.2.10E and 4.2.10F).

4.2.11 CSPG remodelling partially restored both excitatory and inhibitory synaptic inputs in
aged ADAMATS-5 mice to young controls

In the brain, although synaptic connections are stabilized by ECM, aging increases the ECM protein
molecules that negatively affects the excitatory and inhibitory synapses, thereby disrupting the excitatory
and inhibitory balance (E/I) (Morrison and Baxter, 2012). Available evidence suggests that aging reduces
the number of functional synapses (Deak and Sonntag, 2012b) and this strongly correlates with LTP and
cognitive impairments (Bergado and Almaguer, 2002; Kumar et al., 2012). Therefore, | investigated the
extent to which the continuous removal of CSPG core proteins alters the expression of both excitatory and
inhibitory contacts on PV+ cells. Here, | used vGLUT1 and vGAT antibodies to study the perisomatic
glutamatergic and GABAergic innervation of PV+ neurons (Figure 4.2.11.1A) and in the stratum radiatum
(Figure 4.2.11.2A and 4.2.11.2C) in all groups. Using both mean intensity and density together with
cumulative frequency analysis, | observed an overall trend for possible restoration of both perisomatic
glutamatergic and GABAergic innervations in aged ADAMTS-5 mice to the levels of young mice. In detail,
I found an increase in both the density and intensity of vGLUT1+ puncta in aged ADAMTS-5 mice
compared to aged control mice. Cumulative frequency analysis confirmed this trend (Figure 4.2.11.1B).
Regarding changes to VGAT expression, | found no difference in the mean intensity and density of vVGAT+
puncta in aged ADAMTS-5 mice relative to aged control mice. However, using the more powerful
cumulative frequency analysis with PV+ cell rather than animal as an observation unit, | observed that the
aging reduced intensity and density of vGAT+ puncta, which were rescued in aged ADAMTS-5 mice as |
observed no difference between young mice and aged ADAMTS-5 mice (Figure 4.2.11.1C).
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Further analysis in the stratum radiatum showed no difference in the mean density of vGLUT1+ puncta
between aged ADAMTS-5 mice and aged control mice, which was further confirmed by cumulative
frequency analysis. The mean intensity of vGLUT1+ puncta in the stratum radiatum, although reduced in
aged control mice relative to young mice, did not change between aged ADAMTS-5 mice and young mice.
However, | observed a slight increase in the intensity of vGLUT1 by the cumulative frequency analysis in
aged ADAMTS-5 mice compared to aged control mice (Figure 4.2.11.2B). In the context of vGAT in the
stratum radiatum, | found no difference in the mean density and intensity of vVGAT+ puncta in aged
ADAMTS-5 mice relative to aged control mice. Interestingly, from the cumulative frequency analysis, |
noticed that the increase in the intensity but not the density of vVGAT+ puncta was highly significant between
aged ADAMTS-5 mice and aged control mice (Figure 4.2.11.2D). Putting all together, both excitatory and
inhibitory perisomatic synaptic inputs to PV+ cells and synaptic densities in the stratum radiatum are

slightly improved but not restored in aged mice after ECM remodeling.
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Figure 4.2.11.1 CSPG remodeling restored both excitatory and inhibitory synaptic inputs to PV+
cells in aged ADAMATS-5 mice to young controls.

(A) Representative 63x images of PV+ cells innervated by excitatory (vGLUT1) and inhibitory (VGAT)
synapses in the hippocampal CA1 of young mice, aged ADAMTS-5 mice and aged mice (Scale bar; 5um).
(B) Quantification of vGLUT1+ puncta around PV+ cells shows an overall increase in the density in aged
ADAMTS-5 mice compared to aged mice. Bar graphs show mean + SEM values; For density: One-way
ANOVA with Welch’s correction (p=0.0861). For cumulative frequency distribution: Kolmogorov-
Smirnov’s test, *p < 0.05. For vGLUT1 intensity: One-way ANOVA (p=0.1371); For cumulative
frequency distribution: Kolmogorov-Smirnov’s test (Young mice: N=6, n=52 PV+ cells; Aged mice: N=5,
n=55; Aged ADAMTS-5 mice: N=6, n=33).

(C) However, the age-dependent reduction of the density and intensity of vVGAT+ puncta were not the case
in aged ADAMTS-5 mice relative to young mice. Bar graphs show mean + SEM values; One-way ANOVA
(Density, p=0.1150; intensity, p=0.1356). For cumulative frequency distribution: Kolmogorov-Smirnov’s
test, *p < 0.05 and **p < 0.01 (Young mice: N=6, n=52 PV+ cells; Aged mice: N=5, n=55; Aged
ADAMTS-5 mice: N=6, n=33).
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Figure 4.2.11.2 CSPG remodeling restored neither excitatory nor inhibitory synaptic inputs in aged
ADAMATS-5 mice to young controls.

(A&C) Representative 63x images of excitatory (vGLUT1-grey) and inhibitory (VGAT-red) synapses in
the hippocampal stratum radiatum of young mice, aged ADAMTS-5 mice and aged mice (Scale bar; 5um).
(B) Quantification of the density and intensity of vGLUT1+ puncta within stratum radiatum was reduced
in aged mice and aged ADAMTS-5 mice relative to young mice. Bar graphs show mean + SEM values;
One-way ANOVA with Welch’s correction (Density, p=0.2337; intensity, p=0.1059). For cumulative
frequency distribution: Kolmogorov-Smirnov’s test, *p < 0.05, **p < 0.01, and ****p < 0.0001 (Young
mice: N=6, n=1764 vGLUT+ synapses; Aged mice: N=5, n=1307; Aged ADAMTS-5 mice: N=6, n=1348).
(D) Furthermore, from the cumulative frequency analysis, the intensity of VGAT+ puncta increased in the
stratum radiatum of aged ADAMTS-5 mice compared to aged mice. Bar graphs show mean + SEM values;
One-way ANOVA (Density, p=0.0033; intensity, p=0.0143); Holm-Sidak’s post hoc test, *p < 0.05 and
**p < 0.01. For cumulative frequency distribution: Kolmogorov-Smirnov’s test, *p < 0.05, ***p < 0.001,
and ****p < 0.0001 (Young mice: N=6, n= 2786 VGAT+ synapses; Aged mice: N=5, n=1307; Aged
ADAMTS-5 mice: N=6, n=2149).
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Next, I used IHC in addition to following the “operational” definitions of previously defined 4 classes of
PV expression which includes high, interhigh, interlow, and low (Donato et al., 2013) to investigate the
effect of removing CSPGs on the expression of PV proteins in PV+ cells. Studies have shown that learning
and memory processes in the hippocampus, for example, follow a unique PV-network configuration in adult
mice, which is reversible (Donato et al., 2015, 2013; Huang et al., 1999). From these studies, it is known
that hippocampus-dependent behavioral tasks like fear conditioning can induce large fractions of PV+ cells
with a high amount of PV proteins. Interestingly, this finding was further supported by an increased fraction
of PV+ cells with high PV content after pharmacogenetic activation of these neurons (Donato et al., 2013).
In this study, | found that the age-dependent reduction of the intensity of PV proteins in PV+ cells was
rescued in aged ADAMTS-5 mice. This was further confirmed by cumulative frequency analysis (Figure
4.2.11.3B and 4.2.11.3C). Furthermore, | observed that the intensity of PV proteins positively correlated
with the soma size of PV+ cells in all test groups (Figure 4.2.11.3D). Meanwhile, from this study, I
discovered that the proportion of PV+ cells with a high PV content in their soma increased in aged
ADAMTS-5 mice compared to aged control mice. No difference was seen in the proportion of the other
classes of PV in PV+ cells (Figure 4.2.11.3E and Figure 4.2.11.3F). This suggests that CSPG remodeling
is essential in the reconfiguration of the expression of PV proteins in PV+ cells, especially in high PV+

cells.
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Figure 4.2.11.3 CSPG remodeling modified the PV expression in PV+ cells in the hippocampus of
aged ADAMATS-5 mice compared to aged control mice.

(A) Representative 40x images of parvalbumin-expressing inhibitory neurons (PV+ cells -grey) in the
hippocampus of mice (Scale bar; 20um).

(B&C) PV intensity increased in aged ADAMTS-5 mice compared to aged mice. Plots shows mean + SEM
values; Kruskal-Wallis test (p=0.0076); Dunn’s post hoc test, **p < 0.01. For cumulative frequency
distribution: Kolmogorov-Smirnov’s test, *p < 0.05 (Young mice, N=6, n=201 PV+ cells; Aged mice, N=5,
n=178; Aged ADAMTS-5 mice, N=6, n=186).

(D) A positive relationship was observed between PV intensity and soma size for all test groups. Correlation
plot and values of Spearman’s coefficient of correlation.

(E&F) From the PV-network configuration analysis, the removal of CSPGs in aged ADAMTS-5 mice
increased the proportion of high-intensity PV+ cells compared to aged mice. Bar graphs show mean + SEM
values. As frequencies of PV classes are not independent measure (the sum=100%), multiple comparison
t-test was used instead of two-way ANOVA, *p < 0.05 (Young mice: N=6, n=201 PV+ cells; Aged mice:
N=5, n=178; Aged ADAMTS-5 mice: N=6, n=186).
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5 DISCUSSION

Studies over the past years have indicated that CSPGs are essential at every stage of brain development,
including the embryonic, postnatal, and adult stages (Dityatev and Schachner, 2003; Williams et al., 2010).
The expression of CSPG core-proteins as well as their GAG chains in the brain has been shown to influence
cell migration, differentiation, and maturation during early development (Urban and Guillemot, 2014).
However, recent evidence suggests that aging increases the protein content of CSPGs and, as such, they are
strongly associated with quite a number of age-dependent structural and physiological changes (Vegh et
al., 2014). These changes include the reduction in synaptogenesis, synaptic transmission, and plasticity,
which correspond to cognitive impairment in multiple brain regions such as the hippocampus and PFC
(Mencio et al., 2021). It is noteworthy that little or no information exists regarding the mechanisms behind
the age-dependent changes in CSPG protein content, as this could be through the parallel increase in
transcription and translation of CSPG genes or the disruption of the regulatory mechanisms. Furthermore,
several studies have investigated the role played by CSPGs in age-dependent cognitive impairment,
especially in disease models (\Végh et al., 2014), however, using less clinically-related approaches. Such
approaches include the application of chABC enzymes, which originate from bacteria, and whose function
is global, crude, and limited to removing only the sugar chains. This approach is further limited by the short
recovery time of CSPG GAGs, and this recovery is accompanied by negative effects (Carceller et al., 2020).

Therefore, it is essential to have a better approach to control CSPG remodeling in the aged brain.

Therefore, in my thesis, | set out to investigate the aforementioned potential mechanisms in the
hippocampus of aged mice by using both RT-qPCR and IHC. Here, I first checked the mRNA levels of
CSPG core-proteins followed by the expression analysis of enzymes necessary for GAG synthesis and
modifications in aged mice from 30-months-old and compared them to 2-3 months-old young mice. Then,
I followed up these findings by investigating the said genes at the earlier stage of aging, in 22-24 month-
old mice. Afterward, | monitored if aging altered the gene expression of proteases and their tissue inhibitors
that regulate the CSPG turnover. This thesis work, therefore, illuminates the mechanisms underlying the
observed age-dependent increase in CSPG protein content, as well as abrogation of the aged-dependent
effects by promoting ECM proteolysis in the hippocampus of 22-24 month-old mice.
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5.1 mRNA levels of CSPGs core-proteins and glycosylation enzymes do not correlate with
PNN protein levels in aged mice

In a proteomics study, Vegh and colleagues showed a time-dependent increase in the expression of some
ECM molecules such as HAPLN1, BCAN, and NCAN. Further analysis with immunoblotting confirmed
the age-dependent upregulation of these molecules in the hippocampus and increased expression of the
more specialized form of ECM, that is, PNN, using the WFA labelling (Vegh et al., 2014). However, they
failed to elucidate the mechanism behind these alterations. This thesis, according to my knowledge, is the
first study to provide a significant foundation to further understand the mechanisms behind the age-
dependent increase in neural ECM. | show here that the high protein levels of PNN components as reported
are not due to the direct increase in the transcription of CSPG core proteins. This is because, from the RT-
gPCR analysis, it follows that the gene expression of the CSPG core proteins was not upregulated in 22-
24M and > 30M old mice when compared to young controls. Additionally, the fact that there was no
difference between aged and young mice regarding the expression of enzymes necessary for glycosylation
indicates that the reported high WFA intensity in aged animals might not be due to increased synthesis of
GAGs. This is because WFA binds to the terminal N-acetylgalactosamine residues of the GAG chains of
CSPGs (Ajmo et al., 2008; Miyata et al., 2018; Young and Williams, 1985), and its intensity reflects the
amount and maturity of PNNs (Slaker et al., 2016). Therefore, it is possible that the high WFA intensity
reported might be due to the accumulation of GAGs through reduced degradation of CSPGs. The reported
low correlation of about 0.40 between mMRNA and protein expressions in mammals (Kosti et al., 2016) is
in line with our finding that the gene expression of PNN components is not parallel to the reported protein
levels in the hippocampus of aged mice. Previously, the researchers suggested that proteins are mostly
conserved once formed, whereas mMRNAS are subject to post-transcriptional modifications which can alter
protein levels (Perl et al., 2017; Vogel and Marcotte, 2012). Meanwhile, one interesting finding in the
present study was the consistent downregulation of Chst3 in both 22-24M and > 30M old mice. The Chst3
gene is transcribed and translated into the CHST3 enzyme, which catalyzes the sulfation of carbon at the
6™ position in the GAGs of CSPG, which is known to be low from previous studies (Shinji Miyata and
Kitagawa, 2016).
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5.2 mRNA levels of CSPGs proteases did not change in aged mice compared to young
controls except for Adamts-5 and MMP-12

Studies have shown that CSPGs are remodeled by MMPs and ADAMTS with the latter having higher
activity, especially ADAMTS-5. In the brain, MMP-2 and MMP-9 also known as the gelatinases have been
shown to cleave CSPGs in an activity-dependent manner thereby influencing processes such as brain
development (Verslegers et al., 2013), synaptogenesis (Dityatev et al., 2004), and synaptic plasticity
(Bozdagi et al., 2007). Similarly, ADAMTS-4 and -5, which are expressed in multiple brain regions
including the hippocampus (Lemarchant et al., 2013), also degrade CSPGs and are essential for some
physiological processes such as axonal regeneration during injury (Tauchi et al., 2012) as well as anti-
inflammatory effects (Lemarchant et al., 2016). Protein levels of ADAMTS-5, which has higher
aggrecanase activity compared to ADAMTS-4 and MMPs (Gendron et al., 2007), are reduced in AD mice
(Ferrer-Ferrer and Dityatev, 2018) and this may result in the accumulation of CSPGs in these models.
Studies have shown that both MMPs and ADAMTS activities in the brain are tightly controlled by TIMPs
(Zhai et al., 2018).

Therefore, since | did not observe any direct relationship between mRNA and protein levels of PNN core
proteins and GAG synthesis, | investigated the effect of aging on CSPG proteases and their regulators.
Surprisingly, | did see a striking upregulation of Mmp-12 in aged mice, and previous studies showed that it
is essential for microglia migration during neuroinflammation. In an Mmp-12 KO study, an age-dependent
relationship between microglia recruitment and migration into the brain with increased levels of MMP-12
was established (Liu et al., 2013). They also show that lack of MMP-12 reduces neuroinflammation in aged
mice. Further studies have shown that MMP-12 cleaves fibrin and extracellular actin, as well as elastin
which facilitates microglia migration (Bellac et al., 2014; Liu et al., 2013). Thus, this makes MMP-12 an
interesting target in the context of neuroinflammation in the aged brain but it appeared to be beyond my

focus on the regulation of neural ECM.

Strikingly, almost all Mmps and Adamts that cleave CSPGs were not changed in the hippocampus of 22-
24M and > 30M old mice relative to young controls, except for Adamts-5. Here, Adamts-5 reduction
suggested CSPGs proteolysis might be compromised in the aged brain, and, further analysis of the
regulators of ADAMTS-5 activity showed that Timp-1-3 were upregulated in 22-24M old mice, but only
Timp-1 was unregulated, with Timp-3 downregulated in > 30M old mice. ADAMTS-5 is a major CSPG
protease and the fact that it was downregulated at the mRNA level coupled with increased Timp-3

expression prompted further analysis, especially in 22-24M old mice. Moreover, cell-specific analysis
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confirmed the downregulation of Adamts-5 in neurons and glia compared to Chst-3 downregulated only in
glia. Therefore, | checked for the protein levels of these two targets, considering a strong relationship
between the activity of ADAMTS-5 on 6-sulfated CSGPS as previously suggested (Shinji Miyata and
Kitagawa, 2016). In that study, they reported that 6-sulfated CSPGs are susceptible to ADAMTS-5
cleavage, and since the mRNA levels of both molecules are affected in the aged hippocampus, this might

explain the reported increased expression of CSPG protein molecules.

5.3 CHST-3 and ADAMTS-5 are upregulated in 22-24M old mice

ADAMTS-5 is known to be expressed in neurons, astrocytes, and microglia in the hippocampus of mice
(Krstic et al., 2012b) and humans (Cross et al., 2006). Using IHC, | found that the expression of ADAMTS-
5 in 22-24M old mice was upregulated in neurons, astrocytes, and microglia. Furthermore, the expression
of CHST-3 was also upregulated in glia but not in neurons of the hippocampus of 22-24M old mice. This
thesis work, to my knowledge, is the first to specifically quantify the cell-specific expression of CHST3
and ADAMTS-5 in the hippocampus of aged mice. The high content of CHST3 and ADAMTS-5 could
mean that: 1. increased post-transcriptional modification and translation of mRNA species and/or 2.
decreased degradation of these proteins. These findings are robust since the specificity of antibodies was
confirmed, with that of CHST3 validated in hippocampal neurons and astrocytes cultures infected with
CHTS3 overexpressing vectors (shown in Materials and Methods). The mouse ADAMTS-5 antibody used
in this study has already been validated in an ADAMTS-5 knockdown study by ICC and western blot
analysis (Mitlohner et al., 2020). The increased levels of CHST-3 and ADAMTS-5, therefore, raise
guestions about their functionality, as previous studies have shown that there is an age-dependent reduction
of 6-sulfated GAGs as well as increased PNN content (Mikami and Kitagawa, 2013b; Vegh et al., 2014).
By staining hippocampal slices for VCAN and C6S, | discovered a high amount of VCAN core proteins in
aged mice and a lower ratio of 6-sulfated GAGs relative to versican expression levels. The fact that recent
finding indicates VCAN as the major carrier of 6-sulfated GAGs (Chelini et al., 2021), which has a unique
ADAMTS-5 cleavage sensitivity as it is protected from proteolysis in ADAMTS-5 knockout mice unlike
other lecticans (Demircan et al., 2014), making VCAN the ideal CSPG to estimate the functionality of both
CHST3 and ADAMTS-5. This finding also supports previous studies that examined the ratio of 6-sulfated
to 4-sulfated GAGs and showed this ratio decreases with aging (Mikami and Kitagawa, 2013b; Uyama et
al., 2006). Moreover, it has already been established that the onset of 4-sulfation of GAGs coincides with

PNN formation as 4-sulfated GAGs are more resistant to proteolysis (Fawcett, Oohashi and Pizzorusso,
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2019). Therefore, from this first part of my thesis, | selected ADAMTS-5 as the major target to stimulate
the rejuvenation of neural ECM and ameliorate the effects of aging on the hippocampus of 22-24M old
mice. Here, | overexpressed the human ADAMTS-5 in the hippocampal CA1 of 22-24M old mice, and the
findings will be discussed in the following sections.

5.4 Effects of overexpressing hADAMTS-5 on CSPGs cleavage, neuroinflammation and

distribution of oligodendrocytes

In the brain, ADAMTS-5 cleaves several lecticans, including ACAN, BCAN, NCAN , VCAN and PCAN
(Hong et al., 2020; Krstic et al., 2012b; Nakada et al., 2005). This function of ADAMTS-5, as shown above,
is compromised by aging, leading to the accumulation of lecticans and hence resulting in age-dependent
synaptic and cognitive impairments. Therefore, attempting to abrogate these effects of aging and
considering possible medical applications, | overexpressed the human ADAMTS-5 under the human
phosphoglycerate kinase promoter (hPGK) by injecting these vectors into the CAL of 22-24M old mice. In
2 weeks, | checked and confirmed the expression of hAADAMTS-5 in the hippocampus using IHC with an
antibody already validated. Using body weight as an indicator of general condition of infected mice, it
appeared that overexpressing ADAMTS-5 did not affect the mouse health for both acute (2-weeks) and
long-term treatments (10-weeks). From further IHC analysis of proteolytic properties, | found that the
hADAMTS-5 was proteolytically active as evidenced by a significant reduction in the amount of ACAN,
BCAN, VCAN, NCAN, and PCAN around PV+ cells. As it is already known that PVV+ cells are the major
hosts of PNNs in the CA1L, it was reasonable to focus on these cells to quantify the degree of hAADAMTS-
5 activity. Although the AAVs were injected into the CA1, | did observe some GFP+ cells in CA2 and
CA3, which might be due to the retrograde diffusion of vectors (Cearley and Wolfe, 2007). The degree of
substrate cleavage by hADAMTS-5 in this study follows previous reports of ADAMTS-5. The
MADAMTS-5 has been reported to have the strongest effect on ACAN due to the multiple cleavage sites
compared to the other CSPGs. My findings also follow the reports from these studies, with the highest
degree of cleavage occurring for ACAN, followed by BCAN, and the least seen for NCAN.

Although overexpressing hADAMTS-5 cleaved all CSPGs found in PNNSs, it was, therefore, necessary to
check the burden of having excessive CSPG fragments in the extracellular space on the innate immune
system in the hippocampus. In the context of this study, it is noteworthy that non-pathological aging results
in neuroinflammation, which includes activated microglia and astrocytes (Norden and Godbout, 2013).
Activated microglia and astrocytes are known to release pro-inflammatory and anti-inflammatory factors

that aid in maintaining the integrity of the microenvironment (Cleeland et al., 2019). Some studies have
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estimated astroglial activation using the GFAP marker (Abdelhak et al., 2019), which in this study was
reduced in the hAADAMTS-5 injected mice compared to age-matched controls, supporting the notion that
CSPG cleavage reduces astrogliosis. A similar observation was made in a study where removal of GAGs
of CSPGs with chABC in reactive astrocytes restored their resting phenotype associated with reduced
GFAP mRNA levels (Rocha et al., 2015). Regarding the microglial activation, although the mean intensity
of IBA1 is not recommended for the analysis of microglia activation (Kaushik et al., 2018), IBA1 is ideal
for studying the morphological changes, which is the useful metric of microglia activation (Hovens et al.,
2014). Surprisingly, the cleavage of CSPGs did not restore microglia to their resting state like in astrocytes
but rather increased their soma and reduced their branches, which is indicative of microglial activation.
This, therefore, prompted the need to further study microglia activation using the IL1beta, CD68, and C1q
makers to analyze the functional state of microglia. This was essential because activated microglia are
bidirectional and can either enhance synaptogenesis and plasticity or prune and eliminate synapses (Szepesi
et al., 2018). For instance, the release of IL1beta, a proinflammatory cytokine, by activated microglia has
been shown to enhance learning and memory in young mice but not in adult mice (Takemiya et al., 2017).
The expression of IL1beta has also been shown to provide neuroprotection once its receptor (IL1-receptorl)
is expressed in astrocytes (Todd et al., 2019). This might explain why from the cumulative frequency
analysis | observed increased expression of IL1beta in pyramidal cells, GFAP+ and IBAL1+ cells of aged
ADAMTS-5 mice relative to aged control mice. This, therefore, suggests that the removal of CSPGs
facilitates neuroprotection through IL1beta and activated microglia mediation, as proposed earlier (Todd et
al., 2019). To further test for the neuroprotection phenotype of microglial activation, | used both CD68 and
C1q markers to study the phagocytic and synaptic pruning phenotypes of activated microglia, respectively.
Studies have shown that the removal of PNN fragments from the extracellular space by microglia after
activity-dependent proteolysis is impaired in the aged hippocampus due to reduced neuronal expression of
IL-33 (Nguyen et al., 2020). Furthermore, the phagocytosis of PNN fragments is CD68 dependent and this
is vital for experience-dependent synapse remodelling which promotes memory consolidation (Nguyen et
al., 2020). Reduced expression of CD68 has been shown to result in enhanced perisynaptic accumulation
of ECM thereby restricting synaptic plasticity (Crapser et al., 2021). The activity of microglia has also been
shown to depend on C1q expression. C1qg, a member of the immune complement system (Gyorffy et al.,
2018), tags synapses that are subsequently pruned by phagocytic microglia (Presumey et al., 2017). The
activated microglia in hADAMTS-5 injected mice appeared to be beneficial for removing the excessive

CSPG fragments in the extracellular space whilst be less active to eliminate synapses. This is because
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CD68+ puncta were bigger in size, while C1lq expression was decreased in both microglia and in the

neuropil of aged ADAMTS-5 mice compared to aged control mice.

Evidence suggests that aging, as well as overexpression of CSPGs, affect the distribution and function of
oligodendrocytes (Andrews et al., 2012; Harlow and Macklin, 2014; Hayakawa et al., 2007). Studies have
shown that the removal of CSPGs with chABC abrogated the inhibitory effects of CSPGs on
oligodendrocyte functions (Pendleton et al., 2013b). Functionally, oligodendrocytes, aside from
myelinating axons of neurons that enhance the conduction velocity of action potentials, control action
potentials conduction in neurons via mechanisms other than myelination (Yamazaki et al., 2010). Such
mechanisms include oligodendrocyte depolarization by responding to neurotransmitters through glutamate
receptors (Salter and Fern, 2005). Additionally, depolarization of oligodendrocytes has been demonstrated
in a recent study to enhance LTP and learning in adult mice (Yamazaki et al., 2021). In the present study, |
show by IHC analysis with the OLIG2 antibody that the removal of CSPGs enhanced the migration/
differentiation of the cells of the oligodendrocyte lineage which includes oligodendrocyte progenitor cells
(OPCs), pre and myelinating oligodendrocytes (Pepper et al., 2018), into the stratum oriens. In the CAL,
axonal projections from the somata of pyramidal neurons to distant brain areas pass through the stratum
oriens (Arszovszki et al., 2014), and this might explain why | observed increased migration of
oligodendrocyte to this region but not to the stratum radiatum. Previous studies showed that there are
myelinated axons passing the stratum oriens (Yamazaki et al., 2021, 2010). In summary, these data suggest
that overexpression of ADAMTS-5 affected all types of glial cells by reducing astrogliosis and synaptic
phagocytosis by microglia, and promoting microglial clearance of degraded ECM/cell debris and long-

range neuronal communication via myelinated axons.

55 CSPG remodeling improved long-term NOLT memory and spatial learning and
memory in 22-24-month-old mice

It is noteworthy from previous studies that increased expression of CSPGs results in cognitive impairment
(Koskinen et al., 2020). For example, a study by Vegh and colleagues observed reduced spontaneous object
recognition as well as spatial learning and memory in the hippocampus of aged mice using several
behavioral strategies like the Barnes maze test (Vegh et al., 2014; Yang et al., 2021). Some studies have
also shown that ECM remodeling might have a positive or negative impact on cognitive functions,

especially in the hippocampus. For instance, cognitive and LTP impairments have been reported in TnC
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KO mice (Evers et al., 2002) and after digestion of neural ECM by hyaluronidase or ChABC (Senkov et
al., 2012), whereas only LTP impairment has been observed in BCAN KO mice (Brakebusch et al., 2002).
However, cognitive enhancement, on the other hand, has been seen in TNR KO mice in the context of
reversal learning (Morellini et al., 2010) along with enhanced object recognition memory after depleting
PNNs using chABC (Romberg et al., 2013).

In this study, using the hippocampus-dependent NOLT test, cognitive impairment was first confirmed in
22-24-month-old mice. Here, the 22-24-month-old mice failed to discriminate between the stably located
and displaced objects. However, two weeks after overexpressing hADAMTS-5 in aged mice, the long-term
NOLT memory was enhanced, together with a partial improvement in NORT memory. Additionally, CSPG
remodeling in the hippocampus enhanced spatial learning and memory in an asymmetrical quadrant-based
dry maze test. With this behavioral strategy, both errors made and the distance travelled were used to
measure cognitive performance, and hADAMTS-5-injected mice made fewer errors and covered shorter
distances in locating the reward. The use of errors has been shown to be an ideal metric for quantifying
cognitive performance in maze experiments compared to latency to reward (Maei et al., 2009b). From the
additional analysis, | concluded that the removal of CSPGs also stabilized memory of reward location
during the 2-phase probe test, which was impaired in aged control mice. Although some studies showed
that CSPGs are essential for memory consolidation (Shi et al., 2019), in this study, however, memory

consolidation was not affected in the aged ADAMTS-5 mice.

5.6 Molecular and cellular mechanisms behind cognitive enhancement in hADAMTS-5
injected mice

Changes in synaptic strength have been strongly associated with learning and memory through LTP and
LTD. Induction and maintenance of LTP are dependent on the activity of AMPA and NMDA subtypes of
glutamate receptors in addition to Ca?*-dependent downstream signaling (Mango et al., 2019). Noteworthy,
the ADAMTS-5 activity towards perisynaptic CSPGs and intracellular Ca?" signaling has been
demonstrated to be NMDA receptor- and CaMKII-dependent (Mitléhner et al., 2020). Aging has been
shown to affect the expression of LTP via reducing AMPAR and NMDAR expression and functions
(Temido-Ferreira et al., 2019). Interestingly, aging also increases the expression of GIuN2B-containing
NMDARs, which are mostly located at extrasynaptic sites (Hardingham and Bading, 2010). The imbalance
in activation of these extrasynaptic GIuN2B-containing NMDARSs relative to synaptic NMDARSs has been
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associated with reduced LTP as well as memory impairments (Avila et al., 2017; Kochlamazashvili et al.,
2012). Therefore, since the removal of CSPGs in ADAMTS-5 injected mice enhanced cognitive
performance, | studied synaptic plasticity and observed enhanced LTP. Moreover, inhibiting the
extrasynaptic GIuUN2B-containing NMDARs with GIUN2B antagonist Ro25 improved LTP in aged control
mice but not in ADAMTS-5 injected mice, showing occlusion of GIuUN2B inhibition and cleavage of ECM.
This implies that the LTP enhancement observed in ADAMTS-5 injected mice is due to the inhibition of
signaling via extrasynaptic NMDARSs.

Another reason might be that the increased GIuN2B signaling at synaptic sites overrides the inhibitory
contribution from the extrasynaptic NMDARs in ADAMTS-5 injected mice. Therefore, the interaction
between CSPG and the expression of GIuN2B-containing NMDARs has been studied. One study by
Schweitzer in 2017 found that the enzymatic remodeling of ECM with hyaluronidase, for example,
increased the surface expression of GIUN2B-NMDARs without altering the total GIUN2B protein.
Schweitzer also demonstrated that the surface GIuUN2B-NMDARs were further phosphorylated, thereby
preventing lateral diffusion to extrasynaptic sites (Chen et al., 2012) and endocytosis (Cheung and Gurd,
2001; Prybylowski et al., 2005; Sanz-Clemente et al., 2010), which enhances LTP (Schweitzer et al., 2017).
Therefore, using super-resolution imaging, the effect of CSPG remodeling on GIuN2B-containing
NMDARs was analyzed in this study to better elucidate the mechanism behind the aforementioned
enhancement of synaptic transmission in hADAMTS-5 injected mice. However, our STED analysis
revealed no changes in expression of synaptic GIuN2B in PSD95+ domains, suggesting that the rescue of
plasticity by ADAMTS-5 overexpression is due to functional inactivation of extrasynaptic GIUN2B
signaling. Using an antibody widely used to study phosphorylated CREB, | showed that the removal of
CSPGs resulted in increased phosphorylation of CREB. Interestingly, c-Fos, which is downstream of
pCREB, was also upregulated in hAADAMTS-5 injected mice, confirming the effect of CSPG remodeling

on the pCREB and c-Fos axis, which is critical for LTP induction and maintenance.

Lastly, CSPG expression has been shown to affect synaptic strength and abundance in the aged
hippocampus (Wingert and Sorg, 2021). Aging has been shown, by overwhelming evidence, to reduce the
expression of proteins that regulate neurotransmission in the hippocampal synaptosomal proteome
(VanGuilder et al., 2010). Additionally, decreased expression of the neurotransmitter, glutamate, has been
reported in the hippocampus of aged mice together with decreased presynaptic glutamate release probability
(Deak and Sonntag, 2012a). However, in this study, | show that the proteolytic removal of CSPG core

proteins may at least partially restore the synaptic density and the level of vVGAT/VGLUT1 expression for
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DISCUSSION

both VGAT+ and in particular vGLUT1+ synapses on PV+ cells to the level of young mice. Also, the
expression of PV proteins was normalized to the soma size of PV+ cells and using the established classes
of PV-network configurations which included the high, interhigh, interlow and low PV content (Donato et
al., 2013), I discovered that the removal of CSPGs affected PV-network configurations. CSPG remodelling
promoted an increase in the fraction of high PV-containing PV+ cells in aged mice. Interestingly, studies
show that the switch of PV configurations in PV+ cells to high-PV-network configurations is essential for
learning and memory processes in mice (Donato et al., 2015, 2013). Furthermore, as PV expression is
activity-dependent, this finding suggests normalization of PV+ cell activity, which is crucial to synchronize
the activity of principal cells. Hippocampal rhythms are important for proper memory formation and the
activity of PV+ inhibitory neurons (Bartos et al., 2007; Colgin and Moser, 2010) is important for gamma-
oscillations (Colgin, 2016). Moreover, PNNs have been shown to modulate gamma-oscillations (Wingert
and Sorg, 2021). Strikingly, PNN attenuation increased gamma activity in the visual cortex (Lensjg et al.,
2017) as well as in the hippocampus (Lorenzo Bozzelli et al., 2018; Sun et al., 2018). Thus, some of the
effects on cognitive functions may be due to PNN remodeling and changes in synaptic innervation of PV+
neurons in addition to facilitation of the induction of LTP. Finally, as from this study the removal of CSPGs
by hADAMTS-5 in the hippocampus of aged mice resulted in a lot of essential changes or effects, | have,
therefore, summarized the age-dependent changes and the degree of restoration in the following table (Table
5.1).
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Table 5.1 Summary of age-dependent changes and degree of restoration after removing CSPGs in the

hippocampus of aged mice

Parameter Aging Effect ADAMTS-5 effect
ACAN and BCAN are
Increased ACAN, strongly cleaved, VCAN,
ECM (CSPGs)
BCAN and VCAN NCAN and PCAN are less
cleaved
Astrogliosis Increased Restored to resting state
] ) o Enhanced phagocytosis
Microglia activation Increased

(CD68)

Oligodendrocytic

migration/differentiation

Decreased in str. oriens

Increased in str. oriens

memory

vGLUT1+ synapses
Decreased Fully rescued
on PV+ cells
VGAT+ synapses
Decreased Fully rescued
on PV+ cells
Overall PV expression Decreased Fully rescued
High PV fraction Decreased Fully rescued
GIuN2B at synaptic sites Normal Not changed
pPCREB signaling Decreased Fully rescued
LTP Impaired Partially rescued
NOLT memory Impaired Fully rescued
NORT memory No change Improved
Spatial learning and )
Impaired Fully rescued
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CONCLUSIONS

6 CONCLUSIONS

¢ The age-dependent accumulation of ECM proteins may be due to the dysregulated proteolysis of
ECM by ADAMTS-5.

o The degradation of CSPGs in the hippocampus of aged mice overexpressing hRADAMTS-5 reduced
activation of astrocytes whereas microglial phagocytosis was increased to critically deal with the
burden of having excessive proteolytic CSPG fragments in the extracellular space.

¢ The removal of CSPGs partially restored both excitatory and inhibitory synaptic contacts on PV+
cells to the level seen in young mice. Additionally, this treatment promoted the switch of PV-network
configurations to high PV content in PV+ interneurons.

e The removal of CSPGs partially abrogated the age-associated LTP impairment and this rescue
effect was presumably via the inactivation of GIuN2B-containing NMDARs at the extrasynaptic sites
and enhanced CREB-mediated signaling.

o Impaired NOLT memory, as well as spatial learning and memory in aged mice, were fully rescued
by overexpression of hAADAMTS-5.

OUTLOOK

To gain better control over the timing and levels of activity-dependent remodeling of ECM in the
aged hippocampus, it will be instrumental in the future to use an inducible form of hAADAMTS-5.
Further analysis to unravel the mechanism by which proteolytic degradation of CSPGs affects both
synaptic and extrasynaptic signaling via NMDARs may guide us in the development of new

treatments for cognitive enhancement in aging.
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