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Abstract

Neurons are complex, polarized cells that exhibit a specialized morphology adapted to
their key function in synaptic transmission. The synaptic activity results in a tremendous
protein turnover at the neuronal contact sites, which can be localized at great distances
from the cell body. For a long time, the existence of the degradation machinery was
thought to be restricted to the soma of neurons, in particular the presence of lysosomes.
Lysosomes are highly acidified organelles responsible for the digestion of numerous
molecules to maintain proteostasis, reflecting the catabolic center of the autophagic, as
well as endolysosomal pathways. The abundance of lysosomes in the axonal and
dendritic compartment has been a matter of debate and local catabolic processes,
especially in connection to synaptic function, have not been studied in much detail. More
recently, intriguing evidence was provided for the abundance of mature lysosomes in
dendrites. It was thereby demonstrated that lysosomal trafficking was regulated by
neuronal activity and activity-dependent lysosomal fusion with the plasma membrane
resulted in dendritic spine growth, implicating their potential contribution to synaptic
plasticity. Despite these findings, the molecular identity of dendritic lysosomes and their
functional connection to neuronal function is barely understood.

The present work aimed to gain a better understanding of lysosomal populations in the
dendritic compartment of neurons. To this end, the two most commonly used lysosomal
markers of the family of lysosome-associated membrane proteins (LAMPs), LAMP1 and
LAMP2, were utilized to study lysosomal distribution, motility and maturity, including the
presence of hydrolases. To further investigate the link between neuronal activity and
lysosomal function, the activity of GIuN2B-containing N-methyl-D-aspartate receptors
(NMDARSs), which are important glutamate receptors involved in synaptic plasticity, were
studied in regard to lysosomal trafficking and potential fusion.

The obtained results highlight the presence of highly heterogeneous lysosomal
populations with distinct trafficking patterns, with LAMP1 and LAMP2 serving as markers
for different lysosomal pools. Interestingly, it could be demonstrated that the activation of
NMDARSs led to the stalling, as well as exocytosis, of LAMP2-, but not LAMP1-positive
lysosomes in the proximity of the GIuN2B subunit. Furthermore, conducted biochemical
assays revealed that the cytoplasmic tail of LAMP2 directly binds to the SH3-GK module
of SAP102, a GIuN2B scaffold protein. SAP102 and GIuN2B are located not only at
synapses but also at extrasynaptic sites and the involvement of the extrasynaptically
located pool of GIuN2B-containing NMDARSs in the stalling and fusion of LAMP2-positive
lysosomes was suggested.

Moreover, evidence was provided for the presence of chaperone-mediated autophagy
(CMA) processes in dendrites. In CMA, a wide range of intracellular proteins that contain
a KFERQ-like motif are recognized by the chaperone protein Hsc70 and subsequently
translocated to the lysosomal lumen by the obligatory receptor LAMP2A. The studied
lysosomal pool was not only shown to be associated with CMA machinery but also a
known CMA target, TAR DNA-binding protein 43 (TDP-43), was found to be localized to
the acidified LAMP2-positive lysosomes in dendrites. Further, the activation of NMDARs
resulted in a release of TDP-43 from neuronal cells.

In summary, the data provide evidence for the existence of heterogeneous dendritic
lysosomal pools as well as the presence of a novel mechanism of CMA-substrate release
upon the activity-dependent fusion of dendritic LAMP2-containing lysosomes with the
plasma membrane. The release of lysosomal content, including active hydrolases, could,



in consequence, allow for synaptic remodeling, unveiling a new function of lysosomes in
dendrites and their connection to neuronal plasticity.



Zusammenfassung

Neuronen sind komplexe, polarisierte Zellen, die eine spezialisierte Morphologie
aufweisen, angepasst an ihre Hauptfunktion der synaptischen Transmission. Die
synaptische Aktivitat resultiert in einem enormen Umsatz an Proteinen an den neuronalen
Kontaktstellen, welche sich in grolRer Entfernung vom Zellkérper befinden kénnen. Es
wurde lange Zeit angenommen, dass die Existenz der Abbaumaschinerie auf das Soma
der Neuronen beschrankt ist, insbesondere das Vorkommen von Lysosomen. Lysosomen
sind stark angesauerte Organellen, die fur die Verdauung zahlreicher Molekile zur
Aufrechterhaltung der Proteostase verantwortlich sind und das katabolische Zentrum des
autophagischen sowie des endolysosomalen Weges darstellen. Die Existenz von
Lysosomen im axonalen und dendritischen Kompartiment war hingegen umstritten, und
die lokalen Abbauprozesse, insbesondere im Zusammenhang mit der synaptischen
Funktion, nicht detailliert untersucht. Vor kurzer Zeit wurde allerdings die Abundanz von
reifen Lysosomen in Dendriten gezeigt. Dabei wurde nachgewiesen, dass der lysosomale
Transport durch neuronale Aktivitat reguliert wird und dass die aktivitatsabhangige Fusion
von Lysosomen mit der Plasmamembran zum Wachstum dendritischer Dornen fihrt. Dies
deutet auf einen moglichen Zusammenhang zur synaptischen Plastizitat hin. Trotz dieser
Erkenntnisse ist weder die molekulare Identitat der dendritischen Lysosomen noch ihre
funktionelle Verbindung zur neuronalen Funktion hinreichend erforscht.

Ziel der vorliegenden Arbeit war es, ein fundiertes Verstandnis Gber die lysosomalen
Populationen im dendritischen Kompartiment von Neuronen zu erlangen. Zu diesem
Zweck wurden die beiden am haufigsten verwendeten lysosomalen Marker aus der
Familie der Lysosomen-assoziierten Membranproteine (LAMPs), LAMP1 und LAMP2,
verwendet, um die lysosomale Verteilung, Motilitit und Reife, einschliel3lich der
Anwesenheit von Hydrolasen, zu untersuchen. Um den Zusammenhang zwischen
neuronaler Aktivitat und lysosomaler Funktion weiter zu beleuchten, wurde die Aktivitat
von GIluN2B-haltigen N-Methyl-D-Aspartat-Rezeptoren (NMDARs) im Hinblick auf den
lysosomalen Transport und die mégliche Fusion untersucht. Diese NMDARSs sind wichtige
Glutamatrezeptoren, die eine wichtige Rolle bei der synaptischen Plastizitat spielen.

Die vorgelegten Ergebnisse veranschaulichen heterogene lysosomale Populationen mit
unterschiedlichen Bewegungsmustern, wobei LAMP1 und LAMP2 als Marker flr
verschiedene lysosomale Pools dienen. Interessanterweise fihrte die Aktivierung von
NMDARs zum Stoppen sowie zur Exozytose von LAMP2-, aber nicht von LAMP1-
positiven Lysosomen in unmittelbarer Umgebung der GIuN2B-Untereinheit. Darlber
hinaus zeigten biochemische Untersuchungen, dass die zytoplasmatische Sequenz von
LAMP2 direkt an das SH3-GK-Modul von SAP102, einem GIluN2B-Gerlstprotein, bindet.
Da SAP102 und GIuN2B nicht nur an Synapsen, sondern auch an extrasynaptischen
Stellen zu finden sind, wurde die Beteiligung des extrasynaptisch gelegenen Pools von
GIluN2B-haltigen NMDARs am Stoppen und der Fusion von LAMP2-positiven Lysosomen
vermutet.

Darliber hinaus wurde das Vorkommen von Prozessen der ,chaperone-mediated
autophagy® (CMA) in Dendriten gezeigt. Bei der CMA wird ein breites Spektrum
intrazellularer Proteine, die ein KFERQ-ahnliches Motiv enthalten, durch das
Chaperonprotein Hsc70 erkannt und anschlielRend durch den obligatorischen Rezeptor
LAMP2A in das lysosomale Lumen transloziert. Die Ergebnisse belegen nicht nur eine
Assoziation des untersuchten lysosomalen Pools mit der CMA-Maschinerie, sondern
auch, dass ein bekanntes Zielprotein der CMA, das TAR-DNA-bindende Protein 43 (TDP-
43), in den angesauerten LAMP2-positiven Lysosomen in Dendriten lokalisiert ist. Dartber



hinaus flihrte eine Aktivierung von NMDARs zu einer Freisetzung von TDP-43 aus
neuronalen Zellen.

Zusammengenommen stellt die vorliegende Arbeit die Existenz heterogener dendritischer
lysosomaler Pools dar und beschreibt einen neuartigen Mechanismus zur Entsorgung von
Zielproteinen der CMA durch die aktivitdtsabhangige Fusion von dendritischen LAMP2-
haltigen Lysosomen mit der Plasmamembran. Die Freisetzung lysosomaler Inhalte,
einschliellich aktiver Hydrolasen, konnte folglich den synaptischen Umbau ermdglichen,
was eine neue Funktion von Lysosomen in Dendriten und ihre Verbindung zur neuronalen
Plastizitat enthallt.
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Introduction

1. Introduction

1.1 Morphology and function of neurons

1.1.1 Neurons are highly compartmentalized cells

The brain enables the processing and storage of received information and coordinates
responses to the environment. Around 86 billion nerve cells, or neurons, are found in the
human brain, forming complex neuronal networks that flexibly adjust to environmental
inputs, hence allowing proper brain function (Herculano-Houzel, 2009).
Neurons show a great diversity including variations in their morphology depending on the
cell type and brain area. They are highly polarized cells and consist of three main
compartments: a cell body with an emerging long axon and multiple arborized dendrites
(Figure 1; Donato et al., 2019). One neuron can harbor thousands of contact sites with
other cells even far from the soma, where the axon connects with dendrites. At this
intercellular connection site, the synapse, the axon transmits signals from the presynaptic
site to the signal-receiving postsynaptic site of the dendrite.

Axons and dendrites are exemplary for the high
_Dendrites degree of compartmentalization within one cell and,

interestingly, differ in many aspects. Anatomically,

axons are much more elongated and display a
smaller and constant diameter compared to

dendrites. While axons are devoid of protrusions, in

N

Dendritic spine\s&

dendrites the majority of excitatory synapses can be
found at small protrusions, the dendritic spines (Gray,

1959). A special feature of axons is the axonal initial

 Soma segment (AlS), a compartment at the proximal axon,

/ . 7\ which exhibits a distinct cytoskeleton composition to

- [ \ *\\ . filter molecules and organelles entering the axon from
Dendrites ““‘x \\*} | | the soma. Moreover, it is characterized by a high
AX?” \ number of ion channels that are crucial for the

initiation of action potentials (APs; Kole et al., 2008).
Figure 1: Neurons are polarized
cells with a complex morphology.
Neurons consist of different dendrites containing various somatic organelles
compartments including a cell body

(soma), a long axon and branching _ .

throughout the dendritic shaft in form  movement of membrane-bound organelles s
of small protrusions and provide a

platform for the formation of synaptic
contacts. arranged differently in the neuronal compartments.

The composition of organelles is distinct as well, with

while, on the contrary, relatively few organelles are

dependent on cytoskeleton components that are



Introduction

Microtubules, as one major cytoskeletal component, display a mixed polarity in dendrites,
whereas only plus-end-out oriented microtubules can be found in axons (Conde and
Caceres, 2009). These structural differences are accompanied by distinct microtubule
dynamics and the association with certain Microtubule-associated proteins (MAPS),
namely MAP2 solely in dendrites in contrast to the presence of Tau proteins in axons
(Goaillard et al., 2020). Further, the dendritic and axonal compartments are functionally
distinguishable. While the axon transmits neural signals, dendrites receive and process
them. Apart from the soma, axon, and dendrites as neuronal compartments, smaller sub-
compartments can be found, for instance, the presynaptic boutons, dendritic spines, as
well as the AlS, which highlights the unique organization of neurons (Donato et al., 2019).
The compartmentalization of neurons is thereby crucial for the ability of neurons to
perform proper transmission of signals occurring at the synaptic contact sites, allowing

brain function.

1.1.2 Synaptic transmission as the basis of neuronal communication

One of the neuronal cell types in the mammalian central nervous system (CNS) is the
pyramidal neuron, which is mainly present in forebrain structures involved in complex
cognitive functions, such as the cerebral cortex, hippocampus, or amygdala (Spruston,
2008). Pyramidal neurons are a major type of excitatory neurons and form glutamatergic
synapses with their axons and dendrites. The chemical signal transduction at these
synapses is achieved by the generation of an action potential (AP) upon depolarization of
the cell membrane potential. In the AIS, voltage-gated sodium (Na*) channels open when
the neuronal membrane potential is above a certain activation threshold, leading to an AP.
The AP travels along the axon and reaches the presynaptic terminal, resulting in an influx
of calcium (Ca?*) by voltage-gated calcium channels. In response to this, synaptic vesicles
(SVs) fuse with the membrane and neurotransmitters are released from the presynaptic
terminal into the synaptic cleft that consequently bind to receptors on the postsynaptic site
(Dolphin and Lee, 2020). The activation of postsynaptic receptors by binding of
neurotransmitters enables Na* and Ca?* ion influx that regulate downstream processes.
The influx of Na* accompanied by efflux of K* ions can lead to a change of the membrane
electrical potential, consequently depolarization and, therefore, potentially generates
another AP (Kennedy, 2016). In the case of excitatory synapses, the major
neurotransmitter is glutamate. The release of glutamate thereby has to be tightly regulated
to achieve the controlled activation of the postsynaptic glutamate receptors and to avoid

toxic overstimulation (Zhou and Danbolt, 2014).

Changes in the efficacy of neuronal transmission at the synaptic compartments are crucial
for brain function and form the cellular basis of memory and learning. One key area within

the brain associated with memory and learning is the hippocampus, where the

2



Introduction

strengthening of synaptic connections between neurons enables the formation and
storage of memories (Kennedy, 2016). The neuron therefore physically modifies the
synapse and adapts in an activity-dependent manner, a phenomenon called synaptic
plasticity (Citri and Malenka, 2007).

1.1.3 Synaptic plasticity and the role of postsynaptic receptors

The content of receptors at the postsynaptic site is a determining factor for the strength or
weakness of a synapse. One group of receptors is the class of a-amino-3-hydroxy-5-
methyl-4-isoxasolepropionic acid receptors (AMPARSs), which are ionotropic glutamate
receptors assembled as a tetrameric complex by the subunits GluA1-A4 and key players
during synaptic communication as mediators of fast excitatory transmission (Chater and
Goda, 2014; Kennedy, 2016). The localization and number of AMPARSs is tightly regulated
by their exo- and endocytosis, processes that have been shown to be dependent on the

phosphorylation status of the receptors (Collingridge et al., 2004; Lee et al., 2003).
The AMPAR amount and the phosphorylation state is tightly coupled to the presence and

activity of another group of glutamate receptors, the N-methyl-D-aspartate receptors
(NMDARs). NMDARs are ligand-gated cation channels that exhibit a crucial role in the
context of synaptic plasticity. These glutamatergic receptors are located at excitatory
synapses and show unique properties, such as the requirement of glutamate binding
together with one co-agonist, either glycine or D-serine, for activation, high Ca?*, as well
as Na*, permeability, and voltage-dependent channel blockage by extracellular
magnesium (Mg?*; Johnson and Ascher, 1987; Kleckner and Dingledine, 1988; Lerma et
al., 1990; Schell et al., 1995).

In contrast to NMDARs, AMPARs depolarize the postsynaptic membrane rapidly after
activation by glutamate through the resulting influx of Na* ions and K* efflux (Figure 2A).
Due to a pore blockage by Mg?*, the ion flow caused by NMDAR activation is minimized
under basal conditions. Repeated membrane depolarization upon AMPAR activation
releases the Mg?* blockage, leading to a prominent influx of Ca?* (Li et al., 2021; Mayer et
al., 1984; Nowak et al., 1984). The Ca?* influx by NMDARSs is a requirement for long-term
potentiation (LTP), as well as long-term depression (LTD), which modify the synaptic
strength and hence underlie plasticity. During LTP, high Ca?* influx by high-frequency
stimulation results in activation of numerous kinases and downstream insertion of
AMPARSs (Hayashi et al., 2000). One key kinase in this process localized to a complex
multiprotein web underneath postsynaptic membranes, the postsynaptic density (PSD), is
the Ca?*/calmodulin-dependent protein kinase Il (CaMKIl; Kelly et al., 1984). CaMKII binds
calmodulin (CaM) in complex with Ca?* (Ca?*/CaM) and regulates the further activity of the
NMDAR and phosphorylation state of the AMPAR subunit GluA1 (Leonard et al., 1999).

The direct binding of Ca?*/CaM to NMDARs results in inactivation of the channel and

3
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consequently a lower rise in Ca?* concentrations. In contrast, the binding of Ca?*/CaM-
bound CaMKIl preserves the activity of the channel by the inhibition of direct binding of
Ca?*/CaM, one crucial step in the phase of early LTP (Sumi and Harada, 2020). LTD, on
the other hand, requires a more gradual increase of Ca?* which consequently activates
phosphatases such as calcineurin (CaN) and initiates endocytosis of AMPARSs (Carroll et
al., 2001). Apart from the molecular reorganization, spines undergo structural changes
with enlargements observed in response to LTP and shrinkage after induction of LTD
(Bosch and Hayashi, 2012).

NMDARs are tetrameric transmembrane proteins composed of four subunits with two
obligatory glycine-binding GIuN1 subunits and two glutamate-binding GIuN2 subunits (A-
D), resulting in a diverse pool of NMDARs (Figure 2B-C; Sheng et al., 1994). The
arrangement of the subunits thereby determines the properties of the receptor. GIUN2A-
and GIluN2B-containing receptors, for instance, have comparable pore conductance and
Ca?* permeability properties, however, show a different temporal synaptic response due to
the kinetics of their activation mechanism (Borschel et al., 2012; Glasgow et al., 2015;
Monyer et al., 1994). During development, the expression patterns of the NMDAR
subunits change. For instance, GIUN2A expression starts shortly after birth and increases
constantly until it is abundantly found in the adult brain. On the contrary, GIuN2B is the
more abundant subunit during development prior to synaptogenesis, however, is found in
lower levels in the adult brain (Monyer et al., 1994; Paoletti et al., 2013; Sheng et al.,
1994). Nevertheless, in the hippocampus and cortex, GIuN2A and GIuN2B are the
predominant subunits, pointing to their importance for synaptic function and plasticity

(Akazawa et al., 1994; Monyer et al., 1994).
A

Pre-synapse Zn
ATD
Gly Ed
GluN1
Signal GIluN2A TMD

GluNZB

Figure 2: Di- and triheteromeric NMDARs are found in the postsynapse. (A) NMDARs are
located at the postsynaptic site of a synapse. The binding of glutamate released from the pre-
synapse activates the receptors and enables the influx of Na* and Ca?" ions involved in
downstream signaling. (B) Glycine binds to the GluN1 subunits whereas glutamate binds to the
GIuN2 subunits. (C) Structure of the NMDAR with its amino-terminal domain (ATD), ligand-binding
domain (LBD), and transmembrane domain (TMD). The closure of the channel can be achieved by
binding of the allosteric antagonists zinc and Ro to GIuUN2A and GIuN2B, respectively (LU et al.,
2017).
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NMDARs are anchored in the PSD of glutamatergic synapses by members of the
membrane-associated guanylate kinases (MAGUKSs), which display crucial constituents of
the PSD structure and play an important role in the regulation of synaptic receptor
contents, as well as in synaptic plasticity (Frank and Grant, 2017; Vieira et al., 2020; Won
et al., 2017). The family of MAGUKSs is composed of several members, namely PSD-95,
PSD-93, SAP102, and SAP97. PSD-95 is the most prominent and well-studied member,
whereas lesser is known about other MAGUK proteins. NMDARSs interact with the different
members of the MAGUKSs and it was proposed that the activation of distinct downstream
signaling pathways results from differential interactions of the receptors with the scaffold
proteins (Frank et al., 2016). Contrary to PSD-95, SAP102 was shown to exhibit a higher
binding affinity to the GIUN2B over other subunits of the NMDAR and displays higher
mobility (Elias et al., 2008; Sans et al., 2000; Zheng et al., 2010). NMDARs are not only
found at synaptic but also at peri- and extrasynaptic sites, where the GIuN2B subunit is
more prevalently localized, although, extrasynaptic presence of GIUN2A was also shown
(Zhou et al.,, 2013a). In line with this,
SAP102 is preferably localized at peri- Presynapss
and extrasynaptic sites (Chen et al., 2012; /
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interestingly, it was proposed that there is a potential exchange between synaptic and
extrasynaptic pools of GIuN2B-containing NMDARSs by lateral movement of the receptors
(McQuate and Barria, 2020). This could reflect a fast mechanism for regulation of

activated downstream signaling pathways and therefore susceptibility to plasticity.

1.2 Protein homeostasis ensures cellular function
1.2.1 Protein synthesis and the secretory pathway

Neuronal transmission relies on a constant supply of various proteins of the synaptic
membrane and is thereby dependent on proper transmembrane protein synthesis, sorting,
and trafficking. Although the main translation capacity is found in the cell body, ribosomes
and mRNA were shown to be present in dendrites, as well as in axons (Rangaraju et al.,
2017). Dendritic mMRNAs exhibit a surprisingly huge diversity and are essential for synaptic
development and plasticity, encoding, among other proteins, neurotransmitter receptors,
ion channels as well as adhesion molecules (Cajigas et al., 2012; Holt et al., 2019; Zhong
et al., 2006). For a long time, there was controversy about the occurrence of local
translation in axons, however, with more recent technological advances the presence of
mRNA translation, as well as its functional implications have become clear (Dalla Costa et
al., 2021). The transcription of mMRNAs and protein synthesis were demonstrated to be
activity-dependent, highly dynamic processes (Dieterich et al., 2010; Takei et al., 2004).
These findings support the view of local synthesis that provides an efficient mechanism to
maintain the local proteome and to meet the demands of the synapse directly at the site of
transmission.

Newly synthesized transmembrane proteins can reach the synapse by different routes. In
the canonical secretory pathway, transmembrane proteins are passing through numerous
organelles to reach their destination. The endoplasmic reticulum (ER) is the starting point
of the secretory pathway as it serves as a site for protein synthesis after the recruitment of
ribosome-mRNA complexes to its membrane and is responsible for the proper folding of
synthesized proteins as well as their first modifications (Schwarz and Blower, 2016).
Following the release from the ER, proteins reach the Golgi apparatus (GA) through the
ER-to-Golgi intermediate compartment (ERGIC), a sorting hub. In the GA, different
modifications of the incoming proteins occur, such as the addition of sugar moieties as
essential modifications for various cellular processes (Zhang and Wang, 2016). The cargo
progresses through the frans-Golgi network (TGN) and is next delivered as modified
version to the plasma membrane (Bard and Malhotra, 2006). Due to their intricate
morphology, secretory organelles have adapted to neurons and are arranged differently in
this cell type (Grochowska et al., 2022; Kennedy and Hanus, 2019). The ER, for instance,
is found in the soma as a cisternal structure mainly with a ribosome-containing rough ER,

whereas dendrites contain tubules of smooth ER with fewer ribosomes present (Krijnse-
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Locker et al., 1995). The presence of Golgi-related compartments in dendrites, however,
has been a matter of debate. The GA in dendrites is found not as Golgi stacks as normally
observed in the soma but in form of small independent Golgi outposts (GOs) that are
present in a subset of neurons and are generally constrained to the proximal primary
dendrite and dendritic branching points (Hanus and Ehlers, 2008; Hanus and Schuman,
2013; Horton and Ehlers, 2003; Pierce et al., 2001). More recently, there has been
evidence for a microsecretory system comprised of Golgi-related organelles, named Golgi
satellites (GS), in the proximity of ERGIC and retromer which allow the passage of
transmembrane proteins to the plasma membrane throughout the dendritic stretch
(Mikhaylova et al., 2016). The retromer thereby mediates retrograde transport and
therefore recycling of transmembrane proteins from the endosome back to the TGN or the
plasma membrane (Burd and Cullen, 2014). This has been observed in the dendritic shaft
and serves as a mechanism for fast receptor insertion at extrasynaptic and synaptic sites
by retaining proteins instead of degrading them (Choy et al., 2014). Recently, there has
been evidence that the formation of GS is activity-dependent, leading to increased
glycosylation and consequently reshaping of the dendritic surface (Govind et al., 2021).
The ER-ERGIC-GS-retromer microsecretory system reflects a highly adapted secretory
pathway for local control of transmembrane protein processing and allows the local
synthesis and post-translational modifications of synaptic proteins (Grochowska et al.,
2022; Mikhaylova et al., 2016).

Synaptic neurotransmission imposes a tremendous metabolic demand and requires tight
coordination of not only continuous protein synthesis but also degradation to ensure

neuronal function (Grochowska et al., 2022).

1.2.2 Degradation pathways
1.2.2.1 Ubiquitin proteasome system (UPS)

Proteostasis includes the degradation of proteins, a process that can be achieved by
different pathways. The ubiquitin-proteasome system (UPS) being one of them, is an
efficient and fast way for numerous short-lived soluble proteins to be removed. The 26S
proteasome, a large multicatalytic protease complex, recognizes ubiquitin-tagged proteins
destined for degradation (Tai and Schuman, 2008). Target proteins get ubiquitinated by a
three-step process involving the addition of small ubiquitin to a lysine residue (Kocaturk
and Gozuacik, 2018). The UPS has been widely studied and was shown to degrade 80-
90 % of eukaryotic cell proteins (Voges et al., 2003). It is, among others, involved in the
regulation of cellular quality control, cell cycle, and DNA repair (Lilienbaum, 2013).

In neurons, the UPS was first described in the context of neurodegenerative diseases in
which ubiquitin was found to be a component of protein deposits. Over time, the UPS was

shown to be important for neuronal development and synaptogenesis, synaptic plasticity
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as well as neuronal survival (Yi and Ehlers, 2007). Due to the complex morphology and
compartmentalization of neuronal cells, proteasomal degradation faces certain
challenges, though. Interestingly, the proteasome itself can be regulated by synaptic
activity. It was shown that the proteasome is present in dendrites where it can translocate
from dendritic shafts to the dendritic spines upon depolarization with KCI in an NMDAR-
dependent manner. There, it could possibly degrade synaptic substrates such as PSD-95
to drive local remodeling of spines (Bingol and Schuman, 2006; Colledge et al., 2003). In
axons, the proteasome activity is a requirement for axonal degeneration during
development and post nerve injury as well as activity-dependent presynaptic silencing
(Jiang et al., 2010; Watts et al., 2003).

In the case of a non-functional or overloaded UPS, other degradation pathways are
upregulated and compensate for this loss, changing the view of independently acting
systems to a rather possible cross-talk and adaption between them (Korolchuk et al.,
2010; Mebratu et al., 2020).

1.2.2.2 Macro- and microautophagy

Autophagic processes reflect other highly conserved degradation pathways consisting of
three major types: macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). Autophagy targets cellular material such as defective organelles and
misfolded proteins for lysosomal digestion (Aman et al., 2021). In macroautophagy, cargo
is engulfed by a cup-shaped double membrane phagophore which then closes to form a
vesicle called autophagosome. The autophagosome eventually fuses with the acidified,
catabolic active lysosome, forming a hybrid-organelle named autolysosome (Andres-
Alonso et al., 2021). Autophagosomes can additionally fuse with late endosomes (LEs) or
multivesicular bodies (MVBs), resulting in the hybrid organelle amphisome, that eventually
finds its way to the lysosome as well (Figure 5; Andres-Alonso et al., 2021). During the
formation of the phagophore and autophagosome, membrane sources including the
plasma membrane, the Golgi apparatus, the ER, and mitochondria are essential, whereas
autophagy-related genes (ATGs) are the key mediators (Ariosa and Klionsky, 2016;
Hamasaki et al., 2013).

For a long time, autophagy was thought to be a nonselective degradation pathway,
however, more recently it was shown to be crucial for selective degradation of not only
specific proteins but also organelles. The clearance of organelles is essential for organelle
integrity and number depending on the environment. Selective degradation of organelles
was observed for various organelles such as mitochondria (“mitophagy”), peroxisomes
(“pexophagy”), lysosomes (“lysophagy”), ER (“ERphagy”) and the nucleus (“nucleophagy”;
Anding and Baehrecke, 2017).
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Another autophagic pathway, called microautophagy, is a non-selective autophagic
pathway that relies on endosomal membrane invaginations and thereby sequesters
cytosolic target proteins to form MVBs (Figure 5; Sahu et al., 2011). It has been mainly
studied in yeast cells but was more recently observed in mammalian cells as well (Seki
and Katsuki, 2022).

Although macroautophagy is well studied in non-neuronal cells, less is known about its
characteristics in neurons. The organization of the autophagic machinery is adjusted to
the high compartmentalization, which is already reflected by the different molecular
composition of autophagosome populations found in the soma as compared to axonal
ones (Maday and Holzbaur, 2016). Autophagosome biogenesis can be observed
especially in distal axons where it is, as well as autophagosome motility, regulated in an
activity-dependent manner (Hill and Colon-Ramos, 2020; Kallergi et al., 2020; Wang et al.,
2015). Surprisingly, in contrast to non-neuronal cells, starvation signals such as amino
acid deprivation do not have a detectable impact on autophagy levels in axons of
hippocampal neurons (Maday and Holzbaur, 2016; Mizushima et al., 2004). This could
indicate the existence of a protective mechanism to make the axon less susceptible to
stress signals in the post-mitotic neuron. Interestingly, neuronal amphisomes were found
to exhibit also a non-degradative signaling function at presynaptic boutons during
retrograde movement to promote transmitter release upon presynaptic signaling (Andres-
Alonso et al., 2019).

In contrast to axons, lesser is known about autophagy in dendrites. Recently, it has been
shown that in dendrites, but not in axons, synaptic activity leads to changes in autophagic
vacuoles (AVs) motility and increases the number of degradative autolysosomes (Kulkarni
et al., 2021). Additionally, evidence was provided that autophagy is important in dendrites
to degrade postsynaptic proteins, hence being indispensable for LTD (Kallergi et al.,
2022).

Taken together, autophagy in neurons is thought to play a less important role for amino
acid mobilization and a more critical role for development and homeostasis, especially in
connection to synaptic activity (Maday and Holzbaur, 2014; Shehata et al., 2012; Shen
and Ganetzky, 2009).

1.2.2.3 Chaperone-mediated autophagy (CMA)

Another autophagic process is chaperone-mediated autophagy (CMA), in which soluble
cytoplasmic cargo that contains a specific CMA-recognition motif (KFERQ-like sequence)
is recognized by heat shock-cognate chaperone 70 kDa (Hsc70), and its co-chaperones.
After binding, the complex is directly delivered to the lysosome, where dimerization of
LAMP2A, a lysosomal membrane protein, enables subsequent translocation of the

unfolded target client into the lysosomal lumen (Figure 4; Kaushik and Cuervo, 2018).
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Hsc70 is a member of the heat shock protein (HSP70) family of chaperones which is
involved in ATP-dependent binding of unfolded or aggregated peptides to protect them
from unwanted interactions with other molecules or target them for degradation, in the
latter case, especially in response to heat or other cellular stress stimuli (Fernandez-
Fernandez et al., 2017; Ryu et al., 2020). The activity of chaperones of the HSP70 family
is dependent on their co-chaperones. Hsc70, for instance, is regulated, among others, by
DnaJ/Hsp40 proteins which stimulate ATPase activity and present target proteins to
Hsc70 as observed in CMA (Meimaridou et al., 2009). Hsc70 is mainly present in the
cytoplasm but is additionally found in the lysosomal lumen (lys-Hsc70) where it proceeds
to facilitate protein import in an ATP-independent manner (Agarraberes et al., 1997,
Meimaridou et al., 2009). The intraluminal localization is in line with the presence of two
KFERQ motifs in its sequence that may mediate its own translocation (Cuervo et al.,
1997). Until now, Hsc70 is the only chaperone that is known to exhibit direct binding to the
required pentapeptide sequence and therefore to mediate CMA (Kaushik and Cuervo,
2018). The rate-limiting factor for the degradation of CMA targets, however, is the
lysosomal membrane protein LAMP2A levels and dynamics. LAMP2A levels thereby
change by regulation of its degradation or transcription in response to different stimuli
(Kaushik and Cuervo, 2018).

Recognition
Substrate g t
/ T
Hsc70

KFERQ

Binding

Translocation

Chaperones

Figure 4: Chaperone-mediated autophagy (CMA) mediates the degradation of cytoplasmic
proteins carrying a specific pentapeptide sequence. Intracellular substrates with a KFERQ-like-
motif are recognized by the chaperone Hsc70 and its co-chaperones. The chaperone-substrate
complex binds to the cytoplasmic tail of LAMP2A at the lysosomal surface, resulting in the
formation of a translocation complex. The lys-Hsc70, a lysosome resident form of Hsc70, mediates
the internalization of the target protein, following its degradation by lysosomal enzymes. Lys-Hsc70
additionally induces the disassembly of multimerized LAMP2A after the substrate is translocated.

CMA is a major pathway involved in the degradation of up to 40 % of cytoplasmic proteins
(Hosaka et al., 2021). Until now, CMA has only been observed in mammalian cells and
birds and was shown to be upregulated by prolonged starvation and oxidative stress in
non-neuronal cells (Cuervo et al., 1995; Kiffin et al., 2004). During age, CMA rates decline
due to decreased stability of LAMP2A and could account for the increased protein

damage, as well as aggregation (Zhang and Cuervo, 2008).
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CMA is found in neurons as well, where it reflects an essential component in the
maintenance of the neuronal proteome. For instance, it modulates the neuronal survival
machinery by degradation of transcription factor myocyte enhancer factor 2D (MEF2D) to
ensure the proper response to injury (Yang et al., 2009). Additionally, CMA is associated
with numerous neurodegenerative diseases such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), and Huntington’s disease (HD; Auzmendi-Iriarte and Matheu,
2021). Interestingly, CMA has not been well studied concerning the different neuronal
compartments and it is not known if the process of CMA can be observed locally in

dendrites or axons.

One known substrate of CMA is the TAR DNA binding protein 43 kDa (TDP-43), a protein
linked to amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD), diseases in which the presence of TDP-43 aggregates in protein inclusions in
neuronal cells of affected patients is a characteristic hallmark (Ormefio et al., 2020). TDP-
43 was originally described as a transcription factor and splicing regulator, but over time,
additional functions in the regulation of RNA metabolism such as mRNA stability, mRNA
transport, and stress granules formation, were shown (Ratti and Buratti, 2016). Although it
exhibits a prominent nuclear localization, TDP-43 shuttles to the cytoplasm aggregation
can occur, leading either to gain-of-toxic-function or a loss-of-function (Ayala et al., 2008;
Ling et al., 2013; van den Broeck et al., 2015). While CMA is involved in the turnover of
TDP-43 to control a proteostatic equilibrium prior to its aggregation, TDP-43 aggregates
themselves affect CMA performance by upregulation of both Hsc70 and LAMP2A, a
mechanism that has been observed for other aggregate-prone proteins as well (Koga et
al., 2011; Mak et al., 2010; Ormefo et al., 2020). Interestingly, Dnad/Hsc70 chaperone
complexes regulate the release of different proteins associated with neurodegenerative

diseases to the extracellular space, including TDP-43 (Fontaine et al., 2016).

1.2.2.4 Endolysosomal pathway

In the endolysosomal pathway, endocytosed material is delivered to the lysosome through
a process that involves various fusion and fission events, including the delivery of
internalized material to the early endosome (EE) as a first step. In the EE, cargo is
directed to recycling endosomes (REs) for its reuse back to the plasma membrane or,
alternatively, processed further by the endosomal sorting complex required for transport
(ESCRT) machinery (Henne et al., 2011; Katzmann et al., 2001; Li and DiFiglia, 2012).
Ubiquitination of cargo thereby serves as a sorting signal for the ESCRT for the
subsequent packing into intraluminal vesicles (ILVs), leading to the generation of MVBs
(Katzmann et al., 2001). During the maturation process of the EE, the lumen acidifies and
late endosomes (LEs) arise that eventually fuse with the lysosome (Figure 5). The fusion

processes are thereby regulated by Rab proteins, small GTPases of the Ras superfamily.
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Rab proteins go through cycles of GTP binding and GDP hydrolysis, leading to
conformational changes (Homma et al.,, 2021). In the early endocytic pathway, Rab5,
Rab4, and Rab11 facilitate vesicle fusion whereas Rab7 and Rab9 are involved in fusion
events of EEs/LEs and lysosomes (Wandinger-Ness and Zerial, 2014). Rabs are
frequently used markers for the different intermediate organelles within the endolysosomal
and autophagic pathways.

Central to all autophagic pathways as well as the endolysosomal route is the lysosome,
the main catabolic organelle in the cell where final degradation takes place, a process

critical for neuronal survival.
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Figure 5: Various degradation pathways end in the central degradative organelle, the
lysosome. Endocytosed cargo is sorted to the early endosome (EE) following sorting to
multivesicular bodies (MVBs) for further transport via the late endosome (LE) to the lysosome for
final degradation. Autophagic pathways target intracellular cargo either by invaginations, as seen
for (endosomal) microautophagy, or by the formation of a double-membrane phagophore becoming
an autophagosome, observed in macroautophagy. Cargo containing a KFERQ-like motif can be
recognized by chaperones which bind to LAMP2A at the lysosomal surface for translocation of
target proteins, a process called chaperone-mediated autophagy (CMA). The lysosome is an
acidified organelle containing numerous hydrolases and is therefore the catabolic center of various
degradation pathways.

1.3 The lysosome

The lysosome is considered the endpoint of long-lived proteins, mainly membrane, and
endocytosed proteins, as well as cargo targeted by autophagy (Luzio et al., 2007). The
lysosome was discovered in the 1950s by Christian de Duve, who observed an electron-
dense organelle in electron micrographs of fractionated cells and concluded that this was
an acidified vesicle packed with hydrolytic enzymes for digestion of macromolecules (de

Duve et al., 1955). Nowadays, the lysosome has been extensively studied and described

in different cell types. It is characterized by the low pH (4.5-5.0) within its lumen that is
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maintained by a proton-pumping vacuolar ATPase, hence providing a suitable
environment for the activity of more than 60 acid hydrolases required for its catabolic
function (Figure 6A; Ballabio and Bonifacino, 2020; Mindell, 2012). To reach the
lysosome, these enzymes acquire a mannose-6-phosphate (M6P) tag in the Golgi and are
recognized in the trans-Golgi network (TGN) by the mannose-6-phosphate receptor
(M6PR; Repnik et al., 2013). They travel as a complex through EEs to then dissociate
from each other in the acidic lumen of LEs. The M6PR recycles back for reuse to the
TGN, whereas the hydrolases reach the lysosome (Hunziker and Geuze, 1996). Several
studies have described MG6P-independent routes for hydrolases as well as the
involvement of alternative receptors, for instance, -glucocerebrosidase which is delivered
by the lysosomal integral membrane protein-2 (LIMP2; Blanz et al., 2015; Dittmer et al.,
1999; Reczek et al., 2007).

A large proportion of lysosomal proteases are members of the family of cathepsins.
Cathepsins can be classified into cysteine, serine, or aspartic proteases, depending on
the amino acid residue required for their catalytic activity (Turk et al., 2012). At present, 15
human cathepsin classes have been described (Patel et al., 2018). Of these, cathepsin B,
D, and L represent the most abundant proteases of the lysosome with cathepsin B being
present with a high concentration equivalent to 1 mM in the lysosomal lumen (Yadati et
al., 2020). Apart from protein degradation, cathepsins are essential for numerous
physiological functions and have been implicated, among others, in MHC-Il-mediated
antigen presentation, bone remodeling, and prohormones activation (Brix et al., 2001;
Honey and Rudensky, 2003; Saftig et al., 2002; Turk et al., 2002). Therefore, cathepsins
and their dysregulations are connected to a wide range of diseases such as cancer,

cardiovascular diseases, and metabolic disorders (Reiser et al., 2010).

Although most cathepsins require an acidic pH to be active, some were described to
exhibit activity even at neutral pH (Kirschke et al., 1986; Sapolsky et al., 1974). Also, their
localization is not limited to the endolysosomal system but they can be found additionally
in the cytoplasm, cell nucleus, or extracellular space (Brix et al., 2008; Goulet et al.,
2004). In the extracellular space, cathepsin B and D, in particular, play a role in
extracellular matrix (ECM) remodeling by degrading structural components, a process that
could be essential for axon migration during development and dendritic spine growth,
hence synaptic plasticity (Tran and Silver, 2021; Vidak et al., 2019). Abnormal activity of
cathepsins in the CNS has been reported in traumatic brain injury as well as
neurodegenerative diseases, highlighting their broad range of function (Hook et al., 2020).
In the case of neurodegenerative disorders such as Alzheimer's, Parkinson’s, and
Huntington’s disease but also lysosomal storage disorders (LSDs) a common feature is

the accumulation of storage material (Parenti et al., 2021). The majority of LSDs are
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caused by deficiencies in soluble hydrolases involved in the degradation of substrates or
their impaired sorting to the lysosome (Platt et al., 2018). However, it is not clear yet if the
observed pathology in these diseases is due to the storage and accumulation of non-
degraded material or rather secondary events such as secondary storage of unrelated
material, abnormal membrane composition and fusion events, defective Ca?* signaling,

and activation of inflammatory processes (Parenti et al., 2021; Platt et al., 2018).

1.3.1 Lysosomal membrane composition

The lysosomal membrane consists of a variety of integral lysosomal membrane proteins
(LMPs) of which the lysosome-associated proteins (LAMPSs), particularly LAMP1 and
LAMP2, represent the majority (Saftig and Klumperman, 2009). LAMP1 and LAMP2 are
transmembrane proteins with a sequence homology of 37 % characterized by a heavily
glycosylated luminal domain and a short cytoplasmic tail (Saftig and Klumperman, 2009).
Due to the high degree of glycosylation, LAMP1 and LAMP2 are considered to form a
“glycocalyx” layer on the luminal site of the lysosome as protection from the acidic
environment and hydrolases (Neiss, 1984).

Despite their similarity, LAMP1 and LAMP2 are proposed to serve different functions. This
became apparent in knockout (KO) mice where deletion of LAMP1 led to a rather mild
phenotype with upregulated LAMP2 expression, reflecting a potential compensation
mechanism. However, LAMP2 deletion resulted in a much more severe phenotype with
increased postnatal mortality and the accumulation of autophagic vacuoles in various
tissues (Tanaka et al., 2000). Indeed, it was shown that mutations in the LAMP2 gene are
the underlying cause of Danon disease, an X chromosome-linked disorder characterized
by impaired glycogen degradation and abnormal autophagic vacuoles resulting in
cardiomyopathy and mental retardation (Endo et al., 2015). In a study investigating LAMP-
deficient cells, the lysosomal morphology, as well as the degradative ability and
acidification of lysosomes, was demonstrated to not be impaired, further pointing to other
lysosomal membrane proteins potentially compensating for the loss (Eskelinen et al.,
2004).

Following alternative splicing, three different isoforms of LAMP2 (A, B, and C) are
expressed that differ in their amino acid sequence identity, especially in the cytosolic
region (Figure 6B; Eskelinen et al., 2005; Gough et al., 1995). The isoforms exhibit distinct
tissue distribution patterns and are each implicated in different cellular functions. LAMP2A
is, with its unique cytosolic tail, the required receptor for protein translocation in the
process of CMA as described above (Cuervo and Dice, 2000). LAMP2B, on the other
hand, is connected to lysosomal fusion and maturation as well as macro-autophagy,
whereas LAMP2C is involved in the uptake of RNA/DNA molecules and inhibition of CMA
(Fujiwara et al., 2013a, 2013b; Pérez et al., 2016).
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B C Cytoplasmic amino acid sequence:
LAMP2-A: ... LKRHHTGYEQF

LAMP2-B: ... RRKTYAGYQTL
LAMP2-C: ... RRKSRTGYQSV

Cytoplasm
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Figure 6: The lysosome as the central acidic organelle and the lysosomal membrane protein
LAMP2. (A) The lysosome is a single membrane organelle exhibiting a low pH (4.5-5.0)
environment, required for the proper activity of multiple hydrolases and thereby maintained by a V-
ATPase. High levels of Ca?* in the lumen of the lysosome can be released by Ca?* channels. (B)
Structure of LAMP2 and the amino acid sequence of the isoforms LAMP2A-C according to the
nomenclature proposed by Eskelinen et al. (2005). Forks represent N-glycosylation, disulfide bonds
form the loops and the zigzag shows the hinge region rich of proline where additional O-
glycosylation sites can be found (Eskelinen et al., 2005).

1.3.2 Lysosomal calcium

The lysosome is filled with various enzymes for its canonical function of degradation.
Beyond this, the lysosomal organelle emerged as an essential intracellular Ca?* store with
surprisingly high levels of around 0.5 mM Ca?*, an amount comparable to the Ca?* present
in the ER which reflects one of the largest Ca?* stores within the cell (Christensen et al.,
2002; Parenti et al., 2021). Ca?* is required for various lysosomal functions and impaired
Ca?* homeostasis causes lysosome dysfunction. Ca?* release thereby mediates
lysosomal acidification, membrane trafficking, as well as fusion of the lysosome with other
structures, such as endosomes or the plasma membrane (Lloyd-Evans and Waller-Evans,
2020). Additionally, contacts with the ER are formed in a Ca%*-dependent manner which is
essential for the refilling of lysosomal Ca?* stores (Garrity et al., 2016; Wang et al., 2017).
One important Ca?* channel in the lysosomal membrane is the transient receptor potential
cation channels of the mucolipin 1 (TRPML1) that regulates the release of Ca?* from the
lumen of the lysosome upon different stimuli, for instance starvation (Parenti et al., 2021;
Wang et al., 2014). In addition, the endolysosome-specific membrane phosphoinositide
phosphatidylinositol 3,5-biphosphate (PI(3,5)P2), can serve as an activator of TRPMLA1,
highlighting its involvement in intracellular processes such as membrane trafficking (Dong
et al., 2010). Apart from TRPML1, Ca?* efflux can be mediated by other channels, and in
response to other stimuli such as pH changes or even by molecules like ATP or nicotinic
acid adenine dinucleotide phosphate (NAADP; Ballabio and Bonifacino, 2020).
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1.3.3 Lysosome as a signaling hub

The presence of catabolic hydrolases ensures the degradative function of lysosomes,
however, the lysosome is additionally implicated in various other processes. One example
is its, more recently, emerged role as a major signaling hub. In connection to this, different
protein complexes can be formed at the lysosomal membrane in response to stimuli
(Heitman et al., 1991). In response to nutrients, the multicomponent kinase mammalian
target of rapamycin complex 1 (mMTORCH1) is recruited to the lysosomal surface and binds
to a Rag GTPase-Ragulator complex (Lawrence and Zoncu, 2019; Sancak et al., 2010).
This activation initiates downstream signaling pathways, supporting anabolic processes
and growth in presence of amino acids, and negatively regulates autophagy. The
activation of mTORC1 additionally leads to phosphorylation of transcription factor EB
(TFEB), one master regulator of lysosomal biogenesis and function, and thus regulates its
localization predominantly to the cytosol as an inactive form (Martina et al.,, 2012;
Napolitano et al., 2018). During starvation, mTORC1 is inactivated and allows the
translocation of TFEB to the nucleus to promote transcription of genes involved in the
expression of lysosomal proteins and enzymes and regulates acidification, positioning,
and exocytosis of lysosomes, as well as autophagosome biogenesis and autophagy
(Ballabio and Bonifacino, 2020; Palmieri et al., 2011; Sardiello et al., 2009). Interestingly,
LAMTOR1, as part of the Ragulator, inhibits TRPML1 activity and thereby regulates
lysosomal trafficking in a Ca?*-dependent manner (Sun et al., 2022). This inhibition is
accompanied by GIuA1 dephosphorylation, reflecting the importance of Ca?* as a
signaling molecule in connection to synaptic strength and plasticity. mTORC?2 is another
protein complex that can be formed in response to growth factors, though it does not show
involvement in TFEB phosphorylation (Settembre et al., 2012). However, mTORC?2 is
involved in GFAP phosphorylation through AKT signaling, an important signaling cascade
for CMA (Arias et al., 2015). Both mTORC1 and mTORC2 are thereby composed of a

unique set of proteins, hence signal to distinct downstream effectors.

1.3.4 Trafficking of lysosomes

The response to various stimuli is coupled with regulated mobility and localization of
lysosomes. Lysosomes are highly mobile and can move bi-directionally on microtubule
tracks throughout the cell (Pu et al., 2016). In non-neuronal cells as well as in axons of
neurons, long-range retrograde movement is mediated by minus-end-directed dynein-
dynactin motor complexes whereas anterograde movement is carried out by plus-end-
directed kinesin motors (Lawrence and Zoncu, 2019). While microtubules display a
uniform arrangement in axons with the growing plus-end facing the axon tip, they show a
mixed polarity in dendrites (Conde and Caceres, 2009). Therefore, the trafficking has to

be organized differently in dendritic compartments, with either kinesin or dynein being
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responsible for retrograde trafficking (Winckler et al., 2018). Dynein-dependent movement
is regulated through the small GTPase Rab7 that interacts with its effector RILP leading to
the recruitment of dynein-dynactin motor complexes (Jordens et al., 2001). RILP was
proven to be essential for neuronal autophagosome transport and biogenesis, regulating
autophagic turnover in response to mTOR activity (Khobrekar et al., 2020). The trafficking
of lysosomes by a kinesin-dependent mechanism, on the other hand, is mediated by the
multi-subunit complex BLOC1-related complex (BORC) at the lysosomal membrane
where it interacts with the small GTPase ADP-ribosylation factor-like protein 8 (Arl8) and
its effector SKIP to couple lysosomes to kinesin-1, one member of the kinesin superfamily.
This lysosomal transport mechanism was shown in non-neuronal cells as well as axons,
but not dendrites, of neurons (Farias et al.,, 2017; Pu et al., 2015; Rosa-Ferreira and
Munro, 2011). Interestingly, a study showed that lysosomes in HelLa cells can be coupled
to kinesin-1 by the ER-localized protrudin, Rab7, and its effector FYCO1 upon ER-
endolysosome contact as an alternative mechanism (Raiborg et al., 2015). In dendrites,
another protein from the kinesin family, kinesin-3, was recently identified to mediate

anterograde lysosomal transport via Arl8A (Hummel and Hoogenraad, 2021).

One of the subunits of the Ragulator complex, LAMTOR1, was shown to interact with
BORC as a regulatory mechanism for lysosomal positioning depending on nutrient
availability in non-neuronal cells (Pu et al., 2017). Depletion of amino acids strengthens
the interaction between Ragulator and BORC and as consequence leads to a perinuclear
distribution of lysosomes whereas epidermal growth factor stimulation negatively
regulates the association and results in more outward lysosomal movement (Filipek et al.,
2017; Pu et al., 2017). The trafficking and position of lysosomes in the cell are coupled to
their pH and it was shown that peripheral lysosomes are strikingly less acidic in
mammalian cell culture (Johnson et al., 2016). In neurons, the degree of acidification was
also proposed to be dependent on the distance to the cell body, for both axonal as well as
dendritic lysosomes, with distal parts containing mainly non-acidified organelles (Cheng et
al., 2018, 2015; Gowrishankar et al., 2015; Maday et al., 2012; Yap et al., 2018).

1.3.5 Lysosomes in neurons: axons versus dendrites

Over time, it became apparent that lysosomes exhibit high heterogeneity in terms of their
functions, morphology, motility, localization, and molecular characteristics such as
membrane composition. In axons, the unidirectional transport of less acidic
autophagosomes from the distal end towards the soma was shown, proposing that during
this retrograde movement autophagosomes acquire hydrolases and undergo a maturation
process resulting in acidified degradative organelles (Figure 7; Farfel-Becker et al., 2019;
Maday and Holzbaur, 2016; Maday et al., 2012). These observations lead to a model of

gradual lysosomal acidification and maturation upon retrograde trafficking of endosomes
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not only in the axon but also in dendrites of neurons, suggesting the presence of mature
lysosomes with active enzymes solely in the soma and its vicinity (Cheng et al., 2015,
2018; Gowrishankar et al., 2015; Maday et al., 2012; Yap et al., 2018).

Figure 7: Maturation of endo- and autolysosomal organelles during retrograde movement in
axons. The scheme at the top displays the formation of autophagosomes in distal axon tips and
the fusion with LEs. On the bottom, the route of cargo is shown from EEs to LEs. Lysosomal
contents, including enzymes, can be delivered by lysosomes or TGN-derived transport carriers
(TCs; modified from Roney et al., 2022).

Nonetheless, some reports demonstrate a distribution of lysosomes that contain active
hydrolases in axon bundles and distal axon tips (Farfel-Becker et al., 2019; Farias et al.,
2017; Roney et al., 2021). Intriguingly enough, the presence of acidified lysosome was
observed in dendrites and dendritic spines even in more peripheral regions (van Bommel

et al., 2019; Goo et al., 2017; Padamsey et al., 2017).

The function of lysosomes in dendrites was thereby more recently linked to synaptic
activity, reflected by the described enhancement of recruitment of LAMP1-positive
organelles to dendritic spines and decreased spine density upon lysosomal inhibition (Goo
et al., 2017). The localization of lysosomes correlated with internalized synaptic proteins,
such as AMPARSs, and was regulated by AMPAR- as well as NMDAR-activity (Goo et al.,
2017). Evidence was provided that the positioning of lysosomes at dendritic spines is
thereby an actin-mediated mechanism in which lysosomes stall at filamentous actin (F-
actin) patches present in excitatory shaft synapses, as well as at the base of dendritic
spines (van Bommel et al., 2019). Another study revealed activity-dependent lysosomal
exocytosis, a process that leads to ECM remodeling and dendritic spine growth
(Padamsey et al.,, 2017). The fusion event is mediated by lysosomal Ca?*-release in
response to back-propagating action potentials (bpAPs), therefore driving the exocytosis
of LAMP2-positive lysosomes and disposal of their content to the extracellular space. It
was proposed that cathepsin B activates matrix metalloproteinase 9 (MMP-9), an enzyme
involved in the remodeling of ECM and consequently dendritic spine growth, therefore

regulating plasticity (Padamsey et al., 2017). Apart from lysosomal hydrolases, such as
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cathepsin B, the lysosomal content that is considered to be disposed by this mechanism,

has not been further investigated.

1.3.6 Secretory lysosomes and exocytosis

The process of lysosomal fusion has been demonstrated for a distinct subset of
lysosomes, the secretory lysosomes. Secretory lysosomes are specialized organelles that
have been described in non-neuronal cell types, in which exocytosis is observed upon
stimuli connected to plasma membrane injury, cellular stress, cancer, or signals from
cytokines (Reddy et al., 2001; Samie and Xu, 2014). During the event of exocytosis,
lysosomes are positioned close to the plasma membrane to subsequently release their
content to the extracellular space in a Ca?*-dependent manner. The fusion is thereby
mediated by soluble N-ethylmaleimide-sensitive factor-attachment protein receptors
(SNAREs) complexes that are additionally involved in autophagosome-late endosome
fusion or the fusion of late endosomes with lysosomes (Buratta et al., 2020). SNAREs are
classified into vesicle-associated SNAREs (v-SNARESs) and target-associated SNAREs (t-
SNAREs), depending on their location. The v-SNARE vesicle-associated membrane
protein 7 (VAMP7) on the lysosomal surface forms a complex together with syntaxin-4
and synaptosome-associated protein of 23 kDa (SNAP23) which are both located on the
plasma membrane, collectively forming a trans-SNARE complex (Rao et al., 2004). The
two membranes are consequently pulled closer together to allow the lysosome to dock at
the plasma membrane (Figure 8). A local rise in Ca?*-levels initiates the final fusion by
promoting interaction between synaptotagmin VII (SytVIl) and the formed trans-SNARE
complex, in which the lysosome itself potentially serves as the required Ca?* source by the
release of Ca?* through TRPML1 from its lumen (Buratta et al., 2020). This was further
supported by the finding that TFEB overexpression and consequent TRPML1 activation
increased exocytosis in vitro and in vivo (Medina et al., 2011). Interestingly, lysosomal
exocytosis was more recently shown to further be involved in intercellular signaling by
astrocytes that release ATP through fusion of lysosomes (Dou et al., 2012). Although
exocytosis of lysosomal vesicles is a known phenomenon, it remains elusive which pool of
lysosomes, including its required characteristics and molecular markers, can undergo this

process.
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Figure 8: Exocytosis is mediated by SNARE proteins and their complex assembly. The fusion
of vesicles with the cell membrane is mediated by SNARE proteins. A v-SNARE localized to an
approaching vesicle, such as VAMP7 (blue), interacts with the -SNARE SNAP23 (orange) at the
plasma membrane as well as with syntaxin (green). Synaptotagmin (red) is a Ca?'-sensing
regulatory protein. The assembly of a trans-SNARE complex results in a docking of the vesicle.
Upon Ca?* influx, the ions bind to the Ca?*-binding domains of synaptotagmin and therefore the
membranes are pulled together. This leads to the opening of a fusion pore, allowing the release of
vesicular content.
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1.4 Aims and objectives of the thesis

The presence of lysosomes, as the central catabolic hub, has been described for the
soma, as well as axons of neurons, and, more recently, mature lysosomes have been
additionally observed in the dendritic compartment. Intriguingly, the motility of dendritic
LAMP1-positive lysosomes was shown to be regulated by the activity of the excitatory
glutamate receptors AMPARs and NMDARs (Goo et al., 2017), whereas LAMP2-positive
lysosomes were observed to perform activity-dependent fusion with the plasma
membrane (Padamsey et al., 2017), providing evidence for local control of lysosomes by
neuronal activity. Nonetheless, still little is known about the dendritic pool of lysosomal

organelles.

The purpose of this thesis is to further unravel the localization, molecular composition, as
well as functional implications of lysosomes in dendrites of hippocampal neurons.
Furthermore, the connection to neuronal activity and potential alternative functions, such
as the exocytosis of content, are of interest. Taken together, this thesis aims to shed new
light on local lysosomal processes potentially underlying synaptic plasticity, the basis of
learning and memory. Moreover, despite their digestive function, lysosomes have various
non-degradative tasks and an impaired lysosomal function is connected to numerous

neurodegenerative pathologies, making them an interesting subject for further studies.
More specifically the aims of the thesis are:

1. to characterize the molecular identity of dendritic lysosomes and their association with
GIluN2B-containing NMDARs, as one of the key glutamate receptors involved in
synaptic plasticity. Therefore, colocalization studies with the focus on LAMP1 and
LAMP2, as commonly used lysosomal markers, were conducted, with or without co-
labeling of synaptic proteins. Additionally, the association of LAMP2 with the GluN2B
subunit was examined in live-cell imaging experiments.

2. to evaluate the influence of NMDAR activation on lysosomal mobility and potential
exocytosis. To this end, live-cell imaging with cultured hippocampal neurons was
performed.

3. to investigate the interplay between exocytic lysosomes and chaperone-mediated
autophagy (CMA), a process that targets a wide range of cytoplasmic proteins and is
dependent on LAMP2. Along with this, the localization and potential lysosomal release

of a known CMA target protein, TDP-43, upon NMDAR activation was studied.

21



Materials and methods

2. Materials and methods

2.1
2.1.1 Chemicals

Materials

Compound

Biological activity

Application

Supplier

Ifenprodil
hemitartrate

Selective GIuN2B-
subunit inhibitor

5 uM for 30-45 min

Tocris Bioscience

(+)-MK-801 Non-competitive i : .

hydrogen maleate | NMDAR-pore blocker 100 uMtfor 1-2 h Sigma-Aldrich

Bafilomycin A1 Inhibitor of V-ATPase | 1 uMfor 1 h Sigma-Aldrich
Selective inhibitor of

Tetrodotoxin (TTX) | sodium channel 1M for 1-2 h Alomone Labs
conductance

Bicuculline GABAA receptor . e

methiodide (Bic) antagonist 50 uM for 30 min Tocris Bioscience

4-Aminopyridine

Selective blocker of

voltage-gated K* 2.5 mM for 30 min Sigma Aldrich
(4AP)

channels
N-Methyl-D-aspartic . . . .
acid (NMDA) NMDAR agonist 20 pM for 15 min Sigma-Aldrich
Propidium iodide | DVA/RNA binding

fluorescence probe 1.5 yM for 10 min Sigma-Aldrich
(PI) e

for cell viability check
Magic Red™ Cathepsin B o . .
Cathepsin B Kit substrate 0.5 % for 30-60 min | Bio-Rad
BODIPY™ FL Fluorescent (green) .
pepstatin A Cathepsin D probe 10 nMfor>1h Invitrogen
Immobilon Chemiluminescent
Crescendo Western | HRP detection Millipore
HRP substrate reagent

2.1.2 Enzymes and Kkits

All restriction enzymes and respective buffers as well as 1 kb DNA ladder and DNA

loading dye were used from New England BioLabs.

Name

Supplier

Application

Hybrid DNA polymerase

Roboklon

Cloning
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Deoxynucleoside
triphosphate set (ANTPs)

Thermo Fisher Scientific

T4 DNA Ligase

New England BioLabs

NucleoSpin Gel and PCR
Clean-up

Macherey-Nagel GmbH

NucleoBond Xtra Midi EF

Macherey-Nagel GmbH

DNase |

Roche

Preparation cortex culture

MultiMACS GFP Isolation
Kit

Miltenyi Biotec GmbH

Co-immunoprecipitation

GFP ELISA Kit Abcam (ab171581) ELISA
2.1.3 Buffer and media
Name Composition Application
50 mM Tris-HCI (pH 8.0), 150 mM
RIPA buffer NaCl, 1 % Triton X-100, 0.5 % (w/v) | Cell lysis (Co-IP)

deoxycholate

250 mM Tris-HCI, pH 6.8, 1 % (w/v)
SDS, 40 % (v/v) glycerol 20 % (v/v)

25 mM Tris-base, pH 8.3

4x SDS sample buffer B-mercaptoethanol, 0.004 % SDS-PAGE
bromophenol blue (w/v)
1 o
Electrophoresis buffer | | 22 MM glycine, 0.1 % (w/v) SDS, | opq pagE

Blotting buffer

192 mM glycine, 0.2 % (w/v) SDS,
20 % (v/v) methanol, 25 mM Tris-
base, pH 8.3

Western blot

Ponceau Red

0.5 % (w/v) Ponceau S in 3 % (v/v)
acetic acid solution

Transfer efficiency
verification

TRIS buffered saline
(TBS)

25 mM Tris-HCI, 150 mM NaCl,
pH 7.4

Washing buffer

TBS-T

TBS + 0.1 % (v/v) Tween-20, pH 7.4

Washing buffer

TBS-A

TBS + 0.02 % (w/v) NaNs, pH 7.4

Antibody dilution

Phosphate-buffered
saline (PBS)

154 mM NaCl, 1 mM KH2POs,,
5.5 mM NazHPO4 in H20, pH 7.4

Washing ICC

Permeabilization buffer

PBS, 0.25 % Triton-X-100, pH 7.4

Permeabilization ICC
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ICC blocking solution

2 % (w/v) glycine, 2 % BSA (w/v),
0.2 % (w/v) gelatine and 50 mM
NH4Cl in PBS

Blocking ICC

50 x TAE buffer

2 M Tris-acetate, 0.05 M EDTA

DNA electrophoresis
and agarose gels

10 % (w/v) Mowiol, 25 % (v/v)
glycerol, 100 mM Tris-HCI, pH 8.5,

Mowiol 2.5 % (wiv) 1,4- Mounting ICC
Diazabicyclo[2.2.2]octane

P1 buffer 50 mM Tris-HCI, 10 mM EDTA, DNA purification (mini)
pH 8.0

P2 buffer 200 mM NaOH, 1 % (w/v) SDS DNA purification (mini)

P3 buffer 3 M CHsCO2K, pH 5.5 DNA purification (mini)

Tyrode’s buffer

128 mM NaCl, 5 mM KCI, 1 mM
MgCl,, 2 mM CaCly, 4.2 mM
NaHCOs3;, 20 mM glucose, 15 mM
HEPES; pH 7.2-7.4

Live-cell imaging,
surface staining and
ELISA

2.1.4 Culture media and chemicals

Name

Composition

Application

Trypsin

0.25 % Trypsin-EDTA + phenol red
(Gibco)

Tissue trypsinization
for neuronal culture

Trypan Blue solution

0.4 % Trypan Blue (Gibco)

Cell counting

Hanks’ Balanced Salt
Solution (HBSS)

1 % glucose, 0.35 % NaHCOs +
phenol red (Sigma-Aldrich)

Preparation rat/mouse
neuronal culture

Neurobasal A (NB)

No phenol red (Gibco; #12349-015)

Preparation mouse
hippocampal neurons

NB+

Neurobasal A (Gibco) + 1x B27
(Gibco), 4 mM GlutaMAX (Gibco),
1 mM sodium pyruvate (Gibco)

Culturing mouse
hippocampal neurons

Full medium (DMEM+)

DMEM (Gibco) + 10 % fetal calf
serum (FCS), 1 %
penicillin/streptomycin, 2 mM L-
glutamine

Preparation rat/mouse
neurons

BrainPhys Neuronal
Medium (BP)

Stemcell Technologies

Transfection rat

neurons
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Culture medium (BP+)

BrainPhys Neuronal Medium + 1x
SM1 (Stemcell Technologies), 2 mM
L-glutamine (Gibco)

Culturing rat
hippocampal/cortex
neurons

Poly-L-Lysine (PLL)

0.1 mg/ml PLL (Sigma-Aldrich) in
0.15 M boric acid (Carl Roth)

Coating of glass

coating solution solution, pH 8.4 coverslips
20 % (w/v) peptone 140 (Gibco), 5 %
) . (w/v) yeast extract (Gibco), 10 mM Bacterial
SOC-medium NaCl, 2.5 mM KCI, 10 mM MgCl,, | transformation

10 mM MgSQg4, 20 mM glucose

Lysogeny broth (LB)-
medium

20 % (w/v) LB-Bouillon (Sigma-
Aldrich) containing 5 % (w/v) NaCl,
10 % (w/v) tryptone, 5 % (w/v) yeast
extract

Bacterial growth
medium

LB-agar

15 % (w/v) LB agar (Carl Roth)
containing 5 % (w/v) NaCl, 10 %
(w/v) tryptone, 5 % (w/v) yeast
extract, 15 % agar-agar

Agar plates for
bacteria

2.1.5 Antibodies for immunocytochemistry (ICC) and western blot (WB)

Antibody

Source

Identifier/Dilution

Mouse anti-LAMP1

Thermo Fisher Scientific

MA1-164; ICC (1:500)

Rabbit anti-LAMP1

Abcam

Ab24170; ICC (1:500)

Mouse anti-LAMP1 (1D4B)

Developmental Studies
Hybridoma Bank

AB_528127; ICC (1:50)

Rat anti-LAMP2

Thermo Fisher Scientific

MA1-165; ICC (1:500)

Mouse anti-LAMP2

Thermo Fisher Scientific

MA1-205; ICC (1:500)

Mouse anti-LAMP2 (ABL-93)

Developmental Studies
Hybridoma Bank

AB_2134767; ICC (1:50)

Mouse anti-LAMP2 (H4B4)

Santa Cruz Biotechnology

#sc-18822; WB (1:1000)

Guinea pig anti-LAMP2A

Synaptic Systems

#437.005; ICC (1:500)

Rabbit anti-GluN2B

Alomone Labs

AGC-003; ICC (1:500;
1:200 for surface staining)

Rabbit anti-pCREB (Ser133)

Cell Signaling Technology

#9198; ICC (1:500)

Guinea pig anti-SAP102

Synaptic Systems

#124.214; 1CC (1:500)
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Rabbit anti-SAP102 Synaptic Systems #124.202; ICC (1:500)
Guinea pig anti-Shank3 Synaptic Systems #162.304; ICC (1:500)
Mouse anti-Bassoon Enzo ADI-VAM-PSO003; (IF
(SAP7F407) 1:500)

Mouse anti-Homer1 Synaptic Systems #160.011; ICC (1:500)

Guinea pig anti-MAP2

Synaptic Systems

#188.004; ICC (1:500)

Mouse anti-GFP BioLegend #MMS-118P; WB (1:1000)
Rabbit anti-tRFP Evrogen #AB233; WB (1:1000)
Rabbit anti-RFP Rockland #600-401-379; ICC (1:500)

Anti-mouse AlexaFluor 568

Thermo Fisher Scientific

Anti-mouse AlexaFluor 647

Thermo Fisher Scientific

Anti-rabbit AlexaFluor 488

Thermo Fisher Scientific

Anti-rabbit AlexaFluor 568

Thermo Fisher Scientific

Anti-rabbit AlexaFluor 647

Thermo Fisher Scientific

Anti-guinea pig AlexaFluor
405

Thermo Fisher Scientific

Anti-guinea pig AlexaFluor
568

Thermo Fisher Scientific

Anti-guinea pig AlexaFluor
647

Thermo Fisher Scientific

Anti-mouse-Abberior STAR

ICC (1:750)

(DAPI)

635P Abberior
Anti-rabbit-lgG-HRP Dianova
WB (1:10.000)
Anti-mouse-lgG-HRP Dianova
4’ 6-diamidino-2-phenylindole Biozol ICC (1:1000)

2.1.6 Constructs and viruses

Oligonucleotides for cloning of constructs were supplied by Integrated DNA Technologies,

Thermo Fisher Scientific or Sigma Aldrich.
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Construct Backbone and promoter Source
AAV_GFP pAAV; synapsin This study
AAV_TDP-43-GFP pAAV; synapsin This study
EBFP2-N1 EBFP2-N1; CMV Addgene #54595
FUGW-MARCKS-GFP CMV Sebastian Samer
GFP-HSPAS8 (Hsc70) pcDNA3.1 Addgene #121161
GFP-SAP102 GFP-C1; CMV This study
GFP-SAP102-PDZ1-3 GFP-C1; CMV This study
GFP-SAP102-SH3-GK GFP-C1; CMV This study
GIuN2B-840-1482-GFP GFP-N1; CMV Dr. Anna Karpova

GluN2B-840-1482-tRFP

tagRFP-N1; CMV

Melgarejo da Rosa et
al., 2016

His-SUMO pET28b; lacl Dr. Rajeev Raman
His-SUMO-LAMP2-404-415 pET28b; lacl Dr. Rajeev Raman
LAMP1-GFP pCl-mKate2-N; synapsin This study
LAMP1-mKate pCl-mKate2-N; synapsin This study
LAMP2-BFP pCl-mKate2-N; synapsin This study
LAMP2-GFP pCl-mKate2-N; synapsin This study
LAMP2-mKate pCl-mKate2-N; synapsin This study
LAMP2-tRFP CMV This study
mKate2 pCl-mKate2-N; synapsin Dr. Thomas Oertner
PEX3-tRFP PAAV: synapsin zlrc')r']\giria Andres-
pGolt-mCherry pmCherryN1; CMV Addgene #73297
pHuji-LAMP2 pCl-mKate2-N; synapsin This study

pSuper CMV Dr. Anna Karpova
pTagRFP-N (tRFP) CMV Evrogen #FP142
SEP_NR2B pCl; CMV Addgene #23998
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SEP-LAMP1 pCl-mKate2-N; synapsin This study
SEP-LAMP2 pCl-mKate2-N; synapsin Dr. Nigel Emptage
witTDP43tdTOMATO-HA pCAG-EGFP/RFP-int; CMV | Addgene #28205

2.1.7 shRNA and gRNA sequences

Name Sequence (5’ - 3’) Source

SAP102 shRNA1 | GGTTAAGTGACGATTATTA Murata and Constantine-
Paton, 2013

SAP102 shRNA3 CCCTGGGTTAAGTGACGATTA Bonnet et al., 2013

Scrambled shRNA | GGATGAGTCCTCCATGTTCT Dr. Anna Karpova

GIuN2B gRNA1 GTTGGCCGTCTTGGCCGTAT Dr. Dawid Gtow

GIuN2B gRNA2 GTGTTCGGACAGCATGTCCG Dr. Dawid Gtow

2.1.8 Peptides

Peptide Sequence Source

Genosphere

TAT-LAMP2-404-415 | YGRKKRRQRRRGRRKTYAGYQTL | - .
biotechnologies

Genosphere

TAT-Scrambled YGRKKRRQRRRYKTAQYRLTGRG | . .
biotechnologies

2.2 Methods

2.2.1 Neuronal cultures, transfection, transduction and neuronal
stimulation

All animal experiments were conducted in accordance with the Animal Welfare Law of the
Federal Republic of Germany (Tierschutzgesetz der Bundesrepublik Deutschland,
TierSchG) and the European Communities Council Directive (2010/63/EU). They were
carried out with approval by the ethics committees of the city-state of Hamburg (Behorde
fir Gesundheit und Verbraucherschutz, Fachbereich Veterinarwesen) and the animal care

committee of the University Medical Center Hamburg-Eppendorf.

Rat dissociated hippocampal neurons were prepared as described in Mikhaylova et al.,
2018. Hippocampi were dissected from Wister rat E18 embryos, collected in HBSS and
digested for 15 min in 0.025 % Trypsin-EDTA at 37°C. After multiple washing steps with

DMEM+ and mechanical dissociation with needles (G 20/G 26), the density of cells was
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counted in a Neubauer chamber with Trypan Blue solution. Neurons were plated with a
density of 60.000 cells/ml on PLL-coated glass coverslips. The cells were maintained in
the incubator at 37°C in full medium (DMEM+) for 1 h, afterward the medium was
exchanged to BP+ and the neurons were kept at 37°C, with 5 % CO, and 95 % humidity

until further experiments.

To obtain cortical cultures, cortex tissue from E18 rat embryos was collected in HBSS and
further processed as for hippocampal neurons. During mechanical dissociation with
needles, DNase A (1 mg/ml in DMEM-; final concentration 200 pg/ml) was added to the
tissue. The cortical neurons were plated PLL-coated glass coverslips with a density of
150.000 cells/ml.

Cultured mouse neurons were obtained from the line LSL-Cas9-Cre. This line was created
by crossing B6;129-Gt(ROSA)26Sorim!(CAG-cas9’-EGFP)Fezh] ) (Jackson laboratory strain
#024857; Platt et al., 2014) with CMV-Cre-deleter mice (Schwenk et al., 1995).

For the preparation of mouse dissociated hippocampal neurons, mice were decapitated
and the hippocampi were dissected from the brains to be collected in HBSS. The tissue
was treated with 0.025 % of Trypsin-EDTA for 15 min at 37°C. After washing the
hippocampi in prewarmed HBSS, the hippocampi were mechanically triturated with
needles. The cell suspension was plated onto PLL-coated glass coverslips at a density of
85.000 cells/ml. After 1 h, the medium was exchanged to NB+ and the cells were left, until
further usage, in the incubator at 37°C, with 5 % CO, and 95 % humidity.

All neuronal cultures were fed with either BP+ for rat cells or NB+ for mouse neuronal
cultures on DIV7. Experiments were conducted on DIV14-17 neurons unless otherwise

stated.

Primary hippocampal neurons were transfected by dilution of each DNA and
Lipofectamine 2000 in BP (rat neurons) or NB (mouse neurons) medium, mixed
(DNA/Lipofectamine ratio 1:2) and incubated for 20 min. The neuronal culture medium
was collected and replaced in the well with either prewarmed BP or NB. After addition of
the DNA:Lipofectamine mixture to the cells, the medium was replaced after 45 min
incubation at 37°C to the previously collected conditioned medium. Expression periods
varied from 16-48 h.

For SAP102 knockdown (KD) experiments, neurons were transfected at DIV7 with
plasmids encoding for scrambled or shRNA1/shRNA3 sequence and kept for 7 days. For
KO experiments, GIuN2B gRNA1 and gRNA3 encoding constructs were transfected
together at DIV7 and kept for 6 days of expression.

For viral infections of cortical cultures, adeno-associated virus of serotype 9 (AAV9)

diluted in sterile PBS was added to the cells on DIV7 to the respective culture medium in a
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concentration of 2*10'° GC/well for AAV_GFP (2 ul of 10'® genome copies (GC)/ml) and
AAV_TDP-43-GFP (20 pl of 10'2 GC/ml).

Neuronal stimulation, corresponding to the experiments assessing the degree of
GIuN2B/LAMP colocalization and localization (Figure 10), was conducted as previously
described (Karpova et al., 2013). In brief, cultured hippocampal neurons were silenced
prior to the experiment with 1 yM TTX for 1 h in culture medium to block sodium channels.
After wash out of TTX, 2.5 mM 4AP, an inhibitor of voltage-gated K* channels, as well as
50 pM bicuculline (bic), for blockage of GABAergic inhibition, were applied for 30 min. All
stimulations with NMDA, to activate the NMDARSs, were carried out with a concentration of
20 uM for 15 min.

2.2.2 Immunocytochemistry (ICC)

The cells were fixed in 4 % paraformaldehyde (PFA) + 4 % (w/v) sucrose for 15 min at RT,
washed with PBS and permeabilized with 0.2 % Triton-X100 in PBS for 10 min. After
blocking in blocking solution (2 % glycine, 2 % BSA, 0.2 % gelatine and 50 mM NH4CI in
PBS), the primary antibody was incubated overnight at 4°C diluted in blocking solution.
After three washing steps with PBS, the cells were incubated for 1 h in secondary
antibody diluted in blocking solution at RT and, following another three washes with PBS,

mounted in Mowiol.

Surface staining of GIuN2B was performed for 10 min at RT in primary antibody diluted
Tyrode’s buffer (128 mM NaCl, 5 mM KCI, 1 mM MgClz, 2 mM CaClz, 4.2 mM NaHCOs,
20 mM glucose, and 15 mM HEPES; pH = 7.2-7.4), washed with Tyrode’s buffer and

fixed as described above.

2.2.3 Image acquisition

Images were acquired in a Leica TCS SP5 system controlled by Leica LAS AF software
using HCX PL APO 63x 1.40. Areas of 82 x 82 uM were scanned with 405, 488, 568 and
635 nm laser lanes (12-bits, 80 x 80 nm pixel size, 700 Hz, Z-step 0.3 ym). Fluorescent
signal was collected using three HyD detectors and with scans between frames.

Live-cell imaging experiments were performed using a Nikon Eclipse Ti-E controlled by
VisiView software (Visitron Systems). The built-in Nikon perfect focus system kept the
region of interest in a fixed focal plane. 405, 488, 561 and 640 nm excitation lasers were
used. Cells were imaged with a 100x (Nikon, CFI Plan Apochromat Lambda 100x/1.45)
objective. TIRF microscopy images were obtained with an iLAS2 (Gattaca systems)
spinning-TIRF system. The frequency of acquisition varied depending on the experiment
between 1-0.5 Hz. At all systems, in live-cell experiments hippocampal neurons were

imaged in Tyrode’s buffer and were maintained at 37°C and 5 % CO; during acquisition.
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During fusion imaging experiments, 1 uM of bafilomycin A1 was present throughout the

imaging.
2.2.4 Image analysis and statistics

For colocalization analysis of endogenous LAMP1 and LAMP2, spots were created in
Imaris (Imaris, Bitplane) for each channel and their colocalization was calculated using the
“Colocalize spots” plugin. The colocalization for surface GIuN2B with Shank3, and
Bassoon, was conducted in the same way. For the quantification of spine and shaft
localization, the spots were created and counted manually according to the dendritic
morphology visualized by MARCKS-GFP.

Other colocalization analysis was performed in Fiji (NIH) software (Schindelin et al., 2012)
by the creation of regions of interest (ROIs) in the channel of interest by point selection of
maxima and enlargement of those by 3 pixels, resulting in ROIs of 7 pixels diameter. The
signal in the respective other channel was determined either by measurement of mean
intensity and counting “positive” above a set threshold or by manual counting. Only for the

creation of ROlIs for TDP-43 signal, the lasso tool from Fiji was used.

Kymographs were created using Fiji (NIH) software with the “KymographClear” plugin
(Mangeol et al., 2016) or the Multi Kymograph function. Dendritic stretches were traced
using the segmented line tool. Line thickness was chosen between 3-5 depending on the
thickness of the dendrite. Trajectories seen in the kymographs were traced by line. In
experiments with multiple channels imaged simultaneously, overlapping traces were
counted as co-trafficking.

KD and KO efficiency of proteins was verified by analysis of the mean intensity of
fluorescence staining normalized to the mean intensity of the control group in dendritic
stretches for GIuN2B and SAP102.

To quantify the relation between LAMP2-mKate and SEP-GIuN2B, positive puncta were
determined by creation of ROIls on the merged first 5 frames in the SEP-GIuN2B channel
based on the intensity with the “Find maxima” function following an enlargement of
maxima to a diameter of 0.77 um in Fiji. Stopping puncta of LAMP2/Magic Red within
these ROls for more than 5 frames (5 s) were counted as positive/visiting puncta.
Overlapping or opposing puncta were counted on merged first 5 frames based on the
ROIs created in SEP-GIUN2B and LAMP2-mKate channel as described above.
Association of LAMP2-GFP and SEP-GIuN2B signal was analyzed by creation of ROls
based on the signal in each channel and manually counting of overlapping and opposing
signal.

In experiments measuring the movement and velocity of vesicles, NMDA was applied

after 20-40 frames of baseline acquisition. Cells were imaged with an acquisition
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frequency of 0.5 Hz. Kymograph were created as described above and the velocity was
measured with the help of the “Velocity Measurement Tool” (Volker Baecker, INSERM,
Montpellier, RIO Imaging; J. Rietdorf, FMI Basel; A. Seitz, EMBL Heidelberg;
http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Velocity Measurement_Tool). For
LAMP2-mKate and Magic Red lines were traced at the beginning and the end of the
stream, for PEX3-tRFP and LAMP1-mKate the velocity throughout the stream was

calculated.

In fusion experiments, the average fluorescence intensity of the first 5 frames was defined
as baseline (pre-stimulation; Fuaseine) and the difference in fluorescence intensity
compared to the end of the acquired stream (F) in percentage was calculated by AF = (F-
Foaseline)/Fraseiine®100. In the experiments including GIuN2B KO cells, the last 3 min of each
stream were used for the calculation. In general, a fusion event was determined in a ROI
created based on the find maxima function of Fiji and the enlargement to 0.77 um when
the average fluorescence intensity of the last 20 frames was higher than 1.5 x standard

deviation (SD) of baseline fluorescence intensity.

Data are shown as mean * standard error of the mean (SEM) and n-numbers are
described in each panel or figure. Graphs and statistical analysis were created using
GraphPad Prism (GraphPad Software). First, D’Agostino and Pearson normality test was
performed to assess the data distribution. Significance was assessed by parametric or
non-parametric tests, accordingly. For parametric data, two-tailed unpaired Student’s t-
test or one-way ANOVA with Bonferroni’s posthoc test for multiple comparisons was used.
For data not passing the normality test, Mann-Whitney U test was used to compare two
groups or Kruskal-Wallis test for multiple comparisons. Two-way ANOVA with Tukey
posthoc test for multiple comparisons. P-values were considered as following: P > 0.05 =
ns; <0.05=*<0.01 =*;<0.001 = ***; <0.0001 = ****,

2.2.5 Cloning

DNA was amplified by the polymerase chain reaction (PCR) using Hybrid DNA
polymerase. The reaction contained 10 ng of DNA, 1 unit of Hybrid DNA polymerase, 1x
Hybrid buffer including 1.5 mM MgCl,, 0.5 mM of each forward and reverse primer and 0.2
mM of each dANTP in a total volume of 50 ul. The annealing temperature (Tm) was
calculated with the roboklon calculator and the program was run according to the

manufacturer’s instructions with the following program:

Process Time and temperature Cycles
3- step protocol 2-step protocol
Initial denaturation 98°C for 30s 98°C for 30s 1
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Denaturation 98°C for 10s 98°C for 10s

Annealing Tm°C for 30s - 25-30
Elongation 72°C for 15s/kb 72°C for 15s/kb

Final elongation 72°C for 7 min 72°C for 7 min 1
Cooling and storage « at 8°C «~ at 8°C 1

For separation and visualization of DNA fragments with different lengths, agarose gel
electrophoresis was performed with gels containing 0.5-1.5 % agarose in TAE buffer. The
samples were run and DNA was visualized using a UV transilluminator. Desired DNA was
cut out, eluted with NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and, if
needed, digested with restriction enzymes. After another purification step with the kit, the
respective amount of the restricted insert and 50 ng of vector were ligated (ratio 3:1) with
T4 DNA Ligase according to the manufacturer’s protocol. The ligation reaction was further
used for DNA transformation into chemically competent E. coli bacteria (XL10-Gold),
which were plated after transformation onto LB-plates containing the respective antibiotic
for selection and incubated overnight at 37°C. Single colonies were used for inoculation of
LB medium with added antibiotic for small- (mini) or large-scale (midi) DNA purification.
The LAMP1 rat sequence was amplified from mEos4b-Lysosomes-20 (Addgene #57512,
kindly provided by Dr. Marina Mikhaylova) and subcloned into mKate2. SAP102 was
amplified for further cloning from pBlueScript vector containing the rat SAP102 sequence
(kind gift from Dr. Craig Garner). All KD shRNA sequences were inserted with oligos in the
pSuper vector (kind gift from Dr. Anna Karpova). Constructs encoding for guide RNA
(gRNA) used for the KO experiments conducted with the clustered regularly interspaced
palindromic repeat (CRISPR) and CRISPR-associated protein 9 (CRISPR/Cas9) system
were cloned and kindly provided by Dr. Dawid Gtow.

2.2.6 Plasmid DNA purification

Mini DNA purification was carried out by the alkaline lysis method. Overnight cultured
bacteria were centrifuged for 5 min at 1000 x g and the pellet was resuspended in P1
buffer by vortexing. After the addition of P2 buffer, the tubes were incubated for 5 min at
RT. P3 buffer was then added and after another 10 min incubation step at RT, the tubes
were centrifuged at 16000 x g for 5 min at 4°C. 500 ul of the supernatant were transferred
to isopropanol, incubated at RT for 10 min and centrifuged again as before. The pellet
was washed with 70 % ethanol, centrifuged and then air-dried before solving the DNA in
30 ul Tris-HCI (pH 8.0). For large-scale DNA extraction, the NucleoBond Xtra Midi EF kit

was used according to the manufacturer’s instructions.
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2.2.7 HEK293T cells and polyethylenimine (PEI) transfection

HEK293T cells were cultured in DMEM+ in the incubator at 37°C, 5 % CO, and 95 %
humidity. The cells were transfected with PEI when confluency was 50-60 %. The DNA
was mixed together with PEl in a ratio of 1:3 (DNA:PEI) in DMEM medium without
supplements (DMEM-) and incubated for 20 min at RT. The culture medium of the
HEK293T cells was exchanged for DMEM-. The DNA-PEI-mixture was added to the cells

and the medium was changed to the previously collected DMEM+ after 4 h of incubation.

2.2.8 Heterologous co-immunoprecipitation (Co-IP)

HEK293T cells were transfected, harvested and lysed in RIPA buffer (50 mM Tris-HCI pH
8.0, 150 mM NaCl, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1 % sodium dodecyl
sulfate (SDS), EDTA-free protease inhibitor and PhosSTOP (Roche)) for 1.5 h rotating at
4°C. The lysate was cleared by centrifugation and incubated with anti-GFP-coated
magnetic beads (MultiMACS GFP lIsolation Kit). The Co-IP was carried out according to

the manufacturer’s protocol.

2.2.9 Sodium dodecyl sulfate (SDS)-PAGE and Western blot

Proteins were separated via SDS-polyacrylamide gel electrophoresis. Samples were
boiled prior to loading at 98°C for 10 min and separated on a 10 % polyacrylamide gel at
100-120 V. Afterwards, the proteins were transferred on a nitrocellulose membrane by
semi-dry blotting for 45 min at 200 mA in blotting buffer. If wanted, the transfer efficiency
was checked by incubation of the membrane in Ponceau Red solution. The membrane
was then blocked for 1 h in 5% (w/v) in milk in TBS-T and subsequently incubated in
primary antibody diluted in TBS-A overnight at 4°C with gentle agitation. The next day, the
membrane was washed with TBS and TBS-T and incubated with the corresponding HRP-
linked secondary antibody in 5 % milk for 1 h at RT. After additional washing steps, HRP

substrate solution was added to the membrane and chemiluminescence was detected.

2.2.10 Protein immobilization, purification and pulldown (PD) assay

Protein immobilization, purification and PD assays were carried out in collaboration with

Dr. Rajeev Raman.

His-SUMO and His-SUMO-LAMP2-404-415 were expressed in E. coli BL21 (DES3),
induced with 400 uM IPTG followed by incubation at 25°C for 4 h. After lysis with lysis
buffer (50 mM NaH>PO., 300 mM NaCl, 10 mM imidazole, pH 8.0, EDTA-free protease
inhibitor and PhosSTOP), the lysate was centrifuged at 20000 x g for 15 min, the
supernatant was loaded on Ni-NTA resin and washed with wash buffer (50 mM NaH>POQa,
300 mM NaCl, 20 mM imidazole, pH 8.0) thus both proteins were immobilized on beads.
To check the purity and to quantify the protein amount immobilized on beads, both His-
SUMO and His-SUMO-LAMP2-404-415 were resolved using 15-18 % SDS-PAGE gels.
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GFP-SAP102-PDZ1-3, GFP-SAP102 SH3-GK as well as GFP-Hsc70 were expressed in
COS-7 cells and lysed using lysis buffer (50 mM HEPES pH 7.0, 100 mM NaCl, 1% Triton
X-100, EDTA-free protease inhibitor and PhosSTOP). The lysate was incubated at 4°C for
1 h rotating followed by brief sonication and centrifugation for 10 min at 12000 x g and the

supernatant was collected.

PD assays were used to assess the direct interaction between LAMP2-404-415 with GFP-
SAP102-PDZ1-3, GFP-SAP102 SH3-GK or GFP-Hsc70. Briefly, 5 ug of His-SUMO-
LAMP2-404-415 along with the equivalent amount of the control protein His-SUMO bound
on the beads was incubated with COS-7 cell lysate, obtained as described above,
overnight at 4°C on a rotatory shaker. After three washing steps with wash buffer (50 mM
NaH>PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0, 1 % Triton X-100, EDTA-free
protease inhibitor and PhosSTOP) the complex was eluted in 2x SDS sample buffer and
subjected to western blot. In a competitive PD, 10 ug of TAT-Scrambled or TAT-LAMP2-
404-415 peptide was incubated along with COS-7 cell lysate expressing the requisite

protein.

2.2.11 Enzyme-linked immunosorbent assays (ELISA)

To determine the release of GFP-tagged proteins, rat cortical neurons were infected with
either AAV9-GFP or AAV9-TDP-43-GFP on DIV7. After 7-9 days of expression, the cells
were incubated with propidium iodide (PI) to verify cell viability. Prior to the experiment,
the neurons were silenced with 1 yM TTX for 2 h in the culture medium. After one quick
washing step with Tyrode’s buffer, the coverslips with neurons were flipped on 150 pl of
Tyrode’s buffer with respective chemicals for stimulation. After 15 min incubation at RT,
the medium was collected and centrifuged at 1500 rpm for 10 min at 4°C. For the
detection of GFP proteins, the GFP ELISA kit was used according to the manufacturer’s

instructions and the optical density (OD) was measured at 450 nm.
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3. Results

The presented data were collected in part with the help of Dr. Katarzyna Grochowska
(ZMNH Hamburg; Figure 16-19 and Figure 22E). Pulldown experiments were conducted
in collaboration with Dr. Rajeev Raman (LIN Magdeburg; Figure 23 and Figure 24).

3.1 Synaptic contact sites and their association with lysosomal
proteins in dendrites

Previous work described lysosomes entering the dendritic spine (Goo et al., 2017), where
the majority of excitatory synapses are located. Still, it is unclear whether lysosomes are
also associated with another type of synaptic contact, the shaft synapses. In contrast to
spine synapses, shaft synapses are formed directly on the shaft of the dendrite and are
thought to represent only a smaller fraction of excitatory synaptic contact sites in mature
neurons (Reilly et al., 2011). These shaft synapses are composed of PSD proteins, as

well as glutamate receptors, such as NMDARs (Jang et al., 2015).

To investigate the linkage between lysosomes and synaptic activity, the spatial relation
between lysosomal and synaptic proteins was assessed. To get an insight into the
distribution of synapses in cultured hippocampal neurons, dendrites were characterized in
regard to the presence of spine and shaft synapses. To this end, hippocampal neurons
were immunostained against PSD proteins, as the basis for synaptic contact sites, to
investigate shaft synapses in cultured neurons. The cell outline was visualized by
neuronal transfection with a construct encoding for GFP-tagged myristoylated alanine-rich
C kinase substrate (MARCKS), a protein that is localized to the inner leaflet of the plasma
membrane (Brudvig and Weimer, 2015). Homer1 is a commonly used marker for the PSD,
as well as the abundant, widely utilized PSD protein Shank3. To test if both proteins
reliably label the same compartment, colocalization between endogenous Homer1 and
Shank3 was analyzed (Figure 9A, B). The analysis revealed an overlap of ~90 % of
Shank3 with Homer1, highlighting the presence of both proteins in the majority of PSDs
(Figure 9B). No significant difference in the colocalization between the proteins from either
site could be detected, however, a slight trend for decreased colocalization of Homer1
with Shank3 was seen. Due to its high prominence, Shank3 was chosen to be used in
further experiments to label the postsynaptic part of a synapse. Also, the density of spines
of the cultures was counted and quantified in primary, as well as secondary, dendrites.
The quantification revealed the presence of 0.6 spines per um dendritic stretch,
irrespective in regard to primary or secondary dendrites (Figure 9C).

Since glutamate receptors are located at excitatory shaft synapses, the question arose if
Shank3-labeled PSDs contain NMDARs, which are key receptors for synaptic function.
The NMDAR subunit GIuN2B is here of particular interest since it exhibits a high affinity

for the binding with CaMKII by its distinct C-terminal tail, in contrast to the subunit
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GIuN2A, and this association is crucial for LTP (Barria and Malinow, 2005; Zhou et al.,
2007). Also, GIuN2B was shown to be present not only in dendritic spines but also at
extrasynaptic sites adjacent to dendritic spines (Parsons and Raymond, 2014). Therefore,
GIuN2B was chosen as a suitable candidate to investigate NMDARs in regard to their
localization and interplay with lysosomal organelles in connection with synaptic activity.

As the first step, the pool of surface GIuUN2B was labeled by immunostaining and its
localization was quantified in primary, as well as secondary, dendrites with respect to
immunosignal detected in the dendritic spine or shaft (Figure 9D, E). The surface staining
was performed to avoid the labeling of the intracellular pool of GIuN2B, including newly
synthesized proteins, as well as proteins undergoing recycling via REs. The analysis
showed the localization of over 61 % of GIuN2B at dendritic spines, whereas around 39 %
was present in the dendritic shaft independent of primary or secondary dendrites analyzed
(Figure 9E). Next, to investigate if GIuUN2B was localized to potential synapses including a
PSD, Shank3 staining was included. Less than 20 % of total surface GIuUN2B was positive
for Shank3 (Figure 9F). Also, the amount of surface GIuN2B that was Shank3 positive or
negative was quantified as the fraction of the dendritic shaft surface GIuN2B signal
(Figure 9G). In primary dendrites, more than one third (~37 %) of surface GIuN2B
localized to the dendritic shaft was positive for Shank3, whereas ~63 % showed no co-
signal. In secondary dendrites, the distribution was slightly different with around ~45 %
counted as positive and ~55 % as negative for Shank3. This highlights the co-presence of
GIluN2B-containing NMDARs and PSD proteins, likely visualizing the relatively small
portion of shaft synapses that increases in relation to the distance to the cell body.

To assess the degree of formed synapses including a pre- and postsynaptic part,
hippocampal neurons were immunostained against Shank3, as a PSD marker, and
Bassoon (Bsn), a widely used marker protein localized in the active zone of the
presynapse (Tom Dieck et al., 1998). Also, in this set of experiments, to exclude labeling
of intracellular pools, surface staining of GIuN2B was performed. A high amount of signal
positive for Shank3, Bsn as well as surface GIUN2B (~77 %) was hereby found in dendritic

spines and only a smaller portion in the dendritic shaft (~23 %; Figure 9H-I).

Taken together, the conducted analysis highlights the presence of the GIuUN2B subunit to
a higher degree in dendritic spines, however also in dendritic shafts where more than one
third of GIuN2B subunits colocalize with PSD proteins. More than 20 % of synapses
formed by a pre- and postsynaptic site are localized to dendritic shafts and, therefore,

reflect the pool of shaft synapses.
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Figure 9: Spine and shaft synapse exhibit different GIuN2B and Shank3 compositions
irrespective of primary or secondary dendrites. (A) Representative confocal images of
hippocampal neurons transfected with MARCKS-GFP and stained against endogenous Homer1
(green) and Shank3 (magenta) as markers for PSD proteins. White dashed lines indicate the
dendritic outline visualized by MARCKS-GFP. (B) Scatter bar plots represent the quantified
colocalization between Shank3 and Homer1, revealing a high degree of overlap between both
proteins. N-number = 18 dendritic segments of 14 cells from 2 independent cultures. (C) The
density of spines in cultured hippocampal neurons (DIV15) was calculated and plotted for both
primary and secondary dendrites. (D) Confocal images of DIV15 primary hippocampal rat neurons
expressing MARCKS-GFP (white dashed lines) immunostained for surface GIuN2B (green) and
Shank3 (magenta). (E) GIuN2B surface signal was quantified in primary and secondary dendrites
and showed a higher localization to spine synapses rather than dendritic shafts. (F) Colocalization
of surface GIuUN2B and Shank3 was analyzed in primary and secondary dendrites normalized to
the total GIUN2B surface signal. No changes in the degree of colocalization between primary and
secondary dendrites are detected. (G) Surface-stained GIuN2B positive or negative for Shank3 of
dendritic shaft GIuUN2B signal in primary and secondary dendrites was quantified. The majority of
shaft GIuN2B signal does not colocalize with Shank3. (C-G) N-number = 28 dendritic segments of
19 cells from 3 independent cultures for primary dendrites; 20 dendritic segments of 18 cells from 3
independent cultures for secondary dendrites. All scale bars represent 5 ym. White arrows indicate
colocalizing signal. (H) Dendrites of cultured hippocampal neurons stained with antibodies targeted
against GIUN2B (cyan), Shank3 (magenta) and Bsn (yellow) in MARCKS-GFP transfected
hippocampal neurons (DIV15-16). The dendritic outline is visualized by white dashed lines. (I) The
percentage of triple-positive signal including Shank3, Bsn and surface GIuUN2B was quantified
regarding their localization either in dendritic spines or dendritic shaft. ~77 % of signal was found in
spines and around 23 % was in the dendritic shaft. Mann-Whitney U test. N-number = 12 cells from
3 independent cultures. All scale bars represent 5 ym.

To characterize the amount of GIuN2B that potentially colocalizes with the most
LAMP2,
hippocampal neurons expressing MARCKS-GFP were immunostained against GIUN2B,
Shank3 and LAMP1 or LAMP2, respectively (Figure 10A-B). Neuronal activity was

prominent, highly abundant, lysosomal membrane proteins LAMP1 or
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induced by an established protocol utilizing 4AP and bic (Karpova et al., 2013) to check if
a change in colocalization could be observed upon stimulation of the neurons. It has been
shown that neuronal stimulation with 4AP/bic results in phosphorylation of the nuclear
transcription factor cAMP response element-binding protein (CREB) at Serine 133
(Ser133; Lee et al., 2005; Wu et al., 2001). As a control for successful stimulation,
neurons were therefore stained with an antibody specific for phosphorylated CREB at
Ser133 to visualize the increase in fluorescence intensity of the immunostaining upon

stimulation (Figure 10C).

First, the amount of GIuN2B positive for LAMP1 and LAMP2 was quantified. This revealed
colocalization of GIuUN2B with LAMP1 of ~20 % and with LAMP2 of ~35 % in neurons
silenced with tetrodotoxin (TTX; Figure 10D). Interestingly, the amount of colocalization
did not change detectably upon neuronal stimulation. Additionally, the localization of
GIuN2B that is positive for LAMP1 or LAMP2 was quantified. The analysis showed
localization of GIuUN2B/LAMP1 signal, as well as GIuN2B/LAMP2, to the highest degree in
spine synapses (both above 50 %), whereas spine synapses were defined as additionally
Shank3 positive signal localized to dendritic spines (Figure 10E-F). LAMP2 was more
localized to shaft synapses (dendritic shaft signal positive for Shank3) together with
GIuN2B with ~26 % compared to LAMP1 (~20 %) while ~25 % of LAMP1 and ~20 % of
LAMP2 positive for GIUN2B were localized to the dendritic shaft and are negative for
Shank3. In line with the previous analysis, 4AP/bic stimulation did not influence the

colocalization or the localization of the GIuUN2B signal together with LAMP1 or LAMP2.

These results reveal a higher colocalization between the NMDAR subunit GIuN2B and the
lysosomal membrane protein LAMP2, in comparison to LAMP1. Also, LAMP2 localized
slightly more to GIUN2B in shaft synapses. One has to note that this experiment was
performed on permeabilized neurons, hence labeling not only the GIuN2B subunits on the
surface but also the intracellular pool including proteins in the secretory, as well as the

recycling, pathway.
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Figure 10: LAMP2 colocalizes more with GIuN2B in dendrites of DIV17 hippocampal
neurons. (A) Representative confocal images of rat hippocampal neurons transfected with
MARCKS-GFP and immunostained against GIuN2B (cyan), Shank3 (magenta) and LAMP1 or
LAMP2 (B) are shown in yellow. The dendritic outline is indicated by white dashed lines and arrows
indicate co-signal. Scale bar 5 um. (C) Confocal images of DIV17 hippocampal neurons
immunostained against pPCREB and MAP2. Neuronal activation by 4AP/bic results in an increase in
pCREB signal, as seen by the pixel intensities from 0 to 255 shown in the heat map. Scale bar 20
pum. (D) Quantification of dendritic GIuUN2B signal colocalizing with LAMP1 or LAMP2 normalized to
the total detected GIuN2B signal. Neurons were either silenced with TTX or stimulated by 4AP/bic.
GIuN2B exhibits more co-signal with LAMP2 compared to LAMP1. Kruskal-Wallis test. (E) Scatter
bar plots of analyzed GIuUN2B signal that is positive for LAMP1 in dendritic stretches normalized to
the total amount of double-positive signal. The signal was distributed in spine synapses (Shank3
positive), dendritic shaft (Shank3 negative) or shaft synapse (Shank3 positive). The same
quantification was conducted for LAMP2 (F). The legend accounts for (E-F). N-number = 21
dendritic segments from 11 cells for TTX and 22 dendritic stretches of 11 cells for 4AP/bic for
LAMP1-stained neurons; 22 dendritic segments from 10 cells for TTX and 27 dendritic stretches
from 12 cells for 4AP/bic for LAMP2-stained cells; all from 2 independent cultures.
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3.2 Lysosomes exhibit high heterogeneity in dendritic compartments
Lysosomes are formed by dynamic fusion and fission events and are therefore considered
heterogeneous organelles regarding their molecular membrane and content composition,
as well as their motility. The distribution of lysosomes in dendrites has been a matter of
debate and only recently the presence of acidified lysosomes has been shown in dendritic
compartments (Goo et al.,, 2017; Padamsey et al., 2017). LAMP1 and LAMP2, as the
most abundantly found lysosomal membrane proteins, are used interchangeably in
published studies despite their different functional implications, hence possibly being

present on different pools of lysosomes.

To shed more light on the distribution of LAMP1 and LAMP2 in dendrites, rat hippocampal
neurons were immunostained with antibodies targeted against MAP2, as a dendritic
marker, as well as LAMP1 and LAMP2 (Figure 11A). In various studies, it was proposed
that lysosomal structures are enriched in the soma and proximal dendrites of neurons
while distal dendrites display a lack of lysosomes. With this in mind, the colocalization
analysis was conducted in proximal, as well as distal, regions of dendrites. The analysis
revealed that around 33 % of LAMP1 colocalizes with LAMP2 and ~37 % of LAMP2
overlaps with LAMP1 in proximal segments (Figure 11B). Surprisingly, there was no
significant difference observed in the spatial distribution, with ~30 % (LAMP1/LAMP2) and
~33 % (LAMP2/LAMP1) colocalizing in distal parts of dendrites.

To address the question of potential differences in trafficking, LAMP1 and LAMP2, fused
to the fluorescent protein mKate, were overexpressed and the movement of vesicles was
monitored in live-cell imaging experiments. LAMP1-mKate vesicles thereby showed
significantly less mobile movement, with almost 50 % accounting for the stationary pool,
compared to only around 20 % of non-mobile LAMP2-mKate vesicles (Figure 11C). A
significant effect of the distance from the soma on the mobility could not be observed, as
already seen for the colocalization analysis with endogenous stainings. The stationary
pool of LAMP2-mKate displayed a trend of increase from ~18 % in proximal regions (0-25
pum) to ~29 % in distal parts (>25-50 ym). The mobile fraction distributed into anterograde,
retrograde and bidirectional moving vesicles with was a slight observed preference
towards retrograde trafficking, reflecting vesicle movement towards the cell body (Figure
11D), as visualized with created kymographs, showing the movement of vesicles over

time in regard to distance and directionality (Figure 11E).
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Figure 11: High heterogeneity of lysosomes is revealed by endogenous staining of
hippocampal neurons, as well as in live-cell imaging experiments. (A) Representative
confocal images of proximal and distal dendritic stretches of DIV16 hippocampal neurons stained
against endogenous LAMP1 (magenta), LAMP2 (green), and MAP2 (blue). White arrows indicate
colocalizing signal. Scale bar 5 um. (B) Colocalization of LAMP1 with LAMP2 or LAMP2 with
LAMP1 was quantified in proximal and distal dendrites. The analysis was conducted with Imaris
software (Spots function). N-number = 14 cells from 2 independent cultures (14 proximal and 12
distal dendrites). (C) The movement of LAMP1-mKate or LAMP2-mKate vesicles was recorded in
live-cell imaging experiments and quantified by kymographs. LAMP2 shows a more mobile
movement compared to LAMP1. The overall movement pattern did not change depending on the
distance from the cell body. Ns = p>0.999 for distance factor and **** = p<0.0001 for lysosomal
marker factor by two-way ANOVA with posthoc Tukey. (D) Quantified movement from (C) merged
in regard to distance from the soma and split into stationary, bidirectional, anterograde, and
retrograde movement. LAMP1 and LAMP2 do not show a preference regarding retrograde or
anterograde movement. (C-D) N-number = 31 dendritic segments of 14 cells from 5 independent
cultures for LAMP1 and n-number = 43 dendritic segments of 27 cells from 4 independent cultures
for LAMP2. (E) Kymographs from streams with a total acquisition time of 180 s (1 Hz acquisition
frequency) visualize the more stationary pool for LAMP1-mKate in dendrites. The localization of the
soma is indicated, the arrow reflects anterograde movement. (F) Majority of LAMP1-mKate and
LAMP2-mKate display co-trafficking petterns with fluorescently labeled CatD by incubation of
hippocampal neurons with BODIPY-pepstatin A. N-number = 19 cells from 3 independent cultures
for LAMP1-mKate and 17 cells from 3 independent cultures for LAMP2-mKate. (G) Representative
kymographs of LAMP1- and LAMP2-mKate (magenta) transfected neurons incubated with
BODIPY-pepstatin A (green). Green arrows show BODIPY-pepstatin A traces, whereas magenta
marks the LAMP1/2-mKate traces that overlap with BODIPY-pepstatin A signal.

LAMP1 is thought to associate more with LEs, implying the absence of active hydrolases
(Yap et al., 2018). To evaluate if the observed vesicles are acidified lysosomes with active
enzymes, the cells were incubated with BODIPY-pepstatin A. BODIPY-pepstatin A, a
fluorescent probe, is transported to lysosomes where it binds to cathepsin D (CatD) and
consequently exhibits fluorescence (Chen et al., 2000). The quantification of co-
trajectories in dendrites of hippocampal neurons showed that ~64 % of LAMP1 and ~72 %
of LAMP2 contained CatD (Figure 11F-G). Interestingly, both for LAMP1 and LAMP2, the
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majority of co-signal with BODIPY-pepstatin A could be observed for the stationary

vesicles.

Overall, the data reflect the high heterogeneity within lysosomes including different
membrane compositions, as well as the distinct presence of active enzymes. Against the
proposed model of gradual decrease of acidified lysosomes from the soma to the vicinity,
the colocalization together with trafficking analysis revealed no changes between proximal

and distal dendritic segments.

3.3 LAMP2-positive lysosomes and NMDAR activity

3.3.1 Trafficking of LAMP2-positive lysosomes is influenced by NMDAR
activation

Recent studies showed that trafficking of LAMP1-positive lysosomes was regulated by
activation of NMDARs and AMPARs (Goo et al., 2017), whereas LAMP2-positive
lysosomes are able to undergo activity-dependent exocytosis (Padamsey et al., 2017).
Previous experiments showed a higher association of LAMP2 with the GIUN2B subunit of
NMDARs compared to LAMP1 (Figure 10D) and therefore, the question arose if also
LAMP2-positive vesicles could be regulated by NMDAR activity in terms of their

localization and potential fusion.

To investigate this, the NMDA receptor subunit GIluN2B was tagged with superecliptic
pHluorin (SEP), a pH-sensitive fluorescent protein that exhibits fluorescence at neutral pH
while the fluorescence is quenched at lower pH (pH < 6.0) milieus (Miesenbdéck et al.,
1998). This consequently allows visualization of GIuN2B-subunits located at the plasma

membrane without detection of the intracellular pool localized to (mildly) acidified vesicles.

Hippocampal neurons transfected with SEP-GIUN2B, as well as LAMP2-mKate, were
monitored during live-cell imaging experiments to visualize the potential interplay between
the NMDAR subunit and the lysosomal protein. The analysis revealed that ~34 % of SEP-
GIuN2B signal was colocalizing with LAMP2-mKate, temporarily or permanently (Figure
12A-B), seen as stopping (“visits”) of LAMP2-mKate at SEP-GIuN2B signal. Each GIuN2B
subunit at the plasma membrane that was detected to be visited by LAMP2 for more than
5 s during the time of acquisition, was considered as “positive SEP-GIuUN2B”. The total
time of LAMP2 pausing at GIuN2B at the plasma membrane corresponded on average to
~43 % of the acquisition time, hence 128 s, thereby one subunit was visited often by
multiple LAMP2-containing vesicles. This provided the first evidence for an interplay
between LAMP2 and GIuN2B.

In the following live-cell imaging experiments, two different inhibitors were applied:
Ifenprodil as a noncompetitive GIUN2B-specific inhibitor of NMDARs (Williams, 1993) and
MK801 as a blocker of NMDAR-associated ion channel sites (Huettner and Bean, 1988).
Upon treatment with the inhibitors, the visit time of LAMP2-mKate at SEP-GIuN2B sites
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was reduced significantly from ~43 % to ~20 % after MK801 application and to ~27 %
after inhibition with ifenprodil (Figure 12C), although the fraction of positive SEP-GIuN2B,
with at least one visit by LAMP2-mKate, did not change (Figure 12A-B). This would reflect
shorter stalling times of LAMP2 at the NMDAR subunits with unchanged total numbers of
GIuN2B that are visited by LAMP2. Additionally, the amount of SEP-GIUN2B in the
proximity (maximum 0.77 um from the center of each signal) of LAMP2-mKate was
quantified, as well as reversed (LAMP2-mKate in proximity of SEP-GIuN2B) with around
40 % in both cases (Figure 12D-E). The treatments with inhibitors did not alter these
numbers as seen for the amount of SEP-GIuUN2B positive for LAMP2 (Figure 12B).
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Figure 12: The NMDAR subunit GIuN2B is associated with LAMP2 in an NMDAR-dependent
manner. (A) Representative images from hippocampal neurons transfected with SEP-GIuN2B
(green) and LAMP2-mKate (magenta) either untreated (control) or treated with NMDAR inhibitors
ifenprodil (5 uM for 30-45 min) or MK801 (100 uM for 1-2h). White arrows indicate signal that is
directly in proximity. Scale bar 5 um. (B) Quantification of SEP-GIUN2B that is positive for LAMP2-
mKate for more than 5 s during the acquisition time. Inhibition of NMDARs did not have a
significant effect on the fraction of positive GIUN2B. (C) The visit time of LAMP2-mKate at SEP-
GIuN2B was quantified. Application of either MK801 or ifenprodil leads to a decreased visit time.
One-way ANOVA with Bonferroni’'s multiple comparisons test. (D) SEP-GIUN2B in proximity of
LAMP2-mKate or (E) LAMP2-mKate in proximity of SEP-GIUN2B. (F) Quantification of LAMP2-
mKate and (G) SEP-GIUN2B signal per pm of the dendritic segment. (B-G) N-number = 8 cells
from 6 cultures for control; 10 cells from 5 cultures for ifenprodil and 10 cells from 2 cultures for
MK801.

To exclude the possible influence of the application of inhibitors on the density of signal,
the detected signal per um dendritic stretch was additionally assessed, revealing no

differences between control and treatment conditions (Figure 12F-G).
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The observed association during live-cell imaging experiments of LAMP2 with the NMDAR
subunit GIuN2B at the plasma membrane was verified by another experimental approach
conducted in fixed cells. To this end, hippocampal neurons were transfected with LAMP2-
GFP, fixed, and stained for surface GIuN2B (Figure 13A). A fraction of almost 60 % of
LAMP2-GFP could be detected in proximity of surface GIuN2B, which could be also
observed for ifenprodil-treated cells (Figure 13B). The density of GIuUN2B surface signal,
however, did not show significant differences between the control and ifenprodil group
(Figure 13C).
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Figure 13: LAMP2-GFP signal in proximity of surface GIuN2B. (A) Confocal images of
hippocampal rat neurons transfected with LAMP2-GFP (green) and immunostained against surface
GIuN2B (magenta) treated with ifenprodil or without (control). Scale bar represents 5 pm. (B)
LAMP2-GFP signal in proximity of GIuN2B was quantified in DIV14-16 hippocampal neurons,
revealing a high association in untreated, as well as ifenprodil-treated groups. (C) Quantification of
GIuN2B signal per um of dendritic stretch. The application of ifenprodil did not alter the density of
signal. N-number = 13 cells from 2 independent cultures for both control and ifenprodil.

Although LAMP2 is an abundantly found lysosomal protein, the conducted live-cell
imaging experiments with BODIPY-pepstatin A revealed that not all LAMP2-containing
vesicles contain active lysosomal hydrolases (Figure 11F). To further investigate the
molecular characteristics of the stopping vesicles in regard to the presence of active
enzymes, hippocampal neurons were incubated with Magic Red. Magic Red is a cell-
permeable CatB substrate coupled to a fluorophore that exhibits fluorescence upon
cleavage by the active enzyme (Boonacker et al.,, 2003). As before, live-cell imaging
experiments were performed with rat hippocampal neurons transfected with SEP-GIuN2B.
Similar to the data obtained with LAMP2-mKate transfected neurons, Magic Red vesicles
were observed to stop and pause at the NMDAR subunit (Figure 14A-B). In line with the
previous experiments, the time of visits of Magic Red signal at SEP-GIUN2B decreased
upon inhibition of the NMDAR by ifenprodil (Figure 14B). The fraction of SEP-GIuUN2B and
Magic Red being in proximity of each other was, with around 40 %, comparable to the
results obtained for LAMP2-mKate (Figure 14C-D). The density of the Magic Red signal
was, however, lower compared to LAMP2-mKate but did not change upon application of

ifenprodil (Figure 14E).
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Figure 14: Vesicles containing active CatB reside at SEP-GIuN2B. (A) Representation of
dendritic stretches from hippocampal neurons transfected with SEP-GIUN2B incubated with Magic
Red (0.5 % for 30-60 min). Ifenprodil was applied to inhibit the GIuN2B subunit and therefore
NMDAR activity. Scale bar 5 ym. (B) Scatter bar plots represent the quantified visit time of Magic
Red vesicles at SEP-GIuN2B in percentages of the total time of the stream. Unpaired Student’s -
test. (C) SEP-GIuN2B in proximity to Magic Red was analyzed and as well as the other way around
(D). (E) The density of Magic Red signal per um of dendritic stretch was quantified showing no
effect of ifenprodil on the density of signal. N-numbers = 12 dendrites from 6 cells and 5
independent cultures for control; 7 dendrites from 5 cells and 2 cultures for ifenprodil treated cells.
In conclusion, the experiments showed that LAMP2-positive vesicles stop and reside at a
fraction of SEP-labelled GIuN2B in dendrites and thereby the residing time is NMDAR-
activity-dependent. Since Magic Red showed similar behavior, one can conclude that at
least a portion of the stopping LAMP2-mKate vesicles contains active enzymes, reflecting
catabolic active lysosomes that associate with GIuN2B-containing NMDARs.

3.3.2 GluN2B activation by NMDA leads to stalling of LAMP2-positive
lysosomes

The preceding experiment demonstrated the stalling of LAMP2-positive lysosomes at
SEP-GIuN2B and the decreased residing time by inhibition of NMDARSs. The next step
was to investigate if direct activation of the NMDARs has an influence on the mobility of
LAMP2-positive lysosomes, similar to the previously reported activity-dependent altered
mobility of LAMP1-containing lysosomes by Goo et al. (2017). Previous observations in
this thesis showed that neuronal stimulation with 4AP/bic did not have an effect on the
GIuN2B colocalization with LAMP2 or the localization of the co-signal of both proteins
within the dendrite. The 4AP/bic protocol is thereby utilized for general synaptic activation,
mainly targeting NMDARs at synaptic sites (Hardingham et al., 2002). However, the aim
for the following experiments was to activate all NMDARs, hence bath application of
moderate doses of NMDA was chosen to activate synaptic, as well as extrasynaptic,
NMDARSs (Zhou et al., 2013b). By utilization of total internal reflection fluorescence (TIRF)
microscopy, only signal close to the plasma membrane was collected, excluding signal
from other focal planes. Hippocampal neurons transfected with LAMP2-mKate and SEP-
GIuN2B were imaged for a total time of 15 min and 20 yM NMDA was applied during

acquisition (application 40 s after start of acquisition). As seen in kymographs, 6-7 min
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post NMDA application, LAMP2-mKate showed heavily reduced motility with most
vesicles eventually becoming immobile (Figure 15A-C). In line with previous observations
of stopping vesicles at the GIuN2B subunits, the same effect was observed for neurons
incubated with Magic Red (Figure 15D-F). The quantification of the velocity of moving
vesicles in the beginning, as well as at the end of the stream, showed a significant and
dramatic reduction of velocity close to 0 um/s for LAMP2-mKate (Figure 15C) and Magic

Red (Figure 15F).
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Figure 15: NMDAR activation leads to stalling of LAMP2- and Magic Red-positive vesicles in
dendrites. (A) Representative images of SEP-GIuUN2B and LAMP2-mKate transfected neurons.
Scale bar 5 pm. (B) Kymographs of dendrites from LAMP2-mKate transfected hippocampal
neurons. The mobility is highly reduced after application of NMDA. (C) Quantification of vesicle
velocity at the beginning as well as the end of the acquired stream. Mann-Whitney U test. N-
number = 14 cells from 4 independent cultures. (D) TIRF microscopy images of SEP-GIUN2B
transfected hippocampal neurons incubated with Magic Red. Scale bar 5 ym. (E) Kymographs
showing the movement of Magic Red labeled vesicles over time. Again, NMDA lead to an
abolished movement of vesicles. (F) Velocity of Magic Red vesicles was measured and quantified
at the beginning and end of the stream. Unpaired t-test. N-number = 8 cells from 5 independent
cultures. (I) Kymographs of PEX3-tRFP and quantification of velocity (J) during the time of
acquisition. N-number = 6 cells from 4 independent cultures. (K) Images from dendrites of LAMP1-
mKate and BFP transfected neuronal cells. White dashed lines display the outline of the dendrite
obtained by BFP signal. Scale bar 5 um. (H) Representative images of SEP-GIuN2B and PEX3-
tRFP transfected hippocampal neurons. Scale bar 5 ym. (L) LAMP1-mKate mobility seen in
kymographs and its quantified velocity (M) over time. There was no reduced mobility after
application of NMDA. N-number = 4 cells from 2 independent cultures for LAMP1-mKate.

To check if the observed stalling of vesicles is specific for LAMP2-positive and catabolic
active lysosomes, the same experiment was carried out with hippocampal neurons
transfected with SEP-GIuUN2B and PEX3-tRFP (Figure 15H). PEX3, peroxisomal
biogenesis factor 3, labels oxidative organelles named peroxisomes (Schrader and
Pellegrini, 2017). Strikingly, the application of NMDA did not have an effect on the mobility
of PEX3-tRFP vesicles (Figure 151). The velocity was thereby quantified throughout the
stream, involving vesicles traced at the beginning as well as the end of the stream (Figure

15J). Kymographs from dendrites of LAMP1-mKate and BFP expressing neurons also did
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not show an effect of NMDA application on the mobility of vesicles (Figure 15K-L) and the

quantification revealed high velocity throughout the stream (Figure 15M).
These findings reveal an impact of NMDAR activity on the mobility of LAMP2- and Magic
Red-positive vesicles localized close to the plasma membrane in the dendritic
compartment. Surprisingly, neither LAMP1-mKate nor PEX3-tRFP showed any
differences in mobility after activation of NMDARs by NMDA application, therefore
reflecting a phenomenon specific for LAMP2-positive mature lysosomes.

3.3.3 LAMP2-positive lysosomes undergo fusion with the plasma
membrane upon neuronal stimulation

As demonstrated by previous studies, LAMP2-positive lysosomes are able to undergo
activity-dependent fusion with the plasma membrane in dendrites of hippocampal neurons
(Padamsey et al., 2017). To first investigate further if the LAMP2-positive pool that was
observed to stop in proximity to the SEP-GIUN2B had the ability to fuse with the plasma
membrane as well, live-cell imaging experiments were carried out with mKate and SEP-
LAMP2 transfected hippocampal neurons at DIV16. LAMP2 was tagged with SEP on its
luminal part, therefore allowing visualization of LAMP2-positive vesicles that undergo
exocytosis due to quenching of intracellular signal (Figure 16A). To mimic neuronal
activity, two electrodes were attached to the imaging chamber to apply electrical field
stimulation with 900 APs at 20 Hz frequency. In live-cell imaging experiments, an increase
in fluorescent signal of SEP-LAMP2 upon stimulation was detected using TIRF
microscopy, reflecting fusion events of SEP-LAMP2-containing vesicles with the plasma
membrane (Figure 16B-D). The fusion was abolished upon inhibition of NMDAR activity
by pre-incubation of ifenprodil. Interestingly, not only the increasing fluorescence but also
the density of fusion per um of dendritic stretch was reduced upon ifenprodil application
(Figure 16E). As seen for the stopping of vesicles, the fusion of SEP-LAMP1 could not be

observed in this set of experiments (Figure 16F-G).
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Figure 16: LAMP2-positive lysosomes fuse with the plasma membrane upon field
stimulation. (A) Schematic representation of luminal SEP-tagged LAMP2. In acidic vesicles, such
as lysosomes, the fluorescent signal is quenched. Upon fusion and exposure to a neutral pH
environment, fluorescence can be detected. (B) Images of dendrites from hippocampal neurons
expressing mKate and SEP-LAMP2 prior and past field stimulation. The intensity of fluorescent
SEP-LAMP2 signal increases after field stimulation. White dashed lines show the dendritic outline.
Pixel intensities from 0 to 255 are color coded as indicated. Scale bar 10 um. (C) The difference of
fluorescence of SEP-LAMP2 was plotted over time. During acquisition of the stream, field
stimulation was conducted (start of stimulation indicated by the arrow) to drive neuronal activity.
Treatment with 5 uM ifenprodil prior to the experiment resulted in abolished increase of
fluorescence, hence fusion of SEP-LAMP2. Bafilomycin A1 was present (1 yuM) throughout the
experiment to avoid reacidification of vesicles. Averages of the traces are displayed in dark blue
(control) and dark green (ifenprodil) whereas light colors display the respective single traces. N-
number = 9 cells for control from 4 independent cultures and 8 cells for ifenprodil from 3
independent cultures. (D) Quantification of peak difference in fluorescence intensity of SEP-
LAMP2. Two-tailed unpaired Student’s t-test. (E) The detected fusion per ym of dendritic stretch
was reduced in ifenprodil-treated cells. Poisson probability distribution. (F) Representative images
from TIRF microscopy of hippocampal neurons transfected with mKate (white dashed line) and
SEP-LAMP1. The heat map visualizes pixel intensities from 0 to 255. Scale bar 10 ym. (G) The
fluorescence of SEP-LAMP1 after field stimulation did not increase as seen for SEP-LAMP2,
therefore showing no fusion of SEP-LAMP1 vesicles. Shown are single traces (light grey) and the
average (dark grey). N-number = 4 cells from 2 independent cultures.

The stopping and fusion events of LAMP2-positive lysosomes in an NMDAR-dependent
manner raised the question about the localization of the observed events in regard to the
GIuN2B subunit. The quantification of the distance of either stopping of LAMP2-mKate or
fusion of pHuji-LAMP2 to the next SEP-GIuN2B signal showed a close proximity (Figure
17A). The stopping, as well as the fusion, were detected around 0.5 pm in ~50 % of the

cases (Figure 17B). Taken together, the data support the findings from Padamsey et al.
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(2017), describing fusion of LAMP2-containing vesicles in an activity-dependent manner.
Moreover, the quantification revealed a spatial association of the fusion, as well as the
stopping, events to the NMDAR subunit GIuN2B.
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Figure 17: The stopping and fusion of LAMP2 vesicles in proximity of SEP-GIuN2B. (A) The
distance in ym between stopping LAMP2-mKate or fusing pHuji-LAMP2 was quantified in regards
to SEP-GIUN2B, revealing the majority of events in close proximity of the GIuUN2B subunit. (B)
Relative frequency distribution of the measured distance of LAMP2-mKate that stop and pHuiji-
LAMP2 undergoing fusion in an activity-dependent manner. The dotted line indicates 50 %, hence
half of the fusion and stopping was observed around 0.5 pm to the next detected GIUN2B subunit.
N-number = for stopping LAMP2-mKate 320 ROIs from 14 cells from 4 independent cultures, for
fusion of pHuji-LAMP2 83 ROls from 8 cells from 4 independent cultures.

3.3.4 Deletion of GIuN2B leads to impaired fusion of LAMP2 vesicles

The findings of previously described experiments provide evidence for an association
between the NMDAR subunit GIuN2B and LAMP2. To corroborate these findings, the
effect of an absence of GIuN2B on LAMP2-containing vesicle fusion provided an elegant
approach to verify the functional link between the two proteins. To this end, KO of GIuN2B
was established using hippocampal neurons obtained from CRISPR/Cas9 knockin mice.
For the initial characterization, immunostaining of surface GIuUN2B was performed in cells
transfected with tRFP or tRFP together with plasmids encoding for gRNA targeted against
GIuN2B (Figure 18A). The quantification of the mean fluorescence intensity of GIuN2B
surface staining revealed a vast reduction to ~45 % in mouse neurons carrying gRNA

against GIuN2B compared to control cells (Figure 18B).
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Figure 18: KO of GIuN2B in hippocampal neurons of CRISPR/Cas9 knockin mice. (A)
Representative confocal images of DIV14 hippocampal mouse neurons transfected with tRFP only
or together with plasmids encoding for GluN2B-targeting gRNA. White dashed lines reflect the cell
outline. Pixel intensities from 0 to 255 are shown in the heat map. Scale bar 10 uym. (B)
Quantification of the mean fluorescence intensity of GIuUN2B surface staining in fixed hippocampal
mouse neurons reveals a significant decrease of signal in gRNA expressing cells targeting GIuN2B
compared to the control group. Mann-Whitney U test. N-number = 8 cells for control and 5 cells for
GIuN2B gRNA from 1 culture.

To address the question of GIuN2B-dependency in regard to the observed LAMP2-
positive vesicle fusion, the fusion experiment was carried out with hippocampal neurons
expressing gRNA targeted against GIuN2B together with pHuji-LAMP2. pHuiji is a pH-
sensitive fluorescent protein, similar to SEP, however, exhibits red fluorescence (Shen et
al., 2014). In contrast to the previously conducted field stimulation, the activation of
NMDARs was induced by NMDA bath application. In the GIuN2B KO cells, the increase of
pHuji-LAMP?2 fluorescent signal was reduced compared to Cas9 only cells (control) after
stimulation with NMDA (Figure 19A-C). This could be seen in average traces of the
change of fluorescence during the acquisition (Figure 19B) as well as in the quantification
visualized by scatter bar plots (Figure 19C). Not only the fluorescence change of pHuji-
LAMP2 was reduced in GIuN2B KO cells but also density of fusion events was decreased
(Figure 19D).
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Figure 19: Fusion of pHuji-LAMP2 is impaired in GIluN2B KO neurons. (A) Images obtained by
TIRF microscopy represent dendrites transfected with plasmids encoding for BFP and pHuji-
LAMP2 before and after stimulation. KO cells (Cas9+GIuN2B gRNA) are additionally transfected
with gRNA targeted against GIuN2B. White dashed lines reflect the dendritic outline traced by BFP
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fluorescence signal. The changes in fluorescence intensity is visualized as indicated in the heat
map with pixel intensities from 0 to 255. Scale bar 5 ym. (B) The difference of pHuji-LAMP2
fluorescence during the acquisition is decreased in GIuN2B KO cells. Average traces are shown in
blue for control cells (Cas9 expressing cells) and in green for Cas9 expressing cells carrying gRNA
against GIuN2B. Mixed-effect analysis. (C) Scatter bar plots representing the analysis of
differences in fluorescence intensity from (B). Mann-Whitney U test. (D) Fusion density (fusion/um
of dendritic stretch) is reduced in dendrites of neurons transfected with GIluN2B gRNA. Unpaired t-
test. N-number = 13 cells for control and 15 cells for GIuN2B gRNA from each 9 independent
cultures.

The KO of GIuN2B therefore supports the observations of a NMDAR-activity-dependent
fusion of LAMP2-positive lysosomes. However, the effect of the GIuN2B KO was rather
modest, suggesting that the presence of GIuN2B is not the only determinant for
successful fusion.

3.3.5 LAMP2 interacts with the scaffold protein SAP102, but not with the
NMDAR subunit GIluN2B

The observed stalling and fusion of LAMP2-positive lysosomes was spatially, as well as
functionally, connected to the GIuN2B subunit of NMDARSs, which could possibly reflect a
“stopping hub” for subsequent fusion. This would imply a physical interaction between
GIuN2B and LAMP2. To test this, heterologous co-immunoprecipitation (Co-IP)
experiments were conducted with lysates from transfected HEK293T cells. Super
paramagnetic MicroBeads coated with a monoclonal GFP antibody were used to bind
GFP-tagged proteins and their potential interaction partners. After separation of the
samples by SDS-PAGE following Western Blot, membranes were incubated with
antibodies targeted against GFP or LAMP2.

No interaction was observed in Co-IP experiments neither between GFP and tRFP-tagged
LAMP2, nor between the GIuN2B C-terminal domain fused to GFP (GluN2B-840-1482-
GFP) and LAMP2-tRFP (Figure 20A). The C-terminus of GIuN2B was thereby used since
it is faced to the intracellular side of the cell, hence could serve as the required binding
sequence for LAMP2. The inputs, as well as the IP (anti-GFP), show the expected bands
and served as control for proper protein expression and Co-IP procedure (Figure 20A).
WT-Jacob, a synapto-nuclear protein messenger and previously shown binding partner of
the C-terminus of GIuN2B (Melgarejo da Rosa et al.,, 2016), showed the expected
interaction in Co-IP experiments (Figure 20B). GIuN2B is anchored in the PSD by different
proteins of the MAGUK family and the scaffold protein SAP102 was thereby shown to
preferentially bind to GIuN2B over other NMDAR subunits. Indeed, when HEK293T cells
were transfected with GIuN2B-840-1482-tRFP and GFP-tagged SAP102, an interaction
was detected (Figure 20C).

Since SAP102 is localized to the PSD, the question arose if this could act as a potential

linkage and binding partner of GIuN2B and LAMP2. To first characterize the distribution of
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GIuN2B and SAP102 in cultured hippocampal neurons, cells were immunostained against
endogenous GIuN2B and SAP102 (Figure 20D). The colocalization analysis revealed a
high degree of colocalization (~62 %) between the proteins (Figure 20E) which could be
also observed in the confocal images (Figure 20D). Since this experiment was performed
in permeabilized neurons, also the intracellular pool of GIuN2B was labeled including
subunits endocytosed for subsequent recycling or degradation as well as newly
synthesized proteins. The same experiment was performed with GIuN2B surface staining
(Figure 20F). SAP102 colocalized to a higher degree (~70 %) with the GIuN2B subunit
when visualized on the surface (Figure 20G). The surface GIuN2B, however, showed less
colocalization with SAP102 with almost 55 % (Figure 20H).
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Figure 20: GIuN2B does not show an interaction with LAMP2 but associates with the
scaffold SAP102. (A) LAMP2-tRFP does not interact with GFP nor with GIuN2B-840-1482-GFP in
Co-IP experiments from HEK293T cells. (B) GIluN2B-840-1482-GFP and WT-Jacob-mCherry show
the expected co-immunoprecipitation. (C) Co-IP experiments reveal the interaction of the scaffold
protein SAP102 with the C-terminal amino acid sequence of GIuN2B. (D) Representative confocal
images of dendrites from hippocampal neurons stained against endogenous proteins. Arrows
indicate clear overlap of signal between both GIuN2B (green) and SAP102 (magenta). Scale bar 5
pum. (E) Quantification of endogenous SAP102 colocalizing with GIUN2B in primary hippocampal rat
neurons demonstrates a high overlap. N-number = 12 cells from 3 independent cultures. (F)
Confocal images of hippocampal neurons transfected with BFP (white dashed lines indicate
dendrite outline) stained against surface GIuUN2B (green) and SAP102 (magenta). The overlap of
signal is shown by white arrows. Scale bar 5 ym. (G) Quantification of SAP102 staining colocalizing
with surface GIuN2B, as well as surface GIUN2B with SAP102 (H). SAP102 colocalizes more with
surface GIuN2B then the other way around. N-number = 25 cells from 3 independent cultures.

To verify the specificity of the antibody, a shRNA KD approach for SAP102 was
established. Hippocampal neurons expressing SAP102-targeting shRNA for 7 days were

immunostained against endogenous SAP102 (Figure 21A). The analysis of the mean
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fluorescence intensity of staining signal in the dendrite showed a significant decrease in

fluorescence in cells expressing one of the shRNAs compared to cells transfected with

scrambled shRNA (Figure 21B).
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Figure 21: KD of SAP102 leads to a reduction of SAP102 staining intensity. (A) Confocal
images from dendrites of hippocampal rat neurons expressing different shRNA encoding plasmids
stained against endogenous SAP102. As part of the transfected plasmid, GFP indicates cells
expressing the construct with the respective shRNA. Pixel intensities from 0 to 255 are color coded
as indicated. Scale bar 7 ym. (B) Quantified normalized mean fluorescence intensity of SAP102
staining in dendrites of transfected cells shows a decrease of staining intensity. N-number = 22
cells from 4 independent cultures for scrambled shRNA, 18 cells for shRNA1 and 14 cells for
shRNA3 from each 3 independent cultures. One-way ANOVA with Bonferroni posthoc test.

Since no interaction between LAMP2-tRFP and the C-terminus of GIuN2B-GFP could be
detected in heterologous Co-IP, a more indirect binding between the two proteins through
another binding partner is conceivable. SAP102 consists of different domains, including
PDZ domain 1-3, an SRC Homology 3 Domain (SH3) and a guanylate kinase-like domain
(GK) at its C-terminus. To investigate if LAMP2 could potentially bind to one of the
different modules, the domains of SAP102 were split to obtain GFP-fused PDZ1-3 or SH3-
GK for further experiments (Figure 22A). The rather short cytoplasmic tail of LAMP2,
corresponding to amino acids 404-415, was additionally fused to pGolt-mCherry. pGolt-
mCherry contains the transmembrane domain of calneuron-2, a TGN-accumulated
protein, together with an ER export signal and is therefore targeted to Golgi structures
(Mikhaylova et al., 2016). HEK293T cells were transfected with the GFP-SAP102
constructs containing the different domains and either pGolt-mCherry, LAMP2-404-415-
pGolt-mCherry or GIuN2B-840-1482-pGolt-mCherry. Interestingly, this assay revealed the
recruitment of GFP-SAP102-SH3-GK to the LAMP2-404-415-pGolt-mCherry signal which
could not be observed for pGolt-mCherry expressing cells (Figure 22B). However, GFP-
SAP102-PDZ1-3 was not targeted to the LAMP2-404-415-pGolt-mCherry signal. The
GIuN2B C-terminal part (840-1482) is known to bind to the PDZ domains of SAP102

which could be nicely seen in HEK293T cells transfected with GluN2B-840-1482-pGolt-
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mCherry and GFP-SAP102-PDZ1-3, leading to clear recruitment and overlap of signal
(Figure 22C).
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Figure 22: LAMP2 is associated with the MAGUK SAP102. (A) Scheme showing the different
domains of GFP-SAP102 constructs used for the recruitment assay. Shown are PDZ domains 1-3
(rose), the SH3 domain (blue) and the GK domain (yellow). Different constructs were cloned
encoding for either only PDZ1-3 or SH3-GK. LAMP2 consists of a signal peptide (SP; green), two
luminal domains (LD; blue) connected by a hinge region, a transmembrane domain (TM; rose) and
a short tail (AA 404-415; yellow). The C-terminus contains the sequence for potential cytosolic
binding partners. (B) Recruitment assay with HEK293T cells transfected with the SH3-GK domain
of SAP102 tagged with GFP (green) and LAMP2-404-415-pGolt-mCherry or pGolt-mCherry
(magenta) alone stained with DAPI (blue). A recruitment of GFP-SAP102-SH3-GK can be
observed for LAMP2-404-415-pGolt-mCherry. Scale 10 ym. (C) GFP-SAP102-PDZ1-3 was
expressed together with either the cytoplasmic tail of LAMP2 or the C-terminal domain of GluN2B
fused to pGolt-mCherry. GIuN2B-840-1482 nicely recruited GFP-SAP102-PDZ1-3 which could not
be seen for LAMP2-404-415 targeted to the Golgi. Scale 10 ym. (D) Images of LAMP2-GFP
(green) transfected neurons immunostained against endogenous SAP102 (magenta) either non-
treated (control) or treated with 20 uM NMDA for 15 min pre-fixation. Colocalization is indicated by
white arrows. Scale bar 5 ym. (E) NMDA activation by application of NMDA increases the
colocalization of LAMP2-GFP with endogenous SAP102 in comparison to control neurons as seen
in the quantification. N-number = 22 cells for control and 24 cells for NMDA group from each 4
independent cultures.

To get a better insight into the relation between the two proteins in dendrites of
hippocampal neurons, the colocalization between endogenous SAP102 and
overexpressed LAMP2-GFP was assessed. The degree of co-signal was around 37 %
and, surprisingly, increased to almost 60 % after 15 min application of 20 yM NMDA to the
culture medium (Figure 22D-E). This provided evidence for an NMDAR-dependent
recruitment of LAMP2 to SAP102.

Since the previous experiment demonstrated the recruitment of SAP102 to the

cytoplasmic tail of LAMP2 in HEK293T cells, the next step was the conformation of
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interaction by biochemical assays. To this end, pulldown (PD) experiments were carried
out with lysate of COS-7 cells expressing the desired fusion proteins (Figure 23A). By the
usage of immobilized His-SUMO-LAMP2-404-415 as bait, the GFP-tagged prey could be
identified. The input revealed expression of all proteins by anti-GFP antibody incubation.
In the PD, the cytoplasmic tail of LAMP2 together with GFP-fused Hsc70 and SAP102
SH3-GK domains (Figure 23B). No interaction could be seen for the PDZ1-3 domains of
SAP102 as well as for His-SUMO only.

The TAT peptide is one of the known cell penetrating peptides (CPPs) which are able to
translocate across cellular membranes, hence being used as vehicles for different cargo
(Hallbrink et al., 2001). The TAT peptide sequence (GRKKRRQRRRPQ) was coupled to
the cytoplasmic amino acid sequence of LAMP2 (TAT-LAMP2-404-415) for the purpose of
designing a dominant negative peptide, possibly disrupting the binding of LAMP2 to
SAP102. The PD was carried out with His-SUMO-LAMP2-404-415 and GFP-SAP102-
SH3-GK in presence of TAT-LAMP2-404-415, leading to a disrupted binding between the
proteins, however, this effect was not observed by incubation with TAT-Scrambled as
control (Figure 23C). To confirm that no degradation of the purified proteins occurred, a

coomassie gel stain was performed (Figure 23D).
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Figure 23: PD experiments reveal an interaction between the C-terminus of LAMP2 and
SAP102-SH3-GK. (A) Scheme of PD experiments performed showing immobilized His-SUMO-
LAMP2-404-415 on beads used for PD and the GFP-tagged constructs of SAP102 or Hsc70. In
indicated experiments, the cell penetrating TAT-peptide was additionally added. (B) GFP-SAP102
transfected COS-7 cell lysate was used for PD with His-SUMO or His-SUMO-LAMP2-404-415. The
input shows the presence of the respective proteins. The PD shows an interaction between His-
SUMO-LAMP2-404-415 with the known binding partner Hsc70 as well as with SAP102-SH3-GK,
each fused to GFP and visualized with an anti-GFP antibody. (C) The PD assay was performed
with lysates of COS-7 cells transfected with GFP-SAP102-SH3-GK in presence of the CPPs TAT-
LAMP2-404-415 or TAT-Scrambled. The interaction between LAMP2-404-415 and SAP102-SH3-
GK was impaired upon TAT-LAMP2-404-415 application. (D) Coomassie stained gel showing non-
degraded His-SUMO and His-SUMO-LAMP2-404-415 purified proteins.
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3.4 Chaperone-mediated autophagy (CMA) in dendrites
3.4.1 The CMA machinery is associated with LAMP2-positive lysosomes

LAMP2 is implicated in CMA in which process LAMP2A serves as the receptor for
subsequent translocation of target proteins that are delivered to the lysosomal membrane
by the chaperone Hsc70. Until now, this was shown only for the LAMP2A isoform. To
investigate if the LAMP2 isoform used in this thesis, LAMP2B, could be connected to CMA
processes as well, LAMP2 tagged with mKate was overexpressed in hippocampal
neurons and immunostained with an antibody specific for the isoform LAMP2A. The
analysis of associated signal showed that around 70 % of LAMP2 is either overlapping or
directly opposing to LAMP2A fluorescence signal, quantified as degree of association
(Figure 24A-B). It is well known that Hsc70 is the required chaperone for the process of
CMA and a binding partner of LAMP2A (Kaushik and Cuervo, 2018). To get a better
insight into the potential binding to other LAMP2 isoforms, Co-IP experiments were
performed with HEK293T cell lysates containing overexpressed LAMP2-tRFP and either
GFP or GFP-Hsc70 (Figure 24C). A clear signal was detected for the immunoprecipitation
of LAMP2-tRFP with GFP-Hsc70 but not with GFP, indicating binding between the
proteins. In the previously performed PD assays, GFP-Hsc70 was already observed to
bind to the cytoplasmic tail of LAMP2 (LAMP2-404-415; Figure 23B). The TAT-LAMP2-
404-415 peptide was present in different ratios during the PD experiment, resulting in a
clear reduction of the signal (Figure 24D). By incubation with the TAT-Scrambled peptide,

there was no decrease in signal detected in the PD experiment (Figure 24E).
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Figure 24: LAMP2 colocalizes with LAMP2A and is associated with CMA machinery. (A)
Confocal images of LAMP2-mKate transfected hippocampal neurons stained against the
endogenous LAMP2A isoform. Scale bar 5 um. (B) The degree of association of overexpressed
LAMP2 with endogenous LAMP2A was quantified. N-number = 17 cells from 3 independent
cultures. (C) LAMP2-tRFP immunoprecipitates with GFP-Hsc70 in heterologous Co-IP experiments
conducted with HEK293T cells expressing the respective constructs. (D) The binding between His-
SUMO-LAMP2-404-415 and GFP-Hsc70 was decreased by incubation of TAT-LAMP2-404-415 in
PD experiments in the indicated ratios. (E) The interaction between the cytoplasmic sequence of
LAMP2 and the chaperone Hsc70 was heavily reduced by incubation of TAT-LAMP2-404-415 but
not the TAT-Scrambled peptide.
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3.4.2 TDP-43 localizes to LAMP2-containing lysosomes and is released
upon NMDAR activation

TDP-43 is an aggregation-prone protein implicated in neurodegenerative diseases, such
as ALS and FTLD, and, interestingly, targeted by CMA (Ormeno et al., 2020). Together
with its proven presence in dendrites of neurons, TDP-43 reflects a potential candidate
recognized by the CMA machinery (Chu et al., 2019). The potential connection of TDP-43
to the observed fusion of LAMP2-containing lysosomes was next aimed to be examined.
First, TDP-43 tagged with tandem dimer Tomato (tdTomato) was expressed in neurons
together with LAMP2-GFP. Confocal imaging revealed that TDP-43 could be visualized in
dendrites of neurons and the signal localized frequently in direct proximity to the LAMP2
signal (Figure 25A). Therefore, the colocalization was quantified, and additionally, the
opposing signal, plotted together as proximity (Figure 25B). Almost 70 % of TDP-43-
tdTomato was either overlapping (~34 %) or opposing (~35 %) with LAMP2-GFP,
whereas ~52 % of LAMP2-GFP was associated with TDP-43-tdTomato (~22 %
overlap/~30 % opposing).

As the next step, live-cell imaging experiments were carried out with TDP-43-tdTomato
and LAMP2-BFP transfected cells. To visualize active CatD, the cells were incubated prior
to the experiment with BODIPY-pepstatin A. In images obtained by the merge of first
frames, an overlap of signal could be visualized (Figure 25C). Kymographs of dendritic
stretches additionally revealed co-trafficking events of TDP-43-tdTomato together with
LAMP2-BFP and BODIPY-pepstatin A (Figure 25D). The quantification of data obtained
by live-cell imaging experiments revealed an overlap of trajectories in ~55 % of total TDP-
43 traces with either LAMP2, BODIPY-pepstatin A, or both (Figure 25E). Thereby, ~13 %
of TDP-43 trafficked together with only LAMP2 or BODIPY-pepstatin A. The majority
(~29 %) of the co-trajectories could be observed as double-positive, hence the presence

of TDP-43 in LAMP2-positive catabolically active lysosomes.
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Figure 25: Dendritic TDP-43 is associated with LAMP2, as well as with active CatD. (A)
Representative confocal images from dendrites of hippocampal neurons transfected with TDP-43-
tdTomato (green) and LAMP2-GFP (magenta). White arrows indicate overlapping and opposing
signal. Scale bar 5 ym. (B) The degree of overlapping as well as opposing signal was quantified for
TDP-43-tdTomato with LAMP2-GFP (TDP-43/LAMP2) and reversed (LAMP2/TDP-43). N-numbers
= 35 cells from 7 independent cultures. (C) Representative images from merged frames of live-cell
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imaging experiments of TDP-43-tdTomato (cyan) and LAMP2-BFP (magenta) transfected
hippocampal rat neurons incubated with BODIPY-pepstatin A (yellow). Overlapping signal of the
three markers (TDP-43/LAMP2/BODIPY-pepstatin A) is indicated by white arrows. (D) Kymographs
of dendrites generated from live-cell imaging reflect the movement of TDP-43-tdTomato, LAMP2-
BFP and BODIPY-pepstatin A. Black arrows show co-trajectories. (E) Quantified co-trafficking of
TDP-43-tdTomato with LAMP2-BFP and/or BODIPY-pepstatin A. A high portion of TDP-43-
tdTomato shows co-trajectories with LAMP2 and labeled CatD by BODIPY-pepstatin A. N-number
= 20 cells from 7 independent cultures.

Since the data indicated the presence of TDP-43 in vesicles containing the LAMP2
isoform used in this thesis, the next question arising was if the stopping and subsequent
fusion of LAMP2-positive lysosomes includes release of cargo, namely TDP-43. To this
end, primary cultures of cortical neurons were prepared and infected at DIV7 with AAV9
viruses encoding for GFP or GFP-TDP-43. Firstly, the efficiency of infection was assessed
after 7 days of expression by fixation of the cortical neurons and subsequent MAP2
immunostaining, labeling neurons (Figure 26A). The quantification revealed a highly

infected culture (~69 %; Figure 26B).

After the efficiency of transduction was verified, the release of the GFP-tagged proteins
was aimed to be measured by utilizing a GFP-targeting enzyme-linked immunosorbent
assay (ELISA). To this end, cortical cultures were infected with AAV_GFP or AAV_GFP-
TDP-43 and, after 7-9 days of expression, the cell viability was verified prior to each
experiment by incubation with PI. Then, coverslips with neurons were silenced by pre-
incubation of TTX, following incubation in Tyrode’s buffer containing NMDA or TTX only

(control). The medium collected and further used for ELISA experiments.

As expected, no increase of GFP concentration could be measured in the AAV_GFP
infected group upon NMDA application compared to the GFP-expressing control group
(Figure 26C). On the other hand, the activation of NMDARs by stimulation with NMDA led
to a significant increase in the measurements, with almost doubled GFP concentrations, in
the medium of AAV_GFP-TDP-43 infected neurons.

Collectively, the results indicate that TDP-43 is present in LAMP2-positive, acidified,

lysosomes and that TDP-43 is released from neurons in an NMDAR-dependent manner.
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Figure 26: Infected cortical cultures show release of TDP-43 upon NMDAR activation. (A)
AAV_TDP-43-GFP (cyan) infected cultured cortical neurons (DIV14) stained against MAP2
(magenta). Scale bar 50 ym. (B) A high portion of cells is infected by application of AAV_TDP-43-
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GFP as seen in the quantified efficiency of infection of the cortex culture. (C) ELISA was used to
determine the GFP concentration in the medium without and with NMDA stimulation (20 uM for 15
min) in TTX-silenced cortical neurons infected with AAV_GFP or AAV_TDP-43-GFP. The GFP
concentration was normalized to the calculated concentration for NMDA-stimulated TDP-43-GFP
group. N-number = 6 replicates from 5 independent cultures. Two-way ANOVA with Tukey posthoc
test.
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4. Discussion

The lysosome is the digestive endpoint of several catabolic pathways and its proper
function is essential for maintaining proteostasis. The knowledge about its role and
abundance in the dendritic compartment is limited, however, the existence of mature
lysosomes in dendrites was recently shown. Intriguingly, their motility was demonstrated
to be regulated by neuronal activation and lysosomal exocytosis in an activity-dependent
manner was described (Goo et al., 2017; Padamsey et al., 2017). The results presented in
this thesis provide evidence for a highly heterogeneous pool of dendritic lysosomes and
demonstrate a connection between the NMDAR subunit GIuN2B with LAMP2-positive,
acidified, lysosomes. Namely, stopping, as well as fusion, of these lysosomes was
observed upon activation of NMDARSs. Interestingly, an interaction between the
cytoplasmic tail of LAMP2 and the SH3-GK domain of the GIuN2B-binding scaffold protein
SAP102, but not GIuN2B, was further revealed. Moreover, the data provide evidence for a
CMA-mediated sequestering of the aggregation-prone protein TDP-43 to LAMP2-
containing lysosomes and its subsequent activity-dependent release. These findings shed
new light on dendritic lysosomes, their function, as well as the link to neuronal activity,
suggesting a potential novel and protective mechanism of activity-dependent protein

disposal that leads to fusion-dependent spine remodeling, hence neuronal plasticity.

4.1 Heterogeneity of lysosomal populations in dendrites

The presence of lysosomes in neurons was long thought to be restricted to the cell body,
the main catabolic compartment within the cell. Over time, organelles of the autophagic
and endolysosomal pathway were observed in axons, with lesser acidic organelles found
in distal parts gradually increasing in their acidification during trafficking towards the soma.
Only more recently, lysosomes were shown in dendrites as well (Goo et al., 2017;
Padamsey et al., 2017). However, the molecular composition of dendritic lysosomes

remains unknown.

This study demonstrates the presence of multiple lysosomal proteins that display different
distributions in dendrites of cultured hippocampal neurons, emphasizing the
heterogeneous population of dendritic lysosomes. The colocalization analysis revealed a
rather modest overlap between endogenous LAMP1 and LAMP2, the two most
abundantly found lysosomal membrane proteins, estimated to make up for more than
50 % of lysosomal membrane content (Eskelinen, 2006). Findings from live-cell imaging
experiments further revealed that LAMP1 vesicles tagged with mKate displayed a less
mobile trafficking profile compared to LAMP2. Together, this provided evidence that
LAMP1 and LAMP2 are present in different organelles, proposing distinct functions. The
data interestingly revealed an unchanged colocalization in regard to the distance to the

soma, challenging the most prevalent view of lysosomal presence primarily in proximal
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parts of the neuronal cell body (Cheng et al., 2018; Gowrishankar et al., 2015; Maday et
al., 2012; Yap et al., 2018).

In contrast to the most prevailing model of gradual decrease of acidified organelles in
distance to the cell body, the findings of Padamsey et al. (2017) and Goo et al. (2017)
provide evidence that degradative lysosomes are found even in distal parts of dendrites.
In line with this, the labeling of active CatD and subsequent analysis of co-trajectories with
lysosomal membrane proteins in dendrites demonstrated a catabolic pool of both LAMP1
and LAMP2. Since axons and dendrites are known to be neuronal compartments with
specific characteristics, the distribution of degradative organelles could resemble one
dissimilarity with dendrites potentially containing more acidified organelles in connection to
different catabolic local processes. Nonetheless, one has to note that also in axons few
studies reported the existence of acidified lysosomes (Farfel-Becker et al., 2019; Farias et
al., 2017; Roney et al., 2021).

The lysosomal membrane proteins LAMP1 and LAMP2 are the most commonly found
proteins in the membrane. Although there is evidence that the two proteins are connected
to different functions, they are interchangeably used in various studies to label lysosomes
(Grochowska et al., 2022). The dynamic membrane exchange within the endolysosomal
and autophagic pathway leads to a heterogeneous distribution of membrane proteins
within the lysosomal pool, hence the usage of a single marker for lysosomal labeling can
introduce misleading results. This became apparent in other studies conducted by Yap et
al. (2018) and Cheng et al. (2018), which investigated endolysosomal organelles in
neuronal compartments. Yap et al. (2018) and Cheng et al. (2018) both showed that
LAMP1 is not exclusively found on lysosomes but is present on different organelles along
the endolysosomal pathway. In the study conducted by Cheng et al. (2018),
immunostaining of LAMP1 and lysosomal hydrolases revealed ~52 % of colocalization
with CatB and ~48% with CatD in dendrites. In this thesis, co-trafficking of LAMP1 with
labeled CatD could be observed in around 60 % of the cases, whereas LAMP2 showed a
slightly higher overlap with CatD, presenting moderately different results. One has to note,
however, that the study of Cheng et al. (2018) was performed in young cortical and dorsal
root ganglion neurons (DIV3-7), therefore possibly reflecting different distributions of
organelles and their degradative capability. Also, their published data showed that LAMP1
which is negative for CatD colocalized more with Rab7, a LE marker. Further, in context of
the fusion of lysosomes with the plasma membrane, a difference between the two
lysosomal membrane proteins became apparent. Interestingly, the data revealed
exocytosis of lysosomes only for LAMP2-, in contrast to LAMP1-, containing vesicles,
collectively indicating a potential higher localization of LAMP1 to LEs that lack the required

machinery for fusion. Another study showed that in axons, LAMP1 and CatB/D displayed
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co-trafficking with TGN proteins, leading to the model of pre-degradative organelles
receiving lysosomal material by TGN-derived transport carriers (Lie et al., 2021). This
highlights the diverse organelles that are potentially containing LAMP1 apart from
acidified, mature, lysosomes. One could speculate that LAMP1 thereby rather serves as a
transport-facilitating protein for different cellular material, whereas LAMP2 is implicated in
degradation pathways. In line with this, it is known that LAMP2, namely its isoform
LAMP2A, is the required receptor for the process of CMA that mediates the translocation
of cytoplasmic cargo to the lysosomal lumen for subsequent degradation (Kaushik and
Cuervo, 2018). The data presented in this study show a higher fraction of acidified
lysosomes containing LAMP2, potentially reflecting a distinct CMA-competent pool,
whereas LAMP1 is known to not interact with the CMA machinery and therefore is not

implicated in this degradation pathway (Uytterhoeven et al., 2015).

Apart from LAMP1 as a frequently used lysosomal marker, multiple studies made use of
LysoTracker to label acidified vesicles, hence concluding that these are acidified
lysosomes. LysoTracker is a fluorescent probe that accumulates in acidic vesicles,
however, despite its popularity, LysoTracker was shown to be a rather unreliable marker
due to its known characteristic to photoconvert from red to a green fluorescent probe
(Freundt et al., 2007). Taken together, one has to be cautious in interpreting results
obtained by different lysosomal markers and it is suggested to use multiple markers,
including the labeling of active hydrolases such as CatB or CatD, to ensure a more

specific detection of mature, acidified lysosomes (Grochowska et al., 2022).

4.2 LAMP2-containing lysosomes are controlled by NMDAR-activity
and interact with the scaffold SAP102

Previous studies demonstrated the regulated trafficking of dendritic LAMP1-containing
lysosomes by activation of AMPARs and NMDARs, as well as the activity-dependent
fusion of LAMP2-positive lysosomes (Goo et al., 2017; Padamsey et al., 2017). NMDARs
that contain the subunit GIuN2B display a high-affinity binding with CaMKII, an interaction
that is required for LTP, hence synaptic plasticity. Therefore, it was of particular interest to
study the link of this specific pool of NMDARs to lysosomal function.

Interestingly, the obtained results from live-cell imaging experiments suggested an
interplay between the GIuN2B-containing NMDARs and mature, LAMP2-positive
lysosomes due to a transient dwelling of LAMP2-positive, as well as acidified, vesicles at
the SEP-tagged GIuN2B subunit in dendrites of hippocampal neurons. The inhibition of
the NMDARs was accompanied by decreased visit time of LAMP2 at GIuN2B, suggesting
that basal activity of GluN2B-containing NMDARSs provides first cues for lysosomes to stall
in their proximity. The high activation of NMDARs by bath application of NMDA, in

contrast, heavily reduced the mobility of LAMP2-containing lysosomes and resulted in
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stopping of LAMP2- and CatB-positive vesicles in the proximity of GIuN2B. Collectively,
this indicated an interaction between GIuN2B-containing NMDARs and LAMP2-positive,
acidified lysosomes, where GIuN2B could act as a stopping hub for surveilling lysosomes
that are primed to detect and react to receptor activity.

Further supporting evidence was provided by the detection of activity-dependent fusion of
LAMP2-containing lysosomes in the proximity of GIuN2B at the plasma membrane and,
indeed, conducted KO of GIuN2B by a CRISPR/Cas9 approach, resulted in an impaired
fusion of pHuji-LAMP2. During live-cell imaging experiments revealing LAMP2-mKate
vesicles visiting SEP-GIuN2Bs, a localization of LAMP2 in direct proximity of SEP-GIuN2B
was observed and, therefore, the analysis was conducted with consideration of
overlapping, as well as directly opposing, signal. These observations suggested an
indirect interaction between GIuUN2B and LAMP2 including other potential binding
partners, possibly by the unique C-terminal sequence of GIUN2B. In line with this, the
interaction between LAMP2 and GIuN2B could not be verified by biochemical assays. The
GluN2B-anchoring MAGUK protein SAP102, however, displayed increased colocalization
with LAMP2 in fixed hippocampal neurons upon NMDA stimulation. Additionally, a co-
recruitment could be observed for proteins expressing the cytoplasmic C-terminal amino
acid sequence of LAMP2 and the SH3-GK domain of SAP102 in conducted assays in
HEK293T cells. Further, an interaction between the two proteins could be detected in PD
experiments. Although the binding of LAMP2 and SAP102 has been thereby
demonstrated, the functional link of this interaction has not been revealed directly. As a
future perspective, an CRISPR/Cas9-mediated KO of SAP102 could be utilized for
functional read-outs, such as live-cell imaging, to verify the necessity of the binding for the

stopping, as well as fusion, of LAMP2-containing lysosomes.

Having in mind that SAP102 anchors the GIuN2B subunit, the results from the conducted
live-cell imaging experiments raised some questions. The data revealed a difference in
the stopping time of LAMP2-mKate at the GIuUN2B subunit upon inhibition of NMDAR
activity, whereas the portion of positive SEP-GIUN2B remained unchanged, although it
should be decreased as well in the proposed scenario. Conducted immunostainings of
surface-labeled GIuN2B together with SAP102 revealed a high overlap (~70 %) of
SAP102 with GIuN2B at the plasma membrane, but interestingly the pool of surface
GIuN2B colocalized with SAP102 to only ~55 %. Taken together, this could indicate that
not all GluN2B-containing NMDARs at the plasma membrane are indeed anchored by
SAP102, being unable to present the necessary platform for LAMP2 docking and stalling.
This is additionally supported by the colocalization analysis in fixed neurons that
demonstrated higher colocalization of LAMP2 together with surface GIUN2B (~60 %)
compared to SAP102 (~35 %).
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The underlying binding mechanism of LAMP2 to SAP102 after activation of NMDARs by
NMDA thereby remains elusive. Interestingly, it was demonstrated that the MAGUK
protein SAP97 interacts with CaM in a Ca?*-dependent manner, consequently leading to a
conformational change of the SH3-GK domain of SAP97 which enables the association
with other binding partners at the plasma membrane (Paarmann et al., 2002). Although
this mechanism has only been described for SAP97, the interaction between SAP102 and
CaM upon the presence of Ca?* has been described (Masuko et al., 1999). Hence, the
exposure of a binding interface by changes in the intramolecular interaction within the
SH3-GK module upon the binding of Ca?*/CaM is likely. One could therefore speculate
that the conformational status of the SH3-GK domain of SAP102 transiently changes in
the basal state between open and closed conformation, the strong activation of NMDARSs,
however, results in Ca?* influx and initiation of the binding of Ca?*/CaM (Figure 27A).
Consequently, an interaction interface is revealed, providing a platform for physical
interaction with the cytoplasmic amino acid sequence of the lysosomal LAMP2 (Figure
27B).
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Figure 27: LAMP2-positive lysosomes interact with the SH3-GK module of SAP102 in its
open conformation status. (A) The SH3- (orange) GK (green) domain of the GluN2B-anchoring
SAP102 is predominantly in closed conformation under basal conditions. Upon Ca?* influx, Ca?*
binds to calmodulin (CaM) and Ca?/CaM can interact with SAP102, resulting in an open
conformation of the SH3-GK module. (B) The activation of NMDARSs containing the subunit GluN2B
leads to influx of Ca?*, therefore potentially resulting in a conformational change in the SH3-GK
domain of SAP102. This would allow for the binding of SAP102 with the C-terminal sequence of
LAMP2, subsequently docking catabolically active lysosomes in close proximity to the plasma
membrane.
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4.3 Exocytosis of LAMP2-positive lysosomes is mediated by
neuronal activity

Intriguing evidence was provided in a study from Padamsey et al. (2017), describing
activity-dependent exocytosis of LAMP2-containing lysosomes in neurons and
consequent induction of dendritic spine growth. The experiments conducted in this study
revealed an activity-dependent fusion of SEP-LAMP2 that was reduced upon NMDAR
inhibition, corroborating the previous findings of Padamsey et al. (2017). Strikingly, in line
with the report of Padamsey et al. (2017), the fusion, as well as the stopping, upon

neuronal activation was observed for LAMP2-, but not LAMP1-, containing vesicles.

The exocytosis of lysosomes was described in different cell types and serves various
functions. Secretory lysosomes, for instance, are a specialized form of organelles present
in distinct cell types that contain molecules destined for secretion to perform a specific
function (Blott and Griffiths, 2002). These organelles are described to play an essential
role in the immune system by the release of molecules, such as histamine by basophils or
MHC-antigen complexes by macrophages, as well as dendritic cells or B cells, however,
their presence has not been shown in neurons (Blott and Griffiths, 2002; Grochowska et
al., 2022).

In axons of granule cells, the activity-dependent lysosomal fusion with the plasma
membrane leads to the secretion of Cerebellin 1 (CbIn1), a synaptic organizer, which
potentially modifies synapses (lbata et al.,, 2019). This release was shown to be
accompanied by exocytosis of CatB, possibly inducing long-lasting structural changes by
digestion of ECM proteins. CatB thereby acts on MMP-9 for the activation, a protease
shown to play an important role in dendritic spine growth and LTP (Michaluk et al., 2011;
Wang et al., 2008). Also, the study of Padamsey et al. (2017) suggests that the lysosomal
disposal of content and therefore release of CatB is the underlying mechanism of long-
lasting dendritic spine remodeling. Taken this into account, the observed fusion of
LAMP2-positive lysosomes could be accompanied by CatB release, thus driving
modifications in spine sizes by MMP-9 activity, hence promoting synaptic plasticity.
Interestingly, in the context of LSDs, where lysosomal cargo accumulation due to impaired
lysosomal degradation is one major hallmark, it has been proposed that the release of the
lysosomal content by exocytosis could serve as an alternative disposal mechanism to
remove accumulated cargo meant to be degraded (Marques and Saftig, 2019). In line with
this, another study observed a process of secretory autophagy in HEK293T cells that
mediates the release of extracellular vesicles and particles (EVPs) during endolysosomal
inhibition, also proposed to serve as an alternative pathway for the disposal of material to

maintain proteostasis (Solvik et al., 2022).
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Bearing this in mind, the observed fusion could reflect an alternative, non-canonical
function of lysosomes to keep the proteome in balance and in parallel promote synaptic
changes. Hence, it is unlikely, that the observed fusion of LAMP2-positive lysosomes is
reflecting the exocytosis of secretory content, hence fusion of secretory lysosomes, due to

its underlying function of degradation-targeted substrate disposal.

In the context of the described process of secretory autophagy, the exocytosis of vesicles
was shown to be mediated by Rab27a, one Rab protein that was also demonstrated to be
involved in various secretory pathways connected to immune responses (Prashar et al.,
2017; Solvik et al., 2022). It has been suggested that Rab proteins facilitate the docking of
vesicles, thereby allowing the binding between the required SNARE proteins, hence
reflecting one interesting candidate for the unknown machinery involved in the fusion of
LAMP2-containing lysosomes (Chen and Scheller, 2001). Different studies have
demonstrated that the Ca?*-sensor SytVIl regulates Ca?*-dependent exocytosis of
lysosomes in non-neuronal cells and one study suggested the involvement of the v-
SNARE VAMP7 and the t-SNARE SNAP23 underlying this process (Czibener et al., 2006;
Martinez et al., 2000; Rao et al., 2004). In neurons, SytVIl is implicated in neurotransmitter
release, as well as facilitation, and was indeed shown to be localized on active lysosomes
in axons (Huson and Regehr, 2020; Vevea et al., 2021). Also, in neurons, SNAP23
facilitates the fusion of vesicles in complex with SytVIl (Weber et al., 2014). In line with
this, it is tempting to speculate that the complex of SNAP23 and SytVIl, potentially
including VAMP?7, is involved in the exocytosis of LAMP2-containing lysosomes, providing
the indispensable fusion machinery.

Another interesting aspect is that the generation of PI(4)P at endosomes was shown to
enable fusion with the plasma membrane as part of the recycling pathway, however,
PI(4)P can be additionally found on LEs/lysosomes (Hammond et al., 2014; Ketel et al.,
2016). One could therefore speculate that the presence of PI(4)P on LAMP2-containing
lysosomes enables the fusion, hence disposal of lysosomal content. Pl4Kllla, a type Il
phosphatidylinositol 4-kinase that generates PI(4)P, was shown to localize in a Ca?*-
dependent manner to the plasma membrane of dendrites and is regulated by neuronal
activity (Guo et al., 2022). The activation of NMDARs in cultured mouse hippocampal
neurons by application of glutamate leads to an increase of PI(4)P at the plasma
membrane and was proposed to provide a necessary cue for AMPAR-insertion by
exocytosis. Hence, another possibility would be that the exocytosis of LAMP2-positive
lysosomes is driven by PI(4)P conversion or that LAMP2-positive, PI(4)P-containing,
lysosomes provide the necessary delivery of PI(4)P to the plasma membrane to promote

synaptic plasticity. This is supported by findings that in pancreatic B cells the exocytosis of
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insulin granules requires Pl4K activity (Olsen et al., 2003). PI(4)P could also serve as the
required precursor for conversion to Pl(4,5)P, which mediates synaptic vesicle exocytosis
in neurons and was shown to accumulate at fusion sites of specialized secretory

organelles of endothelial cells (Nguyen et al., 2020; Stdhof, 2013).

In addition, further investigations could be performed regarding the synaptic or
extrasynaptic localization of lysosomal fusion sites within the dendrites, as well as the role
of shaft synapses within this process. The obtained results in this thesis demonstrate that
LAMP2 is associated with GIuN2B in spine synapses, shaft synapses, as well as
extrasynaptically located GIuN2B. The abundance of the GIuN2B subunit at extrasynaptic
sites, as well as shaft synapses, could indicate that the stalling and fusion of LAMP2-
positive lysosomes are localized rather to the dendritic shaft or shaft synapses. In line with
this, it was hypothesized that shaft synapses are able to control organelle movement,
such as lysosomal trafficking, more strongly due to the lack of spatial
compartmentalization compared to spine synapses (van Bommel et al., 2019; Sabatini et
al., 2002). Further, it has been demonstrated that F-actin patches adjacent to shaft
synapses regulate lysosome positioning (van Bommel et al., 2019).

The obtained data in this thesis did not reveal changes in the colocalization of GIluN2B
with LAMP2 upon 4AP/bic stimulation, considered a synaptic activation protocol, however,
the application of NMDA, thereby activating all NMDARSs, increased the colocalization
between SAP102 and LAMP2. This would support the idea of the involvement of not shaft
synapses but extrasynaptically located GIuN2B-containing NMDARs in the process of
lysosomal fusion. Interestingly, the ECM is a regulator for surface dynamics of NMDARSs,
in particular of the extrasynaptically localized receptors, that can be remodeled by MMP-9
activity (Michaluk et al., 2011; Petit-Pedrol and Groc, 2021). Hence, the release of
lysosomal CatB after exocytosis and the potential activation of MMP-9 by this enzyme
could influence the lateral mobility of NMDARs due to ECM digestion, controlling receptor
contents and therefore modulating synaptic strength. Since the activation of NMDARs is
required for the subsequent fusion of LAMP2-containing lysosomes, one question arising
is the source of the necessary activating molecules. In the case of the spine, as well as
shaft, synapses, the fusion of vesicles at the connected presynaptic site is the main
source of neurotransmitters, however, extrasynaptic NMDARs lack the presynaptic site.
Hence glutamate spillover upon high neuronal stimulation, as well as glutamate release by

adjacent glia, could be the driving force of fusion events in this scenario.

In contrast to this model, the findings of Goo et al. (2017) show the entering of lysosomes
into the dendritic spine in an activity-dependent manner. However, one has to note that

this study was conducted with LAMP1 as a lysosomal marker protein, likely reflecting
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another pool of endolysosomal organelles. Synaptic NMDARs have been shown to be
involved in synapse-to-nucleus signaling, where activation of synaptic NMDARSs resulted
in nuclear import of phosphorylated extracellular signal-regulated kinase (pERK) that
promotes gene expression and in consequence enhanced synaptic strength. On the other
hand, extrasynaptic activation of NMDARSs leads to inactivation by dephosphorylation of
the transcription factor CREB, eventually resulting in cell death (Karpova et al., 2013).
Indeed, this was shown to be dependent on the presence of the GIuN2B subunit,
highlighting distinct pathways connected to this subunit and its localization (Melgarejo da
Rosa et al., 2016). This would support a model of lysosomal fusion connected to the
activation of synaptic NMDARs, promoting further synaptic plasticity. Collectively, the
evidence still suggests that the involvement of extrasynaptic GIuN2B-containing NMDARSs
is more likely. Nevertheless, further investigations have to be conducted to unravel this

conundrum.

4.4 LAMP2-containing lysosomes are associated with CMA
machinery

The presence of lysosomes in dendrites raises the question of the catabolic pathways
connected to these organelles. The observations of this study emphasize the distinct role
of LAMP2-containing lysosomes, thereby an interplay with the degradative CMA process
seemed likely. CMA is a prominent autophagic pathway that targets a wide range of
cytoplasmic proteins. Although it has been well studied, the spatial occurrence of this
process within the neuronal cell has not been widely discussed. CMA is implicated in
numerous neurodegenerative diseases with target proteins such as Tau or a-synuclein.
Most of the studied proteins targeted by CMA are localized to axons and the presynaptic
site of the synapse, however, dendritic CMA processes have not been excluded and
various CMA target proteins can be found in the dendrites, such as TDP-43 (Andres-
Alonso et al., 2021; Chu et al., 2019; Uytterhoeven et al., 2015).

Apart from CMA, other autophagic pathways have been studied in the synaptic context.
The process of macroautophagy has been described in the presynaptic site to degrade
synaptic vesicles and control the axonal ER (Hernandez et al., 2012; Kuijpers et al., 2021;
Ldningschrér et al., 2017). The involvement of macroautophagy in postsynaptic
processes, however, is not well described, although it was suggested to be implicated in
the degradation of AMPARs and is necessary for spine pruning (Shehata et al., 2012;
Tang et al., 2014). Recently, it has been proposed that macroautophagy in dendrites is
involved in the degradation of postsynaptic proteins and is essential for LTD (Kallergi et
al., 2022).

One report described synaptic microautophagy in the fly model organism Drosophila

melanogaster as a local quality control pathway for the regulation of neurotransmitter
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release (Uytterhoeven et al., 2015). Since LAMP2A is expressed only in mammals and
birds, Drosophila has been considered to lack CMA processes and utilizes
microautophagy as an alternative pathway (Cuervo and Dice, 1996; Uytterhoeven et al.,
2015). In this process, Hsc70-4, the ortholog of mammalian Hsc70, deforms membranes
and enables turnover of synaptic proteins through endosomal microautophagy, hence
rejuvenating the pool of proteins and potentially allowing higher presynaptic efficacy.
Interestingly, the expression of human LAMP2A in the fly brain was accompanied by an
upregulation of KFERQ motif-dependent degradation pathways, potentially reflecting
increased CMA processes (Issa et al., 2018). Collectively, these reports highlight the
presence, as well as the importance, of local degradation processes. The data presented
in this thesis complementary shows the presence of LAMP2A in dendrites of hippocampal
neurons, as well as the interaction between LAMP2 and Hsc70, therefore reflecting CMA
machinery. The specificity of the observed stalling and fusion for LAMP2, but not LAMP1,
further provided a link between CMA and exocytic lysosomes in dendrites, possibly
representing the underlying mechanism of cargo sequestering. In line with this, the
Drosophila chaperone Hsc70-4 does not show an interaction with LAMP1 in Co-IP
experiments, emphasizing the LAMP2-specificity of the indispensable Hsc70 binding to
lysosomal proteins during CMA (Uytterhoeven et al., 2015).

The most prevailing approach for the investigation of CMA is the induction of prolonged
nutritional deprivation. Responses to growth factors and starvation are mediated by
mTOR complexes, especially studied in non-neuronal cells, and, interestingly, the
MmTORC2 complex has been shown to localize to a sub-group of lysosomes (Jia and
Bonifacino, 2019). One study demonstrated that the action of CMA-active lysosomes is
inhibited by the binding of mMTORC2 at the lysosomal surface and that the inhibition of
mTORC2 by Torin1 activates CMA in fibroblasts (Arias et al., 2015). Although mTORC2 is
less studied compared to mTORCH1, its abundance in neurons is clear and involvement in
synaptic plasticity has been revealed (Graber et al., 2013). With this in mind, one could
consider, as a future perspective, the usage of mMTORC2 inhibitors to upregulate CMA and
to monitor the effect on the lysosomal release of CMA substrates and its potential
connection to synaptic plasticity. Another study provided evidence for the involvement of
phosphatidylinositol 3-kinase (PI3K) in the activation of mMTORC2 signaling cascades, a
kinase that mediates phosphorylation of PI(4,5)P» to generate PI(3,4,5)Ps. Upon selective
inhibition of class Il PI3K in vivo, CMA was observed to be activated in liver lysosomes of
mice, potentially serving as another candidate for the upregulation of CMA (Endicott et al.,
2020).
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Apart from the nature of local degradation processes in dendrites, the dendritic substrates
targeted by this process were of interest. The obtained results from fixed and live-cell
imaging experiments conducted in this study revealed that the CMA substrate TDP-43 is
abundantly found in lysosomes positive for LAMP2, as well as active CatD. TDP-43 is a
prone-to-aggregate protein and there has been various research on the release of TDP-43
as part of an intercellular transmission of TDP-43 aggregates by exosomes in in vitro
systems, even at synaptic terminals (Feiler et al., 2015; Nonaka et al., 2013). The seeding
of aggregated TDP-43 is thereby reported to lead to toxic effects in recipient cells. With
this in mind, the observed lysosomal uptake of TDP-43 could serve as a mechanism to
prevent high aggregation and consequent exosome-mediated spreading of the protein. It
has been shown that CMA degrades only soluble proteins, thus the targeting of TDP-43
by CMA prior to its aggregation could reflect a protective mechanism, resulting in the
release of a non-aggregated and non-toxic form of TDP-43 by lysosomal exocytosis
(Salvador et al., 2000). Strikingly, the application of NMDA resulted in an increased
release of GFP-tagged TDP-43 detected by ELISA, supporting this scenario and providing
a link to the described exocytic LAMP2-positive lysosomes studied in this thesis. One has
to note, that the published results of seeding TDP-43 have been controversial since other
studies could not detect any propagation of TDP-43, possibly due to the usage of different
variants and constructs expressing TDP-43 (Jo et al., 2020). Nonetheless, the toxic effect
of aggregated TDP-43 has been well established, thereby the disposal of the protein by
LAMP2-containing lysosomes would serve as a required protective mechanism to
maintain cell viability, accompanied by the promotion of plasticity (Figure 28). Similarly,
pathogenic a-Synuclein has been recently shown to be exocytosed by lysosomes,
however, LAMP1 was used as the label for lysosomes, and the underlying degradation
pathway was suggested to be linked to macroautophagy that targets aggregates
(“aggrephagy”; Xie et al., 2021). Therefore, this could reflect another way of cargo
disposal mediated by an interplay of LAMP1 and macroautophagy, possibly targeting the
aggregated, insoluble substrates that cannot be recognized by the CMA machinery.
Nonetheless, more and more studies observe a mechanism of release of harmful proteins

to the extracellular milieu as an alternative pathway for classic degradation.
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Figure 28: Proposed model of CMA-mediated cargo recruitment for activity-dependent
exocytosis of LAMP2-positive lysosomes. Chaperone-mediated autophagy (CMA) targets an
intracellular substrate with a KFERQ-like motif, here TDP-43. After recognition by chaperones, the
complex binds to LAMP2 at the lysosomal surface, resulting in translocation of the target protein.
Upon activation of GIuN2B-containing NMDARs, binding of LAMP2 to the SH3-GK module of the
scaffolding protein SAP102 is enabled. In the suggested case of extrasynaptically localized
NMDARSs, the activation likely results from glutamate spillover or astrocytic glutamate release. The
efflux of lysosomal Ca?* acts as a trigger for the SNARE-complex to facilitate the fusion of the
lysosomal vesicle. The released enzyme CatB can subsequently activate matrix-metalloproteinase
9 (MMP-9), which digests extracellular matrix (ECM) components, hence allowing for dendritic
spine remodeling and growth.

The LAMP2 isoform LAMP2A, as one of the three splice variants of LAMP2, was shown to
be the key receptor involved in CMA, whereas LAMP2B, as well as LAMP2C, have been
studied in other contexts (Cuervo and Dice, 2000; Eskelinen et al., 2005). Reduced levels
of CMA have been observed upon exchange of the C-terminal sequence of LAMP2A that
is required for the binding to the required chaperone protein Hsc70, nevertheless, the
involvement of other LAMP2 isoforms, exhibiting different extraluminal amino acid
sequences, in the process of CMA has not been entirely excluded (Cuervo and Dice,
1996, 2000). Interestingly, the heterologous Co-IP data obtained in this thesis verified that
the LAMP2B isoform binds the chaperone protein Hsc70. This was additionally supported
by PD experiments, in which the application of TAT-LAMP2-404-415, as a dominant-
negative peptide, resulted in highly decreased binding between the C-terminus of LAMP2
and full-length Hsc70. Moreover, a high association of endogenous LAMP2A, stained by
the usage of an isoform-specific antibody, was observed together with the overexpressed
LAMP2B. Taken together, this provided evidence for the co-presence of LAMP2B and

LAMP2A in the membrane of the same vesicle. Interestingly, one study revealed that
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LAMP2B is required for the translocation of peptides into the lysosomal lumen by the
lysosomal peptide transporter associated with antigen processing-like (TAPL; Demirel et
al., 2012). LAMP2B thereby serves as stabilizing protein of TAPL. Based on this, one
could speculate that LAMP2B exhibits the same function in the membrane of fusion-
competent LAMP2-positive lysosomes, stabilizing the multimerized LAMP2A during CMA
for subsequent cargo translocation to the lysosomal lumen. In this case, LAMP2B itself
would not provide the channel needed for substrate translocation but rather serve as a
stabilizing component during the CMA process. To enable the binding of CMA-substrates
and their translocation, the multimerization of LAMP2A is required, which has been shown
to be facilitated by the presence of a dimerization motif (“GXXXG”; Bandyopadhyay et al.,
2008). To further verify the CMA-dependency of LAMP2-containing lysosome fusion,
mutation of this amino acid sequence could be carried out to monitor the potential
abolishment of substrate translocation and therefore the fusion event accompanied by
TDP-43 release. This could be conducted for LAMP2A, as well as for LAMP2B, therefore
providing a better insight into which isoform is required to dimerize, hence presenting the
translocation channel.

To further strengthen the evidence for the involvement of CMA processes in the
sequestering of cargo, the disruption of the LAMP2 interaction with the chaperone Hsc70
would be a useful future approach. The usage of an Hsc70 inhibitor during live-cell
imaging experiments could reveal the potentially disrupted stalling and fusion of
lysosomes upon NMDA application, therefore verifying that the CMA-competent
lysosomes are exocytic and bind to GluN2B-containing NMDARs. One inhibitor, VER-
155008, is of particular interest since it has been published to selectively inhibit Hsc70
activity (Wen et al., 2014). Additionally, it would be interesting to study if the release of
TDP-43, measured by ELISA, is blocked by the inhibition of Hsc70 or the application of
TAT-LAMP2-404-415, utilized as a dominant-negative binding peptide.

Taken together, this study revealed the targeting of intracellular substrates by CMA
machinery and a novel process of activity-dependent lysosomal fusion accompanied by
the release of lysosomal content, hence potentially driving synaptic plasticity in dendrites
(Figure 28). However, a more physiological approach would be recommended for the
verification of the obtained results in the future and therefore put it in a broader context.
One limitation of the study is the overexpression of proteins for most of the conducted
experiments and the high expression of proteins can be accompanied by various
alterations within the cell, possibly leading to results that are not transferable to
physiological conditions. Although the proteins used in this study are commonly

overexpressed, one cannot rule out the possibility of misguiding results. More recently,
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different methods utilizing the CRISPR/Cas9 system have been developed for tagging
endogenous proteins in cultured neurons, organotypic slice cultures, as well as in vivo
systems (Uemura et al., 2016; Willems et al., 2020). One prevailing concern regarding the
CRISPR/Cas9 approach is the occurrence of off-target effects, however, the methods are
constantly improved and optimized, thereby displaying a promising option in the future to

circumvent protein overexpression.

Also, ex vivo models, such as brain slices, or in vivo mouse models could help to verify
the results of this study. Interestingly, one report conducted in vivo experiments with
LAMP2A KO mice that exhibited a removal of LAMP2A in excitatory neurons,
demonstrating altered neuronal function (Bourdenx et al., 2021). However, the local
alterations within the neurons have not been studied and it would be interesting to conduct
further experiments to study the fusion of dendritic lysosomes in such a system. The
usage of ex vivo or in vivo systems would also include a broader view of the underlying
neuronal connectivity, as well as the involvement of other cell types within the brain, such
as glia. In the conducted study by Bourdenx et al. (2021), a novel chemical activator of
CMA by upregulation of LAMP2A expression, named CA77.1, was additionally introduced
for the usage in vitro, as well as in vivo, reflecting another appealing candidate for further
experiments, such as the enhanced lysosomal fusion and release of CMA-targeted
proteins. The release of proteins, such as TDP-43, could be thereby monitored by
increased concentration in the cerebrospinal fluid (CSF) of the used system.
Unfortunately, most of the prominent approaches in the field, such as purification of
lysosomes, mass-spectrometry (MS), as a method for analysis of the proteome, or the
analysis of the secretome, are hard to apply. Considering the heterogeneity of lysosomes
and their different distributions in the soma, axon, and dendrites, these methods will not
be able to distinguish between the different lysosomal pools in the neuronal
compartments, hence not revealing the differences in the focus of this study. Nonetheless,
it would give a broader view of changes in protein levels and presence under different

conditions, such as inhibition of CMA.

All in all, the present study highlights the heterogeneity of dendritic lysosomes and
demonstrates the existence of LAMP2-containing lysosomes that are regulated by
NMDAR activity in regards to their mobility and fusion. Interestingly, an interaction of the
C-terminus of LAMP2 with the SH3-GK module of the GluN2B-anchoring scaffold protein
SAP102 could be revealed. These findings provide evidence that SAP102 serves as a
docking site to allow for lysosomal exocytosis upon NMDAR activation, consequently
leading to the release of lysosomal content to the extracellular space. The demonstrated

presence of CMA machinery in dendrites and its association with LAMP2 suggests the
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involvement of CMA processes in the loading of potentially harmful cargo, such as TDP-
43, to the lumen of LAMP2-positive lysosome. The fusion of lysosomes with the plasma
membrane likely results in the release of the CMA substrates together with active
hydrolases, for instance CatB, that in turn could allow for activation of MMP-9, hence
cleavage of ECM components and consequently facilitate spine growth (Figure 28). It is
likely, that the extrasynaptically located and activated GluN2B-containing NMDARs are
thereby the involved receptors anchored by SAP102, thus reflecting the docking site and
determining the spot of fusion.

This mechanism provides insight into a novel, specialized, local function of lysosomes,
therefore expanding the knowledge about these catabolic organelles. This not only alters
the traditional view of them being solely somatic degradation hubs but also sheds new
light on their connection to synaptic plasticity. Considering the vast distances lysosomes
have to cover to deliver degradation-destined cargo from dendrites to the soma, this
mechanism seems to be spatially, as well as temporally more efficient, in particular as a
fast response to synaptic activity. Further, it reflects a process that couples the disposal of
substrates inevitably to spine remodeling, promoting dendritic spine growth. The digestion
of ECM components upon lysosomal exocytosis could in addition result in the increased
mobility of NMDARSs, hence allowing for the lateral diffusion of receptors to modulate
synaptic strength. The disruption of this process would thereby lead to an accumulation of
material, as well as the collapse of the catabolic system together with a failed facilitation of
local synaptic remodeling, weakening the synaptic strength and eventually resulting in
potential cell death signaling pathways. This scenario emphasizes the necessity of
dendritic lysosomal fusion for neuronal functionality. Still, further investigations are
required to resolve different unknown aspects of this process, such as the underlying
fusion machinery or, on the broader scale, the connection to intercellular communication

with neighboring cells like glia.
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