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Abstract

Neurotransmission at chemical synapses is initiated by presynaptic exocytosis of
transmitter-filled vesicles followed by subsequent vesicle endocytosis. The coupling
of exocytosis and compensating endocytosis is essential to maintain proper
transmission upon prolonged synaptic activity. In this work, the influence of the cell
adhesion molecules (CAMs) N-cadherin and neuroligin-1 on presynaptic function was
addressed with a particular interest in the coupling of vesicular exo- and endocytosis.
Activity-dependent FM4-64 stainings revealed enhanced cycling of presynaptic
vesicles in post-synaptogenic neurons overexpressing N-cadherin or neuroligin-1.
Moreover, FM4-64 experiments in N-cadherin knockout neurons showed a
cooperation of both CAMs in the transsynaptic regulation of presynaptic vesicle
cycling. In this context, N-cadherin was also shown to control synaptic localization of
neuroligin-1. A differential analysis of vesicular exo- and endocytosis with
synaptophysin-pHluorin (SypHy) in neurons expressing N-cadherin or neuroligin-1
revealed an exocytotic effect of both CAMs and an endocytotic effect exclusively for
N-cadherin. Double-stimulation SypHy experiments demonstrated that the effect of
N-cadherin on endocytosis depends on the release activity level of the vesicle cluster
and indicated an important role of N-cadherin in the coupling of presynaptic vesicle
exo- and endocytosis. Further experiments revealed changes in localization of N-
cadherin and neuroligin-1 upon intense synaptic activity from a strongly clustered to a
more diffuse pattern. In summary, the present study strongly supports a model of the
regulation of vesicle exo- and endocytosis coupling that is based on activity-
dependent changes of the spatial localization of N-cadherin and neuroligin-1. Upon
strong synaptic activity, this structural relocalization regulates presynaptic vesicle
exo- and endocytosis, thus enabling the maintenance of proper synaptic function in
highly active synapses. In addition to the roles of CAMs in vesicle cycling, the
pathophysiological effect of amyloid-B (AB) peptides was examined in hiPSC derived
neurons. Intriguingly, FM4-64 experiments indicated an AB-induced defect in the
axonal transport of vesicle cluster, but no effect of AR peptides on vesicle cycling at

bona-fide synapses.



Zusammenfassung

Die Signallibertragung an chemischen Synapsen wird initiiert durch die
prasynaptische Exozytose von transmittergefullten Vesikeln gefolgt von
Vesikelendozytose. Die Kopplung von Exozytose und kompensierender Endozytose
ist essentiell fur die Aufrechterhaltung synaptischer Transmission bei anhaltender
neuronaler Aktivitat. In der vorliegenden Arbeit wurde der Einfluss der
Zelladhasionsmolekule (CAMs) N-cadherin und Neuroligin-1 auf die Funktionalitat
der Prasynapse untersucht, mit besonderem Augenmerk hinsichtlich der Kopplung
vesikularer Exo- und Endozytose. Aktivitatsabhangige Farbungen mit dem Farbstoff
FM4-64 offenbarten ein gesteigertes ,cycling® prasynaptischer Vesikel in post-
synaptogenen Neuronen durch Uberexpression von N-cadherin oder Neuroligin-1.
Des Weiteren zeigten FM4-64 Experimente in N-cadherin knockout Neuronen eine
Kooperation der CAMs in der transsynaptischen Regulation des ,cycling"
prasynaptischer Vesikel. In diesem Zusammenhang bestatigte sich auch ein Einfluss
von N-cadherin auf die Lokalisation von Neuroligin-1. Eine differenziertere Analyse
vesikularer Exo- und Endozytose mit Synaptophysin-pHIluorin (SypHy) in N-cadherin-
oder Neuroligin-1-exprimierenden Neuronen zeigte einen exozytotischen Effekt
beider CAMs sowie einen endozytotischen Effekt ausschlieRlich fur N-cadherin.
Durch Doppelstimulationsexperimente mit SypHy konnte verdeutlicht werden, dass
dieser Endozytoseeffekt von der Freisetzungsaktivitat des Vesikelklusters abhangt,
was auf eine wichtige Rolle von N-cadherin in der prasynaptischen Kopplung
hindeutet. Weitere Untersuchungen zeigten Veranderungen in der Lokalisation von
N-cadherin und Neuroligin-1 von stark geklusterten Strukturen hin zu einer eher
diffusen Verteilung bei starker synaptischer Aktivitat. Zusammenfassend unterstitzen
die Ergebnisse ein Modell der Regulation prasynaptischer Kopplung, welches auf der
aktivitatsabhangigen Veranderung der Lokalisation von N-cadherin und Neuroligin-1
basiert und die Aufrechterhaltung der Synapsenfunktion wahrend starker Aktivitat
gewabhrleistet. Zusatzlich wurden pathophysiologische Effekte des Amyloid-B (AB)
Peptides in hiPSC abgeleiteten Neuronen untersucht. Dabei zeigten FM4-64
Experimente einen AB-induzierten Defekt im axonalen Vesikeltransport ohne

Beeintrachtigung des ,cycling” prasynaptischer Vesikel in ,bona-fide“ Synapsen.
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Introduction

1 Introduction

The central nervous system (CNS) is performing the storage and processing of
information that enters from diverse areas of the body. Within the CNS the brain
represents the central converting unit. In higher vertebrates, this complex but highly
organized structure consists of up to 100 billion specialized cells (neurons) that
transfer and store information via electric signals. Neuronal function is supported by
different types of glial cells. This second type of cells within the nervous system has a
variety of functions that enable proper neuronal network activity. For instance,
astrocytes take up presynaptically released glutamate to prevent continuous
postsynaptic activity. Neurons usually consist of a single axon a soma and several
dendrites. The dendrites receive information at their postsynaptic sites and conduct
them to the cell soma. At the initial segment of the axon, the electrical information is
transformed into action potentials and guided along the axon to connected neurons
within the neuronal network. Mostly, axons and dendrites branch out to build up
extensive connections. These neuronal networks are not fixed structures but are
characterized by dynamic alterations that strengthen and weaken connections.
Crucial for these dynamic processes are electrical and chemical synapses. These
specialized contacts transmit electrical signals from one neuron to another with one
neuron assembling up to 10000 synapses. Two classes of synapses can be
distinguished. Electrical synapses can transmit information bidirectional between
neurons by gap junctions. In contrast, chemical synapses consist of two
morphologically distinct structures. At the presynaptic terminal, the action potential is
transformed into a chemical signal by the release of neurotransmitter. The transmitter
are binding to specific receptors that are localized within the postsynaptic membrane.
The binding of neurotransmitter molecules opens ion channels and the inward flow of
e.g. cations depolarizes the postsynaptic membrane, hence transferring the chemical
signal back to an electrical signal. Finally, these currents are guided along the
dendrite to the soma. It is thought that transsynaptic cell adhesion molecules (CAMs)
play a major role in the formation of synaptic contacts in immature neurons. Recent
studies also suggest that CAMs are important for proper synaptic function in more

mature neurons after synaptogenesis.
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1.1 Transmission at the chemical synapse

A chemical synapse consists of three structural and functional diverse parts, the
presynapse, the synaptic cleft and the postsynaptic structure. The presynaptic
terminal represents the endpoint of an axon. At this side of the synapse the electrical
information is transformed to a chemical signal in terms of neurotransmitter-release.
These small molecules are released from synaptic vesicles and cross the synaptic
cleft (20-40 nm) to activate specific receptors on the postsynaptic side. The influx of
ions through these receptors generates their postsynaptic electrical signals.
Dependent on the postsynaptic receptors, chemical synapses can be excitatory or
inhibitory. Compared to electrical synapses, synaptic transmission at chemical
synapses is slow but can be modulated at the pre- and postsynaptic side. Thus these
synapses are essential for adaptive dynamic processes within neuronal networks.
Besides the usual axo-dendritic synapse, there are a variety of different possible
combinations like axo-axonic, axo-somatic or even dendro-dendritic synaptic
contacts. Also autaptic contacts, where the axon contacts its own dendrites, are

described but only in very few cases.

111 Presynaptic transmitter release

Presynaptic terminals are specialized structures of the axon and represent the
starting point of synaptic transmission. An incoming action potential depolarizes the
presynaptic terminal and opens voltage-gated Ca®*-channels. The Ca**-influx
increases the Ca**-concentration within the presynaptic terminal (Augustine et al.,
1987; Lisman et al., 2007; Stuidhof, 2013). Particular in local Ca?*-microdomains near
the presynaptic membrane the Ca®*-concentration increases from basic values within
the range of nM up to uM levels (Bollmann et al., 2000; Schneggenburger and Neher,
2000; Jahn and Fasshauer, 2012). The increase in Ca®*-concentration induces the
exocytosis of transmitter-filled vesicles and the subsequent release of
neurotransmitter within the synaptic cleft (Heuser et al., 1979). The exocytosis of
presynaptic vesicles occurs 100 to 200 ps after the inward flow of Ca®*-ions and

depends on the binding of Ca®* to the vesicular protein synaptotagmin (Augustine et
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al., 1994; Llinas et al., 1982; review in Pang and Sudhof, 2010; Sudhof, 2013). The
presynaptically released neurotransmitter diffuse across the synaptic cleft to bind
postsynaptic receptors. Dependent on the released transmitter, the binding can
induce excitatory (EPSC: excitatory postsynaptic current) or inhibitory (IPSC:
inhibitory postsynaptic current) effects. The most common excitatory neurotransmitter
in the mammalian CNS is L-glutamate. Binding of glutamate to postsynaptic
receptors activates unspecific cation channels and the influx of cations depolarizes
the postsynaptic terminal thereby inducing an EPSP (Dingledine et al., 1999;
Hollmann and Heinemann, 1994; Traynelis et al., 2010; Mayer 2011). The most
prominent inhibitory neurotransmitter in the brain is GABA (gamma-aminobutyric
acid). The binding of an inhibitory neurotransmitter induces the inward flow of CI" thus

hyperpolarizing the postsynapse (IPSP).

11.2 Postsynaptic glutamate receptors

The primary function of the postsynapse is to receive information (in terms of
neurotransmitter) and to retransform them into electrical signals. The postsynapse is
functionally characterized by different types of receptors that are selective for the
presynaptically released neurotransmitter. Hence, the interaction of released
neurotransmitter and postsynaptic receptors determines whether a synapse operates
excitatory or inhibitory. In the following, we want to focus on the main characteristics
of the postsynapse of excitatory synapses. After release of glutamate from the
presynapse, it binds to postsynaptic glutamate receptors and induces EPSPs. Two
major types of ionotropic glutamate receptors have been described. Glutamate
binding to ionotropic AMPA (a-amino-3-hydroxy-5-methylisoxazol-4-propionacid),
NMDA (N-methyl-D-aspartate) and kainate receptors causes opening of an ion pore
selective for cations (Traynelis et al., 2010; Mayer 2011). By contrast, glutamate
binding to metabotropic glutamate receptors (mGIuRs) affects G protein signal
cascades and thus indirectly induces modulation of ion channels (Nakanishi, 1994).
lonotropic and metabotropic glutamate receptors feature diverse structural
characteristics. Metabotropic glutamate receptors consist of seven transmembrane

domains that cross the postsynaptic membrane (Nakanishi, 1994). lonotropic
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glutamate receptors consist of four homologous subunits enclosing the ion pore.
Each subunit has three transmembrane and one hydrophobic domain (Traynelis et
al., 2010; Mayer 2011). In contrast to most AMPA and kainate receptors (permeable
for Na* and K), NMDA receptors are also permeable for Ca®"-ions. This
characteristic enables the key function of NMDA receptors in synaptic plasticity
where Ca*-influx initiates signaling cascades that potentiate synapses (Kerchner
and Nicoll, 2008; Traynelis et al., 2010; Mayer 2011; Bliss and Collingridge, 2013).

113 Postsynaptic density of excitatory synapses

The postsynaptic density (PSD) comprises an electron dense structure near the
postsynaptic membrane (Siekevitz, 1985; Sheng and Kim, 2011). It is composed of
different types of scaffolding proteins, regulatory enzymes and cytoskeletal
structures. The PSD ensures proper apposition of pre- and postsynaptic sites during
brain development and improves the localization of receptors in close proximity to
presynaptic vesicle cluster. Furthermore, proteins of the PSD perform catalytic
functions. The size of the PSD correlates with the number of glutamate receptors and
the extent of spines (Kasai et al., 2003), with the total number of protein within the
PSD still in discussion. Based on localization and function, several groups of PSD
proteins can be distinguished. For instance, the membrane associated molecules like
glutamate receptors or cell adhesion molecules. The most abundant proteins within
the PSD are catalytic enzymes of the CaMKII family (Peng et al., 2004). CaMlla
catalyses the recruitment of additional AMPA receptors to the postsynaptic
membrane after Ca?*-influx through NMDA receptors, hence facilitating long-term
potentiation (LTP) (Hayashi et al., 2000). In glutamatergic synapses, the second
most abundant molecules belong to the group of scaffolding proteins. The
postsynaptic density protein 95 (PSD95) plays a major role within the postsynaptic
density. It binds to NMDA receptors, AMPA receptors (via TARPs), cell adhesion
molecules and other ion channels and is crucial for the proper localization of these
proteins within the PSD (Kim and Sheng, 2004; Sheng and Kim, 2011). It is essential
for the functionality of the whole PSD as revealed by RNAi knockdown experiments

(Chen et al., 2011). PSD95 is a member of the membrane-associated guanylate
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kinase (MAGUK) superfamily. Proteins of this group contain three PDZ domains, one
SH3 domain and a guanylate kinase part. The PDZ domains are crucial for protein-
protein interaction and can bind various molecules within the PSD (Peng et al., 2004;
Funke et al., 2005; Kim and Sheng, 2004). For instance, PSD95 interacts with NMDA
receptors through binding of its first two PDZ domains to the GIuN2 subunit of the
receptor (Kornau et al., 1995; Niethammer et al., 1996). Furthermore, it enhances
postsynaptic receptor clustering by stabilizing NMDA receptors at the cell surface
(Prybylowski et al., 2005) or by targeting of NMDA receptors to the PSD (Sprengel et
al., 1998). Moreover, PSD95 couples NMDA receptors to signaling pathways like
nitric oxide synthase (Aarts et al., 2002) or SynGAP (synaptic GTPase activating
protein) (Kim et al.,, 2005). PSD95 also affects AMPA receptors and thereby
modulates synaptic function as revealed by changes in EPSCs upon overexpression
(El-Husseini et al., 2000) and RNAi knockdown experiments (Futai et al., 2007).
Additionally, PSD95 is involved in the modulation of synaptic function and
transsynaptic signaling by binding of cell adhesion molecules like neuroligin (Irie et
al., 1997) that binds presynaptically localized neurexins (Ilchtchenko et al., 1995;
Comoletti et al., 2007; Sudhof, 2008). Also other scaffolding molecules of the PSD
support the functional interaction of CAMs within the postsynapse and hence enable
transsynaptic signaling. For instance, it has been shown that neuroligin is linked with
N-cadherin via the PDZ domain containing molecule S-SCAM. This transsynaptic
pathway induces presynaptic vesicle clustering in immature cortical neurons (Stan et
al., 2010).
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1.2 Presynaptic vesicle exo- and endocytosis

One crucial feature of the development and the proper function of dynamic networks
within the CNS is the ability of synaptic contacts to adapt to changes in neuronal
activity. In this context, a main characteristic of chemical synapses is their capability
to react to activity changes hence enabling dynamic processes. Modifications of
synaptic signal transmission can occur pre- and postsynaptically. Presynaptically, the
strength of synaptic transmission is basically determined by the release of
neurotransmitter via exocytosis and compensatory endocytosis of transmitter-filled
vesicles. On the postsynaptic site, ionotropic and metabotropic receptors are targets
for synaptic modulation. The main topic of this work was the analysis of presynaptic
functionality and its modulation by cell adhesion molecules with a particular focus on

vesicular exo- and endocytosis.

1.2.1 The presynaptic vesicle cluster

Neurotransmission by chemical synapses depends on the release of
neurotransmitter from vesicles of the presynaptic vesicle cluster. The presynaptic
vesicles can be classified into three different groups with diverse spatial locations
and release kinetics (Fig. 1.1; for review see Rizzoli and Betz, 2005). The smallest
group of vesicles comprises the readily releasable pool (RRP). Vesicles of the RRP
are docked at the presynaptic membrane and primed for fast exocytosis upon
stimulation (Stdhof, 2004). This pool contains only 5-20 vesicles and needs to be
refilled by the recycling pool. The recycling pool contains up to 20 % of the whole
vesicle cluster and refills the RRP upon prolonged stimulation (Schikorski and
Stevens, 1997; for review see Harata et al., 2001). The largest pool of synaptic
vesicles represents the reserve pool (£ resting pool). The function of these vesicles
has not been clarified yet, especially in hippocampal neurons where these vesicles
are very difficult to release under physiological conditions (Harata et al., 2001). It has
been shown that also the endocytosis of these vesicles is slower compared with RRP
and recycling pool vesicles indicating endosomal intermediates of reserve pool

vesicles (Takei et al., 1996; for review see Aravanis et al., 2003). Based on these
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observations, it is obvious that RRP and recycling pool vesicles are working together
to enable prolonged synaptic transmission under physiological conditions. The
specific function of the reserve pool is not clear, but a key role upon very strong

synaptic activity can at least be predicted.

Figure 1.1 The presynaptic vesicle cluster

The presynaptic vesicle cluster can be divided into three groups. Primed vesicles are
docked at the presynaptic membrane and comprise the readily releasable pool (RRP).
Fused vesicles of the RRP get refilled by the recycling pool. The largest pool is the
reserve pool that shows little interaction with the RRP and the recycling pool.

1.2.2 The presynaptic vesicle cycle

Proper function of chemical synapses depends on the availability of transmitter-filled
and release-competent vesicles. This in turn relies on a precise interplay of
neurotransmitter release by vesicle exocytosis and vesicle recycling via endocytosis.
To enable repeated rounds of release during strong synaptic activity, synaptic
vesicles run through a controlled trafficking cycle called the synaptic vesicle cycle
(Sudhof, 2004; Jahn and Fasshauer, 2012). The vesicle cycle can be subdivided into
six basic steps (Fig. 1.2).



Introduction

Late endosome,

Synaptlc vesicle lysosome
precursor
Presynaptic " ’,-
Turnoverof g
terr mﬁal < LA plasma membrane
pool protems‘? 1

—{_ 4~
LS.
J Almg
Synaptic vesicle

Direct recycling \
29 3 “‘
Neurotransmitter
Uncoatlng

uptake

Translocation ’ Clathrin-
6 Kiss-and-run ? coated vesicle

— Fusion

Priming

Fission

— — Perisynaptic

zone

ca ,¢° o Clathrin-mediated endocytosis

Figure 1.2 The synaptic vesicle cycle

(modified after Jahn and Fasshauer, 2012)

Synaptic vesicles get loaded with neurotransmitter within the presynaptic terminal. Filled
vesicles get translocated to the plasma membrane where they dock and prlme to be
ready for fast exocytosis. Depolarlzatlon of the plasma membrane causes Ca®*-influx
through voltage-gated Ca®"-channels and triggers vesicle fusion and neurotransmitter
release. After exocytosis, small parts of the plasma membrane get endocytosed generally
by clathrin-mediated endocytosis (CME). Under particular conditions, vesicles can also
fuse by a fast kiss-and-run mechanism. After CME, vesicles get uncoated and refill the
vesicle pool probably by passing an endosomal intermediate.

1) First, transmitter-filled vesicles cluster in front of the active zone. This process is
activity-dependent and supported by the vesicle- and actin-binding protein synapsin
(Llinas et al., 1991). At resting conditions, synapsin connects actin to the vesicles
hence fixing them within the vesicle cluster. The intracellular Ca?*-concentration
regulates the uncoupling of synaptic vesicles from the cytoskeleton by activating a
myosin light chain kinase (Chi et al., 2001; Jordan et al., 2005; Shtrahman et al.,
2005). Thus the movement of synaptic vesicles to the active zone is the initial
activity-dependent step of the vesicle cycle. 2) After vesicle movement, vesicles dock
at the presynaptic membrane. 3) In a further step, vesicles get primed and go into a

ready-to-fuse state. In this stage, a so called SNARE-complex (soluble NSF

8
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attachment protein receptor complex) develops to enable a fast and direct fusion
pore opening upon Ca?*-influx. This complex is a bundle of two presynaptic
membrane-associated proteins SNAP-25 and syntaxin and synaptobrevin2 (VAMP2),
a protein that is anchored within the vesicle membrane (Mochida, 2000; Brunger,
2000; Rizo and Rosenmund, 2008; Sudhof 2013). The formation of this complex is
initiated by Munc18, a protein that binds syntaxin (Deak et al., 2009). 4) Upon
depolarization, Ca?*-ions bind to synaptotagmin and induce conformational changes
of the SNARE-complex hence decreasing the distance from vesicle- to presynaptic
membrane (Chapman, 2002; Rizo and Sudhof, 2002; Rizo and Rosenmund, 2008;
Sudhof 2013). Finally, a fusion pore opens and neurotransmitter molecules leave the
vesicle and diffuse across the synaptic cleft to postsynaptic receptors. After
transmitter release, the SNARE-complex gets disassembled by the ATPase NSF (N-
ethylmaleimide Sensitive Factor) which is mobilized by a-SNAP (Whiteheart et al.,
1994; Clary et al., 1990). 5) Following exocytosis of synaptic vesicles, parts of the
presynaptic membrane get endocytosed again. This process occurs much slower
than vesicle fusion and in different ways such as clathrin-mediated endocytosis
(CME) or the more disputed “kiss-and-run”-mechanism (for review see Sudhof,
2004). 6) Finally, vesicles get re-acidified by a V-type ATPase and refilled with
neurotransmitter through H*/neurotransmitter antiport and translocated to the

recycling vesicle pool for a new round of fusion (Inoue et al., 2003).

1.2.2.1  Synaptic vesicle exocytosis

Synaptic transmission relies on the release of neurotransmitter from presynaptic
terminals. The exocytosis of transmitter-filled vesicles occurs at the presynaptic
active zone, a well characterized area including the presynaptic membrane and a
cluster of proteins called the cytomatrix of the active zone (CAZ). The initiating step
prior to exocytosis is docking and priming of synaptic vesicles, an ATP-dependent
process that enables fast responds of the vesicles to Ca®*-influx. This process is
generally induced by two protein complexes, the SNARE (soluble NSF attachment
protein receptor) proteins and the SM (Sec1/Munc18-like) proteins. Three SNARE

proteins form the SNARE-complex, a four helix bundle essential for Ca?*-triggered
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synaptic transmission (Sollner et al., 1993; Poirier et al., 1998; Sutton et al., 1998).
The vesicular anchored VAMP2 contributes, similar to the membrane-associated
syntaxin, one SNARE motif. The membrane-associated protein SNAP-25 provides
two SNARE motifs to interact with other proteins. Their role in vesicle fusion was
basically established by the characterization of neurotoxins like tetanus or botulinum
neurotoxin. These substrate specific proteases were shown to block presynaptic
vesicle fusion by cleaving synaptobrevin (Link et al., 1992; Schiavo et al., 1992),
SNAP-25 (Blasi et al., 1993(a)) or syntaxin (Blasi et al., 1993(b)). Synaptic vesicle
exocytosis starts with the formation of a tight protein bundle called the SNARE-
complex that runs through an assembly-disassembly cycle. The SNARE proteins
form a trans-SNARE-complex by hydrophobic, a-helical interaction of synaptobrevin,
synataxin and SNAP-25. This complex connects vesicular and presynaptic
membrane and enables fusion pore opening upon Ca*-influx. The fusion and
following complete merge of both membranes is initiated by Ca®*-binding to the
synaptic vesicle associated protein synaptotagmin. Synaptotagmin has two Ca®'-
binding sites and is anchored to the vesicular membrane via a transmembrane-
domain. The C2A binding site can bind two Ca?**-ions and the C2B domain binds
three 3 Ca**-ions (Ubach et al., 1998; Geppert et al., 1994; reviewed in Sudhof,
2013). Furthermore, synaptotagmin binds to syntaxin via its C2 domain (Lai et al.,
2011). Ca*-binding to synaptotagmin leads to conformational changes of the
SNARE-complex from a trans-interaction to a cis-conformation (Pang and Sudhof,
2010). Furthermore, the action of synaptotagmin is promoted by complexins; small
molecules that bind to SNARE complexes (McMahon et al., 1995; Sudhof, 2004).
Membrane fusion is catalyzed by several SM proteins like Munc-18 or Munc-13
(Verhage et al., 2000; Varoqueaux et al., 2002). For instance, it has been shown that
Munc18 and Munc-13 interact to control the priming of synaptic vesicles. At rest,
Munc-18 interacts with syntaxin through high affinity binding, thereby blocking the
assembly of the SNARE-complex. Munc-13 on his part activates a proteinkinase
(PKC) that interferes with the Munc-18/syntaxin-complex so syntaxin-1 gets in an
open configuration and ready for SNARE assembly (Betz et al., 1997; Brose et al.,
2000; Fujita et al., 1996; Burkhardt et al., 2008; Sudhof and Rothman, 2009; Hu et
al., 2011). In addition to SM proteins, SNARE-complex assembly is also supported
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by two chaperone systems. A trimeric complex composed of CSPa (cysteine string
protein a), the heat shock protein Hsc 70 and SGT (glutamate and threonine-rich
protein) has been identified to be essential for proper synaptic function (Tobaben et
al., 2001; Sharma et al., 2012). Furthermore, Burré et al. characterized the role of
synucleins as presynaptic chaperons that can even compensate CSPa-knockout
induced neurodegeneration in vertebrates (Burré et al., 2010; Chandra et al., 2005).
Besides SM proteins and chaperons, SNARE-complex formation and fusion pore
opening is also catalyzed and regulated by several other proteins within the active
zone. For example, RIM (Rab3-interacting molecules) proteins are important for
vesicle docking and priming and in the recruitment of Ca®*-channels (VDCCs) to the
active zone (Koushika et al., 2001; Deng et al., 2011; Kaeser et al., 2012; Han et al.,
2011). It has also been shown that RIM proteins can modulate Ca?*-channels and
affect short-term plasticity (Uriu et al., 2010; Kaeser et al., 2012; Schoch et al., 2002;
Castillo et al., 2002). RIM-BP (RIM-binding proteins) bind RIM proteins and hence
are also essential for Ca?*-channel recruitment (Kaeser et al., 2012). Munc-13 is an
active zone protein involved in vesicle priming (Brose et al., 1995; Augustine et al.,
1999). Several other proteins like a-Liprins, piccolo and bassoon are essential for
vesicle clustering and thereby also crucial for proper synaptic vesicle exocytosis (Dai
et al, 2006; Mukherjee et al., 2010). Presynaptic adaptor proteins like CASK, Velis or
Mints also act on synaptic vesicle exocytosis (for review see Sudhof, 2012). After
exocytosis and transmitter release, synaptic vesicles and proteins involved in
SNARE-complex formation have to be recycled to enable continuous signal
transmission. This is ensured by compensatory endocytosis of small parts of the

presynaptic membrane that contain all vesicle membrane associated molecules.

1.2.2.2 Synaptic vesicle endocytosis

Synaptic endocytosis is essential to maintain the availability of vesicles during high
rates of synaptic transmission and perpetual exocytosis. The initial upstream step of
endocytosis is the disassembly of the SNARE-complex. This is initiated by the
ATPase NSF under ATP consumption and controlled by a-SNAP (Whiteheart et al.,
1994; Clary et al.,, 1990). Subsequently, parts of the lipid bilayer and specific
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vesicular molecules get endocytosed to maintain synaptic transmission. In general,
three different forms of synaptic endocytosis have been discovered. The most
disputed mechanism is called “kiss-and-run”’-endocytosis (Stevens and Williams,
2000). “Kiss-and-run”-endocytosis shows no full fusion of the vesicle membrane with
the presynaptic plasma membrane. Only a small (~ 5 nm) fusion pore develops so
that neurotransmitter can enter the synaptic cleft (Rizzoli and Jahn, 2007). It has
been shown that “kiss-and-run”-endocytosis is characterized by low release
probability and preferentially occurs during high frequency stimulation (Gandhi and
Stevens, 2003; Harata et al., 2006). A more common form of endocytosis comprises
activity-dependent bulk endocytosis. Here a relatively large part of the presynaptic
membrane gets endocytosed and is stored as an endosome within the presynaptic
terminal. In a subsequent step, synaptic vesicles are formed out of the endosomes
and refill the vesicle cluster after neurotransmitter uptake. Bulk endocytosis can be
specifically induced by high frequency stimulation in vitro (Clayton et al., 2008). The
most prevalent and best characterized mechanism is clathrin-mediated endocytosis.
CME is characterized by clathrin-coats that enwrap the membrane invaginations that
are formed out of the plasma membrane. First observations of clathrin-coated pits
were made in the frog neuromuscular junction (NMJ) by electron microscopy (Heuser
et al., 1974). The clathrin-coat is recruited under assistance of several clathrin-
adaptor proteins like AP-2, AP-180 or stonin2 (for review see Saheki and De Camilli,
2012). Thereby the adaptor proteins ensure the recycling of former vesicular
membrane and their components like SNARE proteins. For instance, AP-2 and
stonin2 bind the Ca®*-sensor synaptotagmin (Haucke and De Camilli, 1999; Diril et
al., 2006). AP-2 also binds vesicular neurotransmitter transporter hence recognizing
vesicular components (Fei et al., 2008). Furthermore Koo et al. described the specific
binding of AP-180 to synaptobrevin as “SNARE-motif-mediated sorting” of vesicular
membrane parts (Koo et al., 2011). Thus AP-2 and AP-180 initiate the attachment of
clathrin and dynamin to the endocytotic zone (Wakeham et al., 2000). Finally, the
clathrin-coated pits get pinched-off by the GTPase dynamin under GTP hydrolysis
(Hinshaw and Schmid, 1995; Ferguson and De Camilli, 2012). The essential role of
dynamin was demonstrated by experiments using the temperature-sensitive shibire

mutation in Drosophila that shows a strong phenotype caused by the blockade of
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endocytosis and depletion of synaptic vesicles (Koenig and lkeda, 1989). These first
observations were confirmed in several studies, for instance in synapses lacking
dynamin (Raimondi et al., 2011). In physiological experiments, the small molecule
dynasore can be used to specifically block synaptic endocytosis as it interferes with
GTPase activity thus demonstrating the importance of dynamin for the fission of
synaptic vesicles (Macia et al., 2006; Hua et al., 2013). Several studies revealed
endosomal structures within the presynaptic terminal during CME (Harata et al.,
2006; Saheki and De Camilli, 2012).
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1.3 Synaptic cell adhesion molecules

Neuronal cell adhesion molecules are transmembrane proteins that connect the pre-
and postsynapse by homophilic binding to each other or by heterophilic interaction
with other proteins. CAMs provide mechanical stability and can induce synaptic
modulation via transsynaptic signaling. In particular, the roles of CAMs in the
development of immature neurons are well characterized and range from stability
and initial target recognition to synaptic differentiation and the regulation of synaptic
structures during synaptogenesis (Fig. 1.3; for review see Yamagata et al., 2003;
Siddiqui and Craig, 2011).
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Figure 1.3 The roles of synaptic cell adhesion molecules in synapse formation and
function

(modified after Yamagata et al., 2003)

lllustration of potential roles of different CAMs in synapse formation and function. (A)
Mechanical stability mediates a solid coherence of pre- and postsynaptic components.
(B) Recognition of appropriate partners or regions for synaptogenesis. (C) Synaptic
differentiation by recruitment of synapse specific molecules to the pre- and postsynaptic
terminal. (D) Modulation of synaptic size and shape subsequently affects synaptic
efficiency.

Extracellular, neuronal adhesion molecules can bind to each other within the synaptic

cleft or bind to proteins of the extracellular matrix. Intracellular, CAMs are generally
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connected to signaling molecules or cytoskeletal proteins within the presynaptic
active zone or the PSD. Besides integrins and proteins of the immunoglobulin
superfamily (Ig), cadherins and the neuroligin/neurexin complex represent the most
prominent synaptic cell adhesion molecules of the CNS. A large group within the
CNS are the cadherins (Ca?*-dependent adhesion molecules). This superfamily of
adhesion molecules consists of three different groups: classic cadherins (e.g. N-, R-
and E-cadherin), protocadherins and the cadherin-related neuronal receptors (CNR).
The most common cadherin in the mammalian CNS is neuronal (N)-cadherin. N-
cadherin proteins are present at both, the pre- and postsynaptic site and bind
homophilically to each other within the synaptic cleft in a Ca®*-dependent manner (for
review see Pokutta and Weis, 2007; Brigidi and Bamiji.,, 2011). Another well
characterized complex is the neuroligin/neurexin cell adhesion system. Neuroligin is
present at the postsynaptic site and binds to neurexins that are anchored in the
presynaptic plasma membrane hence representing a heterophilic interaction of two
divergent CAMs (Krueger et al., 2012).

1.3.1 The homophilic N-cadherin adhesion complex

N-cadherin mediates adhesion, signaling, synapse formation and synaptic plasticity
by homophilic interactions within the synaptic cleft and intracellular binding to
catenins. N-cadherin is synthesized from a precursor polypeptide by proteolytic
elimination of the N-terminal propeptide and a short signaling sequence. N-cadherin
belongs to the type | classical cadherins and consists of five extracellular domains
(ECDs), one transmembrane domain and a cytoplasmatic tail that enables
interactions with signaling molecules and cytoskeletal structures. The ECDs are
enclosed by four Ca®*-binding sites that enable homophilic interactions in trans and
cis (Fig. 1.4; Pokutta and Weis, 2007; Brasch et al., 2012). The extracellular part
contains a specialized sequence of the amino acids histamine, alanine and valine
(HAV motif) that is important for the homophilic interaction (Yap et al., 1997; Williams
et al., 2000; Pokutta and Weis, 2007; Brasch et al., 2012). Trans-interaction of N-
cadherin creates weakly connected cadherin monomers whereas the cis-interaction

is much stronger resulting in the formation of cis-dimers with strong trans-interaction
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(Shapiro et al., 1995; Brasch et al., 2012). Homophilic interaction between N-
cadherin in trans is mediated through binding of the ECD1 of both N-cadherin
molecules, whereas cis interaction is made by binding of the ECD1 of one N-
cadherin molecule to the ECD2 of another N-cadherin molecule (Pokutta and Weis,
2007). Within the pre- and postsynaptic structures, N-cadherin interacts via its C-

terminal end with catenins that in turn regulate actin (Yamada et al., 2005).
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Figure 1.4 Homophilic adhesion of cadherins

(modified after Brasch et al., 2012)

(A) Overall structure of classical cadherins. The extracellular domain consists of 5
domains (EC1-EC5). The cytoplasmic domain binds to p120 and B-catenin. C-terminal
interaction of B-catenin with a-catenin links cadherins to the actin-cytoskeleton. (B)
Extracellular adherens of cadherins by cis- and trans-interaction. Trans-interaction is
mediated by EC1/EC1 binding. Cis-interaction is made by EC1/EC2 binding.

The expression of N-cadherin in the CNS changes during development and
maturation. In immature neurons, N-cadherin is expressed in nascent excitatory and
inhibitory synapses, whereas it disappears in mature inhibitory synapses during brain
development. Additionally, the synaptic localization of N-cadherin within excitatory

synapses changes upon development. More precisely, N-cadherin moves from the
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center of the active zone to the perisynaptic zone during synapse maturation
(Benson and Tanaka, 1998; Elste and Benson, 2006). N-cadherin adhesion is well
known to regulate synapse formation and synaptic maturation of immature neurons.
Effects of interfering with N-cadherin function were found both, pre- and
postsynaptically. On the presynapse it has been shown that inhibiting N-cadherin
adhesion decreased the recruitment of synaptic vesicles in immature hippocampal
neurons (Togashi et al.,, 2002; Stan et al., 2010). On the postsynaptic site, N-
cadherin affects the formation and maturation of spines by indirect interaction with
the actin-cytoskeleton via a- and B-catenins (Togashi et al., 2002). It has been
shown, that manipulating N-cadherin signaling leads to increased development of
immature filopodia-like processes by altered interaction with catenins (Bozdagi et al.,
2010; Abe et al., 2004). Furthermore, activity-dependent spine morphogenesis and
long-term potentiation (LTP) are controlled by N-cadherin (Mendez et al., 2010;
Bozdagi et al., 2010). N-cadherin has been proposed to directly influence spine
functionality by interaction with the AMPA receptor subunit GIuR2 irrespective of
signaling via catenins or actin. It has been described that N-cadherin interacts with
the extracellular domain of GIuR2 to increase mEPSC frequency and spine formation
(Saglietti et al., 2007). N-cadherin attendance also reflects the activity of neuronal
networks on the synapse level. Upon high synaptic activity, endocytosis of N-
cadherin is reduced and results in elevated membrane-associated N-cadherin levels
(Tai et al., 2007). However, another study describes an activity-driven decline of N-
cadherin adhesion. Here it was shown that NMDA receptor activity increased the
activity of presenilin-1 that cleaves N-cadherin within its transmembrane domain
(Marambaud et al.,, 2003). Besides the impact of N-cadherin on structure and
morphology of dendritic spines and synapses in general, several studies describe a
crucial role in the functionality of synaptic contacts. N-cadherin knockout lead to
increased synaptic depression (Jungling et al., 2006) and strongly reduced long-term
potentiation (Bozdagi et al., 2010). In addition, a transsynaptic function of N-cadherin
was described with postsynaptic N-cadherin regulating presynaptic function (Jingling
et al., 2006). Furthermore it was shown in hippocampal slices that the induction and
stability of LTP is controlled by N-cadherin adhesion (Bozdagi et al., 2004; Bozdagi et

al., 2010). More recent studies also predict a functional cooperation of N-cadherin
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with other cell adhesion molecules to affect synapse maturation and functionality. It
has been shown that N-cadherin cooperates with the cell adhesion system
neuroligin/neurexin to induce vesicle clustering at the presynaptic site. The
transsynaptic signaling was mediated by the scaffold molecule S-SCAM that
connects N-cadherin and neuroligin within the postsynaptic terminal hence enabling
transsynaptic signaling (Stan et al., 2010; Aiga et al., 2011). Interestingly, N-cadherin
can also regulate synaptic formation and function in a negative fashion. A mismatch
situation with N-cadherin selectively expressed at the postsynaptic site leads to
impaired synaptic function revealed by reduced AMPA receptor mediated EPSCs. A
long-term mismatch expression finally results in synapse elimination and axon
retraction (Pielarski et al., 2013). In vivo, the expression pattern of homophilic cell
adhesion molecules might create a code to stabilize synaptic contacts and to
reorganize network structures. A crucial role of N-cadherin expression in axon
outgrowth and formation of functional circuits was already predicted in previous
studies (Redies et al., 1993; Obst-Pernberg et al., 2001). However, the functional
roles of N-cadherin are not restricted to vesicle clustering or spine formation in
immature neurons. Furthermore a crucial role of N-cadherin on the functionality of
mature synapses has been proposed. Examining synaptic functionality by
electrophysiology and optical methods revealed that interfering with postsynaptic N-

cadherin reduces presynaptic release (Jungling et al., 2006; Vitureira et al., 2011).

1.3.2 The heterophilic neuroligin/neurexin interaction

Another well characterized transsynaptic cell adhesion system is the neuroligin-
1/neurexin interaction. In this heterophilic cell adhesion system, the postsynaptic
CAM neuroligin-1 binds to neurexins that are anchored within the presynaptic
membrane (Fig. 1.5). Neuroligins compose of a single extracellular domain, a
transmembrane domain and a cytoplasmatic tail that binds to PDZ domain containing
molecules within the postsynaptic terminal via a PDZ-domain recognition motif. In
mammals, neuroligins are encoded by at least four genes (NLG1-4) (Ichtchenko et
al., 1996). Localization studies indicated neuroligin-1 expression exclusively in

excitatory synapses (Song et al., 1999) and neuroligin-2 located to inhibitory

18



Introduction

synapses (Varoqueaux et al., 2004). In contrast, neuroligin-3 expression has been
detected in both, inhibitory GABAergic and excitatory glutamatergic synapses
(Budreck and Scheiffele, 2007).
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Figure 1.5 The transsynaptic neuroligin/neurexin interaction

(modified after Comoletti et al., 2008)

lllustration of the transsynaptic neuroligin-1/B-neurexin interaction. Neuroligin-1 (green
ribbon) is anchored to the postsynaptic membrane and binds to B-neurexin within the
synaptic cleft. B-neurexin (red ribbon) is tethered at the presynaptic terminal.

Postsynaptic neuroligins bind to presynaptic neurexins (Ichtchenko et al., 1995).
Neurexins were first discovered as receptors for the black-widow spider neurotoxin a-
latrotoxin, a toxin that causes massive release of neurotransmitter in vertebrates
(Ushkaryov et al., 1992). Neurexins can be grouped into two classes: a-neurexins
and B-neurexins, each encoded by three genes (Missler and Sudhof, 1998). a- and
B-neurexins differ in the number of extracellular domains. a-neurexins contain six
LNS (laminin, nectin, sex-hormone binding globulin) domains and B-neurexins are
smaller proteins with just one LNS domain. Neuroligin-1 can bind numerous isoforms

of all three neurexins and became the best characterized neuroligin/neurexin
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adhesion system in subsequent studies (Ichtchenko et al., 1995; Sudhof, 2008). The
binding of neuroligin-1 to neurexins via their N-terminal extracellular domains within
the synaptic cleft is controlled by alternative splicing of both genes (Boucard et al.,
2005). The C-terminal domain of neuroligins and neurexins each contain a PDZ-
domain recognition motif that binds PDZ domains that are characteristic elements of
pre- and postsynaptic scaffolding molecules (Missler and Sudhof, 1998). The most
common C-terminal binding partners of B-neurexins within the presynaptic terminal
are CASK and Mints that also bind to each other thus forming a large tripartite protein
complex (Butz et al., 1998). Within the postsynaptic terminal neuroligins can bind to
several proteins of the postsynaptic density like PSD95 or S-SCAM (Irie et al., 1997,
Chen et al., 2000). Similar to N-cadherin, neuroligin-1/B-neurexin adhesion is Ca®*-
dependent and requires preceding clustering of neuroligins as revealed by neuroligin
oligomerization mutants that fail to bind B-neurexin (Nguyen and Sudhof, 1997; Dean
et al., 2003). Neuroligin-1/B-neurexin adhesion is thought to control key steps of initial
synapse formation and synapse maturation within the CNS. The role of neuroligins in
the formation of synaptic contacts was impressively demonstrated by an artificial
experimental approach with non-neural cells contacting neurons. In this approach,
the postsynaptic expression of neuroligins (Nlg-1 and NIg-2) in fibroblast cells
induced synaptogenesis in contacting axons. On the other site, blocking endogenous
neuroligin/neurexin interaction with soluble neurexin decreased presynaptic synapse
formation (Scheiffele et al., 2000). The artificially generated hemi-synapses are
physiologically and structurally analogs of normal synapses (Scheiffele et al., 2000;
Fu et al., 2003; Sara et al., 2005). Subsequent studies further demonstrated the roles
of neuroligins and neurexins in synapse formation and function. For example, the
overexpression of HA-NIg-1 increases levels of presynaptic and postsynaptic
proteins like synaptophysin or PSD95. In parallel, the overexpression of Nig-1
increases MEPSC and mIPSC frequency indicating an increased number of
functional presynaptic sites (Prange et al., 2004). A series of subsequent studies
confirmed and extended these observations in less artificial culture systems for
diverse neuroligin isoforms (Varoqueaux et al., 2006; Wittenmayer et al., 2009; Chih
et al., 2005; Levinson and El-Husseini, 2005). Identically to mammals, four neuroligin

genes (dnlg1-4) were identified in Drosophila. It has been shown that neuroligin-1
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affects synaptic differentiation and function in Drosophila neuromuscular junctions
(NMJs) at the pre- and postsynaptic site via transsynaptic interaction with neurexin-1
and the presynaptic active zone protein Syd-1 (Banovic et al., 2010; Owald et al.,
2012). Furthermore, studies on Drosophila dnl2 null mutants revealed a crucial role
of neuroligin-2 in synapse maturation and function (Sun et al., 2011). More recent
studies showed the requirement of neuroligin-3 for the development and
differentiation in NMJs (Xing et al., 2014) and the essential role of neuroligin-4 in

sleep regulation (Li et al., 2013).
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1.4 Aims of the study

Major goal of this work was the examination of the roles of N-cadherin and
neuroligin-1 in presynaptic function. Furthermore, a potential cooperation between
these two CAMs in the regulation of presynaptic vesicle cycling was addressed.
These questions were instigated by previous studies that described a functional
cooperation of N-cadherin and neuroligin-1 in presynaptic vesicle clustering in
immature synapses (Stan et al., 2010; Aiga et al., 2011). Furthermore, a series of
previous studies indicated functional effects of N-cadherin and neuroligin-1 on
presynaptic vesicle cycling as revealed by fluorescence microscopy or
electrophysiology. However, a differential analysis of potential exo- and endocytotic
effects of these CAMs in mature, postsynaptogenic neurons still has to be done.
Immunocytochemical stainings for the vesicle membrane associated protein VAMP2
were performed to verify the maturity of the cell culture system as indicated by the
lack of synaptogenesis by overexpression of N-cadherin and neuroligin-1 protein.
Activity-dependent methods were used for the subsequent study of potential effects
of these CAMs on presynaptic function. FM4-64 staining and destaining experiments
were performed to study basic characteristics of presynaptic functionality. FM dye is
taken up exclusively by active cycling vesicles, hence providing functional information
in contrast to immunostainings that are restricted to structural observations.
Furthermore, FM experiments enable the distinct analysis of presynaptic function in
contrast to electrophysiological approaches that mainly reveal postsynaptic
properties. In this context, the use of pHluorin-based imaging was of particular
interest to further improve the significance of analysis of presynaptic functions.
Therefore, experiments with the genetically encoded probe synaptophysin-pHIluorin
(SypHy) were performed in an autaptic glial microisland cell culture system. SypHy
enables the differential analysis of presynaptic vesicle exo- and endocytosis within
one experiment based on sensitive recordings of changes of intravesicular pH
values. The autaptic culture system allows the simultaneous analysis of several
presynaptic SypHy puncta within one experiment. Furthermore, it enables the
concurrent overexpression of homophilic N-cadherin at the pre- and postsynaptic
site. SypHy protein was expressed in individual neurons together with DsRed2 as a
marker for transfected cells because of the quenched SypHy fluorescence signal in
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the resting state of the synapse. The action of N-cadherin and neuroligin-1 was
examined in “gain-of-function” and “loss-of-function”-experiments by overexpression
or knockout of these molecules.

In the second part of this study, the roles of N-cadherin and neuroligin-1 were
deepened with a special focus on the coupling of presynaptic vesicle exo- and
endocytosis. Although the compensation of vesicular exocytosis by subsequent
endocytosis appears to be indispensable for the maintenance of proper synaptic
function, little is known about the mechanisms and molecules that are involved in the
coupling of presynaptic vesicle cycling. In an elaborated experimental approach, N-
cadherin was further analyzed with special regard to its behavior upon increased
synaptic activity. Therefore, double-stimulation SypHy experiments were performed
in N-cadherin knockout neurons to compare compensatory vesicle endocytosis upon
weak and strong exocytosis. Finally, immunocytochemical stainings were performed
to analyze structural changes of pre- and postsynaptic molecules upon intense

synaptic activity and altered coupling of presynaptic vesicle exo- and endocytosis.
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2 Materials and methods

2.1 Culture media and chemicals

211 Cell culture media

Neurobasal medium (NB medium)

NB medium 500 ml

+ B27- Supplement 50x 10 ml

+ Glutamax-I-Supplement 2,5ml

+ Penicillin-Streptomycin 5ml
solution 100x

Basal medium (BME medium)

Basal Medium Eagle 1x 500 ml

+ FBS 50 ml

+ L-Glutamin (200 mM) 5 mi

+ Glucose (40 %) 3 ml

+ Insulin-Transferrin- 5 mi
Selenium solution

+ Penicillin-Streptomycin 5 mi

solution 100x

Gibco; Cat.
Gibco; Cat.
Gibco; Cat.
Gibco; Cat.

Gibco; Cat.
Gibco; Cat.
Gibco; Cat.
J.T.Baker; Cat.
Gibco; Cat.

Gibco; Cat.

Solutions used for primary culture and glia preparation

PBS Dulbecco’s phosphate-
buffered saline (PBS**)
PBS Dulbecco’s phosphate-

buffered saline without Ca**, Mg**

24

Gibco; Cat.

Gibco; Cat.

No.
No.
No.
No.

No.

No.

No.

No.

No.

No.

No.

21103-049
17504-036
35050-038
15140-122

41010-026
10500-064
25030-024
No. 0114

51300-044

15140-122

14040-091

14190-094
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1x Trypsin-EDTA (0,05 %)
Trypsin (0,25 %)
ARA-C (Cytosin--D-

Arabinofuranosid

hydrochloride) 10uM
Poly-L-Ornithine 1 mg/ml
Boric acid 0,15 M

Solutions used for transfection

NeuroMag Beads

Endotoxin-free H,O

Gibco; Cat. No. 25300-054
Gibco; Cat. No. 25050-014

Sigma-Aldrich; Cat. No. C-6645
Sigma-Aldrich; Cat. No. P-3655
Sigma-Aldrich; Cat. No. 083K0055

OZ Biosciences Cat. No. NM51000
Quiagen; Cat. No. 1018458

Solutions used for determination of cell viability

calcein-AM 1/2000

Molecular Probes Cat. No. C1430

21.2 Buffer for immunocytochemical stainings

Blocking buffer |

FBS 10 %
Sucrose 5%
BSA 2%
TritonX100 0,3 %

Gibco; Cat. No. 10500-064
Merck; Cat. No. 1076871000
Sigma-Aldrich; Cat. No. A4919
Sigma-Aldrich; Cat. No. X100

...in PBS Dulbecco’s phosphate- buffered saline (PBS**)

82,7 %

Blocking buffer |l

Gibco; Cat. No. 14040-091

equivalent to blocking buffer | but without FBS. Equal replacement of FBS with

PBS**.
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Extracellular solutions

Materials and methods

Solutions for FM experiments (high [K'] stainings)

FM4-64-Extra |

NaCl
KCI
CaCly
MgCl,
HEPES

Glucose

130 mM
5 mM
2,5mM
1 mM
20 mM
0 mM

J.T.Baker; Cat. No. 0278
Sigma-Aldrich; Cat. No. 31248
Sigma-Aldrich; Cat. No. 12074
Sigma-Aldrich; Cat. No. 63068
AppliChem; Cat. No. A 1069,0100
Merck; Cat. No. 1083370250

FM4-64-Extra | (90 mM K" depolarization solution)

NaCl
KCI
CaCly
MgCl,
HEPES
Glucose
FM4-64

45 mM
90 mM
2,5mM
1 mM
20 mM
0 mM
20 uM

FM4-64-Extra | (wash solution)

NaCl
KCI
CaCly
MgCl,
HEPES

Glucose

ADVASEP-7

130 mM
5 mM
1 mM
10 mM
20 mM
0 mM
1 mM

adjusted to pH 7,3 with NaOH
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J.T.Baker; Cat. No. 0278
Sigma-Aldrich; Cat. No. 31248
Sigma-Aldrich; Cat. No. 12074
Sigma-Aldrich; Cat. No. 63068
AppliChem; Cat. No. A 1069,0100
Merck; Cat. No. 1083370250

Molecular Probes; Cat. No. T-13320

J.T.Baker; Cat. No. 0278
Sigma-Aldrich; Cat. No. 31248
Sigma-Aldrich; Cat. No. 12074
Sigma-Aldrich; Cat. No. 63068
AppliChem; Cat. No. A 1069,0100
Merck; Cat. No. 1083370250
Sigma-Aldrich; Cat. No. A3723
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Solutions for FM4-64 experiments (electrical stimulations)

Extracellular solution |l

NaCl 119 mM J.T.Baker; Cat. No. 0278

KCI 2,5mM Sigma-Aldrich; Cat. No. 31248
CaCl, 2 mM Sigma-Aldrich; Cat. No. 12074
MgCl, 2 mM Sigma-Aldrich; Cat. No. 63068
HEPES 25 mM AppliChem; Cat. No. A 1069,0100
Glucose 30 mM Merck; Cat. No. 1083370250
DL-AP5 50 uM Tocris; Cat. No. 0105

DNQX 10 uM Tocris; Cat. No. 0189

FM4-64 10 uM Molecular Probes; Cat. No. T-13320

Extracellular wash solution |l

NaCl 119 mM J.T.Baker; Cat. No. 0278

KCI 2,5 mM Sigma-Aldrich; Cat. No. 31248
CaCly 0 mM Sigma-Aldrich; Cat. No. 12074
MgCl, 2mM Sigma-Aldrich; Cat. No. 63068
HEPES 25 mM AppliChem; Cat. No. A 1069,0100
Glucose 30 mM Merck; Cat. No. 1083370250
DL-AP5 50 uM Tocris; Cat. No. 0105

DNQX 10 uM Tocris; Cat. No. 0189
ADVASEP-7 1 mM Sigma-Aldrich; Cat. No. A3723

Extracellular solution Il (5 mM Ca**)

NaCl 119 mM J.T.Baker; Cat. No. 0278

KCI 2,5 mM Sigma-Aldrich; Cat. No. 31248
CaCly 5mM Sigma-Aldrich; Cat. No. 12074
MgCl, 2mM Sigma-Aldrich; Cat. No. 63068
HEPES 25 mM AppliChem; Cat. No. A 1069,0100
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Glucose 30 mM
DL-AP5 50 uM
DNQX 10 uM
FM4-64 10 uM

adjusted to pH 7,4 with NaOH

Merck; Cat. No. 1083370250
Tocris; Cat. No. 0105

Tocris; Cat. No. 0189

Molecular Probes; Cat. No. T-13320

Solutions for Synaptophysin-pHluorin experiments

Extracellular solution Il (SypHy)

NaCl 136 mM
KCI 2,5 mM
CaCl, 2 mM
MgCl, 1,3 mM
HEPES 10 mM
Glucose 10 mM
DL-AP5 50 uM
DNQX 10 uM

NH,4CI solution (SypHy)

NaCl 36 mM
KCI 2,5mM
CaCly 2mM
MgCl, 1,3 mM
HEPES 10 mM
Glucose 10 mM
NH.CI 100 mM

Extracellular solution Ill (SypHy- 0 mM Ca2+)

NaCl 136 mM
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J.T.Baker; Cat. No. 0278
Sigma-Aldrich; Cat. No. 31248
Sigma-Aldrich; Cat. No. 12074
Sigma-Aldrich; Cat. No. 63068
AppliChem; Cat. No. A 1069,0100
Merck; Cat. No. 1083370250
Tocris; Cat. No. 0105

Tocris; Cat. No. 0189
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Sigma-Aldrich; Cat. No. 31248
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AppliChem; Cat. No. A 1069,0100
Merck; Cat. No. 1083370250
Sigma-Aldrich; Cat. No. A0171-100G
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KCI 2,5mM Sigma-Aldrich; Cat. No. 31248
CaCly 0 mM Sigma-Aldrich; Cat. No. 12074
MgCl, 1,3 mM Sigma-Aldrich; Cat. No. 63068
HEPES 10 mM AppliChem; Cat. No. A 1069,0100
Glucose 10 mM Merck; Cat. No. 1083370250
DL-AP5 50 uM Tocris; Cat. No. 0105

DNQX 10 uM Tocris; Cat. No. 0189

Extracellular solution Ill (SypHy- 5 mM Ca2+)

NaCl 136 mM J.T.Baker; Cat. No. 0278

KCI 2,5 mM Sigma-Aldrich; Cat. No. 31248
CaCly 5mM Sigma-Aldrich; Cat. No. 12074
MgCl, 1,3 mM Sigma-Aldrich; Cat. No. 63068
HEPES 10 mM AppliChem; Cat. No. A 1069,0100
Glucose 10 mM Merck; Cat. No. 1083370250
DL-AP5 50 uM Tocris; Cat. No. 0105

DNQX 10 uM Tocris; Cat. No. 0189

Extracellular solution Il (SypHy- 50 mM K*)

NaCl 88,5 mM J.T.Baker; Cat. No. 0278

KCI 50 mM Sigma-Aldrich; Cat. No. 31248
CaCl, 2 mM Sigma-Aldrich; Cat. No. 12074
MgCl, 1,3 mM Sigma-Aldrich; Cat. No. 63068
HEPES 10 mM AppliChem; Cat. No. A 1069,0100
Glucose 10 mM Merck; Cat. No. 1083370250
DL-AP5 50 uM Tocris; Cat. No. 0105

DNQX 10 uM Tocris; Cat. No. 0189

adjusted to pH 7,3 with NaOH
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Supplements for SypHy experiments

Bafilomycin A1 1 uM Sigma-Aldrich; Cat. No. B1793-10UG
Dynasore hydrate 80 uM Sigma-Aldrich; Cat. No. D7693
Neurexin 13/Fc

Chimera 2 ug/ml R&D Systems; Cat. No. 5268-NX-050
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2.2 Cell culture

Experiments were performed on primary neurons that were dissociated from cortices
of E18 or E19 mouse fetuses from two mouse lines (C57/BL6 and Ncad™). In
autaptic cultures, the growth of processes (especially of the axon) was constricted by
previous seeding of glial cells forming microislands that function as a natural border
of neurite outgrowth. Neuronal mass cultures forming almost exclusively synapses

were cultured on Poly-L-Ornithine (PO) coated coverslips.

221 Cleaning and coating of coverslips

Neuronal mass cultures were seeded on PO-coated coverslips. Before coating, the
coverslips had to be cleaned for a better attachment of the PO-coating onto the glass
surface. About 500 coverslips (15 mm; Assistant) were placed in a big glass petri
dish containing freshly prepared 1M HCI and shaken for 2h at 200 rpm.
Subsequently, the coverslips were rinsed 3x and shaken for 2 min in demineralized
water. After checking the pH, the coverslips were rinsed and shaken 2x in Millipore
water. Remaining water was removed by several washing steps in 100% ethanol.
Finally, the coverslips were dried for 2h at 180°C in a heat sterilizer. The baked
coverslips were filled into a red-capped glass bottle and sterilized for 3h at 180°C.
For PO-coating, the coverslips were placed into 6 well plates and incubated with 80
pl PO (1 mg/ml in 150 mM borate buffer (pH 8,35)). On the next day the coverslips
were washed 3x with sterile aqua dest. Finally, the coverslips were dried for at least

24h before adding neurons.

222 Preparation of primary dissociated cortical neurons

Primary neocortical neurons were dissociated from fetuses from E18 or E19 mice.
Depending on the experimental approach, fetuses from wild type C57/BL6 or from

dflox

floxed N-cadherin mice (Ncad™") were used.

First, mice were killed with CO, and decapitated. Then the fetuses were taken out of

the uteri and kept in a 100x20 mm tissue culture dish (Sarstedt) on ice. All following
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steps were done under a clean bench to prevent contamination. First, the scalp and
the skullcap were opened with two forceps (Dumont 4-5) and the brain was removed
using a micro-scoop. The brain was transferred to a culture dish (Falcon; 35x10 mm)
with ice cold DPBS™* to prevent drying out and contamination of the tissue. Under a
binocular (20x magnification) the two hemispheres were separated using a scalpel
(Feather No. 11). After removing the meninges, the cortices were minced into smaller

+/+

pieces and collected in 1 ml DPBS™". The dissociation was induced by adding 200 ul
0,25% Trypsin and incubation at 37° for 5 min. The digestion was stopped by adding
FBS containing BME medium. Finally, the tissue was mechanically dissociated in
BME using a 200 pl pipette tip. The cell suspension was diluted in 3 ml BME medium
and two centrifugation steps were done to remove non-dissociated tissue pieces and
rests of meninges. First the cell suspension was centrifuged for 1 min at 400 rpm.
The supernatant was collected and centrifuged for 5 min at 900 rpm. The pellet was
dissolved in BME medium and the cell concentration was determined with a counting
chamber (Neubauer). For non-autaptic mass cultures 30-40.000 cells were placed in
the middle of PO-coated coverslips and incubated for 1h at 37°C. The cultures were

grown in 2 ml NB medium + B27 supplement for up to 15 days.

223 Cultivation of neuronal networks on glial microislands

For a better performance of synaptophysin-pHIluorin experiments, | established a
culture system of small neuronal networks (10-20 neurons) on glial microislands (Fig.
2.1). In this autaptic system it is possible to analyze postsynaptic overexpression of
adhesion molecules with presynaptically expressed SypHy. This culture system
makes it possible to manipulate molecules at the pre- and postsynaptic site at the
same time with just one transfection, which is particularly interesting for studying
homophilic cell adhesion molecules like N-cadherin. To cultivate confluent
monolayers of astrocytes, cortical tissue from E18-E19 or from PO0-P3 mice
(C57/BL6) was dissociated analogous to 2.2.1. The cell suspension of 2 hemispheres
was cultivated in 25 cm? cell culture flasks (Nunc) for 1-3 months in BME medium
until all neurons had died off and the astrocytes had grown to a confluent layer. The

BME medium was exchanged every week to support growing of glial cells. To make
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glial microislands, astrocytes were detached from the flask and seeded out again at a

lower concentration on glass coverslips. Therefore the culture was washed with
preheated DPBS™ and incubated in 3 ml Trypsin-EDTA (0,05 %) for 5 min at 37°C.

The proteolytic reaction was stopped with 5 ml FBS containing BME medium. The

suspension was centrifuged for 1 min at 2000 rpm and the pellet was resuspended in

1 ml BME medium.

A

1-3 months \ 5-7 days \ 9 days

\ 3-5 days

Glial upgrowth Glial microislands 7 Neurons on
glial microislands

DIVO

Transfection and
protein expression

Experiments
DIV 9 DIV 12-14
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Figure 2.1 Formation of autaptic neuronal networks in glial microisland cultures

(A) Phase contrast images of primary dissociated neurons on astrocytes on DIV1 (left)
and DIV 4 (right). (B) ICC images of a glial microisland culture. Astrocytes were labelled
with an antibody for GFAP (Glial fibrillary acidic protein) (left). Dendrites were stained with
an antibody for MAP2 (green) and axons with an antibody for tau protein (red). Scale bars
in (A) and (B): 50 ym. (C) Timeline of glial microisland preparation. Glial microislands
were plated 5-7 days before neurons. Usually, transfections were performed at DIV 9 and
experiments were done at DIV 12-14.

To create single cell microislands, 40-60 pl of the suspension were applied onto each
glass coverslip. The cells were incubated in 2 ml BME medium for 4-7 days. At DIV 0
(days in vitro), 40-80.000 cortical neurons from 2.2.2 were added to each coverslip
and incubated in glia conditioned BME medium. 6 h later, the BME medium was
replaced by 3 ml NB medium + B27 supplement. Afterwards, the NB medium was

exchanged on DIV 3, 6 and 9 by fresh pre-incubated NB medium.

23 Transfection of primary dissociated cortical neurons

Transfections were performed to examine protein function in “gain-of-function”-
experiments (e.g. N-cadherin or neuroligin-1 overexpression) or to knock out proteins
in a “loss-of-function”-approach (e.g. conditional N-cadherin knockout). Furthermore,
plasmids were used to express fluorescent molecules (e.g. PSD95-DsRed2), to
express genetically encoded probes (e.g. Synaptophysin-pHluorin) or to express a

marker for transfected cells (e.g. DsRed?2).

2.31 List of plasmids

The following plasmids were used in this study:

pEGFP-N1
Enhanced Green Fluorescent Protein; Kanamycin resistance; Clontech.

pDsRed2-N1
Discosoma sp. Red Fluorescent Protein 2; Kanamycin resistance; Clontech.
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Neuroligin-1-EGFP

Neuroligin-1 (Rattus norvegicus) fused to multiple cloning site of pEGFP-N1;

Kanamycin resistance; (gift from Dr. T. Dresbach, University of Géttingen, Germany).

N-cadherin-EGFP

N-cadherin (murine) fused to pEGFP-N1; Kanamycin resistance; (gift from Dr. C.

Gauthier-Rouviere, University of Montpellier, France).

pBS598EF1alpha-EGFPcre
Cre recombinase fused to EGFP inserted into pBS598 vector (addgene); Ampicillin

resistance.

pCMV-Neuroligin-1

Neuroligin-1 (Rattus norvegicus) fused to multiple cloning site of pCMV-Myc-C

vector; Ampicillin resistance; (gift from Dr. N. Brose, University of Goéttingen,

Germany).

pMS149.1-N-cadherin

N-cadherin (murine) inserted into pMS149.1 vector; Ampicillin resistance; (gift from

Dr. R. Kemler, MPI Freiburg, Germany)

SypHy-A4 (Rat Synaptophysin-pHluorin)

pH sensitive pHIluorin fused to rat synaptophysin inserted into pEGFP-C1;
Kanamycin resistance; (gift from Dr. L. Lagnado, Cambridge, UK; available at
addgene (plasmid 24478))

pDsRed2-N1-PSD95
PSD95 fused to multiple cloning site of pDsRed2-N1 (Clontech); Kanamycin

resistance; (gift from Dr. V. Lessmann, University of Magdeburg, Germany).
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2.3.2 Magnetofection™ as a tool for cell transfection

Single cortical neurons were transfected by Magnetofection™. In this mechanic way
of cell transfection, DNA is introduced through magnetic nanoparticles (Plank et al.,
2003). Plasmid DNA and cationic magnetic nanoparticles form a complex which is
taken up by primary neurons upon propulsion by a magnetic field. Plasmid
DNA/nanoparticle-complexes on the cell surface are taken up by endocytosis so that
the DNA can induce protein expression within the cells. For neuronal transfection, the
plasmid DNA was mixed with nanoparticles (NeuroMag; OZ Biosciences) in NB
medium without supplements and incubated for 15 min at RT. Then the
DNA/NeuroMag-complexes were added to the neuronal cell culture in 6 well plates.
Transfection efficiency was enhanced by Magnetofection™ on an oscillating
magnetic plate (magnefect LT; nanoTherics) for 30 min at 37°C. After transfection,
the cell culture medium was replaced with fresh medium and the culture was

incubated at 37°C (2-5 days) for protein expression.

2.3.3 Conditional N-cadherin knockout

In this study | focused on the role of N-cadherin in synaptic function in mature
neurons. For functional experiments, N-cadherin knockout neurons were used.
Besides its function in brain tissue, N-cadherin also has a key role in embryonic heart
development. Absence of N-cadherin leads to a lethal phenotype (e.g. heart defects)
in early embryonic stages around E10 (Radice et al., 1997). Therefore, it is
impossible to prepare primary dissociated neurons from conventional N-cadherin
knockout mice. To circumvent this issue | made use of a conditional N-cadherin
knockout mouse developed by Dr. Glenn Radice (Jefferson Medical College,
Philadelphia, USA) which is available from Jackson Labs (Kostetskii et al., 2005).
The Ncad™ mouse genome contains loxP sites flanking exon1 of the N-cadherin
(Cdh2) gene. The homozygous mice are viable, fertile and show normal physical and
behavioral characteristics. In this study, | used E18 Ncad™* mice fetuses to prepare
primary dissociated cortical neurons identical to 2.2.2 and 2.2.3. To delete the N-

cadherin gene, | transfected individual cells in neuronal cultures with a CreEGFP
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plasmid. The subsequent CreEGFP expression in transfected neurons induced the
deletion of exon1 of N-cadherin which contains translational start sites and
transcriptional regulatory sequences (Radice et al., 1997). Hence, the expression of
the CreEGFP plasmid in these neurons deleted the N-cadherin alleles. These
neurons were used to analyze the role of N-cadherin in synaptic function in several

“loss-of-function”-approaches.

24 Fluorescence microscopy

241 Imaging Setup Axiovert 200M for live cell imaging and
immunocytochemical stainings

To examine the roles of N-cadherin and neuroligin-1 on presynaptic vesicle exo- and
endocytosis, diverse experimental approaches and different methods were used.
Except for superresolution microscopy (SIM) all experiments were done on an
inverted Axiovert 200M microscope (Zeiss). Images were acquired with a 63x
objective (Plan-Apochromat 63x/1,4 oil; Zeiss), a 40x objective (EC Plan-Neofluor
40x/1,3 oil; Zeiss) or a 20x objective (A Plan 20x/0,30 Ph1; Zeiss). Images were
recorded with a 12 bit CoolSnap ES2- charged coupled device camera and exposure
was controlled by two external shutters (Vincent Associates, Uniblitz VMM-D1).
Following filter sets from Zeiss were used in this study to control dye excitation and

light emission.

i SRR | S )
445/50
485/20 510 515/565
545/25 570 605/70

Table 2.1 Filter sets for fluorescence microscopy

In immunocytochemical stainings and for neuroligin-1 localization experiments, z-

stack images (depth: 0,3-0,5 pm) were acquired controlled by MetaVue software. 3D
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deconvolution operations were performed offline using AutoDeblur software (Visitron
Systems) to reduce background fluorescence and to increase signal to noise ratio.
Maximum projection images were done using MetaMorph software. Depending on
the experimental approach, images were thresholded via the autothreshold operation
in MetaMorph or manually using the intensity profiles of the individual images in
MetaVue. Finally, in some experiments a low-pass filter was used to exclude single

pixel noise in MetaVue or MetaMorph software.

24.2 Immunocytochemical stainings of pre- and postsynaptic molecules

Immunocytochemical stainings were performed to examine basic structural
properties of pre- and postsynaptic components. The stainings gave information
about the maturity of cortical cultures (VAMP2 stainings) or about structural changes
associated with high synaptic activity (VAMP2, PSD95 or N-cadherin stainings).

All following steps, except overnight incubation of primary antibody, were done on a
shaker (< 50 rpm). First, coverslips with cortical neurons were transferred to a new
chamber ( 6-, 12-, 24-well) and washed 3x with DPBS**. Fixation was induced by
incubation in 4% paraformaldehyde (PFA) for 20 min under a laboratory hood.

+/+

Cultures were washed 3x with DPBS™ to completely remove PFA. Then neurons
were permeabilized with TritonX100 containing blocking buffer | for 30 min to enable
staining of intracellular components. Subsequently, the primary antibody was added
to blocking buffer | and incubated either 1 h at room temperature or overnight at 4°C.

+/+

Cultures were washed 3x10 min with DPBS™" before incubating with secondary
antibody in blocking buffer Il for 1h at room temperature. From now on all steps were
done in the dark to prevent photobleaching of the fluorophore-tagged secondary
antibody. Prior to microscopic analysis, cultures were washed 3x10 min to reduce
unspecific staining. Imaging was performed on Axiovert-200M microscope or on
ELYRA-PS (Zeiss). Images with the Axiovert-200M setup were captured as z-stacks
by MetaVue software and subsequently deconvolved offline with AutoDeblur software
to reduce out-of-focus fluorescence. Following, primary antibodies were used in this

study:
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Primary antibody W Company; Cat. No

VAMP2 (rabbit polyclonal) 1/2000
VAMP2 (mouse monoclonal) 1/1000
VAMP2 (guinea pig polyclonal) [0l
Tau (mouse monoclonal) 1/500
N-cadherin (rabbit polyclonal) |/l eEs
1/2000
PSD95 (mouse monoclonal) 1/400 -
1/1000
GFAP (rabbit polyclonal) 1/1000
MAP2 (chicken polyclonal) 1/1000
N-cadherin (mouse) 1/400

Abcam; Cat. No. 3347

Synaptic Systems; Cat. No. 104211
Synaptic Systems; Cat. No. 104204
Synaptic Systems; Cat. No. 314011
Abcam; Cat. No. 18203

Abcam; Cat. No. 2723

DAKO; Cat. No. Z0334

Abcam; Cat. No. 92434
BD Biosciences; Cat. No. 610920

Table 2.2 Utilized primary antibodies for immunocytochemistry

The primary antibodies were marked by the following fluorophore-conjugated

secondary antibodies:

Secondary antibody

Alexa 555 goat anti rabbit 1/1000
Alexa 555 goat anti mouse 1/500

Alexa 488 goat anti chicken 1/1000
Alexa 488 goat anti mouse 1/1000
Alexa 488 goat anti guinea pig 1/1000
Alexa 647 goat anti mouse 1/1000
AMCA anti rabbit 1/1000
AMCA anti chicken 1/1000

W Company; Cat. No.

Molecular Probes; Cat. No. A21428
Molecular Probes; Cat. No. A21147
Molecular Probes; Cat. No. A11039
Molecular Probes; Cat. No. A21151
Molecular Probes; Cat. No. A11073
Molecular Probes; Cat. No. A21241
Jackson; Cat. No. 111-155-144

Jackson; Cat. No. 103-155-155

Table 2.3 Secondary antibodies used for immunocytochemistry
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243 Monitoring localization changes of synaptic molecules upon strong
synaptic activity

To examine potential structural changes caused by high synaptic activity, cultures
were stimulated and immediately fixed prior to immunocytochemical staining for N-
cadherin, VAMP2 or PSD95. To examine the localization of neuroligin-1 in this
approach, neurons were transfected with neuroligin-1-EGFP. To check the role of
PSD95 on neuroligin-1 localization, cultures were cotransfected with DsRed2-PSD95

and neuroligin-1-EGFP. For structural analysis, cultures (DIV 12-14) were stimulated

5 min in 50 mM K’ containing extracellular solution and directly fixed with

paraformaldehyde. For control experiments cells were incubated in normal
extracellular solution (5 min in 2,5 mM K+). To analyze reversibility, cultures were

recovered in normal extracellular solution (30 min in 2,5 mM K+) after stimulation and
subsequently fixed with PFA. The experiment was also performed with stimulation in
the presence of dynasore (80 upM) to block vesicular endocytosis. Hence,
immunocytochemical stainings were done for several pre- and postsynaptic
molecules and for the cell adhesion molecule N-cadherin. Finally, fluorescence
images were acquired on Axiovert 200M microscope or on ELYRA-PS (Zeiss) to

perform high resolution images.

244 Analysis of synaptic function with FM4-64

To analyze the functionality of synapses, it is necessary to use methods that result in
activity-dependent signals to characterize pre- and postsynaptic function. In this
context, immunocytochemical stainings on fixed cells are restricted to give structural
information and cannot be used for detailed analysis of synaptic function. To study
the cycling of presynaptic vesicles, | therefore made use of the two activity-
dependent fluorescence indicators FM4-64 and Synaptophysin-pHIluorin. The styryl
dye FM4-64 is a well established probe to measure exo- and endocytotic processes
in a variety of systems and is commonly used to analyze synaptic vesicle turnover.
For a short overview of the staining method see also Fig. 2.2. To label active synaptic

vesicles, FM4-64 (10-20 yM) was added to the extracellular solution of cortical
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neurons (usually between DIV 12-15) and it was dissolved in the hydrophobic

membrane. Then vesicle cycling was induced by stimulating the nerve terminal (90

mM K’ for 2min or 400 stimulations at 20 Hz) leading to FM4-64 uptake by vesicle
endocytosis of dye-containing membrane (Newton and Murthy, 2006). In a longer
washing step (10 min) FM4-64 remaining in the surface membrane was washed
away to reduce the background staining and to increase the signal to noise ratio. To
increase the washing efficiency, 1 mM ADVASEP-7 was added, a quenching
substance with a higher affinity to FM4-64 than the cell membrane. The washing step
was done in Ca®'-free extracellular solution to inhibit the release of FM dye by
spontaneous activity. After the washing step, clear distinct puncta representing the
active vesicle cluster labeled with FM4-64 dye were present. These puncta can be
used to quantify synaptic vesicle cycling, i.e. the interplay of exo- and endocytosis.
To measure the speed of exocytosis in more detail, destaining experiments were
performed to measure the kinetics of FM4-64 dye loss upon stimulation as an
approximation of vesicular exocytosis. FM4-64 destaining was induced by electrical
field stimulation (1200 stimulations at 20 Hz) in extracellular solution, which in the
absence of FM dye leads to a decrease in fluorescence due to exocytosis of FM
labeled vesicles with the presynaptic membrane. At the end of the experiment, a
second electrical stimulation (2000 stimulations at 20 Hz) induced the exocytosis of
remaining intravesicular FM4-64 and thus provided the unspecific background level

of fluorescence.
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1. Extracellular FM4-64 binds to the
outer membrane and becomes
fluorescent

Presynapse

Postsynapse

2. FM4-64 uptake by exocytosis and
subsequent endocytosis of dye
containing membrane

3. FM4-64 labeled synaptic vesicle
cluster

4. Reduction of background
fluorescence by intense washing

5. Destaining by exocytosis of
FM4-64 labeled vesicles

6. Complete destaining of synaptic
vesicles

Figure 2.2 Staining and destaining of synaptic vesicle cluster with FM4-64
lllustration of FM4-64 staining and destaining procedure. FM4-64 is highlighted in red. (1.)
FM4-64 dye binds to the pre- and postsynaptic membrane and becomes fluorescent in

the hydrophobic environment.

(2.) Upon stimulation,

uptake of FM4-64-bounded

membranes by endocytosis establishes FM4-64 labelled vesicle cluster (3.). (4.) After
washing in Ca’*-free extracellular solution, active vesicle cluster get visible as distinct
fluorescent puncta. (5.) A second stimulation in absence of dye results in a loss of
fluorescence by exocytosis and vesicle destaining (6.)
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24.5 Analysis of vesicular exo- and endocytosis using Synaptophysin-
pHluorin

Experiments with the genetically encoded probe Synaptophysin-pHIluorin (SypHy)
were performed to get detailed information about the roles of N-cadherin and
neuroligin-1 in the cycling of synaptic vesicles. SypHy experiments reveal differential
measurements of vesicular exo- and endocytosis simultaneously with just one
experiment. The combination of SypHy imaging with manipulations of synaptic
adhesion molecules (e.g. overexpression of N-cadherin or neuroligin-1) enables the
study of the roles of these molecules in vesicle cycling. SypHy is a fusion protein of a
pH sensitive variant of EGFP named pHIluorin (Miesenbock et al., 1998) with the
synaptic vesicle protein synaptophysin invented and provided by Dr. L. Lagnado
(Granseth et al., 2006). The basic mechanism of SypHy imaging is the pH dependent

fluorescence of pHluorin (Fig. 2.3).

quenched requenched
pHluorin signal > ’ pHIuorin signal
) H+
- ®
/ : v-ATPase/ -
y . 14 <«
H+ 0
e O
Presynaptic terminal —
Synaptic cleft Endocytosis & vesicle

Exocytosis (pHf) reacidification (pHy)

Figure 2.3 pHluorin-based measurement of vesicle turnover at the presynapse
(modified after Kavalali and Jorgensen, 2014)

lllustration of pHIuorin-based imaging of synaptic exo- and endocytosis. The pH-sensitive
EGFP construct pHIluorin can be fused to proteins of the vesicle membrane for the
defined measurement of vesicular turnover. The three most commonly tagged molecules
are synaptobrevin (SynaptopHIuorin), synaptophysin (SypHy) or the vesicular glutamate
transporter (vGlut1-pHluorin). (Left) At the resting state, pHluorin-fluorescence is
quenched because of the low pH within the vesicles (~ pH 5.5). (Middle) Upon
stimulation, synaptic vesicles fuse and pHluorin gets exposed to the extracellular pH (~
pH 7,3) and fluorescence gets unquenched. The increase in fluorescence represents the
kinetics of exocytosis. (Right) After exocytosis, vesicles get endocytosed and the
requenching of the fluorescence is mediated by reacidification through vesicular
ATPases.
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Intravesicular pHluorin is quenched because of the low pH within vesicles in the
resting state of the presynaptic terminal. Upon electrical stimulation, vesicles fuse
with the presynaptic membrane and the pH increases up to the extracellular level.
Hereby the pHIuorin gets unquenched and fluorescent puncta can be observed by
fluorescence microscopy. The detectable increase in fluorescence describes kinetics
and amount of vesicle exocytosis. After exocytosis, vesicles get endocytosed and
reacidified while pHIluorin gets quenched again. The observed decline in
fluorescence represents the kinetics of endocytosis and can clearly be distinguished
from exocytosis (Royle et al., 2008; Sankaranarayanan et al., 2000). In this work,
experiments with SypHy were performed on autaptic cultures to analyze the roles of
N-cadherin and neuroligin-1 in synaptic vesicle cycling. For this, cortical neurons
(DIV 9-10) were transfected with the SypHy-A4 plasmid (gift from Dr. L. Lagnado).
DsRed2 was cotransfected as a marker for a better visualization of transfected
neurons and detection of autaptic contacts. | also overexpressed N-cadherin or
neuroligin-1 in the same neurons and compared vesicle turnover with control neurons
expressing only SypHy and DsRed2. Further, SypHy experiments in conditional N-
cadherin knockout neurons were performed by co-transfecting Cre recombinase in
neurons from floxed N-cadherin mice (Ncad"). SypHy experiments were performed
3 to 5 days after transfection. To induce vesicle cycling, neurons were transferred to
a stimulation chamber (Live Cell Instrument) in extracellular solution containing AP-5
(50 uM) and DNQX (10 puM) to prevent recurrent network activity. Neurons were
stimulated with 1 ms pulses (biphasic) of 100 mA at room temperature. Based on the
experimental approach, between 200 and 800 stimulations with a frequency of 20 Hz
were applied. At the end of each experiment, vesicles were alkalized using an

extracellular solution containing 100 mM NH,CI to stimulate the maximal SypHy

fluorescence reflecting the expression level. This signal was used for normalization of
SypHy fluorescence data. During the whole experiment, fluorescence images were
acquired with time intervals of 2-5 seconds and fluorescence intensities over time
were analyzed offline using MetaVue software. For further details regarding SypHy

imaging (experimental setup and analysis) see also 2.5.2 and 3.2.
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2.4.6 Superresolution analysis using structured illumination microscopy

Spatial resolution is one of the most limiting parameters to analyze biological
structures within cells. Therefore it is of particular interest to optimize imaging
techniques to improve the resolution for the observation of small cell components. In
wide-field microscopy, the optical resolution underlies the diffraction limit (described
by Ernst Abbe). During the last decades, several techniques were developed to
overcome the diffraction limit and thus improve spatial resolution. One of these
methods is Structured lllumination Microscopy (SIM) developed by John W. Sedat
and colleagues (Gustafsson et al., 2008; Schermelleh et al., 2008). This technology
provides several advantages over other superresolution methods. Since it is based
on conventional wide-field microscopy, it can be used for multicolor imaging. It is
possible to observe several molecules and their interaction within one specimen in
contrast to electron microscopy. Furthermore, SIM can be performed with common

fluorescence dyes and without specialized sample preparation.
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Figure 2.4 Overcoming the diffraction limit by structured illumination

(modified after Schermelleh et al., 2010)

(A) Samples are excited with a grid-like illumination. (B) Interference of the structured
illumination with the sample structure generates the Moiré fringes. (C) Offline
backprocessing of the Moiré fringes generates the superresolution image.

SIM is based on conventional wide-field microscopy but with doubled resolution in
the x/y and z-direction. Crucial characteristics of SIM are the unequal illumination of
the sample combined with an offline reconstruction to get superresolution images

(Fig. 2.4). Therefore, laser light is passing an optical grating that additionally slides in



Materials and methods

the x/y-direction resulting in a defined structured illumination of the sample. The
interference of this grid-like illumination with known pattern and the structure of the
excited sample generates Moiré fringes. Thus these images transform the high
spatial frequency sample information down to lower frequencies, so that the
information can bypass the diffraction limit and be taken up by the optical system. To
get high resolution images, this information is processed back to the high frequency

level in an offline software-controlled process (Schermelleh et al., 2010).

2.5 Image processing and statistical analysis

Image processing and analysis was performed with MetaMorph and MetaVue
software (Visitron Systems). Deconvolution of 3D z-stack images was done via
AutoDeblur software (Visitron Systems). Statistical evaluation and creation of graphs
were performed with Sigmaplot 11.0. Microsoft Excel was used for data exchange
between MetaMorph and MetaVue, respectively and Sigmaplot. For statistical
evaluation, data were represented as mean values with standard error. Significance
was tested using Student’s t-test for two groups and using one way ANOVA for three
or more groups. Data groups were regarded as statistically significant for P<0,05 (*
P<0,05; ** P<0,01 and *** P<0,001). Figure arrangement was performed in
CorelDRAW 12.

251 Analysis of FM experiments

To analyze images of FM stainings (high [K+]-stainings), fluorescence images were
imported in MetaMorph and smaller sections were thresholded with the autothreshold
function. FM puncta on dendrites were determined by overlay images of the EGFP
signal (dendrites) and the FM4-64 staining. Finally, regions of interest (ROls) were
created around the thresholded FM puncta that overlapped with the dendrites.
Puncta area and the lengths of the dendrites (for calculation of puncta density) were
measured automatically by MetaMorph and exported to an Excel file. All statistics
were done in Sigmaplot 11.0 by loading the Excel file into a Sigmaplot sheet. FM
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stainings were represented in terms of FM puncta density (FM puncta on 10 ym

dendrite) and mean puncta area (pmz).

To analyze FM stainings induced by electrical stimulation, fluorescence images were
imported in MetaVue. Thresholding was based on the intensity profile of the
respective FM signal of each staining. In some experiments, a low-pass filter was
applied to remove single pixel noise. The further analysis and statistical evaluation
was similar to FM stainings induced by high [K'].

For FM destaining experiments, cultures were stained via electrical stimulation in the
presence of FM4-64 in the extracellular solution. To determine the kinetics of
vesicular exocytosis, cultures were stimulated a second time but in the absence of
FM dye. Finally, a second strong stimulus was applied to ensure complete destaining
and to determine the background fluorescence level. Images were taken in intervals
of five seconds to record the loss in fluorescence of FM puncta over time and thus
the kinetics of exocytosis. Time-lapse sequences were subsequently processed and
analyzed offline in MetaVue and Sigmaplot. First, puncta on dendrites were defined
analogous to FM stainings. After thresholding and creation of overlay images (with
EGFP signal to determine dendritic puncta), regions of interest were drawn around
FM puncta. Subsequently, average pixel intensities of each region over time were
determined automatically by MetaVue and exported to an Excel file. The local
fluorescence intensities in individual synaptic vesicle cluster over time were
background subtracted to exclude unspecific fluorescence. For this the fluorescence
intensities at the end of the destaining experiment (after two electrical stimulations) of
individual puncta were subtracted from the corresponding time-lapse sequence.
Intensity values of each individual punctum were normalized to its baseline level prior
to stimulation to enable the pooling of different experiments. Exocytosis was
quantified by the percentage decrease of the fluorescence intensity of each punctum
at the end of the first stimulation (60 s). Puncta without destaining were excluded
from averaging to avoid inclusion of unspecific staining. In a few cases, moderate
movements in the x/y-direction over time were corrected with the StackReg plug-in in
ImageJ and subsequently processed in MetaVue. Experiments with strong shifts in
the x/y- or the z-direction that could not be corrected by ImageJ were excluded.
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25.2 Analysis of Synaptophysin-pHluorin experiments

Each SypHy experiment generated a time-lapse sequence of the pHIuorin-signal
over time that included the baseline-signal before stimulation, the increase in
fluorescence upon stimulation and the decay in fluorescence after stimulation. In
addition, an image of the DsRed2-signal of the transfected neuron was acquired to
show neuronal structures and to detect autapses. At the end of each experiment, an
equal amount of extracellular solution that contained 100 mM NH4Cl was applied to
the normal extracellular solution within the stimulation chamber (50 mM NH4CI final
concentration). The extracellularly applied ammonium rapidly entered all synaptic

vesicles and dequenched all expressed SypHy molecules. Images of this NH,CI-

induced total SypHy signal were used for normalization and to compensate for
variations in the expression level of SypHy. Analysis and quantification was
performed in MetaVue and Sigmaplot software. The initial step to analyze SypHy
experiments was the determination of ROIls around autaptic contacts. For this, the

fluorescence image of the NH,Cl induced total signal was thresholded on the basis of

its intensity profile and merged with the corresponding DsRed2 image. In some
experiments, a low-pass filter was used to remove single pixel noise. SypHy puncta
on dendrites were regarded as autapses and ROIls were drawn around the
thresholded puncta. Additionally, one ROI was created in the background to record
fluctuations in background fluorescence over time. ROIs were loaded into the time-
lapse sequences and average pixel intensity values over time were determined for

each punctum. Furthermore, average pixel intensities of the NH,Cl induced maximal

signals of each ROls were determined. All data were exported and further processed
with Sigmaplot. First, the average pixel intensities of the background were subtracted
from every single ROI. Afterwards, the baseline fluorescence (0 s) was subtracted to
correct for differences in spontaneous activity. Average pixel intensities of each

punctum were then normalized to the background subtracted NH,Cl induced signal of

the appropriate ROI. Individual puncta not showing fluorescence increase upon
stimulation (non-releasing sites) were excluded from analysis to avoid an influence
on the decay kinetics. Small shifts in the x/y-direction of the time sequences were

corrected in ImagedJ. Experiments with larger shifts in the x/y- or in the z-direction had
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to be excluded from analysis. In double-pulse experiments with two successive
stimulations (1. stimulus: 200 stimuli at 20 Hz; 2. stimulus: 800 stimuli at 20 Hz)
individual puncta without an increase in exocytotic signal amplitude in response to
the first stimulus versus the second stimulus were rejected due to disturbed vesicle
cycling during the course of the experiment.

Some basic control experiments without overexpression of adhesion molecules like

2+ L " : :
Ca -dependence of exocytosis signals or addition of dynasore and bafilomycin A1
were done on all puncta without selecting autapses. In these experiments all active

SypHy puncta above threshold (NH,CI image) were analyzed. Furthermore, in the

analysis of Ca**-dependence experiments SypHy signals were not normalized to the

NH,CI induced signal, because the same cultures were stimulated repeatedly in

different extracellular solutions.

253 Analysis of immunocytochemical stainings

Fluorescence images of immunocytochemical stainings were acquired using the
motor-driven deconvolution microscope Axiovert 200M (Zeiss). Additionally, SIM was

carried out to perform a more detailed imaging of structural relations within synapses.

2.5.3.1 Axiovert 200M setup

To obtain stacks of images along the z-axis perpendicular to the object, 3D z-stack
images with 0,3 to 0,5 ym depth (in different experiments) were made using the
motor-driven microscope Axiovert 200M. The number of planes was individually
adapted to the thickness of the respective culture. Bottom and top levels were
manually defined by focusing through the z-axis and 3D z-stacks were acquired in
MetaVue automatically by running through the focal planes. Generated z-stack
images were further processed and analyzed in AutoDeblur and MetaMorph.
Quantification and statistical evaluation were performed in Sigmaplot. For image
processing, z-stack images were first deconvolved with AutoDeblur. Deconvolution of
the 3D z-stacks was done to increase the signal-to-noise ratio and to obtain more
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focused images. The deconvolution operation corrects for optical distortions that
occur as the microscope generates and processes 3D images. The reason for the
distortion is that point light sources cannot be collected by an optical system as a
clear dot but instead appear like a double cone with its tips centered within the point
light source. The deconvolution method estimates the out-of-focus fluorescence that
is characterized by the so called point-spread function (PSF) and depends on diverse
features of the optical system. The PSF can be approximately calculated for every
individual optical system and is used to calculate back the out-of-focus light to its
place of origin, hence increasing the signal-to-noise ratio. In this study, 3D z-stack
images were processed in AutoDeblur via blind deconvolution. In this specific
algorithm, the PSF is unknown. The software assumes different PSF and selects the
procedure with the best improvement. To estimate the PSF, the software integrates
diverse information like the used objective, the wavelength of the emitted light or the
depth of the image planes. The deconvolved z-stack images were further processed
in MetaMorph. First, a maximum projection image was created out of the stack by
determining the maximum intensity of each pixel from all image planes in the z-
direction and calculating one maximum intensity image. Subsequently, the maximum
projection was thresholded by the autothreshold function or manually depending on
the experimental approach and the properties of the image. In some cases, parts of
the image were cut out prior to thresholding to exclude unspecific staining (especially
around cell somata) and to improve thresholding accuracy. In some experiments,
thresholded images were further processed with a low-pass filter. The low-pass filter
operation in MetaMorph or MetaVue corrects for single pixel noise and creates a
smoothened image. This filter modifies the value of a single pixel by offsetting the
values of the surrounding pixels to create an average value. The low-pass filter
determines this average value of each individual pixel and creates a smoothened
image with reduced single pixel noise. After thresholding and optional low-pass filter
operation, ROIs were created and average pixel intensity, puncta area or puncta
density were determined with MetaMorph and quantified in Sigmaplot.
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2.5.3.2 ELYRA-PS setup

Superresolution microscopy (SIM) was performed with the Zeiss Elyra PS setup in
cooperation with the group of Prof. Dr. Hermann Aberle (Funktionelle
Zellmorphologie; University of Disseldorf) with kind assistance of Rebekka Ochs at
the Center for Advanced Imaging (CAIl Dusseldorf). Immunocytochemical stainings
were exposed to laser light at four different wavelengths (405nm, 488nm, 561nm,
642nm) to create multicolor images with a high resolution in the x/y-direction for a
more detailed analysis of the spatial organization of different pre- and postsynaptic
molecules like VAMP2, PSD95 or the cell adhesion molecule N-cadherin. Images

were captured with an alpha Plan-Apochromat 63x/1,46 oil objective (Zeiss).
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3 Results

3.1 Effects of N-cadherin and neuroligin-1 expression on synaptic
vesicle cycling

The two cell adhesion molecules N-cadherin and neuroligin-1 are well characterized
to affect diverse synaptic processes like initial recognition and maturation of synaptic
contacts. Furthermore, it has been shown that the cell adhesion systems N-
cadherin/catenin and neuroligin-1/neurexin also cooperate to induce presynaptic
maturation (Stan et al., 2010). Generally, previous studies were done on immature
neurons and focused on the roles of cell adhesion molecules in not fully maturated
synapses. However, much less is known about the influence of these molecules on
the functionality of mature neurons. This work examined the roles of N-cadherin and
neuroligin-1 in the functionality of mature synapses, particularly with regard to
presynaptic vesicle exo- and endocytosis. In first experiments, the postsynaptic
expression of N-cadherin and neuroligin-1 was manipulated by overexpression or
knockout approaches and vesicle cycling was studied with the activity-dependent dye
FM4-64.

3.11 Influence of N-cadherin and neuroligin-1 expression on presynaptic
vesicle cluster

Initial experiments were done in immature neurons (DIV 7) to test the plasmids used.
Primary cortical neurons were cultured on PO for at least 4 days and were
transfected with N-cadherin-EGFP or neuroligin-1-EGFP and compared to control

neurons expressing EGFP.

3.1.1.1  Synaptogenic effect of N-cadherin and neuroligin-1 expression in
immature neurons

First, cortical neurons were transfected at DIV 4 with N-cadherin-EGFP, neuroligin-1-

EGFP and EGFP, respectively. Three days after transfection, cultures were fixed in
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4% PFA and immunostained with an antibody against synaptobrevin-2 (VAMP2). As
a presynaptic vesicle membrane associated molecule, immunocytochemical

stainings for VAMP2 can be used to detect changes in presynaptic vesicle clustering.
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Figure 3.1 N-cadherin and neuroligin-1 expression induce synaptic vesicle
clustering in immature neurons

Postsynaptic overexpression of N-cadherin-EGFP and neuroligin-1-EGFP, respectively,
induces additional presynaptic vesicle cluster in immature (DIV 7) cortical neurons. (A)
Fluorescence images of immunostainings for the synaptic vesicle protein VAMP2. Grey-
scale (upper panel) and thresholded (lower panel) images of the VAMP2 signal. Left:
VAMP?2 signal of control cells expressing EGFP. Middle: VAMP2 signal of N-cadherin-
EGFP expressing cells. Right: VAMP2 signal of neuroligin-1-EGFP expressing cells.
Dendrites are outlined in thresholded images. Scale bar: 5 ym. (B) Quantification of
VAMP2 puncta density on dendrites. (C) Quantification of VAMP2 puncta size. EGFP: n=
29; N-cadherin-EGFP: n= 29; neuroligin-1-EGFP: n= 25 (n represents number of cells).
Error bars represent S.E.M. ** P< 0,01 (One Way Anova with Holm-Sidak Post Hoc Test).
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To increase the signal-to-noise ratio and to remove background fluorescence, z-stack
images were acquired with MetaVue and processed offline with AutoDeblur software.
After deconvolution, maximum projection images were created and further processed
with a low-pass filter in MetaMorph software. To analyze the VAMP2 signal, the
EGFP signal of dendrites was merged with the corresponding VAMP2 signal. Next,
regions of interest were determined around thresholded VAMP2 puncta that
contacted dendrites. The overexpression of N-cadherin-EGFP as well as the
overexpression of neuroligin-1-EGFP increased the density of VAMP2 puncta on
dendrites in immature neurons (Fig. 3.1A). Postsynaptic overexpression resulted in a
significantly (P< 0,01) increased VAMP2 puncta density in N-cadherin-EGFP
expressing neurons (4,10 = 0,21 puncta/10 ym dendrite, n= 29 cells) as well as in
neuroligin-1-EGFP expressing neurons (3,94 £ 0,22 puncta/10 um dendrite, n= 25
cells) as compared to control (2,83 + 0,18 puncta/10 um dendrite, n= 29 cells; Fig.
3.1B). The VAMP2 puncta area was not significantly altered, neither in N-cadherin-
EGFP expressing neurons (0,90 + 0,08 ym?, n= 29 cells), nor in neuroligin-1-EGFP
expressing neurons (0,87 + 0,11 pm?, n= 25 cells) as compared to EGFP expressing
controls (0,68 + 0,04 um?, n= 29 cells; Fig. 3.1C).

These data confirm synaptogenic effects of N-cadherin and neuroligin-1 in immature
neurons and indicate the proper expression and functionality of the plasmid-encoded
proteins (N-cadherin-EGFP and neuroligin-1-EGFP) in primary dissociated cortical

neurons.

3.1.1.2 Effect of N-cadherin and neuroligin-1 expression on vesicle cycling
in immature neurons

To examine whether the overexpression of N-cadherin-EGFP or neuroligin-1-EGFP
results in new functional synapses, vesicle cluster were labeled with the activity-
dependent dye FM4-64. In contrast to immunostainings, only actively cycling vesicles
get labeled by endocytotic dye uptake upon synaptic stimulation. Analogously to the
previous experiment, immature (DIV 5) cortical neurons were transfected with N-
cadherin-EGFP, neuroligin-1-EGFP or EGFP. Two days later, cultures were

stimulated for 2 min with a modified extracellular solution containing 90 mM KCI in
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the presence of FM4-64 (20 uM). After intense washing, distinct FM4-64 puncta
representing presynaptic vesicle cluster were observed on postsynaptic dendrites.
For analysis, overlay images of FM4-64 stainings and the corresponding EGFP
signal were created and smaller parts were thresholded with the autothreshold
function in MetaMorph. The postsynaptic overexpression of N-cadherin-EGFP or

neuroligin-1-EGFP clearly increased the FM4-64 puncta density (Fig. 3.2A).
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Figure 3.2 Induction of synaptic vesicle cycling by N-cadherin and neuroligin-1
expression

Vesicle cycling was stimulated by extracellular application of 90 mM K" for 2 min. (A)
Grey-scale (upper panel) and thresholded (lower panel) fluorescence images of FM4-64
labelled vesicle cluster. Left: FM4-64 signal of EGFP expressing control cells. Middle:
FM4-64 signal of N-cadherin-EGFP expressing cells. Right: FM4-64 signal of neuroligin-
1-EGFP expressing cells. Dendrites are outlined in thresholded images. Scale bar: 5 ym.
(B) Quantification of FM4-64 puncta density. (C) Quantification of FM4-64 puncta size.
EGFP: n= 22; N-cadherin-EGFP: n= 16; neuroligin-1-EGFP: n= 17 (n represents number
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of cells). Error bars represent S.E.M. * P< 0,05 (Kruskal-Wallis One Way Analysis of
Variance on Ranks with Dunn’s Post Hoc Test).

Overexpression increased the density of active vesicle cluster in N-cadherin-EGFP
expressing neurons (1,72 + 0,15 puncta/10 ym dendrite, n= 16 cells) and in
neuroligin-1-EGFP expressing neurons (2,21 £ 0,19 puncta/10 um dendrite, n= 17
cells) significantly (P< 0,05) compared to control EGFP expressing neurons (1,17 +
0,19 puncta/10 ym dendrite, n= 22 cells; Fig. 3.2B). The FM4-64 puncta area was not
changed (EGFP: 1,37 + 0,13 um?, n= 22 cells; N-cadherin-EGFP: 1,86 + 0,17 ym?,
n= 16 cells; neuroligin-1-EGFP: 1,41 + 0,13 pm?, n= 17 cells; Fig. 3.2C).

These observations demonstrate that the expression of N-cadherin-EGFP or
neuroligin-1-EGFP induces additional synaptic vesicle cluster with FM4-64. This can
be explained if the overexpression of N-cadherin-EGFP or neuroligin-1-EGFP
induces synaptogenic clustering of cycling vesicles. On the other site, a direct effect

of the two cell adhesion molecules on the cycling efficiency can be predicted.

3.1.2 Influence of N-cadherin and neuroligin-1 expression on vesicle
cycling in mature neurons

The aim of this study was to investigate the roles of the cell adhesion molecules N-
cadherin and neuroligin-1 in the regulation of synaptic vesicle cycling. Vesicle cycling
is mainly characterized by exocytosis of synaptic vesicles from the presynaptic
terminal and the compensating endocytosis of parts of the plasma membrane. In the
following, analysis of the functionality of the presynaptic vesicle cycle was done in
mature neurons to minimize potential synaptogenic effects of the investigated cell
adhesion molecules. To do so, cortical cell cultures were transfected with N-
cadherin-EGFP or neuroligin-1-EGFP at DIV 11, a point in time at which the main
part of synaptogenesis has happened. To test this issue, synaptogenesis was
checked by immunostainings for VAMP2 similar to Fig. 3.1 but in more mature
neurons (DIV 15). To examine the roles of N-cadherin and neuroligin-1 in vesicle
cycling, FM4-64 stainings were performed in mature neurons overexpressing N-
cadherin-EGFP or neuroligin-1-EGFP.
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3.1.21  Vesicle clustering in mature N-cadherin and neuroligin-1
overexpressing neurons

VAMP2 immunostainings were performed to test the maturity of the culture system in
regard to synaptogenesis. Cortical neurons were transfected with EGFP, N-cadherin-
EGFP or neuroligin-1-EGFP analogously to the previous experiments but at DIV 11.
Immunostainings for VAMP2 were performed at DIV 15.
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Figure 3.3 Absence of additional synaptogenesis upon overexpression of N-
cadherin or neuroligin-1 in neurons at DIV 15

Postsynaptic overexpression of N-cadherin-EGFP and neuroligin-1-EGFP had no effect
on presynaptic vesicle cluster in mature (DIV 15) cortical neurons. (A) Fluorescence
images of immunostainings for VAMP2. Grey-scale (upper panel) and thresholded (lower
panel) images of the VAMP2 signal. Left: VAMP2 signal of control cells expressing
EGFP. Middle: VAMP2 signal of N-cadherin-EGFP expressing cells. Right: VAMP2 signal
of neuroligin-1-EGFP expressing cells. Dendrites are outlined in thresholded images.
Scale bar: 5 ym. (B) Quantification of VAMP2 puncta density on dendrites. (C)
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Quantification of average VAMP2 puncta size. EGFP: n= 16; N-cadherin-EGFP: n= 15;
neuroligin-1-EGFP: n= 15 (n represents number of cells). Error bars represent S.E.M.

Postsynaptic overexpression of N-cadherin-EGFP or neuroligin-1-EGFP showed no
synaptogenic effect, neither on the density nor on the area of presynaptic VAMP2
puncta (Fig. 3.3A). The puncta density in N-cadherin-EGFP transfected neurons
(2,92 + 0,26 puncta/10 um dendrite, n= 15 cells) as well as in neuroligin-1-EGFP
expressing neurons (2,43 + 0,18 puncta/10 ym dendrite, n= 15 cells) was unaltered
compared to control cells expressing EGFP (3,08 £ 0,32 puncta/10 ym dendrite, n=
16 cells; Fig. 3.3B). Also the VAMP2 puncta area showed no differences between the
three groups (EGFP: 1,99 + 0,17 pmz, n= 16 cells; N-cadherin-EGFP: 2,19 + 0,45
um?, n= 15 cells; neuroligin-1-EGFP: 1,84 + 0,21 um?, n= 15 cells; Fig. 3.3C).

Based on these observations it can be postulated that the cortical neurons in this cell
culture system have reached a more mature state at DIV 15, because unlike in
immature cells (DIV 7, Fig. 3.1), the overexpression of N-cadherin-EGFP and

neuroligin-1-EGFP caused no further synaptogenesis in transfected neurons.

3.1.2.2 Effects of N-cadherin and neuroligin-1 expression on cycling of
presynaptic vesicles

The next step was to test N-cadherin and neuroligin-1 for potential effects on the
cycling of presynaptic vesicles in mature neurons. Analogously to the previous
experiments in immature neurons (Fig. 3.2), cortical cultures were stained with the
activity-dependent dye FM4-64. In Fig. 3.4, FM4-64 uptake was induced by high
extracellular potassium ion concentration treatment. In Fig. 3.5, cultures were
stimulated by electrical field stimulation in the presence of FM4-64. N-cadherin as
well as neuroligin-1 overexpression induced vesicle cycling in mature neurons at DIV
14 (Fig. 3.4A). The overexpression of N-cadherin-EGFP (2,24 + 0,25 puncta/10 ym
dendrite, n= 15 cells) as well as the overexpression of neuroligin-1-EGFP (2,84 *
0,40 puncta/10 um dendrite, n= 18 cells) significantly (P< 0,05) increased the density
of FM4-64 puncta compared to EGFP expressing control neurons (1,47 = 0,11
puncta/10 ym dendrite, n= 26 cells; Fig. 3.4B). The FM4-64 puncta size was not
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affected (EGFP: 1,18 £ 0,10 um?, n= 26 cells; N-cadherin-EGFP: 1,33 + 0,09 pm?, n=
15 cells; neuroligin-1-EGFP: 1,38 + 0,13 um?, n= 18 cells; Fig. 3.4C).

A mm EGFP
DIV 14 m N-cadh-EGFP
Nig-1-EGFP
EGFP N-cad-EGFP  Nig-1-EGFP B
3,5 - —
—r
£ 30 - T
3 225 A
=z £20 -
L i # - " -. g 1 5
’ * - " b 5 a b 7
™ : ‘:‘ § 1,0 -
- 9 . =05 A

2
H

1 , - :
, [ C
1,6 1
E14
o 1,2 1
o
' & 1,0 1
@
L “50]8-
c
30,6 1
' S 04 -
2 02 4
L

Figure 3.4 Induction of synaptic vesicle cycling by N-cadherin and neuroligin-1 in
neurons at DIV 14

Overexpression of N-cadherin-EGFP and neuroligin-1-EGFP enhanced staining of active
vesicle cluster with FM4-64 in mature neurons (DIV 14). Vesicle cycling was induced by
extracellular application of 90 mM K* for 2 min. (A) Grey-scale (upper panel) and
thresholded (lower panel) fluorescence images of FM4-64 labelled vesicle cluster. Left:
FM4-64 signal of EGFP expressing control cells. Middle: FM4-64 signal of N-cadherin-
EGFP expressing cells. Right: FM4-64 signal of neuroligin-1-EGFP expressing cells.
Dendrites are outlined in thresholded images. Scale bar: 5 ym. (B) Quantification of FM4-
64 puncta density. (C) Quantification of FM4-64 puncta size. EGFP: n= 26; N-cadherin-
EGFP: n= 15; neuroligin-1-EGFP: n= 18 (n represents number of cells). Error bars
represent S.E.M. * P< 0,05 (Kruskal-Wallis One Way Analysis of Variance on Ranks with
Dunn’s Post Hoc Test).

For a more physiological FM4-64 staining, vesicle cycling was stimulated by electrical
field stimulation (400 stimuli at 20 Hz; Fig. 3.5A) in the presence of FM4-64 (10 uM).
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After washing out of unspecific FM staining, synaptic vesicle cluster were visible as
distinct puncta on dendrites. For a better visualization of dendrites, cells in the

treated groups were cotransfected with EGFP.
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Figure 3.5 Increased presynaptic vesicle cycling enhanced by electrical stimulation
in N-cadherin-EGFP and neuroligin-1-EGFP expressing neurons at DIV 13-15

(A) Cycling vesicles were labelled by 400 stimuli at 20 Hz in the presence of FM4-64. (B)
Fluorescence images of FM4-64 labelled vesicle cluster at DIV 13-15. Grey-scale FM4-64
signal (upper panel) was thresholded (middle panel) and merged with the corresponding
EGFP signal (lower panel) to visualize dendrites. Left: FM4-64 signal of EGFP expressing
control cells. Middle: FM4-64 signal of N-cadherin-EGFP + EGFP expressing cells. Right:
FM4-64 signal of neuroligin-1-EGFP + EGFP expressing cells. Scale bar: 5 ym. (C)
Quantification of FM4-64 puncta density on dendrites. (D) Quantification of average FM4-
64 puncta size. EGFP: n= 11; N-cadherin-EGFP + EGFP: n= 9; neuroligin-1-EGFP +
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EGFP: n= 6 (n represents number of cells). Error bars represent S.E.M. ** P< 0,01 (One
Way Anova with Holm-Sidak Post Hoc Test).

Overlay images indicated an increase in FM4-64 puncta density in N-cadherin-EGFP
and neuroligin-1-EGFP expressing cells at DIV 13-15 (Fig. 3.5B). The
overexpression of N-cadherin-EGFP + EGFP (2,44 + 0,18 puncta/10 um dendrite, n=
9 cells) and the overexpression of neuroligin-1-EGFP + EGFP (2,63 + 0,33 puncta/10
pm dendrite, n= 6 cells) significantly (P< 0,01) increased FM4-64 puncta density
compared to control cells expressing EGFP (1,54 £ 0,15 puncta/10 ym dendrite, n=
11 cells; Fig. 3.5C). FM4-64 puncta size was not altered (EGFP: 0,97 + 0,08 ym?, n=
11 cells; N-cadherin-EGFP + EGFP: 1,0 + 0,06 pmz, n= 9 cells; neuroligin-1-EGFP +
EGFP: 1,04 + 0,10 um?, n= 6 cells; Fig. 3.5D).

In summary, the overexpression of N-cadherin-EGFP and neuroligin-1-EGFP
enhanced synaptic vesicle cycling in mature neurons (DIV 13-15) both, upon high

[K*]-treatment and induced by physiological electrical stimulation.

31.3 Effects of N-cadherin and neuroligin-1 expression on presynaptic
vesicle release in neurons at DIV 13-15

Initial FM4-64 staining experiments had revealed an increased vesicle cycling by
postsynaptic overexpression of N-cadherin-EGFP or neuroligin-1-EGFP in mature
cortical neurons. Vesicle cycling was measured through the endocytotic uptake of
membrane-bound FM4-64 upon stimulation. Since the uptake of FM dye depends on
both, vesicular exo- and endocytosis, further experiments had to be done for a more
precise characterization of the observed effects of N-cadherin and neuroligin-1. In a
subsequent experimental approach, FM destaining experiments were performed for a

separate analysis of vesicular exocytosis.

3.1.3.1  Analysis of vesicular exocytosis with FM4-64 destaining experiments

FM dye destaining is an established method for kinetic measurements of vesicle
exocytosis. In a first step, synaptic vesicle cluster were labeled with FM4-64
analogously to the previous experiments (400 stimuli at 20 Hz; Fig. 3.6A+B). After
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intense washing in Ca®*-free extracellular solution, vesicle exocytosis was induced by
a second stimulation (1200 stimuli at 20 Hz) in the absence of extracellular FM4-64.
During the whole destaining experiment, time-lapse sequences were acquired to
record FM puncta fluorescence intensities over time (Fig. 3.6C). Exocytosis of FM4-
64 labeled vesicles led to a strong loss in fluorescence. In thresholded images, this
loss in fluorescence gets better visible by the disappearance of FM puncta when
FM4-64 puncta intensities undercut the threshold level (Fig. 3.6D). FM destaining
kinetics were analyzed offline in MetaVue software. To correct for variations in
staining strengths, average pixel intensity values of individual vesicle cluster at each
time point were background subtracted and normalized to baseline level (Fig. 3.6E).
Averaging normalized destaining kinetics of several puncta gives the mean

destaining curve of one experiment (Fig. 3.6F).
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Figure 3.6 Measuring synaptic vesicle exocytosis with FM destaining experiments

lllustration of a typical FM destaining experiment. Neurons were transfected with EGFP
for a better assignment of individual vesicle cluster. After FM staining and washing, FM4-
64 signal was thresholded and active vesicle cluster appear as distinct puncta. (A)
Overlay image of the thresholded FM4-64 signal with the corresponding EGFP signal
showing several individual presynaptic puncta of one neuron. Scale bar: 20 um (B) FM4-
64 puncta (arrows) that overlap with a dendrite of the EGFP expressing neuron were
analyzed. (C) Destaining was induced by 1200 stimulations at 20 Hz with continuous
perfusion of extracellular solution containing 2 mM ca®". Time-lapse images were
acquired during the whole experiment. (D) Thresholded fluorescence images of FM4-64
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labelled vesicle cluster from (B). Decrease in fluorescence over time by exocytosis leads
to the loss of puncta that undercut the threshold. Scale bar: 10 um. (E) Fluorescence
intensities over time of individual puncta were background subtracted and normalized to
baseline level. (F) Destaining curves from individual puncta were averaged to obtain the
mean destaining curve.

3.1.3.2 The influence of N-cadherin and neuroligin-1 expression on
exocytosis as determined by FM4-64 destaining

Next, FM4-64 destaining experiments were analyzed to examine the roles of N-
cadherin and neuroligin-1 in vesicular exocytosis. To do so, destaining curves from
cortical neurons at DIV 13-15 (from Fig. 3.5) transfected with N-cadherin-EGFP or
neuroligin-1-EGFP, respectively (DIV 9-10) were compared with control cells
expressing EGFP. Additionally, EGFP was cotransfected in the treated groups for a
better visualization of neuronal processes. Individual vesicle cluster (FM4-64 puncta)
from several experiments (for each treatment) were analyzed and averaged to one
destaining curve. The overexpression of N-cadherin-EGFP and neuroligin-1-EGFP
showed no effect in FM4-64 destaining experiments. The destaining curves of the
three groups overlapped and showed no kinetic differences in the fluorescence
decline after stimulation (Fig. 3.7A). Also the quantification of the percentage
decrease in fluorescence at the end of the stimulus (60 seconds) was unaltered
(EGFP: 70,1 £ 0,6 %, n= 308 puncta; N-cadherin-EGFP + EGFP: 68,8 + 0,9 %, n=
370 puncta; neuroligin-1-EGFP + EGFP: 68,2 + 0,7 %, n= 300 puncta; Fig. 3.7B). For
a better evaluation, | therefore checked the sensitivity of FM destaining experiments
by changing the extracellular Ca**-concentration stepwise between 0,5 and 5 mM.
Because synaptic exocytosis highly depends on extracellular Ca**, differences in
destaining kinetics should get visible in FM4-64 destaining experiments. Upon
stimulation, destaining curves showed faster fluorescence decline with increasing
Ca?*-concentrations from 0,5 to 2 mM (Fig. 3.7C). Interestingly, increasing the Ca?*
level from 2 up to 5 mM did not further change destaining kinetics. The destaining
curves of 2 mM Ca?* (green) and 5 mM Ca?* (blue) overlapped indicating insufficient

sensitivity of FM destaining at higher release probabilities.
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Figure 3.7 FM4-64 destaining upon overexpression of N-cadherin-EGFP and
neuroligin-1-EGFP

FM4-64 destaining experiments revealed no effect of N-cadherin-EGFP or neuroligin-1-
EGFP overexpression. (A) Mean destaining curves of individual puncta. (B)
Quantification of percentage destaining at the end of the stimulation. EGFP: n= 308; N-
cadherin-EGFP + EGFP: n= 370; neuroligin-1-EGFP + EGFP: n= 300 (n represents
number of puncta). Error bars represent S.E.M. (C) Mean destaining curves of individual
puncta upon altered extracellular Ca**-concentrations. (D) Quantification of percentage
destaining upon altered extracellular Ca’*-concentrations. 0,5 mM Ca’": n= 276; 1 mM
Ca®": n= 322; 2 mM Ca*: n= 247; 5 mM Ca®": n= 268 (n represents number of puncta).
Error bars represent S.E.M. * P< 0,05 (Kruskal-Wallis One Way Analysis of Variance on
Ranks with Dunn’s Post Hoc Test).

Quantification of the fluorescence decline upon stimulation revealed a significant (P<
0,05) increase of exocytosis from 0,5 mM Ca** (68,5 + 0,8 %; n= 276 puncta) to
higher Ca?*-concentrations (1 mM: 73,8 + 1,2 %, n= 322 puncta; 2 mM: 76,4 + 1,0 %,
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n= 247 puncta; 5 mM: 76,8 £ 1,0 %, n= 268 puncta). However, within the range of 1
mM to 5 mM Ca?*, FM4-64 destaining experiments were not able to detect changes
of vesicular exocytosis.

In summary, FM destaining experiments revealed no changes in synaptic vesicle
exocytosis by overexpression of N-cadherin-EGFP or neuroligin-1-EGFP. Control
experiments indicated a limited sensitivity of FM4-64 destaining experiments to
changes of extracellular [Ca2+], especially at high release probabilities. This might
possibly explain the lack of an exocytotic effect of N-cadherin-EGFP or neuroligin-1-
EGFP as determined by FM4-64 destaining experiments. Because FM destaining
was already strong in control conditions (EGFP expression), further increase in

destaining might be difficult to achieve.

3.1.4 Synaptic vesicle cycling in conditional N-cadherin knockout neurons

In addition to overexpression experiments, the role of N-cadherin in synaptic vesicle
cycling was examined in a “loss-of-function”-approach. To knock out the postsynaptic
expression of N-cadherin, individual neurons in primary cortical cultures dissociated
from homozygous floxed N-cadherin mice (Ncad™: Kostetskii et al., 2005) were
transfected with a CreEGFP expression vector. For a better visualization of
transfected neurons, cultures were cotransfected with EGFP. First, the knockout of
N-cadherin upon long-term expression of CreEGFP was verified on the protein level
using immunocytochemistry. Next, FM4-64 staining and destaining experiments were

performed to further examine the role of N-cadherin in vesicle cycling.

3.1.41 Cre-induced changes of N-cadherin expression resulting in
conditional N-cadherin knockout neurons

To demonstrate the loss of N-cadherin in CreEGFP transfected neurons, the
expression of N-cadherin protein was checked by immunocytochemistry (ICC) for N-
cadherin (Pielarski et al., 2013). Two different antibodies, mouse anti-N-cadherin and
rabbit anti-N-cadherin, were used in this study. Fluorescence images (rabbit anti N-

cadherin) revealed N-cadherin expression in cell bodies as well as in processes of
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cultured neurons (Fig. 3.8A,B). For quantification, the expression level of N-cadherin
(mouse anti N-cadherin) in the soma of individual CreEGFP transfected neurons was
determined. Regions of interest were drawn around the cell body of transfected
neurons to measure the average pixel intensity. Background fluorescence was
determined and subtracted individually for each neuron to correct for unspecific
staining. At DIV 7, control neurons transfected with EGFP (at DIV 5) showed a strong
expression of N-cadherin (Fig. 3.8A, upper panel). Neurons expressing CreEGFP +
EGFP for 2 days showed a similar expression of N-cadherin at DIV 7, revealing no
significant knockout of N-cadherin protein (Fig. 3.8A, lower panel). In the next step,
CreEGFP expression time was increased to 7 days. Therefore, neurons were
transfected at DIV 7 with CreEGFP + EGFP and compared with control cells
transfected with EGFP at DIV 14. EGFP transfected neurons showed a strong N-
cadherin expression at the cell soma (Fig. 3.8B, upper panel). In contrast, N-cadherin
expression was almost absent in neurons expressing CreEGFP + EGFP for 7 days
indicating functional knockout of N-cadherin protein after longer expression of
CreEGFP. Quantification of N-cadherin fluorescence confirmed the observed
knockout of N-cadherin protein at DIV 14. The average pixel intensity was highly
significantly (P< 0,001) decreased from 100 + 11,5 % (n= 16 cells) in control cells to
23,5 + 5,8 % (n= 16 cells) in N-cadherin knockout neurons (Fig. 3.8C).
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Figure 3.8 Loss of N-cadherin protein upon CreEGFP expression in neurons from
homozygous Ncad"* mice

(A) Fluorescence images of ICC with antibodies against N-cadherin after 2 days
CreEGFP expression (DIV 7). Upper panel: Control cells expressing EGFP. Lower panel:
Neurons expressing EGFP + CreEGFP. Left: EGFP signal; Middle: N-cadherin signal;
Right: Overlay. (B) Analogous to (A) but after 7 days CreEGFP expression (DIV 14). (C)
Quantification of N-cadherin fluorescence intensity at the soma of transfected cells.
EGFP: n= 16; EGFP + CreEGFP: n= 16 (n represents number of cells). Error bars
represent S.E.M. *** P< 0,001 (Student’s t-test).

3.1.4.2 Synaptic vesicle exocytosis in N-cadherin knockout neurons

Next, conditional N-cadherin knockout neurons were used to examine the role of N-
cadherin in synaptic vesicle exocytosis. Individual neurons from Ncad™* mice were
transfected at DIV 9 with CreEGFP + EGFP and control cells with EGFP. FM4-64
staining and destaining was performed at DIV 12-15. Neurons were stained with 400
stimuli at 20 Hz in the presence of FM4-64 (10 uM). After intense washing,
presynaptic vesicle cluster were visible as distinct puncta (Fig. 3.9A,B). For
quantification, FM4-64 puncta on EGFP expressing postsynaptic dendrites were
analyzed. Postsynaptic N-cadherin knockout showed no effect on the density of
presynaptic FM4-64 puncta (EGFP: 2,53 + 1,12 puncta/10 um dendrite, n= 4 cells;
EGFP + CreEGFP: 2,13 £ 0,30 puncta/10 um dendrite, n= 6 cells; Fig. 3.9C).
However, long-term expression of CreEGFP significantly (P< 0,001) decreased the
size of individual FM4-64 puncta from 1,43 + 0,17 pm? (n= 82 puncta) in control cells
to 0,71 + 0,06 um? (n= 105 puncta) in conditional N-cadherin knockout neurons,
indicating a vesicle cycling defect in the absence of N-cadherin (Fig. 3.9D). Next, FM
destaining experiments were performed to examine effects of N-cadherin knockout
on vesicle exocytosis. Therefore, previously FM4-64 labeled presynaptic vesicle
cluster were stimulated with 1200 stimuli and time-lapse sequences were acquired to
monitor FM4-64 fluorescence decay upon stimulation (Fig. 3.9E). For quantification,
FM4-64 fluorescence intensities over time of individual puncta were background
corrected and normalized to its baseline level prior to averaging. Postsynaptic N-
cadherin knockout resulted in a distinct slowdown of FM4-64 destaining compared to
control (Fig. 3.9F), indicating impaired synaptic vesicle exocytosis. Quantification of
the amount of destaining at the end of the stimulation (60 s) revealed a significant
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(P< 0,001) decrease from 73,8 + 1,1 % (n= 91 puncta) in control cells to 66,7 + 0,6 %
(n= 165 puncta) in N-cadherin knockout cells (Fig. 3.9G).

In summary, FM4-64 staining and destaining experiments in conditional N-cadherin
knockout neurons confirmed a role of N-cadherin in vesicle cycling as observed in
overexpression experiments. Furthermore, N-cadherin knockout experiments

revealed an enhancing effect of N-cadherin on vesicle exocytosis in mature neurons.
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Figure 3.9 FM4-64 staining and destaining in N-cadherin knockout neurons
(A) Scheme of FM4-64 staining and washing procedure. (B) Example overlay image of
FM4-64 labelled vesicle cluster (red) and an EGFP expressing neuron (green). (C)
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Quantification of FM4-64 puncta density. EGFP: n= 4; EGFP + CreEGFP: n= 6 (n
represents number of cells). (D) Quantification of FM4-64 puncta area. EGFP: n= 82;
EGFP + CreEGFP: n= 105 (n represents number of puncta). (E) Scheme of FM
destaining experiment. (F) Mean destaining curves of puncta from control neurons
expressing EGFP and from knockout neurons expressing EGFP + CreEGFP. (G)
Quantification of amount of destaining (relative to baseline). EGFP: n= 91; EGFP +
CreEGFP: n= 165 (n represents number of puncta). Error bars represent S.E.M. *** P<
0,001 (Student’s t-test).

3.1.5 Cooperation of N-cadherin and neuroligin-1 in transsynaptic
regulation of vesicle cycling

The experiments described above demonstrated enhancing effects of the cell
adhesion molecules N-cadherin and neuroligin-1 on the cycling of synaptic vesicles.
Postsynaptic overexpression of N-cadherin as well as neuroligin-1 enhanced the
activity dependent staining of presynaptic vesicle cluster with FM4-64 in mature
neurons. Simultaneously, ICC for the vesicle membrane associated protein VAMP2
revealed no synaptogenic effect of these cell adhesion molecules conversely
indicating a specific role in vesicle exo- and endocytosis. FM4-64 destaining
experiments in N-cadherin knockout neurons demonstrated the impact of N-cadherin
for synaptic vesicle exocytosis. The next step was to examine a potential cooperation
of N-cadherin and neuroligin-1 in the transsynaptic induction of presynaptic vesicle

cycling in mature neurons.

3.1.5.1 Interaction of N-cadherin and neuroligin-1 in the modulation of
synaptic vesicle cycling

FM4-64 staining was performed to test whether N-cadherin and neuroligin-1
cooperate to induce vesicle cycling. For this, cortical neurons dissociated from
homozygous Ncad™ mice were transfected simultaneously with neuroligin-1-EGFP +
CreEGFP (DIV 9) to create neuroligin-1 overexpression on an N-cadherin knockout
background. For control, neurons were transfected with EGFP or neuroligin-1-EGFP
without CreEGFP. In addition, CreEGFP was cotransfected with EGFP. Between DIV
12-14, transfected neurons were labeled with FM4-64 by electrical stimulation (400
stimuli at 20 Hz) and staining was quantified as previously described. In the presence
of N-cadherin (Fig. 3.10A, 2 left images), the postsynaptic overexpression of
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neuroligin-1-EGFP increased the density of FM4-64 puncta on dendrites. In contrast,
neuroligin-1-EGFP overexpression in N-cadherin knockout neurons (Fig. 3.10A, 2
right images) showed no effect on FM4-64 staining. Quantification of FM4-64 puncta
density revealed a significant (P< 0,01) increase from 1,91 + 0,18 puncta/10 ym
dendrite (n= 14 cells) in control cells expressing EGFP to 4,85 + 0,48 puncta/10 ym
dendrite (n= 6 cells) in neuroligin-1-EGFP overexpressing cells. The overexpression
of neuroligin-1-EGFP in N-cadherin knockout neurons showed no changes in FM4-64
puncta density (1,97 £ 0,34 puncta/10 um dendrite, n= 12 cells). N-cadherin knockout
without overexpression slightly but not significantly decreased the density of FM4-64
puncta on dendrites (1,38 + 0,22 puncta/10 ym dendrite (n= 12 cells; Fig. 3.10B).
Consistently, the knockout of N-cadherin significantly (P<0,01) reduced the vesicle
cycling inducing effect of neuroligin-1. The comparison of the neuroligin-1 effect size
on synaptic vesicle cycling revealed a significant decrease (P< 0,05) from 153,5 £
25,2 % (n= 6 cells) in the presence of N-cadherin to 43,3 £ 24,8 % (n= 12 cells) in the
absence of N-cadherin (Fig. 3.10C). FM4-64 puncta area was not affected in all four
conditions (EGFP: 1,02 + 0,07 pmz, n= 14 cells; neuroligin-1-EGFP: 1,09 £ 0,16 pmz,
n= 6 cells; EGFP + CreEGFP: 1,39 + 0,27 um? n= 12 cells; neuroligin-1-EGFP +
CreEGFP: 1,20 + 0,21 ym?, n= 12 cells; Fig. 3.10D).

These data indicate a dependence of the vesicle cycling inducing effect of neuroligin-
1 on the presence of N-cadherin hence implying a functional cooperation of both cell

adhesion molecules.
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Figure 3.10 Cooperation of N-cadherin and neuroligin-1 in the modulation of vesicle
cycling

Vesicle cycling inducing effect of neuroligin-1 depends on N-cadherin. (A) Fluorescence
images of thresholded FM4-64 puncta (red) on proximal dendrites (EGFP, green) in the
presence of N-cadherin (2 left images) and in N-cadherin knockout neurons (2 right
images). Scale bar: 5 um. (B) Quantification of FM4-64 puncta density. ** P< 0,01 (One
Way Anova with Holm-Sidak Post Hoc Test). (C) Quantification of the effect size of
neuroligin-1-EGFP overexpression on FM4-64 puncta density in the presence (control)
and absence (+Cre) of N-cadherin. * P< 0,05 (Student’s t-test). (D) Quantification of FM4-
64 puncta area. EGFP: n= 14; neuroligin-1-EGFP: n= 6; EGFP + CreEGFP: n= 12;
neuroligin-1-EGFP + CreEGFP: n= 12 (n represents number of cells). Error bars
represent S.E.M.
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3.1.5.2 The role of N-cadherin in synaptic and dendritic neuroligin-1
localization

Next, the impact of N-cadherin on the distribution of neuroligin-1-EGFP was
investigated. Therefore, cortical neurons dissociated from homozygous Ncad" mice
were transfected (DIV 9) with neuroligin-1-EGFP as control group or cotransfected
with neuroligin-1-EGFP + CreEGFP. At DIV 14, z-stack images of the neuroligin-1-
EGFP signal were acquired. After deconvolution, maximum intensity images were
analyzed. Neuroligin-1-EGFP cluster were analyzed in thresholded images related to
puncta density, average intensity and size. Additionally, diffuse neuroligin-1-EGFP
fluorescence was determined by averaging the pixel intensities of 3 regions of
interest offside neuroligin-1-EGFP puncta. After background subtraction, these
values describe the amount of non-synaptic, non-clustered neuroligin-1-EGFP signal
within dendrites. Postsynaptic N-cadherin knockout decreased the clustering of
neuroligin-1-EGFP (Fig. 3.11A). The density of neuroligin-1-EGFP puncta was highly
significantly (P< 0,001) decreased from 5,67 + 0,42 puncta/10 ym dendrite (n= 30
cells) in control cells to 2,71 £ 0,31 puncta/10 um dendrite (n= 33 cells) in neuroligin-
1-EGFP + CreEGFP expressing cells (Fig. 3.11B). The size of neuroligin-1-EGFP
puncta significantly (P< 0,001) decreased from 0,80 + 0,05 pm? (n= 30 cells) to 0,55
+ 0,05 uym? (n= 33 cells; Fig. 3.11C). Also the average pixel intensity downsized (P<
0,001) from 1130,4 + 94,8 a.u. (n= 30 cells) in control cells to 575,5 £ 43,6 a.u. (n=
33 cells) in the absence of N-cadherin (Fig. 3.11D). In addition, the average pixel
intensity of diffuse, non-clustered neuroligin-1-EGFP significantly (P< 0,001) changed
from 100,0 £ 14,3 % (n= 30 cells) in control cells to 35,1 £ 6,1 % (n= 33 cells) in N-
cadherin knockout neurons (Fig. 3.11E). Furthermore, control experiments in cortical
neurons dissociated from C57/BL6 mice showed no changes of neuroligin-1
localization (data not shown).

These data indicate a connection between postsynaptic N-cadherin and the
localization of neuroligin-1 in dendrites. They show a direct correlation between the
availability of N-cadherin and the clustering of neuroligin-1 within dendrites.
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Figure 3.11 Neuroligin-1-EGFP clustering in N-cadherin knockout neurons
N-cadherin affects clustering of neuroligin-1-EGFP in mature (DIV 14) neurons. (A)
Fluorescence images of neuroligin-1-EGFP. Left: Grey-scale image; Middle: Thresholded
neuroligin-1-EGFP signal; Right: Lower thresholding of neuroligin-1-EGFP for
visualisation of neuronal processes. (Upper panel) Control neuron expressing neuroligin-
1-EGFP. (Lower panel) Neuroligin-1-EGFP expressing N-cadherin knockout neuron.
Scale bar: 5 pm. (B) Quantification of neuroligin-1-EGFP puncta density. (C)
Quantification of mean neuroligin-1-EGFP puncta area. (D) Quantification of clustered
neuroligin-1-EGFP puncta intensity. (E) Quantification of non-clustered, diffuse
neuroligin-1-EGFP intensity. Neuroligin-1-EGFP: n= 30; neuroligin-1-EGFP + CreEGFP:
n= 33 (n represents number of cells). Error bars represent S.E.M. *** P< 0,001 (Student’s
t-test).
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3.2 Analysis of modulation of vesicle cycling by N-cadherin and
neuroligin-1 with Synaptophysin-pHluorin

The styryl dye FM4-64 was used to basically characterize the role of N-cadherin and
neuroligin-1 in the modulation of cycling of presynaptic vesicles. Due to the fact that
FM4-64 is taken up by vesicular endocytosis of pre-exocytosed vesicles, FM staining
depends on the strength of both, vesicle exo- and endocytosis. Hence, FM staining is
not suitable for a differential analysis of vesicle exo- and endocytosis. Furthermore,
FM destaining experiments in varying extracellular Ca®*-concentrations revealed a
limited sensitivity of FM4-64 in the detection of changes in vesicle exocytosis,
especially in conditions of higher release probabilities. In subsequent experiments,
the genetically encoded probe synaptophysin-pHIuorin was used to get a detailed
view about the role of N-cadherin and neuroligin-1 in the modulation of synaptic

vesicle turnover.

3.21 Functionality and characteristics of synaptophysin-pHIluorin for
differential analysis of vesicular exo- and endocytosis

Since its development in 1998, pH-sensitive GFP constructs (pHIuorins) were used to
study synaptic vesicle cycling (Miesenbock et al., 1998). To do so, pHluorins can be
fused to diverse molecules within synaptic vesicles like synaptobrevin, vGlut1 or
synaptophysin. In this study, a fusion protein of pHIuorin with the vesicle membrane
associated molecule synaptophysin (abbreviated to SypHy; Granseth et al., 2006)
was used for the differential examination of exo- and endocytosis of presynaptic

vesicles.

3.211 Dissecting vesicular exo- and endocytosis using SypHy in autaptic
glial microisland cultures

In an advanced experimental approach, vesicle cycling was examined with SypHy in
an autaptic glial microisland system. SypHy was expressed in neurons from DIV 9
together with the fluorescence marker DsRed2. SypHy experiments were performed

in mature, post-synaptogenic neurons (from DIV 12).
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In the resting state nearly all SypHy fluorescence is quenched because of the low pH
within synaptic vesicles (Fig. 3.12A-1). Upon stimulation, vesicles fuse with the
presynaptic membrane and SypHy fluorescence gets unquenched because of the
higher pH within the extracellular solution. The increase in fluorescence
characterizes the kinetic parameters of vesicle exocytosis (Fig. 3.12A-2). After
exocytosis, parts of the presynaptic membrane get endocytosed again and SypHy
fluorescence decreases upon reacidification of newly formed vesicles. The decline in
fluorescence describes the speed of endocytosis (Fig. 3.12A-3+4). At the end of the
experiment, the cultures were incubated with 50 mM NH4CI (Fig. 3.12B) to alkalize
the complete vesicle cluster and to unquench all SypHy molecules (NH4Cl-signal).
Hence, this quantifies the total expression of SypHy, which is needed for the
normalization of SypHy fluorescence signals. Furthermore, the NH4Cl signal was
used to create ROls around autaptic vesicle cluster. For this, the thresholded SypHy
signal was merged with the corresponding DsRed2 image to detect SypHy puncta on
dendrites (Fig. 3.12C). Because of the very low transfection efficiency of mature
primary neurons in autaptic cultures, SypHy puncta on dendrites in the same field of
view arise from the same neuron and represent autaptic contacts. For the analysis of
autapses, only SypHy puncta on dendrites of the DsRed2 expressing neuron (white
arrows) were processed. Axonal contacts with other neurons (yellow arrowheads)

were excluded from analysis (Fig. 3.12D).
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Figure 3.12 Measuring synaptic vesicle cycling in autaptic microisland cultures
using SypHy

(A) Schematic illustration of SypHy-based imaging (modified after Royle et al., 2008). In
the resting state the SypHy signal is quenched (1). Upon stimulation, vesicles fuse,
protons distribute into the synaptic cleft and SypHy fluorescence gets unquenched (2).
SypHy gets requenched during vesicle endocytosis and vesicle reacidification (3+4). (B)
NH,Cl-induced SypHy signal shows the level of SypHy expression in the respective
experiment. (C) Overlay image of NH,Cl-induced SypHy fluorescence (green) with the
corresponding DsRed?2 signal (red). (D) Enlarged cutting of (C). Autapses (white arrows)
can be clearly distinguished from other axonal contacts (yellow arrowheads). Scale bars:
10 um.

Time-lapse sequences were acquired during the experiments to record fluorescence
intensities over time. SypHy signal before stimulation (0 sec) was determined as
baseline level (Fig. 3.13A). Upon stimulation, the fluorescence intensities of several
SypHy puncta increased (4-30 sec). After stimulation the SypHy signal declined back
to the baseline level because of synaptic endocytosis (120-232 sec). Offline analysis
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of the time-lapse sequences gave traces of SypHy fluorescence intensities over time
for each punctum in (A) (Fig. 3.13B). Averaging all traces of individual puncta

resulted in the mean curve of the experiment (Fig. 3.13C).
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Figure 3.13 Example images and fluorescence intensity analysis of a SypHy
expressing neuron during and after stimulation

(A) Electrical stimulation induces vesicle exocytosis from presynaptic terminals that leads
to a fast increase of the SypHy fluorescence followed by a slower decline in fluorescence
while vesicles get endocytosed and reacidified. Scale bar: 30 ym. (B) SypHy puncta
intensities over time of individual vesicle cluster from (A). (C) Mean fluorescence intensity
averaged from (B) over time.

To summarize, SypHy experiments in autaptic microisland cultures enabled the time-

resolved measurement of synaptic vesicle exo- and endocytosis. DsRed2
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cotransfection helped to distinguish between autapses and synapses. Furthermore,
autaptic cultures lead to a simultaneous overexpression on the pre- and postsynaptic
site. This makes them interesting especially for the examination of a homophilic CAM
like N-cadherin. Glial microisland cultures also enable the simultaneous analysis of
several autapses with one measurement as they show numerous SypHy puncta

within one field of view.

3.21.2 SypHy as a probe to study vesicular endocytosis

Control experiments were performed to confirm SypHy as a specific indicator of
synaptic exo- and endocytosis. For this, SypHy experiments were performed in the
presence of chemicals that are known to alter distinct steps of vesicle endocytosis
and kinetics were compared with control neurons. In control cells, electrical
stimulation led to increased SypHYy fluorescence representing exocytosis followed by
a slower decline representing endocytosis (Fig. 3.14A upper panel). The example
traces of two puncta (encircled in red; Fig. 3.14B) as well as the average signal from
several puncta (Fig. 3.14C) showed the typical kinetics of SypHy fluorescence upon
stimulation. First, the ability of SypHy to measure synaptic endocytosis was
examined. Cultures were incubated with bafilomycin A1 (1 pM), an inhibitor of the v-
type ATPase that assures vesicle reacidification after endocytosis (Bowman et al.,
1988). In the presence of bafilomycin A1, electrical stimulation increased the SypHy
signal comparable to control cells indicating unaltered vesicle exocytosis (Fig. 3.14A
middle panel). However, in contrast to control no decline of the SypHy signal after
electrical stimulation was observed confirming the specific block of vesicle
reacidification by bafilomycin A1. Furthermore, the curves showed a further, very
slow increase in fluorescence after stimulation (Fig. 3.14D,E). SypHy experiments
were repeated in the presence of dynasore (80 pM), which is known as a non-
competitive inhibitor of the GTPase activity of dynamin 1/2; hence it can be used to
block clathrin-mediated endocytosis (Thompson and McNiven, 2006). Similar to
bafilomycin A1 treatment, the incubation with dynasore did not significantly change
the increase of SypHy fluorescence triggered by exocytosis (Fig. 3.14A lower panel).
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Figure 3.14 Measuring vesicle endocytosis using SypHy

SypHy experiments upon chemical treatment of synaptic endocytosis. (A) Example image
sequences of SypHy fluorescence upon electrical stimulation with 400 stimuli at 20 Hz of
control, bafilomycin A1 and dynasore treated cells. Scale bar: 2 ym. Time course of
fluorescence intensity of red encircled puncta are shown in (B), (D) and (F). Average
curves from several puncta are shown in (C), (E) and (G). Control: 243 puncta;
bafilomycin A1: 179 puncta; dynasore: 76 puncta (each from 4 experiments). Error bars
represent S.E.M.

But in contrast to control, the SypHy signal showed no decline, indicating the specific
block of vesicle endocytosis in these cells (Fig. 3.14F,G).
In summary, these experiments confirm SypHy as a specific probe to directly

measure vesicular endocytosis.

3.2.1.3 Ca*-dependence of synaptic exo- and endocytosis as studied by
SypHy imaging

SypHy imaging makes it possible to examine exo- and endocytosis separately with
one experiment. Control experiments with alterations of key steps of vesicle turnover
confirmed its suitability for the precise measurement of synaptic endocytosis. Next,
control experiments were performed to confirm SypHy as a specific probe of
vesicular exocytosis. For this, SypHy experiments were carried out in different
extracellular Ca®*-concentrations to vary the rate of presynaptic exocytosis. Changed
extracellular Ca®*-concentrations strongly influenced synaptic vesicle exocytosis in
SypHy experiments. The amplitude of the SypHy fluorescence signal clearly
increased with higher Ca®"-concentrations. The decline in fluorescence after
stimulation was not significantly changed (Fig. 3.15A). The maximum fluorescence
increase (relative to baseline signal) rose step by step from 69,3 + 14,8 % in 0,5 mM
Ca® 10 86,6 + 15,4 % in 1 mM Ca*" and 109,4 + 20,3% in 2 mM Ca*" to 172,7 + 18,6
% in 5 mM Ca®" (Fig. 3.15B). In contrast, the decay time constant showed no
significant changes (39,7 + 6,8 s in 0,5 mM Ca*"; 37,8 + 5,3 s in 1 mM Ca®*; 37,8 +
6,6 s in 2 mM Ca?*; 50,6 + 7,6 s in 5 mM Ca**; Fig. 3.15C).

These observations showed a clear dependence of SypHy fluorescence increases to
extracellular Ca?*-concentrations. Hence, they indicated a higher sensitivity of SypHy
compared to FM4-64 destaining to measure synaptic exocytosis (data from 3.1.3.2

were analyzed for single cells; Fig. 3.15D+E). Here, only the destaining in 0,5 mM
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Ca?* was significantly different and no step by step increase of vesicular exocytosis
from 0,5 to 5 mM Ca®" was obvious (68,5 + 1,6 % in 0,5 mM Ca**; 71,5+ 3,7 % in 1
mM Ca?*; 75,6 + 1,8 % in 2 mM Ca®*; 76,3 + 2,1 % in 5mM Ca**; Fig. 3.15E).
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Figure 3.15 Caz"-dependence of SypHy fluorescence imaging compared to FM4-64
destaining experiments

(A) SypHy fluorescence upon electrical stimulation (400 stimuli at 20 Hz) in different
extracellular Ca**-concentrations. Signals from individual puncta were averaged for each
cell and then cells were averaged. (B) Quantification of vesicle exocytosis. (C)
Quantification of vesicle endocytosis. 0,5 mM Ca**: n= 9; 1 mM Ca*": n= 8; 2 mM Ca”":
n=7; 5 mM Ca®: n= 9 (n represents number of cells). (D) FM4-64 destaining upon
electrical stimulation (1200 stimuli at 20 Hz) in different extracellular Ca®"-concentrations
(data from experiment 3.1.3.2). Destainings of individual puncta were averaged for each
cell and then cells were averaged. (E) Quantification of percentage FM4-64 destaining.
0,5 mM Ca*: n= 8; 1 mM Ca®": n= 12; 2 mM Ca®": n=8; 5 mM Ca®": n= 9 (n represents
number of cells). Error bars represent S.E.M. * P< 0,05 (Kruskal-Wallis One Way
Analysis of Variance on Ranks with Dunn’s Post Hoc Test).
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3.2.2 The roles of N-cadherin and neuroligin-1 in presynaptic vesicle exo-
and endocytosis

The above described FM4-64 experiments demonstrated a vesicle cycling inducing
effect of N-cadherin and neuroligin-1. Furthermore, FM4-64 destaining experiments
in N-cadherin knockout neurons indicated an important role of N-cadherin in vesicle
exocytosis. However, because of its limited sensitivity FM4-64 destainings in N-
cadherin and neuroligin-1 overexpressing neurons showed no clear changes in
vesicle exocytosis. In the next step SypHy experiments were performed to further
analyze the distinct roles of N-cadherin and neuroligin-1 in synaptic exo- and

endocytosis.

3.2.21  SypHy-based analysis of vesicle turnover in N-cadherin and
neuroligin-1 overexpressing cortical neurons

SypHy experiments were performed in autaptic microisland cultures in neurons that
overexpressed N-cadherin or neuroligin-1, and in control cells. For control, individual
neurons were cotransfected (DIV 9) with SypHy and DsRed2 as a marker for
transfected cells. For overexpressions, neurons were additionally cotransfected with
pCMV-Neuroligin-1 (neuroligin-1 plasmid) or pMS149.1-N-cadherin (N-cadherin
plasmid). SypHy experiments were performed at DIV 12-14. Vesicle cycling was
induced by 400 stimuli at 20 Hz. Autaptic puncta were analyzed and cycling vesicle
cluster were averaged for each cell. Overexpression of N-cadherin and neuroligin-1
enhanced the exocytosis of synaptic vesicles. The amplitudes of stimulation-induced
SypHy fluorescence signals were significantly (P< 0,05) increased in neurons

overexpressing N-cadherin (35,9 £ 6,9 % of NH4Cl signal, n= 11 cells) and
neuroligin-1 (37,0 + 5,0 % of NH4ClI signal, n= 8 cells) as compared to control (19,5 *

1,3 % of NH,4CI signal, n= 10 cells; Fig. 3.16A,B). Additionally, the endocytosis-

related decline in SypHy fluorescence after stimulation was much faster in neurons

overexpressing N-cadherin (Fig. 3.16A).
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Figure 3.16 Enhancement of synaptic vesicle cycling by overexpression of N-
cadherin and neuroligin-1 as analysed by SypHy experiments

SypHy experiments on N-cadherin and neuroligin-1 overexpressing neurons at DIV 12-
14. (A) Example traces of mean SypHy puncta fluorescence of individual cells. (B)
Quantification of vesicle exocytosis. (C) Quantification of vesicle endocytosis. (D)
Quantification of SypHy puncta size. (E) Quantification of vesicle clustering. Control: n=
10; N-cadherin: n= 11; neuroligin-1: n= 8 (n represents number of cells). Error bars
represent S.E.M. * P< 0,05 (One Way Anova with Holm-Sidak Post Hoc Test).

The decay time constant significantly (P< 0,05) decreased from 81,4 + 6,5 s (n= 10
cells) in control cells to 52,4 + 7,3 s (n= 11 cells) in cells overexpressing N-cadherin.
The decay time constant of cells overexpressing neuroligin-1 was not altered
compared to control (96,7 £ 11,9 s, n= 8 cells; Fig. 3.16C). The size of the NH4CI-
induced SypHy puncta was not altered (control: 1,66 + 0,25 ym?, n= 10 cells; N-
cadherin: 1,97 + 0,22 pmz, n= 11 cells; neuroligin-1: 1,87 + 0,29 pmz, n= 8 cells; Fig.
3.16D). Also the integrated intensity (area x pixel intensity) of NH4Cl-induced SypHy
signals was not changed (control: 8968,2 + 1353,9 a.u., n= 10 cells; N-cadherin:
10385,0 £ 1411,5 a.u., n= 11 cells; neuroligin-1: 9038,3 + 1372,6 a.u., n= 8 cells; Fig.

3.16E). These findings confirmed the lack of synaptogenesis induced by N-cadherin
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or neuroligin-1 in this mature culture system that was previously observed by
immunocytochemistry.

In an additional experiment, the enhancement of synaptic exocytosis by neuroligin-1
was further analyzed. Therefore, the transsynaptic interaction of postsynaptic
neuroligin-1 with presynaptic B-neurexin was blocked to test whether this interaction

is necessary for the effect of neuroligin-1 on exocytosis.
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Figure 3.17 The enhancing effect of neuroligin-1 on exocytosis depends on
neuroligin-1/B-neurexin interaction

(A) Schematic illustration of double-stimulation experiments combined with neurexin
1B/Fc chimera incubation. (B) Quantification of vesicle exocytosis in control cells. (C)
Quantification of vesicle exocytosis in neuroligin-1-overexpressing cells. Control: n= 17
puncta from 6 cells; neuroligin-1-overexpression: n= 14 puncta from 5 cells. Error bars
represent S.E.M. *** P< 0,001 (Student’s t-test).

SypHy experiments (as described above) were performed in control cells and upon
overexpression of neuroligin-1 at DIV 12-14. Neuroligin-1/B-neurexin interaction was
blocked by extracellular application of recombinant human neurexin 1B/Fc chimera
(R&D Systems) in a concentration of 2 pg/ml. For the direct observation of functional
changes upon blocking this transsynaptic interaction, double-stimulation experiments
were performed. SypHy expressing neurons were stimulated twice with 400 stimuli at
20 Hz. The first pulse was followed by a pause for the complete recovery of fused
vesicle membrane. Simultaneously, cultures were incubated with neurexin 1B/Fc
chimera for 10 min prior to the second pulse. Finally, the second stimulation (in the
presence of neurexin 1B/Fc chimera) was applied to measure exocytosis upon

blockade of neuroligin-1/B-neurexin interaction (Fig. 3.17A). For analysis, only initially
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intact vesicle cluster (= 50 % fluorescence decay after 1. stimulus) were quantified. In
control cells, the block of neuroligin-1/B-neurexin interaction had only a slight effect
on synaptic exocytosis (1. stimulus: 38,0 £ 7,2 % of NH4ClI signal; 2. stimulus: 32,8 +
5,5 % of NH4ClI signal, n=17 puncta; Fig. 3.17B). In contrast, application of neurexin
1B8/Fc chimera significantly (P< 0,001) decreased vesicle exocytosis in neurons
overexpressing neuroligin-1. Exocytosis signals decreased from 61,1 £ 9,2 % of
NH4CI signal (1. stimulus) to 24,0 £ 5,5 % of NH4Cl signal (2. stimulus) in the
presence of neurexin 1p/Fc chimera (Fig. 3.17C, n= 14 puncta).

In summary, these data indicated the enhancement of presynaptic vesicle exocytosis
by N-cadherin and neuroligin-1. Furthermore, it indicated an important role of N-
cadherin in the endocytosis of presynaptic vesicles. In addition, it was shown that the
enhancing effect on exocytosis by postsynaptic neuroligin-1 depends on the

transsynaptic interaction with presynaptic 3-neurexin.

3.2.2.2 N-cadherin modulates endocytosis upon strong synaptic activity

Next, the effect of N-cadherin on endocytosis was analyzed in more detail, especially
in terms of synaptic activity. Therefore, “loss-of-function’-experiments were
performed in N-cadherin knockout neurons from homozygous Ncad'* mice using
SypHy. Neurons were cotransfected (DIV 9) with SypHy and DsRed2 and N-cadherin
knockout was induced by additional expression of CreEGFP. SypHy experiments
were performed (DIV 13-14) in control and N-cadherin knockout neurons in different
extracellular Ca**-concentrations (2 mM and 5 mM) and cultures were stimulated with
200 to 800 stimuli (20 Hz) to get variation of synaptic activity (exocytosis). SypHy
fluorescence intensities of individual puncta were analyzed to get a correlation
between the amount of exocytosis and the strength of compensatory endocytosis of
the respective vesicle cluster. Puncta were grouped due to their exocytosis signal
into strongly active (high exocytosis; amplitude 60-80 % of NH4CI signal) and less
active (low exocytosis; amplitude 10-30 % of NH,4CI signal) vesicle cluster. Upon low
and high exocytosis, the knockout of N-cadherin affected vesicle endocytosis

differentially.
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Figure 3.18 Activity-dependent role of N-cadherin in compensatory vesicle
endocytosis

N-cadherin is important for coupling of exo- and endocytosis. Vesicle cluster were
grouped based on their exocytotic activity. (A) Example SypHy traces of single vesicle
cluster with low (left) and high (right) exocytosis of control (black) and N-cadherin
knockout cells (red). Stimulation starts at 0 s. (B) lllustration of quantitative analysis of
vesicle exo- and endocytosis from single vesicle cluster. (C) Quantification of endocytosis
in control and N-cadherin knockout neurons. (D) Quantification of coupling ratios. Control
(low exocytosis): n= 46 puncta from 19 cells; N-cadherin knockout (low exocytosis): n= 41
puncta from 10 cells; Control (high exocytosis): n=10 puncta from 7 cells; N-cadherin
knockout (high exocytosis): n= 9 puncta from 6 cells. Error bars indicate S.E.M. * P<
0,05; ** P< 0,01 (Student’s t-test).

In the absence of N-cadherin, vesicle cluster with high exocytosis showed a strongly
inhibited decline of SypHy fluorescence. Comparison of the N-cadherin knockout
effect upon low and high exocytosis indicated a stronger defect of synaptic
endocytosis in highly active vesicle cluster (Fig. 3.18A). To prevent imprecise curve
fitting of noisy single puncta traces, analysis of endocytosis in individual SypHy

puncta differed from whole cell analysis. In these experiments, endocytosis was
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quantified by determining the decay of fluorescence 90 seconds after the end of
stimulation (Fig. 3.18B). N-cadherin knockout reduced synaptic vesicle endocytosis
in less active vesicle cluster (low exocytosis) and in highly active puncta (high
exocytosis). In synapses with low exocytosis, compensatory endocytosis slightly
decreased (P< 0,05) from 17,3 £ 0,9 % of NH4CI signal (n= 46 puncta) in control to
14,4 + 1,3 % of NH4CI signal (n= 41 puncta) in N-cadherin knockout neurons. In
highly active synapses, compensatory endocytosis strongly decreased (P< 0,01)
from 37,2 £ 3,3 % of NH4Cl signal (n= 10 puncta) in control cells to 24,6 + 2,6 % of
NH4CI signal (n= 9 puncta) in the absence of N-cadherin (Fig. 3.18C). Quantification
of the corresponding coupling ratios confirmed these observations. The coupling ratio
(endocytosis/exocytosis) correlates endocytosis with previous exocytosis. It should
help to correct for individual puncta variation in vesicle exocytosis. A ratio of 1 means
that all exocytosed vesicles were subsequently endocytosed. Lower ratios indicate
an incomplete compensation of exocytosis by endocytosis. After low exocytosis, the
coupling ratio slightly (P< 0,05) decreased from 0,82 + 0,04 in control cells to 0,69 *
0,05 in N-cadherin knockout cells. In highly active vesicle cluster, the ratio strongly
(P< 0,01) decreased from 0,55 + 0,05 in control to 0,37 £ 0,03 in the absence of N-
cadherin (Fig. 3.18D).

In summary, these experiments indicated a crucial role of N-cadherin in the
compensation of vesicle exocytosis by subsequent endocytosis. Particularly in highly
active synapses, N-cadherin is needed to maintain proper synaptic function.

In a more elaborated experimental setup, SypHy double-stimulation experiments
were performed. In this approach, individual vesicle cluster were stimulated twice
with two different protocols. First, cells were stimulated with 200 stimuli at 20 Hz to
induce weak exocytosis followed by a break of 3 min without taking images to
prevent photobleaching and to enable recovery of exocytosed vesicles as indicated
by quenched SypHy signals. Finally, a second longer stimulus (800 stimuli at 20 Hz)
induced strong exocytosis (Fig. 3.19A). Both stimuli were given in 5 mM Ca** to
induce a strong exocytosis with the second stimulus. In contrast to the previous
experiment, SypHy signals were not grouped by the amount of exocytosis but by the
strength of the stimulus. Vesicle cluster with less than 10 % increase of exocytosis

from the first to the second pulse were not analyzed. Here, vesicle exocytosis was
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already saturated by the weak stimulation or synaptic contacts got damaged because
of phototoxicity during the first stimulus. The quantitative analysis was analogous to
the previous experiment. The advantage of this double-stimulation experiment was
that it enabled to measure alterations of vesicle turnover upon changes of synaptic
activity directly at individual vesicle cluster. Knockout of N-cadherin reduced
exocytosis upon weak stimulation (200 stimuli at 20 Hz). The SypHy signal amplitude
significantly (P< 0,05) decreased from 33,8 £ 3,5 % of NH4ClI signal (n= 22 puncta) in
control to 25,4 + 1,9 % of NH4CI signal (n= 25 puncta) in N-cadherin knockout
neurons. Upon longer stimulation (800 stimuli at 20 Hz) the effect of N-cadherin
knockout on vesicle exocytosis was not significant (control: 47,7 + 3,9 % of NH4ClI
signal, n= 22 puncta; N-cadherin knockout: 44,2 + 3,0 % of NH4CI signal, n= 25
puncta; Fig. 3.19B). Quantification of exocytosis in knockout neurons relative to
control confirmed this observation. The relative vesicle exocytosis in N-cadherin
knockout was significantly (p< 0,05) lower upon weak stimulation (75,2 £ 5,5 %, n=
25 puncta) than upon stronger stimulation (92,7 + 6,4 %, n= 25 puncta; Fig. 3.19C).
This indicated that the effect of N-cadherin knockout on synaptic exocytosis gets
compensated upon longer stimulation. In contrast to this, an effect of N-cadherin
knockout on vesicle endocytosis was absent upon weak stimulation but clearly arised
upon strong stimulation. With 200 stimuli at 20 Hz, the endocytosis-related SypHy
signal decline was not different in N-cadherin knockout cells (22,7 + 1,5 % of NH4CI
signal, n= 25 puncta) compared to control (25,0 + 3,0 % of NH4CI signal, n= 22
puncta). With a stronger stimulation, the vesicle endocytosis-related SypHy signal
decreased significantly (P< 0,01) from 25,7 + 2,5 % of NH4CI signal (n= 22 puncta) in
control cells to 17,0 £ 2,0 % of NH4ClI signal (n= 25 puncta) in N-cadherin knockout
neurons (Fig. 3.19D). In this case, the endocytosis signal relative to control was
significantly smaller (P< 0,05) upon strong stimulation (66,1 + 7,9 %, n= 25 puncta)
compared to weak stimulation (90,5 + 6,2 %, n= 25 puncta; Fig. 3.19E). Also the
coupling ratio (endocytosis/exocytosis) indicated no endocytotic defect in N-cadherin
knockout cells upon weak stimulation (control: 0,78 + 0,06, n= 22 puncta; N-cadherin
knockout: 0,94 + 0,06, n= 25 puncta). In contrast, upon strong stimulation the
coupling ratio significantly (P< 0,05) decreased from 0,54 + 0,03 % (n= 22 puncta) in
control to 0,41 + 0,04 % (n= 25 puncta) in N-cadherin knockout cells (Fig. 3.19F).
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Figure 3.19 Dependence of compensative endocytosis on N-cadherin upon strong
synaptic activity

(A) lllustration of double-stimulation experiments and example traces from control (black)
and N-cadherin knockout (red) cells. (B) Quantification of vesicle exocytosis. (C) Relative
vesicle exocytosis (compared to control) in N-cadherin knockout cells upon weak (green)
and strong (blue) stimulation. (D) Quantification of vesicle endocytosis. (E) Relative
vesicle endocytosis (compared to control) in N-cadherin knockout cells upon weak
(green) and strong (blue) stimulation. (F) Quantification of the coupling ratio. (G) Relative
coupling ratio (compared to control) upon weak (green) and strong (blue) stimulation. (H)
Quantification of vesicle cycle stability in control (black) and N-cadherin knockout (red)
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cells. Control: n= 22 puncta from 11 cells; N-cadherin knockout: n= 25 puncta from 5
cells. Error bars indicate S.E.M. * P< 0,05; ** P< 0,01, *** P< 0,001 (Student’s t-test).

Quantification of the relative coupling ratio (knockout ratio/control ratio) further
supported the observation that a defect of compensatory endocytosis in the absence
of N-cadherin depends on the activity level. The relative coupling ratio significantly
decreased (P< 0,001) from 119,9 £ 8,1 % (n= 25 puncta) upon weak stimulation to
75,7 £ 7,5 % (n= 25 puncta) after strong exocytosis (Fig. 3.19G). Finally, the stability
of the vesicle cycle was quantified to measure the ability of the vesicle cluster to
compensate strong exocytosis with subsequent endocytosis. The ratio also includes
the condition of the vesicle cluster at weak stimulation to describe changes upon
increased synaptic activity. Vesicle cycle stability significantly (P< 0,01) decreased
from 0,86 + 0,13 (n= 22 puncta) in control to 0,47 + 0,06 (n= 25 puncta) in N-cadherin
knockout neurons (Fig. 3.19H).

In summary, the double-stimulation experiments confirmed the observations of the
previous data. They demonstrated that the effect of N-cadherin on synaptic
endocytosis depends on the activity pattern of the vesicle cluster. N-cadherin is less
important to compensate weak synaptic exocytosis with subsequent endocytosis. In
contrast, N-cadherin is essential to compensate strong exocytosis with increased
endocytosis. This indicates an important role of N-cadherin in maintaining the
coupling between exo- and endocytosis that is indispensable for proper synaptic

function.

3.2.2.3 Isolated analysis of synaptic exocytosis by blocking vesicle
reacidification

The next experiment concentrated on the enhancing effects of N-cadherin and
neuroligin-1 on vesicle exocytosis that was previously observed by the
overexpression of these cell adhesion molecules (Fig. 3.16). In SypHy experiments,
the maximum amplitude of the fluorescence signal gives a good approximation of
vesicle exocytosis. However, endocytosis followed by vesicle reacidification also
occurs (in small amounts) during the rise time of SypHy fluorescence signal. Hence,

quenching of SypHy fluorescence by reacidification was blocked for the correct
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measurement of vesicle exocytosis. Vesicle reacidification was blocked with
bafilomycin A1, an inhibitor of the vesicular H*-ATPase and thus synaptic vesicles
were trapped in an alkaline state. Hence, SypHy fluorescence was kept unquenched
(Fig. 3.20A).
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Figure 3.20 Overexpression of N-cadherin and neuroligin-1 induce enhanced
synaptic vesicle exocytosis

(A) lllustration of blocking reacidification with bafilomycin A1. (B) Example traces of
SypHy experiments in the presence of bafilomycin A1. (C) Quantification of synaptic
vesicle exocytosis. Control: n= 13; N-cadherin: n= 16; neuroligin-1: n= 11 (n represents
number of cells). Error bars represent S.E.M. * P< 0,05 (Kruskal-Wallis One Way
Analysis of Variance on Ranks with Dunn’s Post Hoc Test).

For SypHy experiments, cells were transfected as previously described (Fig. 3.16).
Cultures were stimulated (400 stimuli at 20 Hz) in the presence of bafilomycin A1 (1
MM). As expected, overexpression of N-cadherin and neuroligin-1 induced exocytosis
of synaptic vesicles. The mean amplitude of SypHy fluorescence signal at the end of
the stimulation was significantly (P< 0,05) increased in cells overexpressing N-
cadherin (30,0 £ 3,1 % of NH4CI signal, n= 16 cells) or neuroligin-1 (30,0 + 2,6 % of
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NH4CI signal, n= 11 cells) compared to control (19,3 £ 3,3 % of NH4CI signal, n= 13
cells; Fig. 3.20B,C).
These data confirm the previous observations that N-cadherin and neuroligin-1

induce enhanced exocytosis of presynaptic vesicles.
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3.3 Structural relocalization of synaptic components upon intense
synaptic activity

FM4-64 and SypHy experiments demonstrated a crucial regulatory role of N-cadherin
and neuroligin-1 in synaptic vesicle cycling. Both cell adhesion molecules enhance
exocytosis at presynaptic terminals. Furthermore, it was shown that N-cadherin is
important for vesicle endocytosis, particularly upon high synaptic activity. These
observations also indicated a specific role of N-cadherin in the coupling of vesicular
exo- and endocytosis that is essential to maintain proper synaptic function in highly
active networks. Next, structural changes of several pre- and postsynaptic molecules
associated with strong synaptic activity were examined. In a previous study it has
been shown that N-cadherin spreads out from the active zone during strong
exocytosis induced by high [K']-treatment (Tanaka et al., 2000). In a similar
experimental approach, the structural characteristics of N-cadherin, neuroligin-1 and

PSD95 upon high synaptic activity were analyzed.

3.31 Spatial distribution of N-cadherin, neuroligin-1 and PSD95 during
strong synaptic stimulation

Immunocytochemical stainings with antibodies against N-cadherin were performed to
investigate potential changes in its spatial distribution upon strong synaptic activity.
Furthermore, the distribution of PSD95 and neuroligin-1 was analyzed. Therefore,
cortical neurons were transfected (DIV 9) with neuroligin-1-EGFP and experiments
were done at DIV 12-14. Cultures were stimulated with high [K*] (50 mM) for 5 min
and immediately fixed with 4 % PFA. For control, cultures were kept in normal
extracellular solution for 5 min and fixed. To check for reversibility, stimulated
cultures were subsequently kept in normal extracellular solution for 30 min to enable
recovery of distributed molecules. Then, immunocytochemical stainings were
performed with antibodies against N-cadherin or PSD95. The distribution of
neuroligin-1 was visualized via neuroligin-1-EGFP fluorescence. In a further
experiment, the impact of PSD95 overexpression on neuroligin-1 distribution was
analyzed. Therefore, PSD95-DsRed2 was cotransfected (DIV 9) with neuroligin-1-
EGFP and cells were treated as described (DIV 12-14).
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3.3.1.1 Effects of high [K']-treatment on the distribution of N-cadherin and
PSD95

First, the distributions of N-cadherin and PSD95 were analyzed with
immunocytochemistry. For quantification, z-stack images were deconvolved with
AutoDeblur and further processed with the autothreshold function and the low-pass
filter option in MetaMorph. Immunocytochemical stainings revealed an altered
localization of N-cadherin upon strong synaptic activity. The size of N-cadherin
puncta increased in K*-stimulated cells and recovered to smaller sizes comparable to
control cells (Fig. 3.21A, 2 upper panels). In contrast, the postsynaptic scaffolding
molecule PSD95 showed no obvious changes upon stimulation (Fig. 3.21A, 2 lower
panels). The mean N-cadherin puncta area significantly (P< 0,05) increased from
0,38 + 0,07 um? (n= 8 cells) in control to 0,97 + 0,20 ym? (n= 8 cells) in stimulated
cells. The N-cadherin puncta size recovered to 0,44 + 0,07 pym? (n= 7 cells) (Fig.
3.21B). The size of PSD95 puncta did not change upon stimulation (control: 0,36 +
0,06 um?, n= 6 cells; K*-stimulated: 0,45 + 0,08 ym?, n= 10 cells; Recovery: 0,51 +
0,14 pym? n= 8 cells; Fig. 3.21B). The percentage change in puncta area upon
stimulation was significant (P< 0,05) larger for N-cadherin puncta (157,6 £ 52,4 %, n=
8 cells) compared to PSD95 puncta (26 £ 22,9 %, n= 10 cells; Fig. 3.21C).
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Figure 3.21 Spatial redistribution of N-cadherin upon intense vesicle release

(A) Example images of immunocytochemical stainings for N-cadherin (2 upper panels)
and PSD95 (2 lower panels). Grey-scale images are shown in white and autothresholded
images in red. Scale bar: 5 ym. (B) Mean area of N-cadherin and PSD95 puncta. (C)
Comparison of percentage change of N-cadherin and PSD95 puncta area. N-cadherin
(Control: n= 8; K'-stimulated: n= 8; Recovery: n= 7). PSD95 (Control: n= 6; K*-stimulated:
n= 10; Recovery: n= 8). n represents number of cells. Error bars represent S.E.M. * P<
0,05 (Kruskal-Wallis One Way Analysis of Variance on Ranks with Dunn’s Post Hoc Test
for B). * P< 0,05 (Student's t-test for C).

Next, the experiments were repeated and SIM images were acquired in cooperation
with Prof. Dr. Hermann Aberle (University of Dusseldorf) with kind assistance of

Rebekka Ochs. Qualitatively, superresolution images revealed enlarged N-cadherin
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puncta of oval shape in stimulated cultures (Fig. 3.22B) compared to round shaped
puncta in control cultures (Fig. 3.22A). N-cadherin puncta of recovered cultures
mainly appeared round (Fig. 3.22C upper images) with few oval shaped structures
(Fig. 3.22C lower images).

In summary, these data demonstrated the redistribution of N-cadherin upon intense
vesicle cycling. In contrast, the localization of postsynaptic PSD95 remained
unaffected. SIM images further indicated structural changes of N-cadherin from

round to rod-shaped cluster.
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Figure 3.22 SIM imaging of N-cadherin upon strong synaptic stimulation

Example superresolution images of immunocytochemical stainings for N-cadherin. Two
example images per condition are shown. Control (A), K'-stimulated (B) and Recovery
(C). Boxed areas are enlarged on the right. Scale bars: 1 ym (overview images), 200 nm
(magnified images).

3.3.1.2 Redistribution of neuroligin-1 after strong synaptic stimulation

Previous experiments confirmed spatial changes of N-cadherin upon strong synaptic
stimulation that was first described by Tanaka et al. in 2000. Furthermore, it was
shown in this work that N-cadherin influences the clustering of neuroligin-1 (3.1.5.2).
Therefore, the spatial localization of neuroligin-1 upon strong stimulation was
examined. Neurons were transfected with neuroligin-1-EGFP (DIV 9) and expression
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patterns were analyzed after stimulation and recovery by fluorescence imaging (Fig.
3.23).
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Figure 3.23 Spatial changes of neuroligin-1-EGFP localization upon strong synaptic
activity

Localization of neuroligin-1-EGFP upon high [K']-treatment. (A) Example images of
neuroligin-1-EGFP fluorescence in dendrites of control, K'-stimulated and recovered
neurons. Scale bar: 5 pm. (B) Quantification of clustered neuroligin-1-EGFP
fluorescence. (C) Average intensity of diffuse neuroligin-1-EGFP fluorescence. Control:
n= 17; K'-stimulated: n= 23, Recovery: n= 18 (n represents number of cells). Error bars
represent S.E.M. * P< 0,05 and *** P< 0,001 (One Way Anova with Holm-Sidak Post Hoc
Test).

High [K']-treatment induced the dispersal of neuroligin-1-EGFP puncta in dendrites.
In control conditions, neuroligin-1-EGFP was clustered in small puncta with some
diffuse expression in the entire dendrite. Upon high [K']-stimulation, neuroligin-1-

EGFP puncta disappeared and the signal was distributed all over the dendrite.
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Neuroligin-1-EGFP reclustered after recovery (Fig. 3.23A). Spatial changes of
neuroligin-1 localization were quantified by the ratio of clustered to diffusely
distributed neuroligin-1-EGFP fluorescence to include differences in neuroligin-1-
EGFP expression between individual neurons. High [K']-treatment significantly (P<
0,05) decreased clustering of neuroligin-1-EGFP from 100 + 17,7 % (n= 17 cells) in
control to 51,4 + 8,1 % (n= 23 cells) in K*-stimulated cells. Recovery after stimulation
significantly (P< 0,001) increased neuroligin-1-EGFP clustering back to control level
(125,2 £ 16,4 %, n = 18 cells; Fig. 3.23B). Simultaneously, the average intensity of
diffuse neuroligin-1-EGFP fluorescence was increased upon synaptic stimulation and
recovered back to control values (Control: 100 + 33,2 %, n= 17 cells; K*-stimulated:
322,9 £ 90,5 %, n= 23 cells; Recovery: 154,2 + 49,2 %, n= 18 cells; Fig. 3.23C).

These data indicate a dispersal of neuroligin-1 along the dendrite upon strong

synaptic activity comparable to N-cadherin.

3.3.1.3 Impact of PSD95 on neuroligin-1 distribution during high [K']-
treatment

The previous approach was extended to study the impact of PSD95 on the
localization of neuroligin-1. Therefore the experiment was repeated in neurons that
coexpressed DsRed2-PSD95 and neuroligin-1-EGFP. High [K*]-treatment showed no
effect on the size of DsRed2-PSD95 puncta (Fig. 3.24A). The area of DsRed2-
PSD95 puncta on dendrites was not significantly altered (Control: 0,40 + 0,04 pm?,
n= 7 cells; K*-stimulated: 0,57 + 0,12 ym?, n= 9 cells; Recovery: 0,44 + 0,05 um?, n=
6 cells; Fig. 3.24B). However, overexpression of DsRed2-PSD95 reduced the
dispersal of neuroligin-1-EGFP upon strong synaptic stimulation (Control: 100,0 +
12,0 %, n= 9 cells; K*-stimulated: 67,3 + 10,1 %, n= 11 cells; Recovery: 98,4 + 19,8
%, n= 7 cells; Fig. 3.24C). Also the high [K']-stimulation induced increase in diffuse
neuroligin-1-EGFP fluorescence was reduced upon overexpression of DsRed2-
PSD95 (Control: 100,0 + 25,8 %, n= 9 cells; [K']-stimulated: 140,2 + 41,9 %, n= 11
cells; Recovery: 96,7 + 28,2 %, n= 7 cells; Fig. 3.24D).

In summary, these data indicate a stabilizing effect of PSD95 on neuroligin-1

clustering during strong synaptic stimulation.

100



Results

A
Control K'-stimulated Recovery
N W
e
o o
o,
Ltaq
o Ao
=z
I cControl
B Stimulated
Recovery
B C D
Clustered NIg1-EGFP Diffuse Nig1-EGFP
0.8 1 8 120 200 -
D 2
ToR Q — 100 4 L T
®§_0,6' e GC.)-g 150 -
% — Ot 801 e c
@ 35 0 =0
Qo = O o ©
N g 04 T e 60 A o 100 -
39 § S S .
s =3R40 - o X
A5 0,2 4 = ® 50 A
a = 20 A
=z
0,0 - 0 0 -

Figure 3.24 PSD95 overexpression stabilizes neuroligin-1 during strong synaptic
activity

(A) Example images of DsRed2-PSD95 and neuroligin-1-EGFP fluorescence in dendrites
of control, K'-stimulated and recovered neurons. Upper panel: Grey-scale images of
DsRed2-PSD95 fluorescence. Lower panel: Overlay of thresholded DsRed2-PSD95
signal (red) and Grey-scale neuroligin-1-EGFP fluorescence (white). Scale bar: 5 um. (B)
Quantification of DsRed2-PSD95 puncta area. Control: n= 7; K'-stimulated: n= 9,
Recovery: n= 6 (n represents number of cells). (C) Quantification of clustered neuroligin-
1-EGFP fluorescence. (D) Average intensity of diffuse neuroligin-1-EGFP fluorescence.
Control: n= 9; K*-stimulated: n= 11, Recovery: n= 7 (n represents number of cells). Error
bars represent S.E.M.

3.3.2 Superresolution microscopy analysis of pre- and postsynaptic

molecules

The resolution of conventional fluorescence microscopy is limited by the diffraction
limit. Hence, a detailed analysis of the spatial distribution of pre- and postsynaptic

molecules is restricted. However, upcoming superresolution microscopy techniques
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enable greatly improved analysis. In preliminary experiments, SIM was used to get a

closer look at the spatial redistribution of synaptic molecules upon strong stimulation.

3.3.2.1 Limits of conventional fluorescence microscopy for analyzing
synaptic structures

For a detailed analysis of structural changes, cultures were treated analogously to
3.3.1. Additionally, synaptic vesicle endocytosis was blocked by the presence of
dynasore (80 uM) to inhibit vesicle endocytosis. Subsequently, cultures (DIV 10)
were fixed and labeled with antibodies for the dendritic marker MAP2, the vesicle
membrane associated molecule synaptobrevin2 (VAMP2) and N-cadherin. First,
immunocytochemical stainings were studied with conventional deconvolution
fluorescence microscopy (Axiovert 200M). In control cells, presynaptic VAMP2 and
N-cadherin appeared as clear distinct puncta that were placed side by side or
overlaid on dendrites (Fig. 3.25, left). High [K']-treatment induced intense release of
presynaptic vesicles in the presence of dynasore that resulted in outspreading of
VAMP2 puncta. In consequence, nearly the entire postsynaptic dendrite was
covered. Similar to previous experiments, high [K']-treatment induced dispersion of
N-cadherin that was observed as an increase in puncta size (Fig. 3.25, right).
Although conventional fluorescence microscopy enabled the analysis of basic spatial
redistribution of VAMP2 and N-cadherin, details about structural alignments of these
molecules remain unclear. Therefore, SIM was used next to circumvent these

technical limitations.
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Figure 3.25 Redistribution of N-cadherin and VAMP2 upon intense vesicle
exocytosis

Vesicle exocytosis was induced by high [K']-treatment and endocytosis was blocked with
dynasore. Immunocytochemical stainings were performed with antibodies against
synaptobrevin2 (VAMP2), MAP2 and N-cadherin. High [K']-treatment induced spreading
of VAMP2 and N-cadherin. MAP2 was used as a dendritic marker. Scale bars: 30 uym
(large images) and 5 um (small images).
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3.3.2.2 Superresolution examination of pre- and postsynaptic molecules
with SIM

Cortical neurons (DIV 10) were immunolabeled with antibodies against VAMP2, N-
cadherin and PSD95 and superresolution images were acquired on a SIM setup
(Zeiss Elyra PS). After processing, images were scanned for structures with all three

pre- and postsynaptic molecules within one focal plane (Fig. 3.26).
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Figure 3.26 Spatial organisation of synaptic molecules revealed by SIM

Alignment of pre- and postsynaptic molecules within synaptic contacts. (A) Example SIM
images of three-part synaptic structures of VAMP2 (presynaptic, green), N-cadherin (pre-
and postsynaptic, red) and PSD95 (postsynaptic, blue). Scale bar: 100 nm. (B)
Schematic drawing of protein organisation within synapses. (C) Schematic drawing of N-
cadherin localization between VAMP2 and PSD95 within the synaptic cleft.

These synapses composed of VAMP2, N-cadherin and PSD95 were organized in a
side by side manner (Fig. 3.26A, upper two panels and drawing B). N-cadherin was
generally not located all over the active zone underneath the VAMP2 signal. Rather it

was flanking one side of the active zone. In some cases, N-cadherin was also found
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within the synaptic cleft and separated the presynaptic VAMP2 from the postsynaptic
PSD95 signal (Fig. 3.26A, lower two panels and drawing C).

Compared to conventional fluorescence microscopy, SIM enables more precise
examination of spatial alignments of pre- and postsynaptic molecules. Triple-
stainings revealed a large variety of different arrangements of synaptic molecules. In
general, N-cadherin was located perisynaptic beside VAMP2 and PSD95.
Exceptional, N-cadherin was located within the synaptic cleft between VAMP2 and
PSD95 areas.

3.3.2.3 Superresolution observation of synaptic molecules after strong
stimulation and simultaneous blocking of vesicular endocytosis

Next, structural changes of synaptic molecules upon strong stimulation were
examined with SIM. Similar to 3.3.2.1, neurons were stimulated for 5 min with 50 mM
K* in the presence of dynasore (80 uM) and immediately fixed and immunolabeled
for VAMP2, PSD95 and N-cadherin. In non-stimulated control cells, synapses
showed the typical alignment of VAMP2, N-cadherin and PSD95 as described in
3.3.2.2 (Fig. 3.27B and drawing A). Qualitatively, high [K']-stimulation induced
spreading of distinct VAMP2 cluster to a more diffuse distribution. Similarly, N-
cadherin puncta also spread out and merged with each other to larger oval structures
(Fig. 3.27C and drawing A). In contrast, postsynaptic PSD95 showed no obvious
changes upon stimulation.

In summary, these first superresolution data qualitatively confirmed the observation
that N-cadherin redistributes upon strong synaptic stimulation. Furthermore, SIM
images gave additional information about the spatial changes. They demonstrated
that N-cadherin spread out upon strong synaptic activity and merged with surrounded
cluster to form large accumulations. VAMP2 stainings also showed a dispersion of
vesicle cluster upon stimulation and concurrent blocking of compensatory
endocytosis. This could readily be explained by the dissolution of vesicle membrane
associated VAMP2 molecules when vesicles fuse with the presynaptic membrane by
exocytosis. In addition, PSD95 stainings confirmed previous data done with

105



Results

conventional fluorescence microscopy. In this case, high [K']-stimulation did not

obviously change spatial localization or puncta size.
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Figure 3.27 Spatial changes of synaptic molecules upon strong stimulation and
blocked endocytosis

(A) Schematic drawing of spatial organisation of synaptic molecules and changes upon
strong activity and block of vesicle endocytosis. (B) Example SIM images of non-
stimulated control synapses. (C) Example images upon high [K']-treatment in the
presence of dynasore. Scale bars: 100 nm.
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3.4 Human iPS cell derived neurons as a model system for Alzheimer's
disease

Alzheimer's disease (AD) is characterized by the formation of oligomers of amyloid-3
(AB) peptides. The recent establishment of neurons derived from human induced
pluripotent stem cells (hiPSC derived neurons) enables direct examination of
pathological effects of AB on human synapses, in addition to analysis in animal

models systems.

3.41 The effect of AB on synaptic function

The following experiments were performed as part of a study that established a
highly reproducible AD model based on hiPSC derived neurons. Neurons were
obtained by in vitro differentiation of human iPS cells including an innovative
immunopanning step to achieve a higher density of immature human neurons
compared to other methods. To examine the toxic effects of AR on human synapses,
presynaptic vesicle cluster of hiPSC derived neurons were labeled with the activity-
dependent dye FM4-64. Extracellular application of AR was performed by incubation
of neuronal cell cultures with an AB containing conditioned medium from the CHO
cell line 7PA2 (7PA2-CM) that expresses mutant human APP. To exclude potential
toxic effects of other components, 7PA2-CM was immunodepleted with antibodies
against AB. For this study, AB treated hiPSC derived neurons were provided by Dr.
Katja Nieweg (University of Marburg). Fluorescence microscopy was performed 8

days after A incubation.

3.41.1 Potential effects of 7PA2-CM incubation on the viability of hiPS cell
derived neurons

To examine effects of AR on synaptic contacts, cultured cortical neurons derived from
human iPS cells were incubated for 8 days with 7PA2-CM. To check the general
toxicity of AB, the density of cells and neuronal processes after incubation with 7PA2-

CM was determined. Therefore, neurons were stained with the membrane-permeable
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fluorescence dye calcein-AM by extracellular application (dilution 1/2000) at the end

of each experiment.
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Figure 3.28 Cell viability of hiPSC derived neurons upon incubation with 7PA2
conditioned medium

Incubation of neuronal cultures derived from iPS cells with 7PA2-CM for 8 days showed
no effect on cell viability or number of processes. (A) Example fluorescence images of
neuronal cultures labelled with calcein-AM. Scale bar: 50 um. (B) Quantification of neuron
density by counting calcein-AM labelled cell bodies. (C) Quantification of neuronal
processes crossing a linescan. Control: n= 10; 7PA2-CM: n= 10; Immunodepleted: n= 8
(n indicates number of cultures). Error bars represent S.E.M.

8 days incubation with AB had no effect on the cell density or on the number of
neuronal processes. Also the incubation with AR immunodepleted medium showed
no effect on cell viability (Fig. 3.28A). The normalized density of cell bodies was not
altered (Control: 100,0 + 4,2 %, n= 10 cultures; 7PA2-CM: 96,8 + 7,4 %, n= 10
cultures; Immunodepleted: 106,5 + 9,1 %, n= 8 cultures; Fig. 3.28B). Also the
quantification of neuronal processes by determining the number of neurites that cross
randomly chosen lines within the fluorescence image showed no differences between
the experimental groups (Control: 3,48 £ 0,18/10 um, n= 10 cultures; 7PA2-CM: 3,62
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+ 0,12/10 pm, n= 10 cultures; Immunodepleted: 3,74 £ 0,13/10 uym, n= 8 cultures;
Fig. 3.28C).

These observations showed that incubation with 7PA2-CM for 8 days did not affect
cell viability of the neuronal culture. Hence, the incubation of hiPSC derived neurons
with 7PA2-CM enables the study of functional defects induced by AR on human

synapses in a physiological model system.

3.41.2 Effects of AB peptides on synaptic vesicle cluster

Next, the role of AB on the functionality of presynaptic vesicle cluster was examined.
Cycling vesicles were labeled with the activity-dependent dye FM4-64 by electrical
stimulation with 400 stimuli at 20 Hz as previously described. Actively cycling vesicle
cluster got visible as distinct puncta using fluorescence microscopy. 8 days
incubation with 7PA2-CM decreased the overall FM4-64 puncta density compared to
control and immunodepleted cultures (Fig. 3.29A). To determine the total amount of
FM4-64 labeled vesicles, the density of FM puncta of each staining was multiplied
with the average integrated intensity (area x pixel intensity) per punctum.
Quantification revealed a significant (P< 0,01) reduction of the normalized overall
FM4-64 signal in cultures that were treated with 7PA2-CM (56,9 = 7,6 % of control,
n= 10 experiments) compared to control (100,0 + 9,9 %, n= 10 experiments).
Cultures that were incubated with AR immunodepleted medium were not affected as
compared to control (92,2 £ 8,0 % of control, n= 9 experiments), and overall FM4-64
staining was significantly (P< 0,05) increased in comparison with 7PA2-CM treatment
(Fig. 3.29B). Plotting FM4-64 puncta density versus integrated intensity revealed that
the AR induced effect on the overall FM4-64 puncta staining was largely due to a
reduced density of cycling vesicle cluster (Fig. 3.29C). In addition, effects of 7PA2-
CM on vesicular exocytosis were examined by FM destaining experiments.
Therefore, FM4-64 stained cultures were stimulated with 1200 stimuli at 20 Hz in the
absence of dye. A second longer stimulation (2000 stimuli at 20 Hz) was used to
determine the background level after complete FM4-64 destaining. Extracellular
application of AB had no effect on destaining kinetics (Fig. 3.29D).
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Figure 3.29 Incubation with 7PA2 conditioned medium impaired cycling vesicle
cluster in neurons derived from hiPSCs

(A) Grey-scale (upper panel) and thresholded (lower panel) images of FM4-64 labeled
vesicle cluster. Scale bar: 20 ym. (B) Quantification of total FM4-64 fluorescence. (C)
Puncta density versus integrated intensity of thresholded FM4-64 puncta. (D) Mean
normalized fluorescence decay caused by stimulation-induced vesicle exocytosis. (E)
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Quantification of decay time constants of destaining curves. Control: n= 10; 7PA2-CM: n=
10; Immunodepleted: n= 9 (n indicates number of experiments). Error bars represent
S.E.M. * P< 0,05 and ** P< 0,01 (One Way Anova with Holm-Sidak Post Hoc Test).

The decay time constant was not significantly altered (Control: 20,1 £ 0,8 s, n= 10
experiments; 7PA2-CM: 21,8 £ 1,6 s, n= 10 experiments; Immunodepleted: 22,0 +
1,4 s, n=9 experiments; Fig. 3.29E).

In summary, these experiments demonstrated a strong reduction of actively cycling
vesicle cluster in neurites (axons and dendrites) of hiPSC derived neurons by short-

term (8 days) incubation with AR peptides.

3.41.3 Effects of AB peptides on presynaptic vesicle cycling

Next, the impact of AR on bona fide synapses was studied. Therefore, FM4-64
stainings were analyzed for presynaptic vesicle cluster that contacted postsynaptic
dendrites. Dendrites were visualized by calcein-AM staining. Incubation for 8 days
with 7PA2-CM did not change the density of presynaptic FM4-64 puncta on proximal
dendrites (Fig. 3.30A). Quantification of the normalized total amount of presynaptic
FM4-64 fluorescence revealed no significant changes (Control: 100,0 £ 12,7 %, n=
32 cells; 7TPA2-CM: 89,2 + 11,1 %, n= 37 cells; Immunodepleted: 107,7 £ 18,9 %, n=
32 cells; Fig. 3.30B). Neither a change in presynaptic FM4-64 puncta density, nor a
clear reduction of the integrated intensity was found (Fig. 3.30C). Also FM4-64
destaining experiments revealed no significant alterations of vesicular exocytosis in
presynaptic vesicle cluster (Fig. 3.30D+E). Quantification of the mean decay time
constant revealed no effects of AB on synaptic exocytosis (Control: 25,9 + 2,0 s, n=
32 cells; 7PA2-CM: 28,2 + 2,5 s, n= 37 cells; Immunodepleted: 29,9 £+ 2,9 s, n= 32
cells; Fig. 3.30F).

Summing up, analysis of bona fide synapses revealed no significant change in the

functionality of presynaptic vesicle cluster upon short-term incubation with A.
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Figure 3.30 Absence of effects of AB on presynaptic function in hiPSC derived
cortical neurons

(A) Example fluorescence images of calcein-AM stained proximal dendrites and
thresholded presynaptic FM4-64 puncta. (B) Quantification of total FM4-64 fluorescence
signal on proximal dendrites. (C) Presynaptic FM4-64 puncta density versus integrated
intensity of FM4-64 puncta on proximal dendrites. (D) Example images of thresholded
FM4-64 puncta during destaining. Loss in FM4-64 fluorescence gets visible by
disappearance of FM puncta that undercut the threshold. (E) Mean fluorescence decay of
stimulation-induced vesicle destaining of FM4-64 puncta on proximal dendrites. (F)
Quantification of decay time constants. Control: n= 32; 7PA2-CM: n= 37;
Immunodepleted: n= 32 (n indicates number of cells). Error bars represent S.E.M.

113



Discussion

4 Discussion

Previous studies showed a functional cooperation of N-cadherin and neuroligin-1 in
presynaptic vesicle accumulation at nascent synapses in immature neurons (Stan et
al., 2010; Aiga et al., 2011). The aim of this work was to examine the role of the cell
adhesion molecules N-cadherin and neuroligin-1 in vesicle cycling in more mature
neurons. Therefore, mainly activity-dependent imaging methods like FM4-64
staining/destaining and SypHy imaging were used to measure synaptic vesicle exo-
and endocytosis. Additionally, immunocytochemical stainings were performed to

characterize structural properties of pre- and postsynaptic structures.

4.1 Role of N-cadherin and neuroligin-1 in presynaptic vesicle cycling

For a basic examination of the role of N-cadherin and neuroligin-1 in vesicular exo-
and endocytosis in mature neurons, FM4-64 stainings and destainings were
performed in a “gain-of-function”-approach in cortical neurons overexpressing N-
cadherin-EGFP or neuroligin-1-EGFP. Control cells were transfected with EGFP.
Immunocytochemical stainings were done to verify synaptogenic effects of N-
cadherin and neuroligin-1 in initial experiments in immature neurons (DIV 7) to test
the functionality of the used plasmids. Immunocytochemical stainings for VAMP2
revealed an enhanced presynaptic vesicle clustering by postsynaptic expression of
N-cadherin-EGFP or neuroligin-1-EGFP in immature neurons (Fig. 3.1). These
observations confirm previous studies that showed a crucial role of N-cadherin and
neuroligin-1 in synaptogenic vesicle clustering in immature neurons (Scheiffele et al.,
2000; Togashi et al., 2002; Bozdagi et al., 2004; Graf et al., 2006; Stan et al., 2010;
Aiga et al.,, 2011). Next, vesicle cluster were labeled with FM4-64 in immature
neurons. In contrast to VAMP2 immunostainings that mark all synaptobrevin-2
molecules, FM4-64 is taken up exclusively by cycling vesicles via endocytosis. Thus,
FM4-64 stainings give additional information about the functionality of the presynaptic
vesicle cluster. Postsynaptic expression of N-cadherin and neuroligin-1 strongly
increased the density of active vesicle cluster (Fig. 3.2). This demonstrates that the

postsynaptic expression of N-cadherin-EGFP and neuroligin-1-EGFP induced the
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formation of functional vesicle cluster on the presynaptic site. Thus, these
observations indicated the proper expression and functionality of the used plasmids
in dissociated neurons and enable their application in further experimental
approaches. To examine the influence of N-cadherin and neuroligin-1 on the
functionality of mature presynaptic vesicle cluster, experiments were done in more
mature neurons to minimize synaptogenic effects of these cell adhesion molecules
(as seen in Fig. 3.1). Therefore, the first experiments were repeated in neurons after
extended cultivation (DIV 15). VAMP2 immunostainings were performed in N-
cadherin and neuroligin-1 overexpressing neurons and compared with EGFP
expressing controls. The postsynaptic expression of N-cadherin or neuroligin-1 had
no effect on the density or the area of VAMP2 puncta. This showed that neither N-
cadherin nor neuroligin-1 induced synaptogenesis in this more mature culture
system. The lack of synaptogenesis induced by N-cadherin confirms previous
observations in ES cell-derived N-cadherin knockout neurons (Jungling et al., 2006)
or in conditional N-cadherin knockout cells (Kadowaki et al., 2007). In these studies,
immunostainings for the presynaptic vesicle associated molecule synapsin | revealed
no obvious alteration in synapse formation in the absence of N-cadherin. In contrast,
the role of neuroligin-1 in mature neurons is not well characterized. An important role
of neuroligin-1 in initial synapse formation has been repeatedly described (Scheiffele
et al., 2000; Fu et al., 2003; Sara et al., 2005; Banovic et al., 2010), but its role in
mature neurons remained unclear. In line with a previous study (Wittenmayer et al.,
2009) the above described results indicate no synaptogenic effect of neuroligin-1 in
mature neurons. Next, vesicle cluster were labelled with FM4-64 in mature, primary
dissociated cortical neurons (DIV 14). Postsynaptic expression of N-cadherin as well
as of neuroligin-1 strongly enhanced the density of FM4-64 puncta (Fig. 3.4). In
contrast to immature neurons, this increase in active vesicle cluster could not be
explained with synaptogenic effects of these cell adhesion molecules. Rather, it
indicated a “cycling” effect of N-cadherin and neuroligin-1 in mature neurons, i.e. the
postsynaptic expression of these cell adhesion molecules enhanced presynaptic
vesicle function. These data confirm previous studies that examined FM stainings in
a N-cadherin function blocking approach (Togashi et al., 2002) or in ES cell-derived

N-cadherin deficient neurons (Jingling et al., 2006). Also the expression of a mutant

115



Discussion

N-cadherin construct lacking the extracellular domains strongly decreased FM4-64
uptake (Bozdagi et al., 2004; Vitureira et al., 2011). Conversely, expression of wild-
type N-cadherin did not affect FM uptake in one study (Vitureira et al., 2011). One
explanation could be a potential lower endogenous expression of p120-catenin as
compared to the cell culture system used in this work. In that context, a recent study
indicated the requirement of p120-catenin coexpression for proper function of
expressed N-cadherin (Flannery and Brusés, 2012). Furthermore, the analysis of
integrated fluorescence intensities in Vitureira et al. did not exclude potential effects
of N-cadherin on the density of active vesicle cluster as described in this work.
Comparison of the VAMP2 puncta density with the FM4-64 puncta density (Fig. 3.4
vs. Fig 3.3) showed a significant portion of non-cycling vesicle cluster in control cells
(~ 52% non-cycling vesicle cluster) that got “activated” by N-cadherin (~ 23% non-
cycling vesicle cluster) or neuroligin-1 expression (no non-cycling vesicle cluster).
This idea of functional activation is supported by a previous study, in which
overexpression of neuroligin-1-EGFP in immature neurons (DIV 5) increased FM4-64
uptake to levels of mature neurons (DIV 14; Wittenmayer et al., 2009). Cycling
effects were confirmed by a more physiological approach, where FM4-64 uptake was
induced by electrical stimulation (Fig. 3.5). Similar to high [K']-induced FM4-64
stainings, the cycling effect of N-cadherin and neuroligin-1 was also present upon
electrical stimulation.

FM stainings result in basic information about the functionality of presynaptic vesicle
cluster. However, they do not distinguish vesicular exo- and endocytosis. Thus a
differential analysis of vesicle exo- and endocytosis with FM stainings is problematic.
Hence, FM4-64 destaining experiments were performed for the selective analysis of
vesicular exocytosis (Fig. 3.6). A second electrical stimulation in the absence of
extracellular FM dye induced exocytosis of FM-labeled vesicles and caused the loss
of fluorescence. The decrease of puncta fluorescence correlates with the amount of
vesicular exocytosis (Hoopmann et al., 2012). Surprisingly, postsynaptic expression
of N-cadherin or neuroligin-1 showed no enhanced vesicle exocytosis in FM4-64
destaining experiments (Fig. 3.7). Destaining curves of N-cadherin or neuroligin-1
overexpressing neurons overlapped with EGFP expressing controls. Accordingly,

percentage destaining at the end of the electrical stimulation was unaltered (Fig.
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3.7A,B). Previous studies showed controversial results with regard to the role of N-
cadherin in vesicle exocytosis. Whereas FM experiments in N-cadherin knockout
neurons indicated a role of N-cadherin in vesicle exocytosis (Jungling et al., 2006),
overexpression of a dominant-negative N-cadherin mutant showed no exocytotic
effect revealed by FM destaining experiments (Vitureira et al., 2011).
Electrophysiological experiments showed an important influence of neuroligin-1 on
presynaptic release probability (Futai et al., 2007). Contrary, FM destainings
demonstrated an exocytotic effect of neuroligin-1 in immature (DIV5) but not in
mature (DIV 13) neurons (Wittenmayer et al., 2009). In this work, control experiments
were performed for a better evaluation of the significance of these results and for a
better comparison with previous observations. Stepwise changes of the extracellular
Ca?*-concentration indicated a limited sensitivity of FM destaining experiments in
detecting increases in vesicular exocytosis, especially at high release probabilities
(Fig. 3.7C,D). In control neurons destaining at 2 mM Ca*" was already close to the
maximum at 5 mM Ca®". This indicated that FM4-64 destaining experiments were
unable to resolve further increases of vesicular exocytosis at high release
probabilities, that would be expected by overexpression of N-cadherin and neuroligin-
1.

4.2 Inhibition of synaptic vesicle cycling in the absence of N-cadherin

To circumvent the limited sensitivity of FM4-64 destaining experiments at high
release probabilities, vesicle exocytosis was examined in N-cadherin knockout
neurons. Postsynaptic expression of N-cadherin was knocked out by expression of
CreEGFP in neurons from homozygous floxed N-cadherin mice (Kostetskii et al.,
2005). Immunocytochemistry verified the knockout of N-cadherin protein 7 days after
transfection with CreEGFP (Fig. 3.8B,C) whereas short-term expression of CreEGFP
for 2 days had no effect on N-cadherin protein level (Fig. 3.8A; Pielarski et al., 2013).
Although knockout of N-cadherin showed no effect on FM4-64 puncta density (Fig.
3.9C) it significantly decreased FM4-64 puncta area (Fig. 3.9D). The lack of effect in
FM4-64 puncta density could be explained with the low number of experiments

(Control: n= 4 cells; N-cadherin knockout: n= 6 cells) and the high standard error.
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However, quantification of the FM4-64 puncta area (Fig. 3.9D) confirmed a vesicle
cycling defect in the absence of N-cadherin as previously found (Jungling et al.,
2006) or upon overexpression of a dominant-negative mutant N-cadherin (Bozdagi et
al., 2004; Vitureira et al., 2011). Destaining experiments also demonstrated an
important role of N-cadherin in synaptic vesicle exocytosis. Exocytosis was
significantly reduced in N-cadherin knockout neurons (Fig. 3.9F,G). This observation
confirms previous findings in N-cadherin deficient neurons (Jlingling et al., 2006). In
contrast, FM destaining experiments of a more recent study found no exocytotic
effects of the overexpression of a dominat-negative mutant of N-cadherin (Vitureira et
al., 2011). A possible explanation is the relatively weak stimulation (2 Hz) in that
study compared to this work (20 Hz) or to the study by Jingling et al. (30 Hz).
Probably, interfering with N-cadherin adhesion does not affect vesicle exocytosis at
low activity levels, but proper N-cadherin signaling becomes more important during

high synaptic activity.

4.3 Cooperation of N-cadherin and neuroligin-1 in the transsynaptic
regulation of presynaptic vesicle cycling

Previous studies showed a functional cooperation of N-cadherin and neuroligin-1 in
the modulation of presynaptic vesicle clustering at nascent synapses (Stan et al.,
2010; Aiga et al., 2011). However, the role of this cooperation on the presynaptic
function in mature neurons still needs to be clarified. For this, FM4-64 experiments
were performed to test whether the vesicle cycling effect of neuroligin-1 depends on
the presence of N-cadherin. Neuroligin-1 was expressed in the presence of N-
cadherin (comparable to Fig. 3.5) and in N-cadherin knockout neurons (by
coexpression of CreEGFP) in cortical neurons from homozygous floxed N-cadherin
mice. A functional cooperation of both cell adhesion molecules would result in a
diminished effect size of neuroligin-1-induced vesicle cycling in the absence of N-
cadherin. Indeed, postsynaptic knockout of N-cadherin strongly decreased the
density of active vesicle cluster in neuroligin-1 expressing neurons (Fig. 3.10A,B).
Accordingly, the effect size of neuroligin-1 expression on presynaptic vesicle cycling

significantly decreased in the absence of N-cadherin (Fig. 3.10C). These data
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strongly indicate a functional cooperation of neuroligin-1 and N-cadherin in the
induction of presynaptic vesicle cycling in mature neurons. Furthermore, it shows the
importance of N-cadherin and neuroligin-1 also for the maintenance of proper
synaptic function in mature neurons. In an additional approach, the role of N-cadherin
in the localization of neuroligin-1 was examined. Therefore, neuroligin-1-EGFP
fluorescence in synapses and on dendrites was quantified in control cells expressing
N-cadherin and in N-cadherin knockout neurons. Changes of neuroligin-1-EGFP
expression patterns in N-cadherin knockout neurons would indicate an effect of N-
cadherin on the clustering of neuroligin-1 protein. My data indicated a strong
correlation between the presence of N-cadherin and the synaptic localization of
neuroligin-1. The knockout of N-cadherin diminished the clustering of neuroligin-1
revealed by a significant decrease of neuroligin-1-EGFP puncta density, area and
intensity (Fig. 3.11A-D). Simultaneously, the localization of dendritic, non-clustered
neuroligin-1 was inhibited in the absence of N-cadherin (Fig. 3.11E). These results
indicate a significant role of N-cadherin for synaptic localization of neuroligin-1, hence
confirming a functional cooperation of these cell adhesion molecules.

In summary, these results show a cooperation of N-cadherin and neuroligin-1 in the
transsynaptic induction of the cycling of presynaptic vesicle cluster. Furthermore,
they show the importance of N-cadherin for the proper synaptic localization of
neuroligin-1. Based on these findings, it can be proposed that the disturbed
clustering of neuroligin-1 in the absence of N-cadherin causes the lack of the vesicle

cycling effect of neuroligin-1 in N-cadherin knockout neurons.

4.4 SypHy-based examination of vesicle exo- and endocytosis

FM4-64 experiments indicated a functional role of N-cadherin and neuroligin-1 in the
regulation of presynaptic vesicle cycling. However, because FM experiments are
affected by several steps of the vesicle cycle, they are not well suited for the
differential analysis of vesicular exo- and endocytosis. In contrast, SypHy imaging is
an activity-dependent method able to differentiate between vesicle exo- and
endocytosis (Fig. 3.12A). The stimulation-induced increase of SypHy fluorescence

signal correlates with the amount of vesicle exocytosis. The H'-ATPase inhibitor
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bafilomycin A1 can be used to prevent slight impreciseness by concurrent
requenching (through fast vesicle endocytosis) during the rise time of SypHy
fluorescence (Fig. 3.14D). The post-stimulus decline of SypHy fluorescence
correlates with the speed of vesicle endocytosis and reacidification. Because
reacidification is fast compared to endocytosis, the decline of SypHy signal shows
endocytosis close to real time (Atluri and Ryan, 2006; Granseth et al., 2006). In this
work, SypHy experiments were performed in autaptic glial microisland cultures.
Autapses have been shown to exist in vivo and are not only present in in vitro
cultures (Bekkers, 2003). This elaborated culture system enabled the simultaneous
analysis of several presynaptic SypHy puncta within one field of view because axon
growth was limited by the astrocyte. Furthermore, it enabled the simultaneous
expression of the homophilic cell adhesion molecule N-cadherin on the pre- and
postsynaptic site. To create autaptic cultures, 10-20 neurons were seeded on
astrocyte microislands (Fig. 2.1A,B) and individual neurons were transfected using
the Magnetofection™ technique. Because SypHy fluorescence is quenched in the
resting state, DsRed2 was cotransfected as a marker for transfected cells. For
analysis, the NH4Cl-induced maximal SypHy signal was thresholded and merged with
the corresponding DsRed2 signal to separate autapses from other axonal contacts
(Fig. 3.12B-D). Electrical stimulation induced a fast increase of SypHy fluorescence
signal in autaptic boutons (exocytosis) and was followed by a slower decline in
fluorescence (endocytosis; Fig. 3.13A). For analysis at the level of individual cells,
SypHy fluorescence intensities over time from individual puncta (Fig. 3.13 B) were
averaged to get a mean SypHy signal for each cell (Fig. 3.13C). The combined
application of the optical probe SypHy and the autaptic glial microisland culture
system turned out as an optimal system for the separate analysis of vesicle exo- and
endocytosis. In particular, it enabled simultaneous expression of the homophilic cell
adhesion molecule N-cadherin on the pre- and postsynaptic site. Furthermore, the
simultaneous analysis of several autapses within one experiment minimized
variability and improved the exactness of kinetic measurements. Control experiments
confirmed SypHy as a specific probe to measure synaptic exo- and endocytosis.
Both, the chemical suppression of endocytosis with dynasore as well as the blocking

of vesicle reacidification with bafilomycin A1 revealed a strong inhibition of the SypHy
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fluorescence decline (Fig. 3.14). These results confirm the post-stimulation decline of
SypHy fluorescence as a specific indicator of vesicle endocytosis. The suitability of
SypHy to measure vesicle exocytosis was confirmed in control experiments with
stepwise variation of the extracellular Ca*-concentration ([Ca*']ex; Fig. 3.15).
Because it is known that vesicle exocytosis strongly depends on Ca?* influx
(Heidelberger et al., 1994), increasing [Ca?*]ex should result in SypHy experiments in
stepwise increases in fluorescence intensity. Indeed, SypHy experiments revealed
increased vesicular exocytosis in high [Ca**]e, confirming the suitability of SypHy to
measure vesicle exocytosis (Fig. 3.15 A,B). The decay of SypHy fluorescence was
not significantly influenced by [Ca®']e levels. In contrast to exocytosis, the role of
Ca?" in synaptic endocytosis is controversial and unclear. On the one hand, it has
been shown that Ca®" is important for the basic formation of the clathrin coat during
clathrin-mediated endocytosis (Gad et al., 1998). On the other hand, alterations of
the intracellular Ca®*-concentration ([Ca?'])) with buffers had no effect on vesicular
endocytosis supporting the idea that residual Ca*-levels after stimulation are
sufficient to enable vesicle endocytosis (Ryan et al.,, 1996). In contrast, synapto-
pHluorin experiments revealed a tight regulation of vesicle endocytosis by [Ca?']ex
(Sankaranarayanan and Ryan, 2001). Probably, differences in the stimulation pattern
revealed an effect of [Ca®*].x on vesicle endocytosis. It may be hypothesized, that the
stimulation-induced increase of [Ca®'] was not saturating because of the weaker
stimulation in that work (300 stimuli at 10 Hz). Conversely, it might be possible that
the stronger stimulation used in my experiments (400 stimuli at 20 Hz) already

2 at relatively low [Ca®'lex. In that case, [Ca®']i would be

saturated the [Ca
independent from [Ca**]ex and thus reveal no effect of Ca?* on synaptic endocytosis.

In summary, the comparison of Ca**-experiments revealed a higher sensitivity of the
SypHy imaging method (Fig. 3.15A,B) compared to FM4-64 destainings (Fig.
3.15D,E) in detecting changes of vesicular exocytosis. SypHy imaging revealed a
higher sensitivity especially at high release probabilities (induced by high [Ca®']e). In
contrast, FM4-64 destaining experiments revealed changes only at relatively low
release probabilities (induced by 0,5 mM [Ca®']e,). This finding also helps to explain
the lack of exocytotic effects upon overexpression of N-cadherin and neuroligin-1 in

FM destaining experiments (Fig. 3.7A,B), because expression of these cell adhesion
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molecules is expected to increase presynaptic vesicle cycling. Hence, although N-
cadherin and neuroligin-1 expression affects vesicular exocytosis as revealed in
SypHy experiments (Fig. 3.16 + Fig. 3.20), the enhancement cannot be resolved with
FM4-64. In contrast, reducing presynaptic vesicle cycling (by N-cadherin knockout)
revealed an exocytotic effect of N-cadherin using FM4-64 destaining (Fig. 3.9). The
higher sensitivity of SypHy imaging (compared to FM4-64 destaining experiments) at
high release probabilities makes it particularly interesting to study vesicle cycling in
“gain-of-function”-experiments, that were carried out in this work by overexpression

of N-cadherin or neuroligin-1.

4.5 The specific roles of N-cadherin and neuroligin-1 in synaptic vesicle
exo- and endocytosis

SypHy experiments in N-cadherin and neuroligin-1 expressing neurons revealed
important roles of these cell adhesion molecules in presynaptic vesicle cycling. N-
cadherin as well as neuroligin-1 enhanced synaptic vesicle exocytosis (Fig. 3.16A,B).
An additional SypHy experiment upon block of vesicle endocytosis with bafilomycin
A1 was performed for an isolated analysis of vesicle exocytosis. This experimental
approach confirmed the enhancement of presynaptic vesicle exocytosis by N-
cadherin and neuroligin-1 expression (Fig. 3.20). Accordingly, the more sensitive
SypHy imaging method revealed exocytotic effects of these cell adhesion molecules
that were not visible in FM destainings. Furthermore, quantification of the SypHy
signal decay indicated the induction of vesicular endocytosis exclusively by N-
cadherin (Fig. 3.16A,C). Vesicle cycling effects of N-cadherin or neuroligin-1 have not
been described in pHIluorin-based experimental approaches yet. Accordingly, the
observations in this work enable a more detailed view about the roles of N-cadherin
and neuroligin-1 in presynaptic vesicle cycling. These data confirm an exocytotic
effect of N-cadherin that was previously described with FM destaining experiments
(Jungling et al., 2006). Furthermore, these findings confirmed the exocytotic defect
that was described above in N-cadherin knockout neurons (Fig. 3.9). The
enhancement of vesicle exocytosis by neuroligin-1 was in line with FM destaining

experiments in immature neurons at DIV 5 (Wittenmayer et al., 2009) and extended
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the observed exocytotic effect to more mature neurons. In addition, a specific block
of the transsynaptic interaction between neuroligin-1 and B-neurexin (Fig. 3.17)
confirmed the previously described retrograde modulation of presynaptic release by
postsynaptic neuroligin-1 and verifies B-neurexin as a presynaptic mediator (Futai et
al., 2007). The observed effect of N-cadherin on synaptic endocytosis strengthened
previous studies that measured synaptic vesicle cycling with FM dyes (Bozdagi et al.,
2004; Vitureira et al., 2011). Since FM stainings can only indirectly measure vesicle
endocytosis, the SypHy data in this work directly show a major role of N-cadherin in
synaptic vesicle endocytosis. Furthermore, the induction of vesicle endocytosis by N-
cadherin was analyzed in terms of synaptic activity. Therefore, the endocytotic defect
in N-cadherin knockout neurons was examined depending on the strength of
preceding vesicle exocytosis. In a first experimental approach, vesicle exocytosis
was induced in different [Ca®"]e, with 200 to 800 stimuli (20 Hz) to get variation in
vesicle exocytosis. Subsequently, vesicle cluster were grouped due to their synaptic
activity (exocytosis) into weakly and strongly active puncta. Quantification of the
effect of N-cadherin knockout revealed a stronger interference with compensatory
vesicle endocytosis in highly active synapses as compared to less active vesicle
cluster (Fig 3.18A,C,D). This indicated an important role of N-cadherin in the
compensation of strong vesicle exocytosis by subsequent endocytosis. In a second,
more elaborated experimental approach, the defect of compensatory endocytosis at
high activity was examined individually for single vesicle cluster. Therefore, double-
stimulation experiments were performed for the direct observation of endocytotic
defects in highly active synapses, that were initially intact and showed normal
endocytosis upon weak stimulation. Quantification of vesicle endocytosis revealed an
activity-dependent effect of N-cadherin on vesicle endocytosis (Fig. 3.19). Double-
stimulation experiments clearly showed a disrupted compensatory vesicle
endocytosis in N-cadherin knockout neurons that was detectable upon strong
stimulation (800 stimuli at 20 Hz), but was absent in the same synapses upon weak
stimulation (200 stimuli at 20 Hz). Hence, a direct correlation between the
endocytotic effect of N-cadherin and the activity level of the vesicle cluster was
evident and this indicated an important function of N-cadherin adhesion for the

coupling of vesicular exo- and endocytosis. This essential role of N-cadherin in the
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maintenance of proper synaptic function in strongly active synapses has not been
described before. Moreover, it particularly links the observation of a Ca®*-dependent
coupling of exo- and endocytosis (Hosoi et al., 2009) with the Ca®*-dependent

adhesion of N-cadherin.

4.6 Spatial relocalization of synaptic components upon strong synaptic
activity

Based on the above described activity-dependent effect of N-cadherin on the
coupling of vesicular exo- and endocytosis, further experiments were performed to
examine structural changes of synaptic molecules upon intense vesicle exocytosis.
Previous studies have shown a surface dispersion of N-cadherin upon strong
synaptic stimulation followed by relocalization to synaptic sites during recovery
(Tanaka et al., 2000; Yam et al.,, 2013). A similar experimental approach was
performed to examine structural changes of N-cadherin, PSD95 and neuroligin-1
upon high [K*]-treatment. Immunocytochemical stainings revealed a dispersion of N-
cadherin upon intense synaptic exocytosis that was reversible 30 min after
stimulation (Fig. 3.21A,B). Simultaneously, the spatial distribution of postsynaptic
PSD95 was not altered upon stimulation. These data confirm the spreading of N-
cadherin as well as the stable localization of postsynaptic PSD95 upon strong
synaptic activity that was described by Tanaka et al. in 2000. Qualitatively,
superresolution SIM images revealed the structural redistribution of N-cadherin from
mainly round to oval shaped structures upon high [K*]-treatment that recovered back
to mainly round-shaped puncta (Fig. 3.22). In a next step, the experimental approach
was adapted to analyze the distribution of neuroligin-1 upon intense synaptic activity.
As it was shown that N-cadherin induces the clustering of neuroligin-1 (Fig. 3.11), a
concurrent spatial redistribution (upon intense exocytosis) of neuroligin-1 together
with N-cadherin seemed likely. Indeed, fluorescence microscopy of neuroligin-1-
EGFP expression revealed the dispersion of neuroligin-1 from cluster to a more
diffuse pattern upon intense synaptic activity that was not described before (Fig.
3.23). In line with these data, neuroligin-1 was described to be lost from synaptic

sites upon neuronal activity (Peixoto et al., 2012). In this study, the authors described
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the activity-dependent cleavage of neuroligin-1 upon long-term treatment with high
[K*] for 2 hours. The cleavage of neuroligin-1 in turn destabilizes B-neurexin which
leads to a reduction of presynaptic release probability. Probably, the dispersion of
neuroligin-1 along the dendrite upon short-term stimulation that was found in this
work represents a pre-stage that might ultimately result into cleavage of neuroligin-1
upon prolonged stimulation. The coexpression of neuroligin-1-EGFP and DsRed2-
PSD95 resulted in a stabilizing effect of PSD95 on the clustering of neuroligin-1 upon
intense synaptic activity (Fig. 3.24), hence indicating a postsynaptic interaction of
neuroligin-1 to be responsible for its delocalization upon stimulation. Next, SIM
imaging was performed to get high resolution information about the distribution of
synaptic molecules upon strong stimulation. Therefore cortical cultures (DIV10) were
treated analogously to 3.3.1. Additionally, vesicle endocytosis was blocked with
dynasore for a complete disruption of presynaptic coupling of vesicle exo- and
endocytosis. Immunocytochemical stainings for MAP2, N-cadherin and VAMP2 were
first checked with conventional deconvolution microscopy (Axiovert 200M).
Fluorescence images qualitatively confirmed the dispersion of N-cadherin that was
previously described. Additionally, immunocytochemical stainings for VAMP2 showed
the inclusion of vesicle membrane within the presynaptic plasma membrane upon
intense vesicle exocytosis leading to outspreading of VAMP2 fluorescence signal to
non-synaptic areas (Fig. 3.25). Next, stainings were analyzed with SIM to circumvent
technical limitations of conventional microscopy. Immunocytochemical stainings with
antibodies against VAMP2, N-cadherin and PSD95 enabled a more detailed analysis
of spatial organization of these molecules and of structural changes upon high [K']-
treatment. Triple-stainings in non-stimulated control cells revealed a large variety of
different formations of these pre- and postsynaptic molecules (Fig. 3.26). These
findings are in line with a recent study showing a large spectrum of N-cadherin
localization patterns with other synaptic molecules (Yam et al.,, 2013). Here, the
authors generally found two different patterns of N-cadherin localization (perisynaptic
puncta and synaptic cleft). The authors described a higher amount of rod-shaped N-
cadherin in non-stimulated cells that was only rarely visible in this study. Intriguingly,
it was shown that the distribution of different N-cadherin structures strongly

depended on the maturity of the culture, indicating decreased amounts of rod-shaped
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(synaptic cleft) N-cadherin in more mature neurons. Hence, slight variations in the
maturation level of different cultures might result in significant changes of the spatial
distribution of N-cadherin. Next, spatial changes of N-cadherin, VAMP2 and PSD95
upon high [K']-treatment and blocking of synaptic endocytosis were examined with
SIM (Fig. 3.27). Non-stimulated control cells showed the typical alignment that was
discussed above. Upon K*-stimulation, presynaptic VAMP2 cluster spread out and
showed a more diffuse distribution. This could be explained by the inclusion of
vesicle membrane into the plasma membrane during exocytosis. The inhibition of
endocytosis with dynasore on its part prohibited compensatory retrieval of
presynaptic membrane thus amplifying the observed effect. These data support the
activity-induced dispersion of the vesicle membrane associated molecule
synaptophysin that was previously observed with conventional fluorescence
microscopy (Tanaka et al., 2000). Furthermore, they confirm the dispersion and
outspreading of synaptophysin and vGlut1 that was recently shown with SIM (Yam et
al., 2013). Stimulation-induced dispersion of VAMP2 was accompanied by a spatial
redistribution of N-cadherin. Round N-cadherin puncta spread out and neighboring
cluster merged with each other and formed larger oval structures. These findings
confirm the observation that N-cadherin moves away from the synaptic cleft upon the
inclusion of new membrane lacking N-cadherin upon massive vesicle exocytosis
(Yam et al., 2013). Accordingly, postsynaptic PSD95 showed no obvious changes
upon stimulation, most likely due to the fact that the postsynaptic site was unaffected

from vesicle membrane inclusion that occurred presynaptically.

4.7 Model of homeostatic coupling of synaptic exo- and endocytosis by
N-cadherin

The above described results clearly demonstrate a functional cooperation of N-
cadherin and neuroligin-1. FM4-64 experiments showed basic vesicle cycling
inducing effects of N-cadherin and neuroligin-1 (Fig. 3.4 + Fig. 3.5). Additionally,
FM4-64 destaining experiments in N-cadherin knockout neurons showed an
influence of N-cadherin on exocytosis (Fig. 3.9). Furthermore, the examination of the

cycling effect of neuroligin-1 in the absence of N-cadherin revealed a cooperation of
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these cell adhesion molecules to control presynaptic vesicle cycling (Fig. 3.10).
These observations confirm previous studies that showed this type of cooperation to
be essential for presynaptic vesicle clustering in immature neurons (Stan et al., 2010;
Aiga et al.,, 2011). Using FM stainings, this work demonstrated that the same
interaction between N-cadherin and neuroligin-1 that was shown to affect
synaptogenesis in immature neurons also controls the functionality of presynaptic
vesicles in more mature neurons. Alteration of neuroligin-1 clustering at synaptic
sites in the absence of N-cadherin further supports the idea of a functional
cooperation of these cell adhesion molecules (Fig. 3.11). SypHy imaging
experiments examined the above described cycling effects of N-cadherin and
neuroligin-1 in more detail and revealed exocytotic effects of neuroligin-1 and N-
cadherin expression and an endocytotic effect exclusively for N-cadherin expression
(Fig. 3.16 + Fig. 3.20). Furthermore, SypHy experiments using function-blocking 3-
neurexin-Fcs (Fig. 3.17) confirmed electrophysiological data suggesting a crucial role
of neuroligin-1/B-neurexin adhesion in the enhancement of presynaptic release
probability (Futai et al., 2007). Additional SypHy imaging experiments in N-cadherin
knockout neurons revealed that the endocytotic effect of N-cadherin depends on the
activity level of the synapse. Proper N-cadherin adhesion is important for
compensatory vesicle endocytosis; especially in highly active synapses (Fig. 3.18 +
Fig. 3.19) indicating a crucial role of N-cadherin in the coupling of presynaptic vesicle
exo- and endocytosis.

Potential effects of high synaptic activity levels on the spatial localization of synaptic
molecules were examined by immunocytochemistry. Intense vesicle exocytosis
(induced by high [K']-treatment for 5 min) appeared to be accompanied by
uncoupling of vesicle exo- and endocytosis. In an additional experimental approach,
blocking of endocytosis with dynasore further inhibited the exo-/ endocytotic coupling.
Immunocytochemical stainings confirmed the dispersion of N-cadherin upon intense
vesicle exocytosis (Fig. 3.21; see also Tanaka et al., 2000). Interestingly,
fluorescence microscopy for neuroligin-1-EGFP indicated the same dispersion of
clustered neuroligin-1 to a more diffuse distribution along the dendrite upon high [K']-
treatment (Fig. 3.23). Together these data revealed the simultaneous dispersion of

N-cadherin and neuroligin-1 in highly active synapses (with insufficient endocytotic
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compensation). Finally, superresolution microscopy confirmed the delocalization of
N-cadherin caused by massive inclusion of vesicle membrane into the presynaptic

plasma membrane (Fig. 3.27; see also Yam et al. 2013).

In summary, the above described results support a model that suggests a control of
the coupling of vesicle exo- and endocytosis by N-cadherin and neuroligin-1 that is
particularly important during high synaptic activity (Fig. 4.1). The coupling of
presynaptic vesicle exo- and endocytosis is crucial for the maintenance of synaptic
activity (Haucke et al., 2011). Exocytosis of synaptic vesicles is accompanied by the
inclusion of vesicle membrane within the presynaptic membrane and would lead to
drastic morphological changes by swelling of the presynaptic terminal in case of
altered compensatory endocytosis. Furthermore, intense vesicle exocytosis would
bail out the limited number of release-competent vesicles. Consequences of altered
compensatory endocytosis have been repeatedly observed, e.g. by the accumulation
of endocytotic intermediates in dynamin | knockout mice (Ferguson et al., 2007) or by
the strong phenotype observed in Drosophila shibire mutants (Koenig and lkeda,
1989). The idea of exo- endocytotic coupling is supported by several studies that
indicated molecules of the exocytotic machinery like VAMP2 or Synaptotagmin-1 to
be also important to control vesicle endocytosis (Dedk et al., 2004; Nicholson-
Tomishima and Ryan, 2004; Poskanzer et al., 2003). The observation of a Ca?'-
dependent process that enables coupling of exo- and endocytosis further supports a
direct link of Ca®*-triggered exocytosis with compensatory endocytosis (Hosoi et al.,
2009). Most of these studies investigated the role of presynaptic molecules of the
CAZ in exo- endocytotic coupling most likely because of its direct involvement in
vesicle turnover. Additionally, the observed effects of N-cadherin and neuroligin-1 on
vesicle cycling in this work as well as in previous studies indicate a crucial role of
these CAMs in the coupling of vesicle exo- and endocytosis. Thus, the following
mechanism identifies N-cadherin and neuroligin-1 as mediators of presynaptic
coupling to enable the maintenance of prolonged synaptic activity. At the resting
state, N-cadherin and neuroligin-1 are arranged at and near the active zone of the
synapse. The homophilic N-cadherin system is located at the pre- and postsynaptic

site at the perisynaptic edge of the active zone and is connected to postsynaptic
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neuroligin-1  via  postsynaptic scaffolding molecules. Neuroligin-1  binds
transsynaptically to B-neurexin enhancing release probability (Fig. 4.1A). Upon strong
synaptic activity, vesicles fuse with the presynaptic membrane and cause the
inclusion of vesicle membrane into the presynaptic membrane (Fig. 4.1B). The
swelling of the presynaptic bouton causes lateral shifting of N-cadherin and
neuroligin-1. Thereby, the transsynaptic interaction between neuroligin-1 and B-
neurexin gets disrupted which leads to a decrease of presynaptic release probability.
This in turn impedes further vesicle exocytosis thus preventing massive inflation of
the presynaptic terminal (Fig. 4.1C). Most intriguingly, altered perisynaptic
localization of N-cadherin leads to activation of compensatory endocytosis by N-
cadherin. The constriction of the plasma membrane by compensatory endocytosis
causes shrinking of the presynaptic bouton and the relocalization of N-cadherin and
neuroligin-1 back to the active zone (Fig. 4.1D). Thereby, the synapse returns to the
steady state thus maintaining proper synaptic function (Fig. 4.1A).

Summing up, this mechanism is based on activity-dependent spatial localization
changes of N-cadherin and neuroligin1, which regulate the coupling of vesicle exo-
and endocytosis that is essential for proper synaptic function, especially upon intense

synaptic activity.
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Figure 4.1 Coupling of vesicle exo- and endocytosis by N-cadherin and neuroligin-1
Schematic illustration of the roles of N-cadherin and neuroligin-1 in vesicle cycling. (A) At
the resting state, the 3-neurexin/neuroligin-1 adhesion system is localized centrally at the
active zone. N-cadherin is localized at the periactive zone. Both cell adhesion systems
are linked via postsynaptic scaffolding molecules. (B) Upon stimulation presynaptic
vesicles fuse with the plasma membrane and release their neurotransmitter. N-cadherin
is pushed away from the active zone by the inclusion of vesicle membrane. Postsynaptic
neuroligin-1 delocalizes by linkage to N-cadherin and loses adhesion to presynaptic 3-
neurexin (C). (D) N-cadherin and neuroligin-1 relocalize more centrally to the active zone
by vesicle endocytosis, induced by N-cadherin.

130



Discussion

4.8 Effects of AB on vesicle cluster in human iPSC derived neurons

In addition to the regulation of vesicle cycling by CAMs, pathophysiological effects of
oligomers of amyloid-B (AB) peptides on vesicle cluster were investigated in human
iPSC derived neurons. The formation of AR peptides is thought to play a crucial role
in the pathology of Alzheimer's disease (Selkoe 2002; Haass and Selkoe 2007). A
multitude of synaptotoxic effects of AR peptides has been reported, e.g. the loss of
synapses in rodent neurons (Shankar et al., 2007; Lacor et al., 2007; Andreyeva et al.,
2012) that further causes synapse degeneration (Wilcox et al., 2011; Wu et al., 2010).
In this work, 8 days incubation of neuronal cultures derived from human iPS cells
with AB-containing 7PA2-CM did not affect cell viability (Fig. 3.28). Hence, the short-
term addition of 7PA2-CM to hiPSC derived neurons enables the examination of
functional synaptic defects at an early stage of Alzheimer's disease in which effects
of AB oligomers on neuronal cell viability are largely absent. Furthermore, this model
system enables the verification of AB-induced effects, which were initially shown in
rodent model systems, in human neurons.

FM4-64 stainings revealed a clear defect in the density of axonal vesicle cluster that
was induced by short-term application of AB peptides. In contrast, vesicle exocytosis
(revealed by FM4-64 destainings) as well as vesicle endocytosis (revealed by FM4-
64 puncta intensity) was unaffected in 7PA2-CM treated cells (Fig. 3.29).
Furthermore, AR application for 8 days did not reduce the density of neuronal
processes (Fig. 3.28). Together these results suggest an AB-induced defect in the
axonal transport of vesicle cluster. Thus, these observations in human neurons
confirm previous studies in rodent model systems that showed AB-induced defects in
axonal transport in general (Hiruma et al., 2003; Stokin et al., 2005; Millecamps and
Julien, 2013) and in particular in the transport of vesicles (Decker et al., 2010; Tang et
al., 2012).

Unexpectedly, the cycling of presynaptic vesicle cluster at bona fide synapses was
not affected by AB. FM4-64 stainings and destainings of presynaptic vesicle cluster
that contacted postsynaptic dendrites revealed no significant alterations upon short-
term incubation with 7PA2-CM (Fig. 3.30). Accordingly, AB appears not to affect
synaptic vesicle exo- and endocytosis at early stages in human neurons, contrary to

expectations based on studies in dissociated mouse neurons. In rodent neurons, FM

131



Discussion

experiments had revealed functional defects of presynaptic vesicle exo- and
endocytosis caused by AB (Ting et al., 2007; Parodi et al., 2010). Thus, human
Alzheimer's pathology might be characterized by an AB-induced defect in the axonal
transport of vesicle cluster that might lead to downstream impairment of synaptic

function and loss of synapses in the further course of the disease.
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6 Appendix

6.1 Abbreviations

AD Alzheimer's disease

AMPA a-amino-3-hydroxy-5-methylisoxazol-4-propionacid

APP Amyloid precursor protein

ARA-C Cytosine 3-D-arabinofuranoside-hydrochloride

ATP Adenosine triphosphate

ATPase Adenosine triphosphatase

AB Amyloid-f3

BME Basal medium eagle

BSA Bovine serum albumine

[Ca®*]ex extracellular calcium concentration

[Ca®); intracellular calcium concentration

CaMKII Calcium-calmodulin-dependent proteinkinase |l

CAMs cell adhesion molecules

CASK Calcium-calmodulin-dependent serine proteinkinase

CAZ Cytoplasmic matrix of the active zones

CHO Chinese hamster ovary

CME Clathrin-mediated endocytosis

CNR Cadherin-related neuronal receptors

CNS Central nervous system

CSPa Cysteine string protein a

DIV Days in vitro

DL-AP5 DL-2-Amino-5-phosphonopentanoic acid

DNA Deoxyribonucleic acid

DNQX 6,7-dinitroquinoxalin-2,3-dion

ECD Extracellular domain

EGFP Enhanced green fluorescent protein

EPSP Excitatory postsynaptic potential

ES Embryonic stem

FBS Fetal bovine serum

FM4-64 N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyl)hexatrienyl)pyridinium dibromide

GABA y-aminobutanoic acid

GTP Guanosine triphosphate

GTPase Guanosine triphosphatase

HEPES N-2-hydroxyethylpiperazin-N"-2-ethansulfonacid

hiPSC Human induced pluripotent stem cell
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HSC70

Hz

ICC

IPSP

LNS domain
LTD

LTP
MAGUK
mEPSC
mGIuRs
mIPSC
Munc-18
Munc-13
NB-media
NCadﬂOX
NMDA
NMJ

NSF

PBS

PDZ domain

PFA
PKC

PO

P,

PSD
PSD95
RIM
RIM-BP
ROI

RRP
SH3 domain
SIM

SM
SNAP-25
SNARE

S-SCAM
SynGAP
SypHy
VAMP2
VDCC
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Heat shock cognate 70 kDa protein

Hertz

Immunocytochemistry

Inhibitory postsynaptic current
Laminin-neurexin—sex hormone—binding domain
Long-term depression

Long-term potentiation
Membrane-associated guanylate kinase
Miniature excitatory postsynaptic current
metabotropic glutamate receptors
Miniature inhibitory postsynaptic current
Mammalian uncoordinated-18
Mammalian uncoordinated-13
Neurobasal medium

homozygous floxed N-cadherin mice
N-methyl D-aspartate

Neuromuscular junction

Soluble N-ethylmaleimide-sensitive-factor
Phosphate buffered saline
PSD-95-Drosophila discs large tumor suppressor-zona
occludens-1 protein domain
Paraformaldehyde

Protein kinase C

Poly-L-Ornithine

Release probability

Postsynaptic density

Postsynaptic density protein of 95 kDa
Rab3 interacting molecule

RIM-binding protein

Region of interest

Readily releasable pool

SRC homology 3 domain

Stimulated illumination microscopy
Sec1/Munc-18-like

Soluble N-ethylmaleimide-sensitive-factor-attachment-protein 25
Soluble N-ethylmaleimide-sensitive-factor-attachment-protein-
receptor complex

Synaptic scaffolding molecule

Synaptic GTPase activating protein
Synaptophysin-pHluorin
Vesicle-associated membrane protein 2
Voltage-dependent calcium channel
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vGLUT1 Vesicular glutamate transporter 1
a-SNAP a-soluble N-ethylmaleimide-sensitive-factor-attachment-protein
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