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Summary      

Neurotransmission at chemical synapses is initiated by fusion of neurotransmitter 

filled synaptic vesicles to the presynaptic membrane. This fusion process called 

exocytosis is followed subsequently by vesicle endocytosis. The compensatory 

endocytosis of the synaptic vesicle membrane newly added to the presynaptic 

plasma membrane during exocytosis is necessary for maintaining the size and 

proper functioning of synapses.  

N-cadherin, a Ca2+ dependent homophilic cell adhesion protein, is well known to play 

an important postsynaptic role in long-term-potentiation and spine stabilization. It has 

also been described to influence presynaptic function at mammalian CNS synapses. 

However, the specific roles of N-cadherin in presynaptic vesicle exo- and 

endocytosis remain to be clarified. In this work, the functional role of N-cadherin at 

cortical synapses was examined, with a keen focus on synaptic vesicle endocytosis.  

To understand the role of N-cadherin in synaptic vesicle cycling at cortical synapses, 

synaptophysin-pHluorin (SypHy) fluorescence imaging was performed in cultured 

mouse cortical neurons during and directly following extracellular stimulations. N-

cadherin expression and function were manipulated by either a Cre mediated 

conditional knockout approach or by overexpression of a mutant N-cadherin protein 

lacking the extracellular domains (NcadE). SypHy imaging results in N-cadherin 

knockout neurons at room temperature showed no significant changes in vesicle 

exo- and endocytosis. However, synaptic vesicle endocytosis is known to be highly 

temperature-sensitive. Therefore, I repeated the SypHy experiments in N-cadherin 

knockout neurons at physiological temperature, which resulted in significantly 

reduced vesicle endocytosis. However, vesicle exocytosis seemed not to be affected 

by N-cadherin knockout.  We reasoned that N-cadherin knockout might reduce the 

availability of readily releasable vesicles in response to single action potentials, but 

the stimulation paradigm used in our experimental setup might be too long-lasting 

and due to short-term plasticity phenomena might result in a similar total number of 

vesicles released. To test this hypothesis, the effect of N-cadherin knockout on 

exocytosis was additionally studied using a stimulation protocol with less action 

potentials and indeed, vesicle exocytosis was now found to be reduced. 
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To further investigate a potential specific role of N-cadherin in different modes of 

vesicle endocytosis, N-cadherin knockout cortical neurons were co-stained with 

FM1-43 to stain all endocytosed vesicles and with tetramethylrhodamine–dextran 

(TMR-dextran, 40 kDa) to stain vesicles endocytosed via bulk endocytosis.  Different 

stimulations paradigms were used to activate the different modes of endocytosis. N-

cadherin knockout neurons showed a significant reduction in clathrin-mediated 

endocytosis of individual vesicles. Most interestingly, FM1-43 stained puncta co-

localizing with TMR-dextran were also reduced in N-cadherin knockout neurons 

indicating also impaired bulk endocytosis.  

As a first step in investigating the molecular mechanisms of regulation of endocytosis 

by N-cadherin, the role of actin was tested. Jasplakinolide, an actin polymerizing 

drug, rescued vesicle endocytosis defects in N-cadherin knockout neurons 

suggesting that N-cadherin regulates endocytosis via actin. During strong vesicle 

release, clathrin-mediated endocytosis is too slow to compensate for the newly 

added presynaptic vesicle membrane. Therefore to maintain the structural and 

functional integrity of the synapses, neurons need an additional mode of 

endocytosis, and they are suggested to undergo vesicle membrane retrieval via 

large invaginations in the form of bulk endosomes at the peri-active zone. Since N-

cadherin is also located at the peri-active zone, a role of N-cadherin in regulating 

bulk endocytosis was proposed. To address this hypothesis, structured illumination 

microscopy (SIM) imaging was performed during strong synaptic vesicle release. 

SIM imaging was done on immunocytochemically stained synapses and N-cadherin 

clusters were quantitatively analysed for their spatial relation to pre- (VGLUT1) and 

postsynaptic (PSD95) sites. SIM imaging results suggested that during strong 

vesicle release N-cadherin is recruited to the peri-active zone of the synapses largely 

devoid of N-cadherin prior to stimulation. These findings indicate that synapses may 

need additional N-cadherin during strong synaptic vesicle release to undergo 

efficient compensatory bulk endocytosis. 

This work also investigated the influence of N-cadherin on the functioning of other 

synaptic cell adhesion molecules (SCAMs) like Neuroligin1 and LRRTM2. 

Neuroligin1 and LRRTM2 were compared for their synaptogenic activity using an 

overexpression approach during the differentiation of mouse cortical neurons in vitro. 
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The presynaptic vesicle cluster inducing effect of overexpressed Neuroligin1 and 

LRRTM2 was quantified by immunostaining VAMP2 positive puncta in the contacting 

axon. The vesicle cluster inducing activity of Neuroligin1 was developmentally 

downregulated, while LRRTM2 was found to exhibit synaptogenic activity in both 

immature and mature neurons. The N-cadherin dependence of the vesicle cluster 

inducing activities was examined by Cre mediated conditional knockout of N-

cadherin from postsynaptic sites. Intriguingly, the synaptogenic effect of Neuroligin1 

was found to be dependent on N-cadherin expression in immature neurons. In 

contrast, LRRTM2’s synaptogenic effect was independent of N-cadherin expression 

both in immature and mature neurons. 

In summary, the major finding of this work is that N-cadherin plays important 

regulatory roles in both vesicle exocytosis and endocytosis at central synapses 

under physiological temperature conditions.   
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Zusammenfassung 

Die Neurotransmission an chemischen Synapsen wird durch Fusion von mit 

Neurotransmittern gefüllten synaptischen Vesikeln mit der präsynaptischen 

Membran initiiert. Diesem als Exozytose bezeichneten Fusionsprozess folgt eine 

Vesikelendozytose. Die kompensatorische Endozytose der synaptischen 

Vesikelmembran, die der präsynaptischen Plasmamembran während der Exozytose 

neu hinzugefügt wurde, ist erforderlich, um die Größe und Funktion der Synapsen 

aufrechtzuerhalten. 

 

N-Cadherin, ein Ca2+-abhängiges homophiles Zelladhäsionsprotein spielt 

bekanntermaßen eine wichtige postsynaptische Rolle bei der langfristigen 

Potenzierung und Stabilisierung der Synapsen. Es wird auch vermutet, dass es die 

präsynaptische Funktion an ZNS-Synapsen von Säugetieren beeinflusst. Die 

spezifischen Funktionen von N-Cadherin bei der präsynaptischen Vesikel Exo- und 

Endozytose müssen jedoch noch geklärt werden. In dieser Arbeit wurde die 

funktionelle Rolle von N-Cadherin an kortikalen Synapsen untersucht, wobei der 

Schwerpunkt auf der Endozytose synaptischer Vesikel lag. Um die Rolle von N-

Cadherin beim Zyklus der synaptischen Vesikel an kortikalen Synapsen zu 

verstehen, wurde die Fluoreszenzbildgebung von Synaptophysin-pHluorin (SypHy) 

in kultivierten kortikalen Mausneuronen während, und direkt nach, extrazellulären 

Stimulationen durchgeführt. Expression und Funktion von N-Cadherin wurden 

entweder durch einen Cre-vermittelten konditionalen Knockout-Ansatz oder durch 

Überexpression eines mutierten N-Cadherin-Proteins ohne die extrazellulären 

Domänen (Ncad NE) manipuliert. Die Ergebnisse der SypHy-Bildgebung in N-

Cadherin-Knockout-Neuronen bei Raumtemperatur zeigten keine signifikanten 

Veränderungen der Vesikel-Exo- und -Endozytose. Es ist jedoch bekannt, dass die 

Endozytose der synaptischen Vesikel sehr temperaturempfindlich ist. Daher 

wiederholte ich die SypHy-Experimente in N-Cadherin-Knockout-Neuronen bei 

physiologischer Temperatur, was zu einer signifikant verringerten Vesikelendozytose 

führte. Die Vesikelexozytose schien jedoch nicht durch N-Cadherin-Knockout 

beeinträchtigt zu werden. Ich stellte die Hypothese auf, dass ein N-Cadherin-

Knockout die Verfügbarkeit leicht freisetzbarer Vesikel als Reaktion auf einzelne 

Aktionspotentiale verringern könnte, das in meinem Versuchsaufbau verwendete 
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Stimulationsparadigma jedoch möglicherweise zu langanhaltend ist und aufgrund 

von kurzfristigen Plastizitätsphänomenen zu einer ähnlichen Gesamtzahl der 

freigesetzten Vesikel führen könnte. Um diese Hypothese zu testen, wurde der 

Effekt von N-Cadherin-Knockout auf die Exozytose zusätzlich unter Verwendung 

eines Stimulationsprotokolls mit weniger Aktionspotentialen untersucht, und 

tatsächlich wurde nun eine Verringerung der Vesikelexozytose registriert.  

Um eine mögliche spezifische Rolle von N-Cadherin bei verschiedenen Arten der 

Vesikelendozytose weiter zu untersuchen, wurden die kortikalen N-Cadherin-

Knockout-Neuronen mit FM1-43 angefärbt, um alle endozytierten Vesikel 

darzustellen und simultan mit Tetramethylrhodamin-Dextran (TMR-Dextran, 40 kDa) 

zur Färbung von Vesikeln, die über Bulk-Endozytose endozytiert wurden. 

Verschiedene Stimulationsparadigmen wurden verwendet, um die verschiedenen 

Arten der Endozytose zu aktivieren. N-Cadherin-Knockout-Neuronen zeigten eine 

signifikante Reduktion der Clathrin-vermittelten Endozytose einzelner Vesikel. Am 

interessantesten ist, dass FM1-43-gefärbte Synapsen, die gleichzeitig mit TMR-

Dextran langefärbt waren, auch bei N-Cadherin-Knockout-Neuronen reduziert 

waren, was auf eine  beeinträchtigte Bulk-Endocytose hinweist. 

 

Als ersten Schritt zur Untersuchung der molekularen Mechanismen der Regulation 

der Endozytose durch N-Cadherin wurde die Rolle von Aktin getestet. Jasplakinolid, 

eine aktinpolymerisierende Substanz, verbesserte Vesikelendozytosedefekte in N-

Cadherin-Knockout-Neuronen, was darauf hindeutet, dass N-Cadherin die 

Endozytose über Aktin reguliert. Während einer starken Vesikelfreisetzung ist die 

Clathrin-vermittelte Endozytose zu langsam, um die neu hinzugefügte 

präsynaptische Vesikelmembran zu kompensieren. Um die strukturelle und 

funktionelle Integrität der Synapsen aufrechtzuerhalten benötigen Neuronen einen 

zusätzlichen Endozytosemodus, und es wird vorgeschlagen, dass sie über große 

Invaginationen in Form von Bulk-Endosomen an der periaktiven Zone erfolgt. Da 

sich N-Cadherin auch in der periaktiven Zone befindet, wurde eine Rolle von N-

Cadherin bei der Regulierung der Bulk-Endozytose vermutet. Um diese Hypothese 

zu belegen, wurde während der Freisetzung synaptischer Vesikel eine strukturierte 

Beleuchtungsmikroskopie (SIM) durchgeführt. Die SIM-Bildgebung wurde an 

immunzytochemisch gefärbten Synapsen durchgeführt, und die N-Cadherin-Cluster 
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wurden quantitativ auf ihre räumliche Beziehung zu prä- (VGLUT1) und 

postsynaptischen (PSD95) Stellen analysiert. Die Ergebnisse der SIM-Bildgebung 

deuteten darauf hin, dass während einer starken Vesikelfreisetzung N-Cadherin in 

die periaktive Zone der Synapsen rekrutiert wird, die vor der Stimulation weitgehend 

frei von N-Cadherin ist. Diese Befunde deuten darauf hin, dass Synapsen während 

einer starken Freisetzung synaptischer Vesikel möglicherweise zusätzliches N-

Cadherin benötigen, um eine effiziente kompensatorische Bulk-Endozytose 

durchzuführen. 

Diese Arbeit untersuchte auch den Einfluss von N-Cadherin auf die Funktion anderer 

synaptischer Zelladhäsionsmoleküle (SCAMs) wie Neuroligin1 und LRRTM2. 

Neuroligin1 und LRRTM2 wurden hinsichtlich ihrer synaptogenen Aktivität unter 

Verwendung eines Überexpressionsansatzes während der Differenzierung von 

kortikalen Mausneuronen in vitro verglichen. Der präsynaptische Vesikelcluster 

induzierende Effekt von überexprimiertem Neuroligin1 und LRRTM2 wurde durch 

Immunfärbung von VAMP2-positiven Puncta im kontaktierenden Axon quantifiziert. 

Die Vesikelcluster-induzierende Aktivität von Neuroligin1 wurde in der Entwicklung 

herunterreguliert, während LRRTM2 sowohl in unreifen als auch in reifen Neuronen 

synaptogene Aktivität zeigte. Die N-Cadherin-Abhängigkeit der Vesikelcluster-

induzierenden Aktivitäten wurde durch einen Cre-vermittelten konditionalen 

Knockout von N-Cadherin an postsynaptischen Stellen untersucht. 

Interessanterweise zeigte sich, dass die synaptogene Wirkung von Neuroligin1 in 

unreifen Neuronen von der N-Cadherin-Expression abhängt. Im Gegensatz dazu war 

die synaptogene Wirkung von LRRTM2 sowohl in unreifen als auch in reifen 

Neuronen unabhängig von der N-Cadherin-Expression. 

Zusammenfassend ist das wichtigste Ergebnis dieser Arbeit, dass N-Cadherin 

sowohl bei der Vesikelexozytose als auch bei der Endozytose an zentralen 

Synapsen unter physiologischen Temperaturbedingungen eine wichtige 

regulatorische Rolle spielt. 
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1. Introduction 

Human brain during development is thought to contain approximately 1011 neurons 

which interact and form 1015 synapses in precise neuronal network to finally establish 

a complex brain. Synapses are specialized intercellular contacts between two 

different neurons. Based on of the different types of information processing, 

synapses can be categorized into two types: electrical and chemical synapses. At 

electrical synapses, the information transfer occurs in a bidirectional manner via gap 

junctions in the form of potential shifts between two neurons while chemical synapses 

transmit information unidirectionally by releasing neurotransmitter molecules at 

specialized asymmetric junctions. Chemical Synapses are composed of two 

compartments: 1) presynaptic terminal and 2) postsynaptic region. The presynaptic 

compartment contains neurotransmitter filled synaptic vesicles, specialized sites 

(active zone) and protein machinery needed for neurotransmitter release while 

postsynaptic region has transmitter reception apparatus in the form of special protein 

receptors. Action potential (electrical signal) is converted into a chemical signal by 

the release of neurotransmitter at presynaptic terminal. The neurotransmitters bind to 

the specific receptors present on the postsynaptic site and can transmit information 

further. For example, binding of neurotransmitter can open ion channels thus allowing 

the flow of ions inside the postsynaptic cell which can lead to depolarization. This 

finally converts the chemical signal back to electrical signal. Cell adhesion molecules 

(CAMs) are known to transsynaptically control the formation of these chemical 

synapses and more recently CAMs have been suggested to be involved in the 

synaptic vesicle cycling.  
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Figure 1.1 An illustration depicting an overview from brain to synapse 

A diagram showing a cartoon of brain (A), neuron (B) and a synapse(C). Brain contains thousands of 

neurons that interact with each other at special contact sites called synapses. The information transfer 

occurs at synapses. 

 

1.1 Presynaptic vesicle cycling at chemical synapses 

One of the crucial features of the chemical synapses within the central nervous 

system (CNS) is their ability to adapt to the changes in neuronal activity. The 

chemical synapses process information in the form of signal transmission (Fig. 1.1). 

The strength of the presynaptic signal during synaptic transmission is determined by 

the neurotransmitter release. Neurotransmitters are packed inside the synaptic 

vesicles (SVs). These vesicles can be categorized into three different groups with 

different spatial localization and release kinetics (reviewed by Rizzoli and Betz, 

2005). The first group of vesicles which are available for exocytosis upon stimulation 

is called readily releasable pool (RRP). The readily releasable pool (RRP) is the 

smallest group of vesicles that is docked and primed at the presynaptic membrane 

(Südhof, 2004). This pool has 5-20 vesicles and is required to be refilled by another 

pool, named recycling vesicle pool. The recycling pool makes upto 20 % of the total 

vesicle cluster and refills the RRP whenever needed (during longer stimulation, 

Schikorski and Stevens, 1997; for review see Harata et al., 2001). Reserve pool is 

the largest pool of synaptic vesicles also known as resting vesicle pool. The function 

of this vesicle pool has not been clarified yet. For example, during physiological 

conditions, this vesicle pool is very difficult to release in hippocampal neurons 
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(Harata et al., 2001). Therefore, these observations suggest that RRP and recycling 

vesicle pool are working together to maintain the functioning of the synapses during 

prolonged synaptic transmission. The specific function of the reserve pool is not yet 

clear, but it might play a key role during strong synaptic activity. During information 

transfer, neurotransmitter filled vesicles fuse with the presynaptic membrane via 

exocytosis and this extra added membrane is recycled via compensatory 

endocytosis. On the postsynaptic site, different types of receptors (ionotropic and 

metabotropic) gets modulated in response to the released neurotransmitters and 

further transmit information. The main focus of this work was the evaluation of the 

functional role of the cell adhesion molecule, N-cadherin in regulating the presynaptic 

vesicle cycling (exo- and endocytosis) and gain further insights into the mechanism of 

activity-dependent regulation of endocytosis.  

 

Figure 1.2 The presynaptic vesicle cycle  

(modified after Jahn and Fasshauer, 2012)  

Synaptic vesicle cycling in a nerve terminal. Synaptic vesicles are filled with neurotransmitter inside 

the presynaptic terminal. Neurotransmitter-filled vesicles get translocated to the active zone in the 

presynaptic plasma membrane where they undergo docking and priming. These steps enable the 

vesicles to be ready for release. During an action potential, influx of Ca
2+

-ions through voltage-gated 

Ca
2+

channels triggers the rapid fusion of synaptic vesicle with the membrane of the presynaptic 

terminal, finally leading to the release of neurotransmitters. After exocytosis, small parts of the plasma 
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membrane are retrieved by various modes endocytosis. One common form of endocytosis shown here 

is clathrin-mediated endocytosis. The newly retrieved vesicles further gets reacidified and probably 

joins the vesicle pool again. 

 

1.1.1 Exocytosis of synaptic vesicles 

During synaptic transmission, presynaptic terminals release neurotransmitters. 

Transmitter-filled vesicles undergo exocytosis at the presynaptic active zone. The 

active zone is a well-characterized area in the presynaptic membrane and it has 

clusters of proteins called cytomatrix of the active zone (CAZ). The exocytosis 

initiation step involves an ATP-dependent docking and priming of synaptic vesicles. 

This enables them to quickly respond to Ca2+ influx. Two protein complexes, the 

SNARE (soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein 

receptor) protein complex and the SM (Sec1/Munc18-like) protein complex, are 

involved in this process. SNARE-complex is composed of three different SNARE 

proteins, synaptobrevin, syntaxin and synaptosomal-associated protein 25 (SNAP-

25). SNAP-25 contributes two SNARE motifs whereas synaptobrevin and syntaxin 

provide one SNARE motif each, finally resulting in a four-helix bundle which is 

essential for Ca2+ triggered synaptic transmission (Söllner et al., 1993; Poirier et al., 

1998; Sutton et al., 1998). The essential role of these proteins in vesicle fusion was 

established using neurotoxins like tetanus or botulinum. These neurotoxins are 

substrate specific proteases and were shown to block synaptic vesicle fusion to the 

presynaptic membrane by cleaving synaptobrevin (Link et al., 1992; Schiavo et al., 

1992), SNAP-25 (Blasi et al., 1993a) or syntaxin (Blasi et al., 1993b). Upon Ca2+-

influx, the trans-SNARE complex connects the synaptic vesicle membrane with the 

presynaptic plasma membrane and enables the opening of fusion pore (Südhof and 

Rizo, 2011; Rizo and Xu, 2015). Synaptotagmin is a Ca2+sensor which contains two 

Ca2+ ion binding sites (C2A and C2B) and is anchored at synaptic vesicle membrane 

via its transmembrane domain. Two Ca2+ ions can bind to C2A and three Ca2+ ions 

bind to C2B (Geppert et al., 1994; Ubach et al., 1998; reviewed in Südhof, 2013). 

Synaptotagmin also binds to syntaxin via its C2 domain (Lai et al., 2011). The binding 

of Ca2+ to synaptotagmin leads to conformational changes in the SNARE-complex 

and initiates the fusion of the synaptic vesicle membrane with the presynaptic 

membrane. Complexins are small molecules that bind to trans-SNARE complexes 
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and modulates the vesicle fusion process (McMahon et al., 1995; Südhof, 2004; 

Trimbuch and Rosenmund, 2016; Courtney et al., 2019). Several SM proteins like 

Munc-18 or Munc-13 catalyze the membrane fusion event (Verhage et al., 2000; 

Varoqueaux et al., 2002). Munc-13 is an active zone protein that is involved in vesicle 

priming (Brose et al., 1995; Augustine et al., 1999).  At rest, Munc-18 blocks the 

assembly of SNARE-complex by interacting with syntaxin through high affinity 

binding. Munc-13, on the other hand, interferes with the Munc-18/syntaxin-complex 

by activating a protein kinase (PKC) thus promoting the open configuration of 

syntaxin. This syntaxin, in turn, participates in SNARE assembly (Fujita et al., 1996; 

Betz et al., 1997; Brose et al., 2000; Burkhardt et al., 2008; Südhof and Rothman, 

2009; Hu et al., 2011). Along with SM proteins, two chaperon systems also support 

the SNARE-complex assembly. A trimeric complex consists of CSPα (cysteine string 

protein α), the heat shock protein 70 (Hsc70) and SGT (glutamate and threonine-rich 

protein) has been shown to be essential for proper synaptic function (Tobaben et al., 

2001; Sharma et al., 2012). Synucleins are the other presynaptic chaperons that 

have been shown to compensate CSPα-knockout induced neurodegeneration in 

vertebrates (Chandra et al., 2005; Burré et al., 2010). Several other active zone 

proteins have also been identified which regulate the SNARE-complex formation and 

fusion pore opening. For example, vesicle docking and priming are facilitated by RIM 

(Rab3-interacting molecules) proteins. RIM proteins have also been shown to be 

important in the recruitment of Ca2+-channels (VDCCs) to the active zone (Koushika 

et al., 2001; Deng et al., 2011; Han et al., 2011; Kaeser et al., 2012) and can affect 

short-term plasticity (Castillo et al., 2002; Schoch et al., 2002; Uriu et al., 2010; 

Kaeser et al., 2012). RIM-binding proteins (RIM-BP) facilitate the recruitment of Ca2+-

channel by binding with RIM (Kaeser et al., 2012). Several other proteins like α-

Liprins, piccolo and bassoon are known to be important for vesicle clustering and 

therefore are indirectly important for proper synaptic vesicle exocytosis (Dai et al, 

2006; Mukherjee et al., 2010). After the opening of the fusion pore, the two 

membranes completely merge, and SNARE- complexes are converted from trans- to 

cis- form which is finally dissociated into monomers by NSF (N-ethylmaleimide 

sensitive factor) and SNAPs (“soluble NSF-attachment proteins) (Pang and Südhof, 

2010). SNARE-complex proteins and synaptic vesicles are recycled after the release 

of neurotransmitters. There are compensatory mechanisms which involve uptake of 

small parts of the presynaptic membrane that contain all the machinery of exocytosis 



1. Introduction 

 

6 
 

(Hayashi et al., 2008). This local recycling of synaptic vesicles and exocytosis 

machinery enables synapses to undergo continuous signal transmission. 

 

1.1.2 Endocytosis processes 

 

To maintain the availability of vesicles during synaptic transmission, synapses need a 

compensatory mechanism which comes in the form of synaptic vesicle endocytosis. 

First, the SNARE-complex is disassembled with the help of the ATPase NSF and this 

process is controlled by α-SNAP. Subsequently, parts of the lipid bilayer and specific 

vesicular molecules get endocytosed to maintain synaptic transmission. Dynamin, a 

GTPase pinches off the newly formed vesicles from the presynaptic membrane 

(Ferguson et al., 2007; Raimondi et al., 2011; Ferguson and De Camilli, 2012). Until 

now, four different forms of synaptic vesicle endocytosis have been described. 

Kiss-and-run: Kiss-and-run is the most disputed form of endocytosis (Rizzoli and 

Jahn, 2007). It is thought to occur directly at the active zone. In this, synaptic vesicles 

do not fuse completely with the presynaptic plasma membrane, instead they form a 

small (~ 5 nm) fusion pore to release neurotransmitters into the synaptic cleft and 

then quickly get recycled (~1-2sec) (Stevens and Williams, 2000). 

Clathrin-mediated endocytosis: The most common and arguably the best 

characterized form of endocytosis is clathrin-mediated endocytosis (CME). CME is 

the dominant form of endocytosis during low intensity stimulation (Granseth et al., 

2006) and involves the formation of clathrin coats around the presynaptic membrane 

invaginations (or vesicles) of a certain size (∼40–50 nm in diameter) budding from 

the plasma membrane. These clathrin-coated vesicles are finally pinched off with the 

help of dynamin, a GTPase (Brodin et al., 2000; Royle and Lagnado, 2010). Clathrin 

coated pits were first reported in the frog neuromuscular junction (NMJ) by electron 

microscopy (Heuser et al., 1974). Several clathrin-adaptor proteins like AP-2, AP-180 

or stonin2 helps to recruit clathrin-coat thus ensuring the recycling of vesicular 

membrane and its protein components (Haucke and De Camilli, 1999; Saheki and De 

Camilli, 2012). This form of endocytosis is generally believed to be relatively slow 

(τ = several to tens of seconds).  The full-collapse of vesicular membrane during 

exocytosis may lead to lateral diffusion of synaptic vesicular proteins, thus creating a 

high demand for these diffused vesicular proteins to be recycled. This implies that the 

https://www.sciencedirect.com/science/article/pii/S0168010212000338?via%3Dihub#bib0270
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vesicles are generated through this pathway at the peri-active zone (adjacent to 

active zone) and these vesicles either directly join the releasable vesicle pool or 

indirectly via early endosomes (Heuser and Reese, 1973; Hoopmann et al., 2010). 

The peri-active zone that surrounds the active zone and is thought to be the major 

site for clathrin-mediated endocytosis and bulk endocytosis (Gad et al., 1998; Roos 

and Kelly, 1999; Teng and Wilkinson, 2000; Hua et al., 2011). 

 

 

 

Figure 1.3 Different modes of synaptic vesicle endocytosis 

(modified from Saheki and De Camilli, 2012) 

Schematic diagram of synaptic vesicle cycling in the presynaptic terminals illustrating various modes 

of synaptic vesicle (SV) membrane retrieval. (A) Kiss-and-run, (B) clathrin-mediated endocytosis, (C) 

ultrafast endocytosis, and (D) bulk endocytosis.  
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Activity-dependent bulk endocytosis (ADBE): Another form of vesicle retrieval is 

bulk endocytosis. During intense neuronal activity, large pieces of presynaptic 

membrane is internalized in the form of endosomes (Miller and Heuser, 1984; Holt et 

al., 2003; Wu and Wu, 2007; Hayashi et al., 2008; Clayton and Cousin, 2009; Wenzel 

et al., 2012; Kittelmann et al., 2013). High intensity stimulation leads to increased 

calcium concentration in the synaptic terminal. This results in the fusion of a lot of 

synaptic vesicles with the presynaptic membrane, thus increasing the area of the 

presynaptic terminal. Increased calcium activates a phosphatase, calcineurin. 

Calcineurin dephosphorylates and thus, in turn, activates many endocytic proteins 

including Syndapin-I and dynamin (Cheung and Cousin, 2013). Bulk endocytosis 

may also occur in the absence of dynamin (Wu et al., 2014), suggesting the 

existence of multiple pathways for the formation of large endosomes (for ADBE). 

 

Ultrafast endocytosis: Recently, a new pathway for rapid vesicle recovery has been 

identified using an innovative electron microscopy technique in C. elegans motor 

neurons (Watanabe et al., 2013a) and mouse hippocampal neurons (Watanabe et 

al., 2013b; Brockmann and Rosenmund, 2016). In the flash-and-freeze approach, 

synaptic transmission is induced by stimulating neurons using single optogenetic 

stimulation and the subsequent membrane dynamics are captured by freezing 

neurons at defined time intervals (Watanabe S, 2016). After a single stimulus, the 

presynaptic vesicle membrane undergoes recovery at the sites lateral to the fusion 

sites within 100 ms.  This endocytic pathway is independent of clathrin but clathrin is 

needed later to generate individual synaptic vesicles from endosomes (Watanabe et 

al., 2013a; b; Watanabe et al., 2014). The molecular mechanism of ultrafast 

endocytosis is not well understood due to its recent discovery. However, initial 

studies have described a few key factors. First, calcium influx itself is not sufficient 

but the fusion of SVs to the presynaptic membrane is the pre-requisite to induce 

ultrafast endocytosis (Watanabe et al., 2013a, b). Second, filamentous actin, F-actin, 

is needed for initializing the membrane curvature (Watanabe et al., 2013b). Third, the 

dynamin function is required to pinch off the endocytic vesicles formed during this 

pathway (Watanabe et al., 2013a, b). Fourth, ultrafast endocytosis takes place at 

physiological temperature and at the lateral site to the active zone (typically within 

200 nm) (Watanabe and Boucrot, 2017). Delvendahl et al., 2016 have also reported 

a temperature-sensitive, clathrin-independent endocytosis activated by a single 
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action potential at hippocampal mossy fiber synapses. This endocytic pathway is 

rapid (τ = ~1 s) and is sensitive to actin perturbation thus likely represents ultrafast 

endocytosis (Delvendahl et al., 2016). A more recent study showed that the endocytic 

processes happening after 10 Hz stimulation are formin-dependent and are clathrin-

independent. This paper used rapid acid quenching of pHluorins to suggest that all 

these actin-dependent endocytosis events occur on multiple time-scales (τfast = 760 

ms and τslow = 26 s; Soykan et al., 2017; Gan and Watanabe 2018, review). 

 

1.2  Cadherins  

Cadherins (Ca2+-dependent adhesion molecule) are one of the most prominent 

synaptic cell adhesion molecule family present at the synapses (Arikkath and 

Reichardt, 2008). This synaptic adhesion molecules family 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 classical cadherin in 

the mammalian CNS is neuronal (N)-cadherin. N-cadherin proteins are present at 

both sides of the synapses, the pre-and postsynaptic site and bind to each other via 

homophilic interactions within the synaptic cleft. The homophilic interactions of N-

cadherin are known to be Ca2+-dependent (for review see Pokutta and Weis, 2007; 

Brigidi and Bamji, 2011). 

  

1.2.1 N-cadherin 

1.2.1.1 Structure 

Neural (N)-cadherin is the most abundantly expressed classic cadherin in the brain 

representing a type I cadherin. N-cadherin has 5 extracellular tandemly repeated 

domains (EC1-EC5) with 110 amino acids each, a single-pass transmembrane 

domain and a cytoplasmic tail (100 amino acids) (Hata et al., 1988). The extracellular 

domains are proposed to play distinct roles. The first two domains (EC1 and EC2) 

were suggested to be important for adhesive properties, while the other domains are 

suggested to help in promoting adhesive efficiency by positioning the essential 

domains relatively far from the cell surface (Shan et al., 2004). Extracellular (EC) 

domain contains special motifs with an amino acid sequence of histamine, alanine 

and valine (HAV motif). HAV motif has been proposed to be important for homophilic 

interactions of N-cadherin (Yap et al., 1997; Williams et al., 2000; Pokutta and Weis, 

2007; Brasch et al., 2012). The extracellular domains are separated by Ca2+-binding 
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sites that enable homophilic interactions in cis- and trans- (Nagar et al., 1996; Patel 

et al., 2006; Pokutta and Weis, 2007; Brasch et al., 2012). For cis- interactions, EC1 

domain of one N-cadherin interacts with EC2 domain of another N-cadherin on the 

same side of the synapse whereas for trans- interaction, EC1 domain of one N-

cadherin binds with EC1 domain of another N-cadherin on the other side of the 

synapses (Pokutta and Weis, 2007). Cis- interactions are known to be stronger as 

compared to weak trans- interactions. Therefore, N-cadherin is suggested to form 

cis- dimers first and then have trans- interactions (Shapiro et al., 1995; Brasch et al., 

2012). On the C-terminal side, N-cadherin has been shown to interact with actin 

cytoskeleton via beta-catenin and alpha-catenin (Drees et al., 2005; Brigidi and 

Bamji, 2011). N-cadherin is synthesized from a precursor protein, Pro-N-cadherin 

(Ozawa and Kemler 1990). 

 

Figure 1.4 Homophilic adhesion of classical cadherins 

(modified after Brasch et al., 2012) 

Complete structure of classical cadherins. Cadherins contain 5 extracellular domains (EC1-EC5). 

These extracellular domains have Ca
2+

binding sites which are important for its homophilic interactions. 

The cytoplasmic domain have binding sites for p120 and β-catenin. Interaction of c-terminal domain of 

β-catenin with α-catenin connects cadherins to the actin-cytoskeleton. (B) Cis- and trans- interactions 

of cadherin. Cadherin achieve extracellular adhesion by two types of interactions. Cis- interaction is 

mediated by EC1-EC2 binding while trans- interaction happens via EC1-EC1 binding. 
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1.2.1.2 Expression patterns 

In vivo, N-cadherin has been shown to be expressed in specific patterns, indicating 

its possible role in target recognition via axon outgrowth and the establishment of 

functional connections (Redies et al., 1993; Obst-Pernberg et al., 2001). Jontes et al., 

2004 showed for the first time that N-cadherin is expressed very early at nascent 

synapses by co-localization with synaptic markers and suggested the potential role of 

extracellular domains in N-cadherin trafficking and targeting. In vitro, N-cadherin is 

expressed at both excitatory and inhibitory synapses in young hippocampal neurons 

but later it is found to be localized only at mature excitatory synapses (Benson and 

Tanaka, 1998). Thus during development, N-cadherin disappears from inhibitory 

synapses suggesting the presence (possibility) of another member of the cadherin 

family at inhibitory synapses. Additionally, N-cadherin is also found to undergo 

changes in its synaptic localization within excitatory synapses during development. 

More specifically, N-cadherin is shown to be present in the centre of the active zone 

at immature synapses (in vivo & in vitro) and is suggested to move to the perisynaptic 

zone upon synapse maturation (Elste and Benson, 2006). Uchida et al., 1996 

showed that in the mouse brain, N-cadherin along with αN- and β-catenin is localized 

at the border of neurotransmitter release site (active zone).  

N-cadherin knockout mouse is lethal as the mutant embryos die around embryonic 

day 10 because of dramatic abnormalities in the development of heart tissue (Radice 

et al, 1997). Therefore, various alternative approaches have been developed to 

investigate the role of N-cadherin at synapses. These approaches includes a pan-

cadherin block of function by either expressing a dominant-negative truncated 

cadherin (Togashi et al., 2002; Andreyeva et al., 2012), by application of antibodies 

and peptides that block the interaction of extracellular N-cadherin domains (Tang et 

al., 1998; Bozdagi et al., 2000), embryonic stem cells (ES) derived N-cadherin 

knockout neurons (Jüngling et al., 2006; Stan et al., 2010), and cre-mediated 

conditional knockout approach (Bozdagi et al., 2010; van Stegen et al., 2017).   

Interfering with the N-cadherin function is known to affect both pre- and postsynaptic 

sites. On the presynaptic site, interfering with N-cadherin led to the reduction in the 

presynaptic vesicle accumulation in immature neurons and decreased vesicle cycling 



1. Introduction 

 

12 
 

in both immature as well as mature hippocampal neurons (Togashi et al., 2002; Stan 

et al., 2010). 

A conditional knockout of N-cadherin in the cerebral cortex resulted in the random 

organization of cytoarchitecture or failure in the proper organization of the 

cytoarchitecture (Kadowaki et al., 2007). N-cadherin was proposed to play an 

important role in axon guidance towards the selection of appropriate synaptic 

partners enabling the formation of specific connections. Strong homophilic binding 

properties of N-cadherin seems to be important for this. Huntley and Benson, 1999 

demonstrated that blocking N-cadherin by specific antibodies resulted in the 

abnormal growth of thalamic fibers into the cortical layer II of the somatosensory 

cortex. These fibers are known to physiologically grow until (terminate in) layer IV of 

the somatosensory cortex. 

NMDA (N-methyl-D-aspartate) receptor (NMDAR) activity has been shown to control 

the endocytosis of N-cadherin. More precisely, the rate of endocytosis of N-cadherin 

is suggested to be reduced upon activation of NMDA receptors (NMDAR), which in 

turn results in increased levels of membrane-associated N-cadherin (Tai et al., 2007). 

In contrast, Marambaud et al., 2003 described an activity-driven reduction in N-

cadherin adhesion. This study showed that NMDA receptor activity resulted in 

enhancement of presenilin-1 (PS1) and presenilin-1, in turn, cleaves N-cadherin at its 

transmembrane domain to generate Ncad/CTF2 cytoplasmic fragment (Marambaud 

et al., 2003). ADAM10 is also known to cleave N-cadherin and generate Ncad/CTF1 

membrane fragment (Reiss et al., 2005; Uemura et al., 2006). Ncad/CTF1 fragment 

is subsequently cleaved by PS1 to produce Ncad/CTF2 (Uemura et al., 2006). N-

cadherin is known to dimerize in response to high K+ induced depolarization and 

attain protease-resistant properties indicating enhanced cadherin-mediated 

intercellular adhesion. This data suggest that N-cadherin mediated synaptic adhesion 

is dynamically modulated by synaptic activity (Tanaka et al., 2000). In line with the 

above results, Yam et al., 2013 showed that transient synaptic stimulation modulates 

N-cadherin localization within the synapse. 
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1.2.1.3 Presynaptic functions 

N-cadherin has been proposed to play a crucial structural role in the organization of 

presynaptic compartment like presynaptic vesicle clustering (Murase et al., 2002; 

Togashi et al., 2002; Bamji et al., 2003; Bozdagi et al., 2004; Stan et al., 2010). More 

recent studies have shown the functional cooperation of N-cadherin with other cell 

adhesion molecules. N-cadherin postsynaptically recruited Neuroligin1 via S-SCAM 

(synaptic scaffolding molecule), and Neuroligin1 in turn, enhanced vesicle clustering, 

thereby regulating vesicle clustering effect of Neuroligin1 at the presynaptic site (Stan 

et al., 2010; Aiga et al., 2011; van Stegen et al., 2017). N-cadherin also plays a 

crucial role in the functionality of mature synapses. Synaptic functions were 

examined after interfering with postsynaptic N-cadherin and the results revealed 

reduced presynaptic release (Jüngling et al., 2006; Vitureira et al., 2011). N-cadherin 

has also been suggested to play an important role in synaptic plasticity.  In mouse 

embryonic stem (ES) cells derived N-cadherin null neurons, the short-term plasticity 

at glutamatergic synapses were dramatically altered (Jüngling et al., 2006). 

Overexpression of N-cadherin has been shown to enhance vesicle exo- and 

endocytosis in cultured cortical neurons. Most intriguingly, enhancement of synaptic 

vesicle endocytosis by N-cadherin was shown to be release dependent at room 

temperature (van Stegen et al., 2017). 

 

1.2.1.4 Postsynaptic functions 

Postsynaptically, N-cadherin has been shown to be involved in spine formation. 

Knockdown of N-cadherin resulted in decreased spine number and formation of 

filopodia-like dendritic spines demonstrating its pivotal role in spine formation 

(Togashi et al., 2002; Saglietti et al, 2007). Moreover, N-cadherin has been shown to 

be required for synapse stabilization and functional maturation (Bozdagi et al., 2004). 

N-cadherin knockout from adult mice led to a significant impairment in LTP 

persistence, but not induction. Short term disruption of N-cadherin function using 

blocking peptide is shown to enhance spine motility and reduced spine length 

(Mysore et al., 2007).  

N-cadherin is synthesized during the late phase of LTP and newly formed synapses 

recruit N-cadherin where it may function initially as a synapse stabilizer and later help 

in functional maturity (Bozdagi et al., 2000). N-cadherin couples spine structural 

modification with LTP. The deletion of N-cadherin has a profound effect on the 
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stability of coordinated spine enlargement and LTP at mature CA1 synapses 

(Bozdagi et al., 2010). Conditional knockout of N-cadherin from the forebrain and 

Hippocampus of adult mice resulted in reduced beta-catenin levels and GluA1 and 

PSD were also diminished. Loss of N-cadherin also led to an increase in inhibitory 

synapses and decreased the severity of hippocampal seizures. Knockout mice 

showed impaired spatial memory (hippocampal-dependent memory of spatial 

episodes, Nikitczuk et al., 2014). N-cadherin has also been shown to regulate 

synapses in a negative manner. A short term mis-match expression of N-cadherin 

selectively on the postsynaptic site resulted in impaired synaptic function while long 

term expression of N-cadherin on the postsynaptic site led to axon retraction and 

synapse elimination (Pielarski et al., 2013). Bian et al., 2015 showed the role of 

cadherin/catenin cell adhesion system in coordinated spine pruning and maturation in 

the mouse somatosensory cortex. 

1.3 Other cell adhesion molecules 

Neuroligins and LRRTMs are postsynaptic adhesion molecule and both are known to 

interact presynaptically with Neurexins. Recent studies have identified the role of N-

cadherin in regulating the functions of Neuroligin1 (Stan et al., 2010; Aiga et al., 

2011). Since LRRTM2 and Neuroligin1 have similar functions (synaptogenic, de Wit 

et al., 2009; Ko et al., 2009) and bind with Neurexins, I asked whether LRRTM2 

function is also regulated by N-cadherin. 

1.3.1 Neuroligins 

Neuroligins are heterophilic cell adhesion molecules located on the postsynaptic site 

and are known to interact with presynaptic neurexins (Ichtchenko et al., 1995). 

Structurally, Neuroligins have a single extracellular domain, a transmembrane region, 

and a cytoplasmic part. Neuroligins are type 1 transmembrane proteins and there are 

four Neuroligin genes in mouse, Neuroligin1-4 (NLG1-4) (Ichtchenko et al., 1996). 

Neuroligin1 is well known to be expressed exclusively at excitatory synapses (Song 

et al., 1999) while Neuroligin2 is localized to inhibitory synapses (Varoqueaux et al., 

2004).  Neuroligin3 is shown to be present both at excitatory glutamatergic synapses 

and inhibitory GABAergic synapses (Budreck and Scheiffele, 2007). NLG4 is 

expressed at relatively low levels in the adult mouse brain. 
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N-terminal side of Neuroligin1 can bind to various isoforms of neurexins but the most 

comment binding partners are β-neurexins (irrespective of the insert at splice site 4). 

Neuroligin1/ β-neurexin interactions are Ca2+ -dependent and have been shown to be 

involved in synapse formation and synapse maturation in central nervous system. 

Cytoplasmic part of Neuroligins have PDZ-domain recognition motif and can bind to 

several proteins in the postsynaptic terminal like PSD9 or S-SCAM (Irie et al., 1997; 

Chen et al., 2000). 

Scheiffele et al., 2000 showed that postsynaptic overexpression of Neuroligin1 in 

non-neuronal cells induced presynaptic vesicle clustering in the contacting axons and 

this effect disappeared when soluble neurexins were added to block the 

neuroligin/neurexin interaction (Scheiffele et al., 2000). Overexpression of 

Neuroligins in cultured neurons leads to an increase in the synapse number, 

confirming the synaptogenic activity for Neuroligins (Chih et al., 2005; Boucard et al, 

2005). Functionally, NLG1 overexpression has been shown to increase mEPSC and 

mIPSC frequency indicating an increase in the number of functional synapses 

(Prange et al., 2004).  Other studies have confirmed these findings and extended 

these observations in other cultures systems for various Neuroligin isoforms (Chih et 

al., 2005; Levinson and El-Husseini, 2005; Varoqueaux et al., 2006; Wittenmayer et 

al., 2009). Knock-out mice for neuroligin1-3(triple knockout) die within 24 hour after 

birth possibly due to respiratory failure. Loss of NLG1-3 results in a dramatic 

decrease in spontaneous inhibitory and excitatory activities without having any effect 

on the total number of synapses (Varoqueaux et al., 2006). Different neuroligins are 

found to be involved in specifying and validating different types of synapses via an 

activity-dependent mechanism (Chubykin et al., 2007). Calmodulin kinase II (CaMKII) 

has been shown to phosphorylate the intracellular domain (T739) of Neuroligin1 in 

response to synaptic activity in cultured neurons and sensory experiences in vivo 

(Bemben et al., 2014). Conditional genetic deletion of Neuroligins strongly impaired 

synapse functions without affecting the synapse number. This impairment in synaptic 

function was suggested to be caused by the decrease in the synaptic levels of 

neurotransmitter receptors (Chanda et al., 2017). 

Neuroligin1 has also been found to be accumulated by N-cadherin via a linkage 

through the scaffolding molecule S-SCAM leading to presynaptic vesicle clustering 

(Stan et al., 2010, Aiga et al., 2011). To induce synapse formation in contacting 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2771087/#b7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2771087/#b7
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neurons, Neuroligin1 seems to also work in a neurexin-independent way (Ko et al., 

2009). In the recent paper from our lab, we showed the functional role of Neuroligin1 

in synaptic vesicle exocytosis at mature synapses (van Stegen et al., 2017). Mutant 

alleles of Drosophila Neuroligin 1 (DNlg1) lead to the reduced synaptic transmission 

at neuromuscular junctions (NMJs) and bouton number is severely reduced while an 

increase in DNlg1 triggers the postsynaptic differentiation at glutamatergic NMJs 

(Banovic et al., 2010). 

 

Figure 1.5 Model of Neuroligin1, LRRTM2 and Neurexin interactions at central synapses 

(modified after Siddiqui et al., 2010) 

Diagram of a synapse containing the postsynaptic LRRTMs (LRRTM1 and LRRTM2), Neuroligin1 

(NLG1+B), and presynaptic Neurexins. Neurexins have two common splice variants, α- and β-

Neurexins. Neuroligin1 interacts with β-neurexins (irrespective of the insert at splice site 4) while 

LRRTM2 interacts with β-neurexins which is lacking the splice site #4 insert (neurexin-1β-S4). 
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LRRTM2 can also interact with α-neurexin-1β-S4 (not shown here). LRRTMs and NLG1 also interact 

with PSD-95 and related scaffold proteins via different PDZ domains. 

 

1.3.2 Leucine-rich repeat transmembrane proteins (LRRTMs) 

LRRTMs were initially identified using bioinformatics tools. In vertebrates, four 

LRRTM (LRRTM1-4) genes are found. They are primarily localized to the 

postsynaptic site of excitatory synapses. Structurally, they comprise of the 

extracellular region with 10 LRRs domains, a single transmembrane region, and a 

short cytoplasmic domain. The cytoplasmic tail has a type I PDZ-binding motif that 

has been shown to interact with postsynaptic scaffolding protein, PSD-95 in 

heterologous cells (Lauren et al., 2003; de Wit et al., 2009; Linhoff et al., 2009). 

All the LRRTMs are highly expressed in the developing and adult brain. They show 

strikingly different neural expression patterns and have overlapping distributions in 

various brain regions (Lauren et al., 2003). For example, LRRTM1 is expressed in 

the olfactory bulb and cortex whereas LRRTM2 is expressed mainly in the deep 

layers of the cortex. 

A recent unbiased expression screen identified the synaptogenic properties of 

LRRTM proteins in artificial synapse formation assays (Linhoff et al., 2009). All the 

LRRTM proteins display synaptogenic properties in these assays, although LRRTM2 

is the strongest (de Wit et al., 2009; Ko et al., 2009; Linhoff et al., 2009; Ko J, 2012) 

and is specifically localized in excitatory synapses (Linhoff et al., 2009). 

Overexpression of LRRTM1 or LRRTM2 specifically increases the excitatory synapse 

number and they are known to interact with neurexins on the presynaptic side. 

LRRTM2 only interacts with neurexins lacking an insert in splice site #4 (neurexin-1β-

S4) and forms a trans-synaptic cell adhesion complex (Ko et al., 2009; Siddiqui et al., 

2010). LRRTM2 has been shown to interact with PSD-95 and recruits glutamate 

receptors to the postsynaptic site. The knockdown of LRRTM2 led to the decreased 

surface density of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) 

and NMDA (N-methyl-D-aspartate) receptor subunits. Functionally, loss of LRRTM2 

resulted in reduced strength of AMPA and NMDA receptor-mediated postsynaptic 

currents in hippocampal cultured neurons (de Wit et al., 2009). shRNA-mediated 

knockdown (KD) of both LRRTM1 and LRRTM2 at P0 selectively reduced AMPA 

receptor-mediated postsynaptic currents without affecting NMDA receptor-mediated 
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synaptic currents while it did not have any effect when the KD was induced at P21. 

However, LTP was blocked in CA1 pyramidal neurons of both newborn and adult 

mice after KD of LRRTM1 and LRRTM2 (Soler-Llavina et al., 2011, Soler-Llavina et 

al., 2013). Bhouri et al., 2018 recently generated double conditional knockout mice of 

LRRTM1 and LRRTM2 in hippocampal CA1 pyramidal neurons. Long-term 

potentiation (LTP) was dramatically impaired in double knockout neurons and 

selective LRRTM2 expression was able to rescue this effect, but not LRRTM4. To 

rescue LTP, its presynaptic interaction with Neurexin is required. KO of both these 

proteins also resulted in reduced AMPA receptor-mediated synaptic currents. All 

these findings suggest that both LRRTM1 and LRRTM2 help in stabilizing synaptic 

AMPA receptors at mature hippocampal spines during synaptic transmission and 

LTP (Bhouri et al., 2018). 

LRRTM1 gene has been reported to be associated with left-handedness and 

schizophrenia and knockout mice demonstrated impaired behaviours, reduced size of 

hippocampus and deficits in synapse density (Francks et al., 2007; Takashima et al., 

2011). 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

 

19 
 

1.3  Aims of the study 

The major aim of this work was to evaluate the functional roles of the synaptic 

adhesion protein N-cadherin in synaptic vesicle exo- and endocytosis and to 

elucidate the mechanisms involved in the regulation of endocytosis. This work was 

divided into three parts. 

The first part of this study focused on the functional roles of N-cadherin in synaptic 

vesicle cycling.  A previous study from our lab had indicated a potential role of N-

cadherin in activity induced compensatory endocytosis (van Stegen et al., 2017). 

However, this paper used in part an N-cadherin overexpression strategy and the 

experiments were done only at room temperature.  Several reports from other labs 

also indirectly indicated a role of N-cadherin in vesicle cycling (Togashi et al., 2002; 

Bozdagi et al., 2004; Jüngling et al., 2006; Vitureira et al., 2011). These papers either 

used the activity induced uptake of FM dyes or electrophysiological measurements, 

which both do not allow for a monitoring of the time course of endocytosis. Therefore 

a differential analysis of the exo- and endocytosis effects of N-cadherin in 

differentiated neurons still needed to be done. To study the functional roles of N-

cadherin, I used a conditional knockout approach (based on Cre transfection), 

because constitutive N-cadherin knockout mice are lethal and die at E10 due to a 

failure of heart development. Synaptophysin-pHluorin (SypHy) imaging was used to 

quantitatively study synaptic vesicle cycling. SypHy imaging is based on fluorescence 

changes induced by changes in the intravesicular pH during vesicle cycling. It 

provides a direct measurement of both vesicle exocytosis and vesicle endocytosis + 

reacidification upon electrical field stimulations within one experiment. DsRed2 was 

co-expressed to visualize transfected neurons. In an additional experimental 

approach, N-cadherin functions were inhibited by overexpressing a dominant 

negative construct (NcadE). Autaptic cultures of mouse cortical neurons enabled 

the deletion of N-cadherin from both pre- and postsynaptic sites.  

Potential specific roles of N-cadherin in different modes of synaptic vesicle 

endocytosis were further elaborated. At central synapses, clathrin-mediated 

endocytosis (CME) is the main mode of vesicle retrieval during single vesicle release. 

In addition, during strong synaptic release synapses undergo bulk endocytosis to 

compensate for the increase in presynaptic membrane area. By inducing activity-
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dependent uptake of FM dyes and TMR-dextran, clathrin-mediated endocytosis 

(CME) and bulk endocytosis were examined upon conditional knockout of N-

cadherin. 

The second part of this work addressed the molecular mechanisms involved in N-

cadherin dependent regulation of endocytosis. N-cadherin is known to influence actin 

organization via β-and α-catenins. Involvement of actin in the regulation of synaptic 

vesicle endocytosis was examined using SypHy imaging. Jasplakinolide, an actin 

polymerizing drug was used to rescue the effects of conditional N-cadherin knockout. 

To specifically understand the mechanisms of bulk endocytosis, intense synaptic 

activity was induced by high [K+] stimulation and N-cadherin was immunostained. 

Structured illumination microscopy (SIM) imaging was performed to analyse the 

changes in N-cadherin localization upon intense synaptic activity. The spatial 

distribution of N-cadherin was also analysed in relation to pre- and postsynaptic 

molecules at synapses.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

The final part of this study was focused on the comparative analysis of synaptogenic 

activities of two postsynaptic adhesion molecules, Neuroligin1 and LRRTM2. The 

presynaptic receptors for both, Neuroligin1 and LRRTM2 are Neurexins. Neuroligin1 

is well known to induce synaptic vesicle clusters and this synaptogenic effect is 

controlled by N-cadherin (Stan et al., 2010; Aiga et al., 2011). However, it was not 

known whether N-cadherin also regulates the synaptogenic activity of LRRTM2. To 

study this, the synaptogenic properties of both, Neuroligin1 and LRRTM2 were 

compared in cultured cortical neurons using an overexpression strategy. 

Synaptogenic effects were studied by immunostaining for the synaptic vesicle protein 

VAMP2 to quantify presynaptic vesicle clustering effects. A potential N-cadherin 

dependence was evaluated by Cre mediated conditional N-cadherin knockout and by 

inhibiting N-cadherin functions using a dominant negative construct (NcadE). 

In summary, this work describes detailed analyses of the functional roles of N-

cadherin in synaptic vesicle exo- and endocytosis and provides potential clues for the 

molecular mechanisms involved. 
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2. Materials and Methods 

 

2.1 Materials (Solutions and chemicals) 

 

2.1.1 Cell culture medium 

Basal Medium Eagle (BME medium)                      Gibco; Cat. No. 1010-02 

 

 

+ FBS                   

+ L-Glutamin (200 mM) 

+ Glucose (40%)         

+ Insulin-Transferrin- 

   Selenium solution   

+ Penicillin-

Steptomycin solution      

      

    

50 ml     

5 ml 

3 ml 

5 ml 

 

 

5 ml 

 

Gibco; Cat. No. 10500-64 

Gibco; Cat. No. 25030-24 

J.T. Baker; Cat. No.0114 

Gibco; Cat. No. 51300-44 

 

 

Gibco; Cat. No. 15140-22 

NeuroBasal (NB) medium          Gibco; Cat. No. 21103-049 

 

+ B27- Supplement 50x    

+ GlutaMAX-I-Supplement  

+ Pencillin-Streptomycin      

   solution 100X                   

     

10 ml    

2.5 ml 

 

5 ml 

 

Gibco; Cat. No. 17504-36 

Gibco; Cat. No. 35050-38 

 

Gibco; Cat. No. 15140-122 

Following solutions were also used for culturing cells:  

  

PBS Dulbecco’s phosphate buffered saline (PBS+/+)          Gibco; Cat. No. 14040-091 

PBS Dulbecco’s phosphate buffered saline  

without Ca2+, Mg2+ (PBS-/-)              Gibco; Cat. No. 14190-094 

1x Trypsin-EDTA (0.05%)                                            Gibco; Cat. No. 25300-054 

Trypsin (0.25%)                                                            Gibco; Cat. No. 25050-014 
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Poly-L-Ornithine (PO) 

Boric acid       

 

1mg/ml 

0.15 M 

 

 

 

Sigma-Aldrich; Cat. No. P-655 

Sigma-Aldrich; Cat. No.083K0055 

 

Solutions used for transfection 

 
NeuroMag                     
  

OZ Biosciences; Cat. No. NM51000 

 
 

2.1.2 Buffers for immunocytochemical stainings 

 

Blocking buffer I 

 

FBS (heat-inactivated)         

Sucrose                                        

BSA               

 

TritonX100      

…in PBS Dulbecco’s 

phosphate-buffered saline 

(PBS+/+) 

 

10% 

5% 

2% 

 

0.3% 

82.7% 

 

Gibco; Cat No. 10500-064 

Merck; Cat No. 1076871000 

Sigma-Aldrich; Cat. No. 

A4919  

Sigma-Aldrich; Cat. No.X100 

Gibco; Cat. No.  14040-091

Blocking buffer II 

 

Equivalent to blocking buffer I but without FBS. Equal replacement of FBS with 

PBS+/+ 

 

4%PFA 
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2.1.3 Extracellular Solutions 

 

Solutions for Synaptophysin-pHluorin (SypHy) experiments 

 

Extracellular solutions (SypHy) 

 

NaCl    

KCl    

CaCl2       

MgCl2      

HEPE                            

Glucose           

DL-AP5               

DNQX 

 

 

 

 

136 mM                          

2.5 mM                    

2 mM                 

1.3 mM               

10 mM 

10 mM 

50 µM          

10 µm 

 

J.T.Baker; Cat. No. 0278 

Sigma-Aldrich; Cat. No. 31248 

Sigma-Aldrich; Cat. No. 12074 

Sigma-Aldrich; Cat. No. 63068 

AppliChem; Cat. No.A1069,0100 

Merck; Cat. No. 1083370250   

Tocris; Cat. No. 0105 

Tocris; Cat. No. 0189 

 

NH4Cl solution (SypHy) 

 

NaCl     

KCl           

CaCl2    

MgCl2   

HEPES       

Glucose      

NH4Cl      

                            

 

  

36 mM 

2.5 mM     

2 mM 

1.3 mM 

10 mM 

10 mM 

100 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 

Sigma-Aldrich; Cat. No. A0171-100 
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Solutions for FM & TMR-dextran experiments 

 

NaCl                          

KCl            

CaCl2                            

MgCl2                     

HEPES                      

Glucose     

DL-AP5        

DNQX 

FM1-43     

ADVASEP 

Tetramethylrhodamine- 

dextran555(TMR-

dextran, 40 kDa)    

                            

  

 

 

136 mM 

2.5 mM 

2 mM 

1.3 mM 

10 mM 

10 mM 

50 µM 

10 µm 

10 µM  

1 mM 

50 µM 

  

 

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 

Molecular Probes; Cat. No.T-3163 

Sigma-Aldrich; Cat. No.A3723 

Invitrogen; Cat. No. D-1842    

Solutions for SIM experiments 

Normal extracellular solution 

 

NaCl                              

KCl                      

CaCl2                             

MgCl2                             

HEPES                         

Glucose                       

DL-AP5      

DNQX                                  

 

136 mM 

2.5 mM 

2 mM 

1.3 mM 

10 mM 

10 mM 

50 µM 

10 µm 

 

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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50mM stimulation 

 

NaCl      

KCl         

CaCl2     

MgCl2     

HEPES                           

Glucose                       

DL-AP5                        

DNQX       

                           

88.5 mM                   

50 mM                

2 mM                             

1.3 mM                         

10 mM 

10mM 

50 µM 

10 µm 

 

 

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

2.1.4 Plasmids  

 

pEGFP-N1  

Enhanced Green Fluorescent Protein; Kanamycin resistance; Clontech. 

  

pDsRed2-N1 

Discosoma sp. Red Fluorescent Protein 2; Kanamycin resistance; Clontech. 

 

EBFP2-N1 

Enhanced Blue Fluorescent Protein, Kanamycin resistant (a gift from Michael 

Davidson; available at addgene plasmid # 54595). 

 

Neuroligin-1-EGFP 

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

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

 

pBOS-myc-LRRTM2 

LRRTM2 (human) fused to myc inserted into pBOS vector; Ampicillin resistant (gift 

from Dr. J. de Wit, Leuven, Belgium). 
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pBS598EF1alpha-EGFPcre  

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

resistance. 

 

N-cadherinE 

pcDNA3.1-FLAG-NCadCTF1 (ΔE N-cadherin expression plasmid; developed in Dr. 

Gottmann lab;  Andreyeva et al., 2012). 

 

SypHy-A4 (Rat Synaptophysin-pHluorin) 

pH sensitive pHluorin fused to rat synaptophysin inserted into pEGFP-C1; 

Kanamycin resistance; (gift from Dr. L. Lagnado, Cambridge, UK; available at 

addgene plasmid # 24478). 

 

2.1.5 Antibodies 

  

Primary antibodies used 

Anti-VAMP2: rabbit polyclonal; 1:2000; Abcam; Cat. No. 3347; anti-N-cadherin: 

rabbit polyclonal; 1:2000, 1:500; Abcam; Cat. No. 18203; anti-N-cadherin: mouse; 

1:500; BD Biosciences; Cat. No. 610920; anti-PSD95: mouse monoclonal; 1:500; 

Thermo Fisher Scientific MA1-046; anti-VGLUT1: guinea pig polyclonal; 1:500; 

Synaptic Systems; Cat. No. 135304; anti-Bassoon: mouse monoclonal; 1:500; 

Enzolifesciences (previously Stressgen); Cat. No. ADI-VAM-PS003; anti-SAP102: 

guinea pig polyclonal; 1:500; Synaptic Systems; Cat. No. 124214. 

 

Secondary antibodies used: 

Alexa Fluor (AF) conjugated secondary antibodies from Invitrogen were used. AF 

555 goat anti-rabbit: 1:1000, 1:500; Invitrogen; Cat. No. A21429; AF555 goat anti-

mouse: 1:500; Invitrogen; Cat. No. A21147; AF488 goat anti-guinea pig: 1:500; 

Invitrogen; Cat. No. A11073; AF647 goat anti-mouse: 1:500; Invitrogen; Cat. No. 

A21241.  
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2.2 Cell Culture 

In this study, experiments were performed on primary cortical neuronal cultures. Two 

different culture systems were used:-1) neuronal mass cultures and 2) autaptic 

cultures. In neuronal mass cultures, neocortical neurons were grown on Poly-L-

Ornithine coated coverslips while autaptic cultures had clusters of neurons grown on 

the top of glial cells forming microislands. Neurons were dissociated from cortices of 

E18 fetuses from either C57/BL6 wildtype or Ncadflox/flox on 15 mm glass coverslips. 

These coverslips were first cleaned and coated with Poly-L-Ornithine (PO), before 

starting the cultures. The cleaning of the coverslips enhanced the attachment of the 

PO-coating onto the glass surface of coverslips.  

 

2.2.1 Cleaning of Coverslips 

 

About 500 coverslips (15 mm; Assistant) were washed by placing them in a big glass 

petri dish containing freshly prepared 1M HCL on a shaker for 2 hours (h) at 200 

rpm. After 2 h, HCL was removed and replaced with demineralized water for 2 

minutes (min). The coverslips were subsequently rinsed two more times, 2 min each 

with demineralized water, before checking the pH. Next rinsing step involved 

Millipore water (2 x, 2 min each) on the shaker. The coverslips were then dehydrated 

several times with 100% ethanol (fresh ethanol during each step) and dried up for 2h 

at 180°C. The dried coverslips were then filled into a glass bottle and sterilized for 3h 

at 180°C. 

2.2.2 PO coating 

After cleaning, the coverslips were coated with PO to ensure the attachment of the 

neurons without the help of glial cells. The coverslips were incubated overnight with 

70-80 µl of Poly-L-Ornithine (1mg/ml in 0.15M Borat buffer; pH 8.35) at 37°C in an 

incubator and subsequently washed three times with sterile aqua dest. Finally, the 

coverslips were dried inside the laminar flow hood overnight, before use. 
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2.2.3 Mouse 

In this work, two different mice lines were used, wild type (C57/BL6J) and floxed N-

cadherin (Ncadflox/flox) mice. In Ncadflox/flox mice, exon1 of N-cadherin (Cdh2) gene 

was flanked on both sides by loxP sites (Jackson Labs; Kostetskii et al., 2005). 

2.2.4 Culturing primary dissociated cortical neurons 

Dissociated primary cortical neurons were cultured from E18 or E19 foetuses on the 

PO coated coverslips. Based on the experiments, wildtype C57/BL6 or Ncadflox/flox 

foetuses were used.  

18 days old embryos were removed from the uterus after killing the pregnant mouse 

and were decapitated. They were kept on ice in a 100x20 mm tissue culture petri 

dish (Sarstedt). From now onwards, all the steps were done under a laminar flow 

hood to prevent contamination. First, the scalp was removed. The cranium was 

opened from the posterior side of the head using sterile forceps and the brain was 

carefully removed with the help of a micro scoop. The brain was then transferred to a 

small culture dish (Falcon; 35x10 mm) filled with ice-cold DPBS+/+ to prevent the 

brain tissue from drying out. The brain was dissected under a microscope with 20x 

magnification. Using a sterile scalpel, the cerebellum and midbrain were removed. 

An incision was made along the midline of the brain to separate two hemispheres 

and the meninges were removed. Hippocampus was removed and the cortices were 

chopped into smaller pieces and collected in 1 ml DPBS+/+. The tissue was digested 

by adding 200 μl of pre-warmed 0.25% Trypsin and 20 µl of DNase and incubated at 

37° in a water bath for 5 min. After 5 minutes, trypsin was removed and BME 

medium (FBS containing) was added to neutralise the trypsin effect. Finally, the 

tissue was dissociated by mechanical trituration in the BME medium using a 1 ml 

pipette tip. For further dissociation, a 200 µl pipette tip was used. The cell 

suspension was then diluted by adding 3 ml BME medium and was centrifuged for 1 

min at 400 rpm to remove big non-dissociated tissue pieces and rests of meninges. 

The supernatant was collected and centrifuged again for 5 min at 900 rpm. The 

pellet was dissolved in the BME medium and the cell concentration was determined 

by counting the cells with the help of Neubauer’s chamber. For mass cultures, 30-

40000 cells were seeded as a drop in the centre of the PO coated coverslips and 
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incubated for 1h at 37°C/5CO2/90%humidity. NB medium + B27 supplement was 

added carefully and cultures were grown for up to 15 days.  

2.2.5 Glial culture 

The pups (P0-P2) from C57/BL6 mice were used for cultivating confluent monolayers 

of glial cells. A pup was decapitated and the brain was removed. Cortical tissue from 

this brain was dissociated analogous to 2.2.4. The cell pellet was dissolved in 1 ml 

BME medium and this cell suspension was cultivated in two cell culture flasks (Nunc, 

25 cm2) for 10-14 days in the BME medium until all neurons died and the glial cells 

were grown to form a confluent layer. The BME medium was exchanged twice a 

week to support the growth of the glial cells.  

 

2.2.6 Glial microisland cultures 

Glial micoisland cultures were used for synaptophysin-pHluorin (SypHy) imaging 

experiments. The neurons were grown in a small neuronal network on top of the glial 

microisland (Fig 2.1). In microisland cultures, neuronal process, especially axon 

growth was restricted in a smaller space leading to the formation of synapses 

(autapses) with the dendrites of the same neuron. The autaptic culture systems were 

really important for SypHy experiments as they made it possible to study synaptic 

vesicle cycling with the help of presynaptically expressed SypHy and at the same 

time manipulating any postsynaptically expressed molecule. They were of particular 

interest in this study as it investigated the functions of homophilic cell adhesion 

molecule, N-cadherin. The autaptic culture system is beneficial as it is possible to 

knockout or overexpress molecules at both pre- and postsynaptic sites with just one 

transfection. 

To generate the autaptic microisland cultures, glial cells from a confluent monolayer 

(from 2.2.5) were dissociated and plated in low density on the coverslips. Glial cells 

were first washed with pre-warmed PBS-/- to reduce the attachment of the glial cells. 

The cells were then incubated with 3 ml trypsin-EDTA (0.05%) for 5 min at 37°C. 

Trypsin reaction was neutralized by FBS containing the BME medium (5 ml). This 

cell suspension was transferred to 15 ml falcon tube and centrifuged for 1 min at 

2000 rpm. The cell pellet was dissolved in 1 ml BME medium and to create single-

cell islands, 25-30 µl of cell suspension was added drop-wise /coverslip in 2.5 ml 
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BME medium. They were grown for 4-5 days and at DIV 0 (days in vitro), 20.000 

cortical neurons from 2.2.4 were seeded to each coverslip. BME medium was then 

replaced after 5-6 hours later with 2.5 ml NB medium + B27 supplement. From now 

onwards, 1 ml NB medium was exchanged on 3, 6 and 9 DIV with fresh pre-warmed 

NB medium. 

 

 

 

Figure 2.1 Formation of glial microisland cultures 

(A-B) Schematic diagram showing the timeline of the preparation of glial microisland. (A) The glial 

cells were plated 4-5 days before neurons to make islands. The neurons were seeded and grown until 

9 DIV before transfections. The experiments were performed at 13-15 DIV. (B) Phase contrast image 

of a glial microisland culture on DIV 3. Cluster of few neurons form neuronal network. The growth of 
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axons are confined within the limits of the glial cell which leads to the formation of synaptic contacts 

with the dendrite of same neuron (autaptic synapses). Scale bar 50 µm.  

 

2.3 Transfection of primary cortical neurons 

Transfections were performed to express synaptophysin-pHluorin (SypHy, a genetic 

probe) for studying synaptic vesicle cycling. This was combined with “a loss of 

function” approach to examine the functions of N-cadherin in vesicle cycling by Cre 

mediated conditional knockout. The cortical neurons (mass cultures) were also 

transfected to study the functions of proteins (LRRTM2 or Neuroligin1) using the 

overexpression approach. During the experiments, transfected neurons had to be 

visible. Therefore various plasmids for fluorescent markers (EGFP, DsRed2 or BFP) 

were transiently co-expressed in the neurons. 

 

2.3.1 MagnetofectionTM for neuronal transfection 

In magnetofection, individual cortical neurons were transfected by using magnetic 

nanoparticles (Plank et al., 2003). These magnetic particles (NeuroMag; OZ 

Biosciences) contain a positive charge, so they form complex with negatively 

charged plasmid DNA. DNA/NeuroMag-complexes, when added to the primary 

neurons are taken up and once inside the cell, plasmid DNA gets released from the 

magnetic particles and induces transient protein expression. 

Plasmid DNA was mixed with Neuromag reagent (1:2 ratios) in 200 μl NB medium 

without B27 supplement or penicillin/streptomycin. The DNA/NeuroMag-complexes 

were gently mixed using a pipette and incubated for 20 minutes at room temperature 

(RT). The complexes were then added to the neurons drop by drop in 6 well plates. 

The culture plate was placed on an oscillating magnetic plate (magnefect LT; 

nanoTherics) in a CO2 incubator for 30 minutes. After 30 minutes incubation, the 

magnetic plate was removed and fresh pre-warmed culture medium (NB medium 

with supplements) was added to the cells. The cultures were grown in a humidified 

CO2 incubator for 2-5 days before the experiment. 
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2.3.2 Conditional N-cadherin knockout  

One of the major focuses of this study was to investigate the functional role of N-

cadherin in synaptic vesicle cycling in mature neurons. For this purpose, I decided to 

use N-cadherin knockout primary neurons. N-cadherin is very well known for its 

functions in brain tissue but it also plays an important function in the development of 

the embryonic heart. Therefore, mutating the N-cadherin gene leads to a lethal 

phenotype and the embryos die by E10 (Radice et al., 1997) since the heart tube 

fails to develop. 

Thus it is impossible to have conventional N-cadherin knockout mice. However, Dr. 

Glenn Radice’s laboratory (Jefferson Medical College, Philadelphia, USA) developed 

a conditional N-cadherin knockout mouse model (Ncadflox, Kostetskii et al., 2005). 

The genome of this mice was edited to introduce loxP sites flanking exon1 of the N-

cadherin (Cdh2) gene. The Ncadflox homozygous mice are fertile, develop normally 

and are available from Jackson Labs (Kostetskii et al., 2005). For this study, 

dissociated primary neuronal cultures were prepared from the foetuses of Ncadflox 

mice (E18) identical to 2.2.4.  

N-cadherin gene was deleted by transfecting individual neurons with a CreEGFP 

plasmid. CreEGFP protein acts on the loxP sites, thus removing the exon 1 of the N-

cadherin which contains translational start sites and transcriptional regulatory 

sequences (Kostetskii et al., 2005). These neurons were then used to study synaptic 

vesicle cycling in the absence of N-cadherin to evaluate its functions. 

2.4 Fluorescence microscopy 

2.4.1 Imaging Setup 

Except for superresolution microscopy (SIM), all experiments were performed using 

an inverted motorized axiovert 200M microscope (Zeiss) with a 40 x oil-immersion 

objective (EC Plan-Neofluor; 40x1,3 oil; Zeiss). The images were captured with a 12-

bit monochrome CoolSnap ES2 Charged-Coupled-Device (CCD) camera 

(Photometrics) using Metavue or VisiVue software (Molecular Devices/Visitron 

Systems). Following filter sets were used: 
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1) Filterset 49 (DAPI) = excitation wavelength 365 nm, beam splitter 395 nm and 

emission is at 445/50 nm.  

2) Filterset 17 (FITC) = excitation wavelength 485/20, beam splitter 510 nm and 

emission is at 515-565 nm.  

3) Filterset 43 (CY3) = excitation wavelength 545/25, beam splitter 570 nm and 

emission is at 605/70 nm. 

Two external shutters (Vincent associates, Uniblitz, model: VMM-D1) controlled the 

exposure. 

2.4.1.1 Immunocytochemistry (ICC) 

Immunocytochemical (ICC) staining can be used to obtain information about the 

proteins in cells. ICC enabled the detection of multiple proteins at the same time 

using different fluorophores. In this study, I stained the cortical neurons to examine 

the synaptogenic properties of different synaptic adhesion molecules. ICC was 

performed at different time points during neuronal differentiation and synaptogenic 

activity was measured by labeling the neurons for presynaptic vesicle clusters 

(VAMP2). In addition, I also examined the structural changes in the synaptic proteins 

associated with the strong synaptic vesicle release. In these experiments, cultures 

were immunostained for VGLUT1 (presynapse), N-cadherin, and PSD95 

(postsynapses). The neurons were also immunocytochemically stained for Bassoon, 

N-cadherin, and SAP102 to study the change in N-cadherin distribution associated 

with synapse maturation. 

The primary neuronal cultures were washed once with DPBS+/+ and then were fixed 

for 20 minutes using 4% paraformaldehyde (PFA). After fixations, the neurons were 

washed 3x10 minutes with DPBS+/+ to remove the remaining PFA. All the steps 

except fixation of cells were carried out at room temperature on a shaker (< 50 rpm). 

Neurons were permeabilized using TritonX100 by incubating them for 30 minutes in 

blocking buffer I. Permeabilization of cell membrane provides sufficient access of 

antibodies to the intracellular proteins of interest. The neurons were then incubated 

in primary antibody dissolved in blocking buffer I for 1 hour at room temperature. The 

cells were washed again 3x10 using DPBS+/+. All the steps from now onwards were 

carried out in dark to prevent the photobleaching of fluorophore tagged antibodies. 
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The secondary antibody was applied to cultures in blocking buffer II for 1 hour at 

room temperature and the neurons were washed 3x10 minutes afterwards with 

DPBS+/+. Coverslips containing stained neurons were then mounted on the glass 

coverslip using aqueous mounting media (FluorSave™) to prevent photobleaching 

and kept overnight for drying. 

2.4.1.2 SypHy Fluorescence Imaging 

SypHy is a pH-sensitive GFP called pHluorin (Miesenböck et al., 1998) fused to the 

luminal side of synaptophysin protein. It exploits the fact that synaptic vesicle lumen 

is acidic at rest (∼5.6; Miesenböck et al., 1998), quenching the fluorescence of 

EGFP. 

During the electrical stimulations, synaptic vesicles fuse with the presynaptic 

membrane exposing their luminal surface to a more alkaline pH of extracellular level 

(pH ∼ 7.4). This leads to the unquenching of pHluorin signal and an increase in 

fluorescence can be observed enabling the measurement of synaptic vesicle 

exocytosis. SypHy fluorescence declines after some time due to the endocytosis and 

reacidification of the synaptic vesicles. Thus SypHy imaging depends on the 

dynamic changes in the pH of the vesicle lumen resulting from exo- and endocytosis 

of the synaptic vesicles during presynaptic activity. The net change in SypHy 

fluorescence observed during electrical stimulations is used as a measurement of 

synaptic vesicle exo- and endocytosis (Royle et al., 2008; Sankaranarayanan et al., 

2000).  

In this work, SypHy experiments were performed in N-cadherin knockout autaptic 

cultures. To examine the functions of N-cadherin in synaptic vesicle cycling, cortical 

neurons from floxed N-cadherin mice (Ncadflox; 9-10 DIV) were transfected with the 

SypHy-A4 plasmid (gift from Dr. L. Lagnado). DsRed2 was co-expressed to visualize 

the transfected neurons and used for the detection of autapses. N-cadherin was 

knocked out conditionally by co-expressing Cre recombinase for 5-6 days in cortical 

neurons. In an additional experiment, SypHy imaging was performed in autaptic 

cultures from wildtype mice and N-cadherin functions were inhibited by 

overexpressing NcadE (dominant-negative N-cadherin construct). 
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Figure 2.2 Synaptophysin-pHluorin (SypHy) as a tool to measure synaptic vesicle cycling 

(modified after Kavalali and Jorgensen, 2014) 

Cartoon of a presynaptic terminal showing synaptic vesicle exo-and endocytosis. The pH-sensitive 

EGFP was fused to synaptophysin to measure the change in vesicle cycling. (Left) At rest, SypHy 

fluorescence is quenched because of the acidic pH (low) within the vesicles (~pH 5.3-5.5). (Middle) 

Electrical stimulation leads to the fusion of synaptic vesicles with the presynaptic membrane and 

SypHy fluorescence increases as the pH changes to more neutral (~ pH 7-7.3). This increase in 

fluorescence can be measured as the kinetics of exocytosis. (Right) After some time, synaptic 

vesicles get endocytosed and reacidified via vesicular ATPase leading to disappearance of SypHy 

fluorescence. This decline in SypHy signal can be used as a measure of vesicle endocytosis. 

 

To perform SypHy imaging, cortical neurons were transferred to a stimulation 

chamber (Live Cell Instrument) and an extracellular solution containing DL-AP5 (50 

μM) and DNQX (10 μM) was added to prevent recurrent network activity. For each 

experiment, the change in SypHy fluorescence over time was recorded using a time-

lapse sequence of 4 minutes with a time interval of 2 seconds each. This sequence 

included the first 10 baseline images before stimulation (-20 sec to 0 sec), then the 

increase in the fluorescence upon field stimulation (0-20 sec) and finally decline in 
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SypHy signal after stimulation (20-220 sec). Synaptic vesicle cycling was induced by 

stimulating the neurons with 1 ms pulses (biphasic) of 100 mA. Depending on the 

experiment, either 100 or 400 stimulations with a frequency of 20 Hz were applied at 

room (25°C) or physiological temperature (34°C). At the end of each experiment, 100 

mM NH4Cl containing extracellular solution was added to the cells to switch the pH 

to alkaline. This resulted in maximum SypHy fluorescence representing the total 

SypHy expression level and was used for the normalization of SypHy data. DsRed2 

and NH4Cl images were captured at an exposure time of 0.2s (RFP) and 0.2s (GFP) 

with 2 x 2 binning using 40x oil objective. Exposure time for SypHy time-lapse 

sequence (4 minutes) was 0.2 s (GFP). 

 

2.4.1.3 FM1-43 and TMR-dextran Co-staining 

FM1-43 and TMR-dextran co-staining was performed in dissociated cortical neurons 

manipulating the functions of N-cadherin. The BFP construct was expressed (9 DIV) 

to visualize the transfected neurons. N-cadherin was either knocked out by using Cre 

co-expression in cortical neurons cultured from floxed Ncadflox/flox mice or was 

functionally inhibited by overexpressing NcadE in neuronal cultures from wildtype 

(C57/BL6) mice. 

After 3 to 5 days (12-15 DIV) of transfection, active synaptic vesicles were co-stained 

with FM1-43 and TMR-dextran. To perform FM1-43 and TMR-dextran co-staining, 

coverslips containing the cortical neurons were mounted onto a stimulation chamber 

(Live Cell Instrument) and an extracellular solution containing DL-AP5 (50 μM) and 

DNQX (10 μM) was added to prevent recurrent network activity. Neurons were 

incubated with FM1-43 (10 µM) and TMR-dextran (50 µM) for one minute. FM is a 

styryl dye that binds non-selectively with the presynaptic membrane (hydrophobic) 

while TMR-dextran is fluid phase marker that remains in the solution. The cultures 

were electrically stimulated with a variety of stimulation at 20Hz (based on the 

experiment) to induce synaptic vesicle cycling. Electrical stimulation led to the fusion 

of synaptic vesicles (SVs) to the presynaptic membrane (exocytosis). FM1-43 dye 

present in the extracellular buffer bound to the presynaptic membrane and was taken 

up inside the retrieved SVs (clathrin-mediated endocytosis) or endosomes (bulk 

endocytosis) during the vesicle recycling. On the other hand, TMR-dextran present in 

the extracellular medium do not bind to the presynaptic membrane but were 
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accumulated inside endosomes (bulk endocytosis) non- selectively (Newton and 

Murthy, 2006; Clayton and Cousin, 2009). The cultures were then washed with a 

Ca2+-free extracellular solution for 3-5 minutes to remove non-specific FM1-43 dye 

and TMR-dextran. This inhibited the spontaneous release.  

Washing helped to reduce the background and increased the signal to noise ratio. 

Washing efficiency was increased by using 1 mM ADVASEP-7, a dye quencher with 

a higher affinity to FM1-43 than the plasma membrane. After the washing, clear 

FM1-43 (green) and TMR-dextran (red) puncta were visible representing the active 

synaptic vesicles at the synapses. The specificity of TMR-dextran uptake was made 

sure by always analysing its co-localisation with FM1-43 puncta. Images were 

captured at 0.2s (GFP) and 0.05s (RFP) rate with 2 x 2 binning using 40x oil 

objective. 
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Figure 2.3 FM1-43 and TMR-dextran co-staining to label synaptic vesicle endocytosis  

Illustration of FM1-43 and dextran co-staining. FM1-43 was highlighted in green and TMR-dextran in 

red. (A) Cartoons representing the presynaptic and postsynaptic terminals of a synapse. (B) FM1-43 

dye binds to the pre-and postsynaptic membrane non-specifically and becomes fluorescent in the 

hydrophobic environment while TMR-dextran molecules remain in the hydrophilic extracellular 

solution (C) Upon stimulation, synapses undergo endocytosis via either clathrin-mediated reformation 

of individual vesicles or by taking up large invaginations in the form of endosomes. In both cases, 

FM1-43 is taken up along with the membrane. Thus FM1-43 labeled puncta represents both clathrin-

mediated endocytosis and bulk endocytosis. On the other hand, TMR-dextran are taken up only in the 

large invaginations labeling specifically bulk endosomes. (D) Washing the cultures in Ca
2+ 

free 

extracellular solution removes non-specific FM1-43 and TMR-dextran. At this point, active individual 

vesicles are visible as distinct green fluorescent puncta and endosomes appear yellowish because of 

co-staining of FM1-43 (green) and TMR-dextran (red).  

 

In the initial experiments, cultures were stimulated with 200, 400 and 2000 

stimulations, respectively to activate different modes of synaptic vesicle retrieval. To 

label clathrin-mediated endocytosis, cultures were stimulated with 200 stimulations 

(20Hz) at room temperature (25°C). To ensure the formation of large invaginations, 

cortical neurons were stimulated with 400 stimulations (20Hz) at physiological 

temperature (34°C). 

 

2.4.2 SIM imaging 

In a conventional wide-field microscopy, the optical resolution is limited by the 

diffraction limit (Abbe’s equation). Several imaging techniques have been developed 

during the last decades to surpass the diffraction limit. One such technique is 

Structured Illumination Microscopy (SIM). This method was developed by John W. 

Sedat and colleagues (Gustafsson et al., 2008; Schermelleh et al., 2008). SIM 

imaging can be performed with common fluorescence dyes and does not need 

specialized sample preparation. SIM is relatively fast and allows multicolor imaging, 

making it easy to examine several molecules within one sample. 

 

SIM imaging is based on conventional wide-field microscopy except that specialized 

grating patterns are kept in the path of the illuminating light. SIM imaging involves 

illumination of the sample using laser light with a grid-like pattern in its path. This 

results in a defined structured illumination of the sample. The interference produced 
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by frequency mixing of the excited sample structures and the grid-patterned light 

generates Moiré fringes. This results in down-modulation of fine sample details to 

lower frequencies into the regions of the detection of an optical transfer function 

(Jost and Heintzmann, 2013). To obtain high resolution, images were reconstructed 

offline using software-controlled process. SIM can typically enhance lateral 

resolution by twofold (Gustafsson, 2000; Schermelleh et al., 2010). 

 

2.4.2.1 ELYRA setup 

Structures illumination microscopy (SIM) imaging was done using the ELYRA PS 

microscope (Zeiss) at the Center for Advanced Imaging (CAI Düsseldorf). Three 

different laser lights (488 nm, 561 nm, and 642 nm wavelengths) were used to excite 

different fluorophores in triple stained cortical neurons. The laser light passes 

through a grating pattern before illuminating the samples. Images were captured with 

an alpha Plan-Apochromat 63x/1.4 oil DIC M27 objective (Zeiss) using an EM-CCD 

camera with 1002 x 1002 pixels for maximum resolution. SIM computationally 

removes out of focus light (optical sectioning) and reconstructs the superresolution 

images offline. 

2.4.2.2 SIM imaging of N-cadherin during neuronal differentiation and upon 

strong synaptic activity 

To examine the synaptic structures at high resolution, cortical neurons were labeled 

using immunocytochemical staining and SIM imaging was performed on ELYRA-PS 

(Zeiss). Synaptic maturity was evaluated on the basis of N-cadherin localization. 

Cortical neurons were immunostained at three different stages of neuronal 

differentiation in vitro (6, 12 & 28 DIV). Immature neurons (6 DIV) were labeled with 

Bassoon and SAP102 along with N-cadherin. For 12 and 28 DIV, synapses were 

labeled with VGLUT1, N-cadherin, and PSD95. 

To study the changes associated with strong synaptic vesicle release, cortical 

neurons (12-13 DIV) were stimulated for 5 minutes in 50 mM K+ containing 

extracellular solution. The cells were immediately fixed with 4% PFA. For the control 

experiment, neurons were incubated in a normal extracellular solution (2.5 mM K+) 

for 5 minutes. In addition, neuronal cultures were also recovered for 30 minutes in a 
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normal extracellular solution (2.5 mM K+) after stimulation (5 minutes in 50 mM K+) 

and then fixed with 4% PFA. Next, immunocytochemical stainings were performed 

for VGLUT1 (pre-), PSD95 (postsynaptic), and N-cadherin. To examine the changes 

caused by high synaptic release, fluorescence images were acquired on ELYRA-PS 

(Zeiss). 

2.5 Data analysis 

2.5.1 SypHy signal analysis 

The mean time courses of SypHy signal were analysed using offline version of 

Metamorph software. First, all the images were imported in the software and were 

calibrated. 

An overlay was created using DsRed2 image and NH4Cl induced maximal SypHy 

signal image. This helped in identifying autaptic puncta (synapses onto the dendrite 

of the transfected neuron). Only autaptic synapses were analysed for all the 

experiments to include the transgene expression on both pre- and postsynaptic sites. 

Region of Interests (ROIs) were created using a circle tool around the autapses on 

the overlay image. An additional ROI was drawn away from the dendrite to get the 

background fluorescence intensity of the image. These ROIs were then transferred 

to the NH4Cl induced maximal SypHy image and average pixel intensities were 

measured. These ROIs were also loaded onto the time-lapse movie (121 frames) 

and average pixel intensities over time were calculated for all the ROIs and then 

exported to Microsoft Excel sheet, where I performed all the analysis. First of all, 

background fluorescence intensities were subtracted from all the puncta (ROIs). 

Next, the fluorescence intensity values of the 10th frame (baseline, 0 sec)) of each 

ROI were subtracted from the rest of the values of the same ROI to correct for any 

spontaneous activity. This provided us the change in SypHy fluorescence intensities 

with time for each punctum. This was then normalized with the background 

subtracted corresponding NH4Cl induced SypHy signals. Normalized SypHy (% 

NH4Cl signal) fluorescence at the end of stimulation (20 sec, 20th frame) was 

measured as synaptic vesicle exocytosis. 
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Individual punctum that did not show an increase in the fluorescence upon 

stimulation were excluded from the analysis to avoid its influence on the rate of exo- 

and endocytosis. Time- lapse sequences with a shift in the x/y-direction were also 

excluded from the analysis. In the experiment with stimulation dependent evaluation 

of exocytosis (100 stimuli at 20 Hz), normalized SypHy (% NH4Cl signal) 

fluorescence intensities of the13th image (6 sec) were considered as exocytosis. 

 

2.5.2 FM1-43 and TMR-dextran signal analysis 

FM1-43 and TMR-dextran stainings were analysed using Metamorph software. 

Fluorescence images were imported to the Metamorph and were thresholded based 

on their intensity profiles. After thresholding, single pixels were removed using low 

pass filter and overlay images were generated by merging the images of BFP 

expressing neurons with FM1-43 and TMR-dextran stained images. Overlay images 

were used to find the FM1-43 or TMR-dextran puncta on the dendrites of transfected 

cells. Finally, regions of interest (ROIs) were created around the thresholded FM1-43 

puncta that were contacting the dendrites of the transfected neurons and were 

evaluated for their co-localisation with TMR-dextran puncta. FM1-43 puncta density 

was calculated (FM puncta/ 10 μm dendrite). 

Total FM1-43 uptake gave the measurement of total endocytosis (all forms of 

endocytosis). FM1-43 puncta co-localising with TMR-dextran puncta were counted 

and measured as bulk endocytosis and finally, FM1-43 puncta that did not co-

localise with TMR-dextran signal were considered as clathrin-mediated endocytosis. 

2.5.3 Analysis of SIM Images 

Images were captured in z-stack using Elyra PS setup (Zeiss) and maximum 

intensity projections were used for the analysis. First, images (individual channels) 

were thresholded based on the intensity profile using ImageJ Fiji. Single pixel noise 

was removed using median filter. An overlay was created using VGLUT1 and 

PSD95. The overlay was then searched for the structures where both VGLUT1 and 

PSD95 molecules were present together within one focal plane and an area was 

drawn around them. Whenever VGLUT1 and PSD95 puncta were contacting each 

other, this was considered as a synapse. Corresponding N-cadherin image was then 
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superimposed on the overlay and N-cadherin localization was determined manually 

in relation to the VGLUT1 or PSD95 puncta.  

 

2.6 Statistical Analysis  

All data is shown as means ± SEM and also with individual values. Statistics for all 

the experiments were done using SigmaPlot 11 software. Student’s t-test was used 

for comparing two groups and for more than two groups, one way ANOVA was used. 

Significance levels were: *P<0.05 ** P<0.01 *** P<0.001. Whenever the normality 

test failed, ANOVA on ranks was used. All the figures were created using CoralDraw 

with 300dpi resolution. 
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3.1 Functional role of N-cadherin in synaptic vesicle cycling 

3.1.1 Recording synaptic vesicle exo- and endocytosis using SypHy in autaptic 

glial microisland cultures  

To study exo- and endocytosis at synapses in cultured cortical mouse neurons in a 

single experiment, I used Synaptophysin-pHluorin (SypHy; Granseth et al., 2006), a 

pH sensitive GFP (pHluorins, Miesenböck et al., 1998) construct fused with 

synaptophysin (a synaptic vesicle membrane protein). SypHy imaging is based on its 

pH sensitivity. At rest, the low pH (acidic) of the synaptic vesicle lumen quenches 

SypHy fluorescence. During extracellular stimulation, vesicles fuse with the 

presynaptic membrane exposing the pH sensitive GFP to outside pH (extracellular 

solution, more neutral). This change in pH results in unquenching of GFP 

fluorescence leading to an increase in SypHy fluorescence signal. Increased SypHy 

signal thus monitors vesicle exocytosis. After reaching a maximum, SypHy 

fluorescence starts to decline indicating that membrane is taken up again by 

recycling via endocytosis and newly formed vesicles undergo reacidification resulting 

in requenching of SypHy signal. The decay kinetics of the SypHy signal monitors the 

rate of endocytosis. 

Initial experiments were done to study vesicle cycling using SypHy in autaptic glial 

microisland cultures. SypHy and DsRed2 were co-expressed in 9 days in vitro (DIV) 

cortical neurons and experiments were performed 5-6 days after transfection (14-15 

DIV). Time lapse sequences of fluorescence images were acquired to capture the 

changes in SypHy fluorescence intensities over time.  

At the end of each experiment, cells were exposed to 50 mM NH4Cl containing 

extracellular solution thereby alkalizing all synaptic vesicles (maximum SypHy signal) 

(Fig. 3.1A). Quantification of SypHy signal at this point gives the total expression of 

SypHy and was used for normalization of SypHy fluorescence signals. For 

quantitative analysis, the thresholded NH4Cl image was merged with the 

corresponding DsRed2 image to get an overlay (Fig. 3.1B). SypHy puncta on the 

dendrites of DsRed2 expressing neurons (white arrows, autapses) were analysed, 

and synaptic contacts made by the axon of the DsRed2 neuron with other non-

transfected neurons (yellow arrows, synapses) were excluded (Fig. 3.1C). SypHy 

fluorescence before stimulation (0 sec) was considered as baseline level (Fig. 3.1D).  
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Figure 3.1 Synaptophysin-pHlourin (SypHy) imaging as a measure of synaptic vesicle exo- and 

endocytosis in autaptic microisland cultures 

Cultured cortical neurons were co-transfected with DsRed2 and SypHy plasmid at 9 DIV and imaging 

was performed after 3-5 days. Vesicle cycling was induced by electrically stimulating the cultures with 

400 stimuli at 20 Hz. 

 (A-F) Electrical stimulation leads to the fusion of synaptic vesicles to the presynaptic membrane, 

which results in a fast increase in SypHy fluorescence intensities (exocytosis). This is followed by 

endocytosis and newly formed vesicles get reacidified leading to a decline in SypHy fluorescence. 

DsRed2 expression was used for identification of autapses. Application of NH4Cl at the end of the 

experiment gave the maximum SypHy fluorescence representing the total expression of SypHy. (A) 

Example image showing NH4Cl-induced SypHy fluorescence. (B) Overlay image showing the 

expression of DsRed2 (red) and the corresponding NH4Cl-induced SypHy fluorescence (green). (C) 

Magnification of indicated part of (B). Autaptic contacts (white arrows) were analysed. Axonal 

synapses (yellow arrows) with non-transfected neurons were excluded. Scale bars: 10 μm. (D) 

Example images showing different time points from a SypHy recording of a single neuron. Scale bar: 

20 μm. (E) Changes in SypHy fluorescence intensities over time from individual autapses from (D). 

(F) Average fluorescence intensity of all SypHy puncta of the cell in (D) over time from (E). 

 

Upon electrical stimulation (400 stimuli, 20Hz), SypHy fluorescence intensities 

increased. As the stimulation ends, the fluorescence intensities of SypHy puncta 

declined back to the baseline level. This decay in SypHy signal was caused by 

synaptic vesicle endocytosis and vesicle reacidification. Traces of SypHy 

fluorescence intensities from each punctum were obtained by analysing the time-

lapse sequences offline (Fig. 3.1E). The average of the SypHy traces of all autaptic 

puncta on an individual cell gave the mean curve for that cell (Fig. 3.1F). 

In summary, SypHy experiments in autaptic microisland cultures enabled the 

quantitative measurement of synaptic vesicle cycling (exo- and endocytosis). 

DsRed2 co-transfection was used to visualize the transfected cell and to differentiate 

between autapses and synapses. Transfection in autaptic cultures lead to deletion or 

overexpression in both the pre- and postsynaptic sites simultaneously at autapses. 

This is important to study the functions of N-cadherin as it is a homophilic adhesion 

molecule expressed pre- and postsynaptically. Glial microisland cultures also provide 

the analysis of many autapses within one measurement because glial cells confine 

the growth of the axon within a limited space leading to the formation of a large 

number of autapses. 
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3.1.2 Effects of N-cadherin knockout on vesicle exo-and endocytosis at room 

temperature 

To study the functional role of N-cadherin in vesicle exo- and endocytosis, SypHy 

imaging was performed in autaptic microisland cultures after conditional knockout of 

N-cadherin in individual neurons and the results were compared with control cells. 

Individual neurons were co-transfected (9 DIV) with DsRed2 (marker to visualize the 

transfected neuron) and SypHy. To knockout the N cadherin gene, neurons were 

additionally co-transfected with a Cre vector and SypHy imaging was done 5-6 days 

after transfection (14-15 DIV) at room temperature (25°C). Synaptic vesicle recycling 

was induced by electrically stimulating the cultures with 400 stimuli at 20Hz. At the 

end of the experiment, NH4CL signal (see Fig. 3.1 for details) was measured to 

obtain the maximum SypHy fluorescence intensities. Only autaptic puncta were 

analysed to ensure N-cadherin knockout on both, pre- and postsynaptic sites and 

traces from all autaptic SypHy puncta (cycling vesicle cluster) from each cell were 

averaged.  

The amplitudes of NH4Cl-signal normalized SypHy fluorescence signals (exocytosis) 

at the end of stimulation were not significantly (P=0.144) changed in neurons after 

knockout of N-cadherin (35.4 ± 2.2 % of NH4Cl signal, n= 15 cells) as compared to 

control (40.3 ± 2.4% of NH4Cl signal, n= 12 cells; Fig. 3.2A-C). Additionally, 

endocytosis was determined by quantifying the decline in SypHy fluorescence 90 

seconds (as % of exocytosis) after the end of stimulation. N-cadherin knockout 

neurons showed a trend towards reduction in endocytosis (44.7 ± 6.8% of 

exocytosis, n=15 cells) as compared to the control cells (59.1 ± 4.8% of exocytosis, 

n=12 cells), but this decrease was not statistically significant (Fig. 3.2D). Data from 

individual neurons were plotted to visualize the variance in the experiment and 

results showed relatively high variance (Fig. 3.2E). The decay time constants 

(monoexponential fit) were slightly slower in N-cadherin knockout cells, 74.8 ± 13.2 s 

(n= 15 cells) as compared to 53.9 ± 6.3 s (n= 12 cells) in control cells. Again, this 

decrease in decay time constant was not significant (P=0.199; Fig. 3.2F, G). 
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Figure 3.2 Effects of Cre mediated conditional knockout of N-cadherin on synaptic vesicle exo- 

and endocytosis at room temperature (25°C) 

Neurons were co-transfected at 9 DIV with DsRed2 and SypHy. N-cadherin knockout was induced by 

co-expression of Cre for 5–6 days in individual neurons cultured from floxed N-cadherin mice. SypHy 

imaging was done by electrically stimulating the neurons (400 stimuli at 20 Hz) at room temperature.  

(A-G) Conditional knockout of N-cadherin did not have a significant effect on synaptic vesicle exo- 

and endocytosis at room temperature (25°C). (A) Example time course traces of mean SypHy 

fluorescence intensities (black control cell; red N-cadherin knockout cell) after normalizing with NH4Cl 

signal. (B) Quantification of mean SypHy amplitude (at the end of stimulation) as synaptic vesicle 

exocytosis in individual neurons. (C)  Quantification of average exocytosis. (D) Quantitative analysis 

of vesicle endocytosis at 90 seconds after the end of stimulation in individual cells (SypHy signal loss 

as % of exocytosis signal). (E) Average endocytosis at 90 seconds (% of exocytosis). (F) 

Quantification of SypHy signal as decay time constant (tau of endocytosis, monoexponential fit) in 

individual neurons. (G) Average decay time constants (black control; red N-cadherin knockout; 

n=12/15 cells. Total SypHy puncta analysed were 267/277. Data is represented as mean ± SEM. 

Student’s t-test was used for statistical analysis, ns= not significant. 
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In summary, these findings showed a trend towards a change in vesicle endocytosis 

in the absence of N-cadherin. However, all changes observed were not statistically 

significant. Since this experiment was done at room temperature (25°C) and 

endocytosis is known to be highly temperature sensitive (Delvendahl et al., 2016; 

Chanaday and Kavalali 2018), SypHy experiments were repeated at near 

physiological temperature (34°C).  

3.1.3 Effect of N-cadherin knockout on vesicle exo-and endocytosis at near 

physiological temperature (34°C) 

All experimental conditions were analogous to the previous experiment except that 

the temperature was increased to 34°C. The amount of exocytosis at the end of 

stimulation remained (P=0.214) unaltered in N-cadherin knockout neurons (32.7 ± 

2.6 % of NH4Cl signal, n= 14 cells) as compared to the control cells (28.7 ± 1.8% of 

NH4Cl signal, n= 15 cells; Fig. 3.3A-C) at near physiological temperature. However, 

the decline in SypHy fluorescence 90 seconds (as % of exocytosis) after the end of 

stimulation showed a significant (P<0.05) reduction (59.9 ± 4.3% of exocytosis, n=14 

cells) after knockout of N-cadherin as compared to the control cells (75.2 ± 4.5% of 

exocytosis, n=15 cells; Fig. 3.3D-E). The decay time constants (monoexponential fit) 

were significantly (P<0.001) higher in N-cadherin knockout neurons, 54.4 ± 6.7 s (n= 

14 cells) as compared to 32.1 ± 3.1 s (n= 15 cells; Fig. 3.3F, G) in the control cells, 

indicating slower endocytosis after knockout of N-cadherin. 

Interestingly, these experiments at near physiological temperature showed a role of 

N-cadherin in the regulation of endocytosis. However, these experiments did not 

reveal a change in synaptic vesicle exocytosis by N-cadherin knockout, at least in 

this specific experimental condition. 
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Figure 3.3 Reduced Endocytosis in N-cadherin knockout neurons at near physiological 

temperature (34°C) 

 (A-G) Conditional knockout of N-cadherin resulted in a significantly slower vesicle endocytosis 

without having a significant change on synaptic vesicle exocytosis at near physiological temperature 

(34°C). (A) Example time course traces of mean SypHy fluorescence intensities (black control cell; 

red N-cadherin knockout cell) after normalizing with NH4Cl signal. (B) Quantification of mean SypHy 

fluorescence intensities (at the end of stimulation) as synaptic vesicle exocytosis in individual 

neurons. (C) Average exocytosis. There was no significant change in synaptic vesicle exocytosis 

upon N-cadherin knockout. (D) Quantitative analysis of vesicle endocytosis at 90 seconds after the 

end of stimulation (SypHy signal loss as % of exocytosis signal) in individual neurons. (E) 

Quantification of average endocytosis at 90 seconds (% of exocytosis). N-cadherin knockout resulted 

in reduced synaptic vesicle endocytosis. (F) Quantification of SypHy signal as decay time constants 

(tau of vesicle endocytosis, monoexponential fit) in individual neurons. (G) Average decay time 

constants (black control; red N-cadherin knockout; n=15/14 neurons). Synaptic vesicle endocytosis 

was slower in N-cadherin knockout neurons indicating a defect in endocytosis. Total SypHy puncta 

analysed were 203/268. Data is represented as mean ± SEM. * P<0.05 ** P<0.01 (Student’s t-test).  
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To directly confirm the effects of temperature on vesicle cycling, I additionally 

compared the control results from room temperature and near physiological 

temperature experiments. SypHy signal related to exocytosis appeared to be 

decreased in control neurons at near physiological temperature (28.7 ± 1.8% of 

NH4Cl signal, n= 15 cells) as compared to room temperature (40.3 ± 2.4%of NH4Cl 

signal, n= 12 cells; Fig. 3.4A-C). As expected, the decay in SypHy fluorescence was 

stronger (P<0.05) at 34°C (75.2 ± 4.5% of exocytosis, n=15 cells) than at 25°C (59.1 

± 4.8% of exocytosis, n=12 cells; Fig. 3.4D-E) in control cells. Furthermore, 

increasing the temperature to 34°C resulted in significantly (P<0.01) faster decay 

kinetics in control cells (32.1 ± 3.1 s; n=15 cells) as compared to 25°C data (53.9 ± 

6.3 s; n= 12 cells; Fig. 3.4F-G). 

 

 

Figure 3.4 Effects of temperature on synaptic vesicle exo- and endocytosis 

(A-G) Increasing the temperature from room (25°C) to near physiological (34°C) temperature had an 

enhancing effect on synaptic vesicle endocytosis. (A) Example traces of mean SypHy fluorescence 

intensities (black 25°C; gray 34°C). (B) Quantification of mean SypHy amplitude (at the end of 
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stimulation) as synaptic vesicle exocytosis in individual neurons. (C) Average exocytosis. Increasing 

the temperature from 25°C to 34°C resulted in reduced exocytosis related SypHy signal. (D) 

Quantification of vesicle endocytosis at 90 seconds after the end of stimulation (SypHy signal loss as 

% of exocytosis) in individual neurons. (E) Quantification of average endocytosis at 90 seconds (% of 

exocytosis). Synaptic vesicles are endocytosed faster at near physiological temperature than at room 

temperature. (F) Quantification of SypHy signal as decay time constants (tau of endocytosis, 

monoexponential fit) in individual neurons. (G) Average decay time constants at room and near 

physiological temperature (black 25°C; gray 34°C; n=12/15 neurons). Synaptic vesicle endocytosis 

was significantly slower at room temperature. Total SypHy puncta analysed were 267/203. * P<0.05 ** 

P<0.01 (Student’s t-test). Whenever normality test failed, Mann-Whitney’s test on ranks was 

performed, *** P<0.001. The data in this figure are the same as control data in Fig 3.2 and Fig 3.3. 

 

In summary, these results showed that increasing the temperature to 34°C resulted 

in faster endocytosis confirming its strong sensitivity towards temperature. On the 

other hand, the exocytosis related SypHy signal seemed to be reduced at near 

physiological temperature. This somewhat unexpected result is most likely a 

consequence of the faster endocytosis thus limiting the number of vesicles 

accumulating in the presynaptic membrane and thereby reducing the amplitude of 

the exocytosis related SypHy signal.  

3.1.4 Effects of NcadΔE mediated inhibition of N-cadherin functions on vesicle 

cycling at near physiological temperature 

Next, I used an alternative approach to confirm the N-cadherin knockout results. N-

cadherin functions were inhibited by overexpressing a dominant-negative N-terminal 

truncated N-cadherin construct lacking the extracellular domains (NcadΔE). NcadΔE 

inhibits the functions of endogenous N-cadherin by binding with various catenin’s 

and thus interfering with actin signaling (Togashi et al., 2002; Stan et al., 2010; 

Andreyeva et al., 2012). Cortical neurons from control (C57/BL6) mice were cultured 

in an autaptic microisland system and co-transfected with DsRed2 and SypHy at 9 

DIV. To inhibit the functions of endogenous N-cadherin, NcadΔE was co-transfected 

additionally. Vesicle cycling was induced by electrical stimulation (400 stimuli at 

20Hz) and SypHy imaging was performed (12-13 DIV) at near physiological 

temperature (34°C). 
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The normalized SypHy fluorescence intensities (exocytosis) at the end of stimulation 

were not altered after inhibiting N-cadherin functions (29.6 ± 2.4 % of NH4Cl signal, 

n= 11 neurons) as compared to controls (29.6 ± 2.4% of NH4Cl signal, n= 16 

neurons; Fig. 3.5A-C). The amount of SypHy fluorescence lost by vesicle 

endocytosis 90 seconds after the end of stimulation (as % of exocytosis) was 

significantly (P<0.01) reduced in NcadΔE overexpressing neurons (60.1 ± 4.4% of 

exocytosis, n=11 cells) as compared to the control cells (76.5 ± 3.5% of exocytosis, 

n=16 cells; Fig. 3.5D, E). The mean decay time constant showed a significant 

(P<0.001) increase (48.3 ± 5.05 s; n=11 cells) in neurons with inhibited N-cadherin 

functions as compared to the control cells (29.4 ± 3.7 s; n=16 cells Fig. 3.5F, G) 

indicating slower SypHy signal decay kinetics after inhibition of N-cadherin functions. 

 

 

 

Figure 3.5 Effects of inhibiting the functions of N-cadherin by NcadΔE overexpression on 

vesicle exo- and endocytosis 
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Neurons were co-transfected with DsRed2 and SypHy at 9 DIV. N-cadherin functions were inhibited 

by co-expressing a dominant negative (NcadE) construct of N-cadherin lacking extracellular 

domains for 3-4 days in individual cortical neurons cultured from wildtype (C57/BL6) mice and SypHy 

imaging was done on 12-13 DIV by electrically stimulating the cultures (400 stimuli, 20 Hz) at near 

physiological temperature (34°C).  

(A-G) Synaptic vesicle endocytosis was significantly slower upon blocking the functions of N-cadherin 

at near physiological temperature (34°C). (A) Example time course traces of mean SypHy puncta 

fluorescence intensities after normalizing with NH4Cl signal (black control; red NcadE expression). 

(B) Quantification of mean SypHy amplitude (at the end of stimulation) as synaptic vesicle exocytosis 

in individual neurons. (C) Average exocytosis. (D) Quantitative analysis of SypHy signal lost by 

vesicle endocytosis at 90 seconds after stimulation (normalized to the % of exocytosis signal) in 

individual neurons. (E) Average endocytosis at 90 seconds (% of exocytosis). Vesicle endocytosis 

was reduced after disrupting the functions of N-cadherin. (F) Quantification of the rate of endocytosis 

as decay time constant of the SypHy signal (tau of endocytosis, monoexponential fit) in individual 

neurons. (G) Average decay time constants (black control; red NcadE; n=16/11 neurons). Vesicle 

endocytosis was significantly slower after inhibiting the N-cadherin functions. Total number of SypHy 

puncta analysed was 463/187. * P<0.05 ** P<0.01 (Student’s t-test). 

 

These findings strongly confirmed our previous observations that N-cadherin plays 

an important regulatory role in synaptic vesicle endocytosis. Exocytosis seemed not 

to be affected by inhibition of N-cadherin functions.  

3.1.5 Effects of N-cadherin knockout on vesicle exocytosis in weak stimulation 

condition 

Next experiment was designed to address the functional effects of N-cadherin 

knockout on vesicle exocytosis. 

A previous paper from our lab (Jüngling et al., 2006) had reported impairment in the 

replenishment of the readily releasable vesicle pool indicating a defect in vesicle 

exocytosis in the absence of N-cadherin. But I did not observe any change in 

synaptic vesicle exocytosis in the above experiments. However, I used electrical field 

stimulation of 400 stimuli at 20 Hz to induce the vesicle cycling in all the previous 

experiments. This stimulation condition resulted in a strong synaptic vesicle release 

which was required to quantify the decay time kinetics (vesicle endocytosis). But this 

strong (long-lasting) vesicle release might have led to the depletion of readily 

releasable vesicle pool and thereby forcing the synapses to recruit synaptic vesicles 
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from the other vesicle pools available at the synapses thus obscuring the defect in 

vesicle exocytosis. Therefore, despite the defect in vesicle exocytosis in the absence 

of N-cadherin, we observed no change simply because of the experimental 

conditions.  

To test this hypothesis, cortical neurons were co-transfected at 9 DIV with DsRed2 

and SypHy. N-cadherin knockout was induced by co-expressing Cre for 5-6 days. 

Synaptic vesicle cycling was induced with 100 stimuli at 20 Hz and SypHy imaging 

was performed at near physiological temperature. 100 stimuli led to a relatively weak 

synaptic vesicle release in the control neurons as indicated by a strong reduction in 

the amplitude of the SypHy signal (exocytosis) as compared to the control cells in 

Fig. 3.3. The results were compared with SypHy amplitude obtained from N-cadherin 

knockout neurons. The mean amplitude of normalized SypHy fluorescence signals 

(exocytosis) at the end of stimulation was significantly (P < 0.05) lower in N-cadherin 

knockout neurons (19.3 ± 1.9 % of NH4Cl signal, n= 20 cells) as compared to the 

control cells (24.9 ± 1.9% of NH4Cl signal, n= 20 cells; Fig. 3.6A-C). I also analysed 

the exocytosis related SypHy signals at single puncta level. Direct comparison of the 

SypHy fluorescence signals obtained from individual puncta also revealed a 

significant (P<0.001) reduction in synaptic vesicle exocytosis in N-cadherin knockout 

neurons (21.3 ± 0.77 % of NH4Cl signal, n= 366 SypHy puncta) as compared to the 

control cells (27.4 ± 0.81 % of NH4Cl signal; n= 333 SypHy puncta; Fig. 3.6F).  The 

decay kinetics of SypHy signal could not be reliably determined because of the 

strong noise in SypHy traces. So, to avoid the fitting of these noisy SypHy traces, 

loss of SypHy fluorescence signal (% of exocytosis) 44 seconds after the end of the 

stimulation was quantified and measured as vesicle endocytosis N-cadherin 

knockout neurons showed a significantly (P<0.05) reduced endocytosis-related 

SypHy signal loss (47.4 ± 7.3 % of exocytosis, n=20 cells) as compared to the 

control cells (66.3 ± 5.0% of exocytosis, n=20 cells; Fig. 3.6D, E).   
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Figure 3.6 Release dependent effects of N-cadherin knockout on synaptic vesicle exocytosis 

Cortical neurons were co-transfected with DsRed2 and SypHy at 9 DIV. Cre was co-expressed for 5-6 

days to remove N-cadherin gene in individual cortical neurons and SypHy imaging was performed at 

14-15 DIV at near physiological temperature (34°C). Vesicle cycling was induced with 100 stimuli (20 

Hz) to evoke weak release. 

(A-E) N-cadherin knockout resulted in a reduced synaptic vesicle exo- and endocytosis during slow 

release conditions at near physiological temperature (34°C). (A) Average normalized SypHy traces in 

response to 100 stimuli at 20Hz (black control cell; red N-cadherin knockout cell). (B) Quantification of 

mean SypHy amplitude (SypHy signal normalized with NH4Cl signal) as a vesicle exocytosis at the 

end of stimulation in individual neurons. (C) Average Exocytosis. Note the reduction in normalized 

SypHy signal (vesicle exocytosis) at the end of stimulation in N-cadherin knockout neurons. (D) 

Quantification of vesicle endocytosis at 44 seconds after the end of stimulation (SypHy signal loss as 

% of exocytosis) in individual neurons. (E) Average endocytosis at 44 seconds (% of exocytosis; 

n=20/20 neurons) after the end of stimulation. Synaptic vesicle endocytosis was significantly reduced 

in N-cadherin knockout neurons during weak stimulations. (F) Quantification of average SypHy 

amplitude (SypHy signal normalized with NH4Cl signal) as a vesicle exocytosis at puncta level. Total 

SypHy puncta analysed were 333/366. * P<0.05 (Student’s t-test). Whenever normality test failed, 

Mann-Whitney’s test on ranks was done, *** P<0.001. 
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With this experiment, I showed that N-cadherin also affects the synaptic vesicle 

exocytosis but only during weak stimulation conditions (weak vesicle release). These 

data together with previously published results (Jüngling et al., 2006; Vitureira et al., 

2011; van Stegen et al., 2017) confirmed that N-cadherin plays an important 

regulatory role in both vesicle exo- and endocytosis. 

SypHy imaging depends on the intravesicular pH change of the synaptic vesicles 

and don’t differentiate between the single synaptic vesicle retrieval (clathrin-

mediated endocytosis) and endosomes (bulk endocytosis). Therefore, SypHy 

imaging can’t be used to examine different modes of vesicle retrieval. 

Next experiments were performed to differentially label clathrin-mediated 

endocytosis and bulk endocytosis using fluorescent molecules. 

 

3.2 Monitoring the functional role of N-cadherin in synaptic vesicle 

endocytosis using FM1-43 and tetramethylrhodamine (TMR)-

dextran uptake 

As a next step, I explored the functional role of N-cadherin in regulation of different 

modes of vesicle endocytosis in detail. At central synapses, presynaptically fused 

vesicular membranes are required to be recycled to restore the presynaptic 

terminal’s original surface area, and to prevent depletion of vesicle pools. This 

recycling can be achieved by various modes of vesicle endocytosis like clathrin-

mediated endocytosis and activity-dependent bulk endocytosis (bulk endocytosis). 

Clathrin-mediated endocytosis (CME) is relatively slow and retrieves single synaptic 

vesicles from the presynaptic plasma membrane by forming coats of clathrin protein. 

On the other hand, bulk endocytosis is triggered during intense vesicle release and 

is characterized by large invaginations of plasma membrane to form endosome-like 

structures. Various fluorescent probes are available to differentially label clathrin-

mediated endocytosis and bulk endocytosis. One such fluorescent marker is FM1-

43, an activity-dependent hydrophobic dye known to specifically label actively cycling 

vesicles (Cousin and Robinson, 1999; Harata et al., 20001). FM1-43 binds non-

specifically to the presynaptic membrane. Upon synaptic stimulation, FM1-43 is 

taken up inside the invaginations irrespective of the size of the endocytic pits, thus 
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reporting all forms of endocytosis. Bulk endocytosis can be visualized by monitoring 

the uptake of tetramethylrhodamine-dextran (TMR-dextran, 40 kDa). TMR-dextran is 

a high molecular weight fluid phase marker conjugated to a fluorescent molecule and 

labels specifically endosomes (bulk endocytosis) (Clayton and Cousin, 2009).  

3.2.1 Stimulation and temperature dependent characteristics of FM1-43 and 

TMR-dextran uptake 

First experiments were done to test whether FM1-43 and TMR-dextran can 

distinguish between clathrin-mediated endocytosis and bulk endocytosis. 

To address this, dissociated cortical neurons (from C57/BL mice) were stimulated 

with three different electrical field stimulations (200, 400, and 2000 stimuli at 20Hz) 

to obtain variation in synaptic vesicle release (weak to strong release) at room 

temperature (RT, 25°C) and at 34°C in the presence of FM1-43 and TMR-dextran. 

After washing, a punctate staining was observed for both FM1-43 and TMR-dextran 

(Fig 3.7). 

FM1-43 puncta correspond to the active synaptic vesicle clusters. The FM1-43 

fluorescence image was merged with the TMR-dextran image to get an overlay. 

These images were first compared for their subcellular distribution of FM 1-43 dye 

and TMR-dextran. Overlay images showed co-localisation of FM1-43 with TMR-

dextran puncta confirming the specific uptake of the majority of TMR-dextran puncta 

at synaptic terminals. The fraction (%) of FM1-43 puncta co-localising with TMR-

dextran per field of view were counted and plotted as a measure of bulk endocytosis.  

When the cortical neurons were stimulated with 200 stimuli at 20Hz at room 

temperature (25°C), the majority of synaptic terminals were labeled with FM1-43 

(Fig. 3.7A, left). Only a few FM1-43 labeled puncta (15.11 ± 3.39 %; Fig. 3.7D) 

showed a co-localisation with TMR-dextran puncta, indicating little TMR-dextran 

uptake (bulk endocytosis) at this experimental condition. This indicated that clathrin-

mediated endocytosis is the main mode of vesicle retrieval at this condition. 

Increasing the temperature to 34°C resulted in a increased co-localisation of FM1-43 

(33.78 ± 3.45 %, Fig. 3.7D) labeled puncta with TMR-dextran stained puncta 

showing increased bulk endocytosis at 34°C (Fig. 3.7A, right). 
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Figure 3.7 Differential labeling of clathrin-mediated endocytosis and bulk endocytosis using 

FM1-43 and tetramethylrhodamine-dextran (TMR-dextran) uptake 

Cortical neurons were co-stained with FM1-43 and dextran using different stimulation paradigm at 

room (25°C) and near physiological temperature (34°C) to distinguish clathrin-mediated endocytosis 

from bulk endocytosis. FM puncta without TMR-dextran uptake (green) represented clathrin-mediated 

endocytosis, while FM1-43 + TMR-dextran (yellow) represented bulk endocytosis. 

(A) Representative overlay images of FM1-43 (green) and TMR-dextran (red) loading induced by 200 

stimuli at either 25°C or 34°C. At this stimulation (25°C), the majority of the vesicular membrane is 

endocytosed via clathrin-mediated endocytosis (green puncta). With increase in temperature, there 

was a slight increase in the TMR-dextran uptake (yellow puncta). (B) Example overlay images of 

FM1-43 (green puncta) and TMR-dextran (red puncta) uptake induced by 400 stimuli at either 25°C or 

34°C. An electrical field stimulation of 400 stimuli at 34°C resulted in an increase in both FM1-43 and 

TMR-dextran uptake. (C) Example overlay images of FM1-43 and TMR-dextran loading induced by 
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2000 stimuli at either 25°C or 34°C. Most of the puncta were co-stained with FM1-43 and TMR-

dextran (yellow). No effect of temperature change was observed. (D) Quantification of the percentage 

of FM 1-43 positive puncta co-localising with TMR-dextran. Scale bar 5 µm. n=8/11/6/9/9/9, n 

represents fields of view. 

 

With the increase in stimulation (400 stimuli at 20Hz, 25°C), there was an overall 

increase in the percentage of FM1-43 labeled puncta co-localising with TMR-dextran 

stained puncta (44.65 ± 2.76 %). Increased temperature (400 stimuli, 34°C) also 

resulted in a higher TMR-dextran uptake (55.80 ± 2.09 % of synapses had both 

FM1-43 and dextran staining) confirming that strong vesicle release and near 

physiological temperature, both have an enhancing effect on TMR-dextran staining 

(uptake) (Fig. 3.7B). Synapses undergo bulk endocytosis along with slower clathrin-

mediated endocytosis at this experimental condition. 

In another experiment, intense synaptic vesicle exocytosis was induced by 

stimulating the cortical neurons with 2000 stimuli at 25°C (Fig. 3.7C, left).  75.99 ± 

3.81 % of the synapses (Fig. 3.7D) were labeled with both FM1-43 and TMR-

dextran, indicating that the majority of synaptic vesicles was recycled via bulk 

endocytosis during strong synaptic release. When the temperature was increased to 

34°C while keeping the stimulation at 2000 stimuli, 69.29 ± 2.85% of FM1-43 puncta 

co-localised with TMR-dextran, showing no effect of temperature at this stimulation 

condition (Fig. 3.7C, right, D). 

In summary, these results confirmed that synapses undergo clathrin-mediated 

endocytosis during weak stimulation. In contrast, long lasting synaptic vesicle 

release demands faster synaptic vesicle retrieval and synapses meet this demand by 

retrieving large pieces of presynaptic membrane in the form of bulk endosomes (bulk 

endocytosis). 

The data from this experiment helped to select two stimulation conditions to 

differentially induce clathrin-mediated endocytosis and bulk endocytosis. For further 

experiments, clathrin mediated endocytosis (CME) was studied using an electrical 

stimulation with 200 stimuli at 25°C, and bulk endocytosis was studied with 400 

stimuli stimulation at 34°C. 
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3.2.2 Functional role of N-cadherin in regulating clathrin-mediated endocytosis 

and bulk endocytosis 

To investigate the functional role of N-cadherin in clathrin-mediated endocytosis and 

in bulk endocytosis, Cre mediated conditional knockout and NcadE induced 

inhibition of N-cadherin function approaches were used.  

3.2.2.1 Effects of N-cadherin knockout on clathrin-mediated endocytosis (CME) 

To investigate the effects of N-cadherin on clathrin-mediated endocytosis, cortical 

neurons were cultured from homozygous floxed mice (Ncadflox/flox) on PO coated 

coverslips. At 9 DIV, neurons were co-transfected with Cre and BFP to knockout the 

postsynaptic N-cadherin. BFP was used to visualize the individual transfected 

neurons. At 14-15 DIV, FM1-43 and TMR-dextran staining was done by electrically 

stimulating the neurons with 200 stimuli at 20Hz at room temperature (25°C). Most of 

the synaptic contacts were loaded up with FM1-43 dye confirming that clathrin-

mediated endocytosis is the main mode of vesicle recycling at this experimental 

condition (as shown in Fig. 3.8). There was also a slight TMR-dextran staining 

probably representing baseline uptake. To quantify the effects of N-cadherin 

knockout on clathrin-mediated endocytosis, FM1-43 puncta on dendrites were 

counted and the puncta density (/10 µm of dendrite length) was calculated. 

Although TMR-dextran staining was relatively weak at this experimental condition, 

FM1-43 puncta co-localising with TMR-dextran were still quantified to examine the 

change in bulk endocytosis. Overlay images showed reduced FM1-43 uptake in N-

cadherin knockout neurons at 14-15 DIV (Fig. 3.8A). Cre-mediated conditional 

knockout of N-cadherin significantly (P< 0.05) decreased the total FM1-43 puncta 

density (1.24 ± 0.16 puncta/10 μm dendrite, n= 13 cells) as compared to control cells 

(BFP, 1.80 ± 0.20 puncta/10 μm dendrite, n= 16 cells; Fig. 3.8B, C). However, the 

number of FM1-43 puncta co-localising with TMR-dextran puncta were not altered 

significantly after N-cadherin knockout (BFP: 0.69 ± 0.08 puncta/10 μm dendrite, n= 

16 cells; N-cadherin knockout + BFP: 0.58 ± 0.12 puncta/10 μm dendrite, n= 13 

cells; Fig 3.8D, E). In contrast, FM1-43 puncta without any TMR-dextran staining 

(representing pure CME) were significantly (P< 0.01) reduced (0.66 ± 0.12 puncta/10 

μm dendrite, n= 13 cells) in N-cadherin knockout neurons as compared to control 

cells (1.11± 0.13 puncta/10 μm dendrite, n= 16 cells; Fig 3.8F, G).                                                                                                                                                                                                                                                                                                                                                                                               
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Figure 3.8 Reduction in clathrin-mediated endocytosis in N-cadherin knockout neurons 

Knockout of N-cadherin was induced by postsynaptic expression of Cre (for 5-6 days) in individual 

cortical neurons. FM1-43 and TMR-dextran uptake was induced by electrical stimulation (200 stimuli, 

20Hz at 25°C).  

 (A-G) Cre mediated conditional knockout of N-cadherin (postsynaptic) resulted in a reduced clathrin-

mediated endocytosis (CME) at 14-15 DIV cortical neurons. (A) Example overlay images of FM1-43 

labeled vesicle clusters (green) and TMR-dextran labeled endosomes (red (Ctrl left; +cre right). 

Dendrites are shown by white outlines. (B) Quantification of dendritic density of total FM1-43 labeled 

puncta in individual neurons in the presence and after knockout of N-cadherin. (C) Quantification of 

the average density of total FM1-43 puncta on the dendrites of the transfected neurons (black control 

cells; red +cre cells). There is a clear reduction in total FM1-43 uptake (CME only) in N-cadherin 

knockout cells. (D) Quantification of the dendritic density of FM1-43 puncta co-localised with TMR-

dextran in individual neurons. (E) Quantification of the average density of FM1-43 puncta co-localised 

with TMR-dextran. Dextran uptake is very weak at given experimental conditions (probably baseline 

uptake). (F) Quantification of the dendritic density of FM1-43 puncta (no co-localisation with TMR-

dextran) in individual neurons. (G) Quantification of the average dendritic density of FM1-43 (n=16/13 

cells). There was a strong reduction in the number of puncta with only FM uptake indicating a defect 

in clathrin-mediated endocytosis after N-cadherin knockout. BFP: n=16; CreEGFP + BFP= 13 (n 

represents number of cells). Scale bar 5 µm. * P<0.05 (Student’s t-test). Whenever the normality test 

failed, Mann-Whitney’s test on ranks was used, ** P<0.01. 
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In summary, knockout of N-cadherin from mature cortical neurons (14-15 DIV) 

resulted in a reduction in total FM1-43 puncta indicating a defect in endocytosis 

(mainly clathrin-mediated endocytosis). There were a few FM1-43 puncta which 

showed co-localisation with TMR-dextran puncta indicating weak bulk endocytosis. 

This indicated that neurons probably have some basal uptake of TMR-dextran at 

weak stimulation condition and that this uptake is not affected by N-cadherin 

knockout. FM1-43 puncta without any TMR-dextran represented pure clathrin-

mediated endocytosis and pure FM1-43 puncta number was significantly reduced in 

N-cadherin knockout neurons confirming altered clathrin-mediated endocytosis. 

3.2.2.2 Effect of N-cadherin knockout on bulk endocytosis 

All experimental conditions were analogous to the previous experiment except that 

vesicle cycling was induced with 400 stimuli at 20Hz in the presence of FM1-43 and 

TMR-dextran at near physiological temperature (34°C). To study activity-dependent 

bulk endocytosis, neuronal cultures were transfected with BFP and stimulated. 

Overlay images showed a striking co-localisation of FM1-43 signal and TMR-dextran 

puncta (Fig. 3.9A) confirming that during strong stimulations, synapses undergo 

vesicle recycling via bulk endocytosis. There was an increase in total FM1-43 uptake 

also. 

To evaluate the N-cadherin knockout effect on bulk endocytosis, total FM1-43 puncta 

density /10 µm of dendrite length (bulk endocytosis + CME) as well as FM1-43 

puncta density co-localising with TMR-dextran puncta (bulk endocytosis) were 

calculated. Total FM1-43 puncta density was significantly (P< 0.001) decreased after 

knockout of N-cadherin (1.32 ± 0.12 puncta/10 μm dendrite; n= 28 cells) as 

compared to control cells expressing only BFP (2.29 ± 0.21 puncta/10 μm dendrite, 

n= 23 cells; Fig. 3.9B-C). Importantly, the dendritic density of FM1-43 puncta co-

localising with TMR-dextran puncta (bulk endocytosis) was also significantly (P< 

0.05) reduced after N-cadherin knockout (Cre + BFP: 0.84 ± 0.08 puncta/10 μm 

dendrite; n= 28 cells) as compared to control cells (BFP: 1.37 ± 0.18 puncta/10 μm 

dendrite; n= 23 cells; Fig. 3.9D-E) indicating a defect in bulk endocytosis. 

Furthermore, pure clathrin-mediated endocytosis (CME) was calculated by counting 

the FM1-43 puncta without any TMR-dextran signal.  
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Figure 3.9 N-cadherin regulates both clathrin-mediated endocytosis and bulk endocytosis 

Cortical neurons were co-transfected at 9 DIV and FM1-43 + TMR-dextran co-staining was done at 

14-15 DIV. Vesicle cycling was induced by electrical stimulation (400 stimuli, 20Hz) at near 

physiological temperature (34°C). 

(A-G) Postsynaptic knockout of N-cadherin by Cre expression resulted in a significant reduction in 

both clathrin-mediated endocytosis (CME) and bulk endocytosis. (A) Representative overlay images 

of cortical neurons double labeled with FM1-43 (green) and TMR-dextran (red) in control (left) and N-

cadherin knockout neurons (+cre right). Dendrites are shown as white outlines. (B) Quantification of 

the dendritic density of total FM1-43 puncta (CME + bulk endocytosis) in individual neurons. (C) 

Quantification of the average density of total FM1-43 puncta. Total FM puncta number was 

significantly reduced after the knockout of N-cadherin indicating a strong reduction in total 

endocytosis (CEM + bulk endocytosis). (D) Quantification of the dendritic density of FM1-43 puncta 

co-localised with TMR-dextran in individual neurons. (E) Quantification of the average density of FM1-

43 puncta co-localised with TMR-dextran. Interestingly, there was a strong reduction in TMR-dextran 

uptake in N-cadherin knockout neurons indicating reduced bulk endocytosis. (F) Quantification of the 

dendritic density of FM1-43 puncta (no co-localisation with TMR-dextran) in individual neurons and 

the average density of FM1-43 puncta (G). BFP: n = 23 cells; CreEGFP + BFP = 28 (n represents 

number of neurons) Scale bar 5 µm. * P<0.05; ** P<0.01; *** P<0.001 (Mann-Whitney’s test on ranks). 
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The results showed that FM1-43 puncta (representing pure CME) were also 

significantly (P=0.001) reduced (0.48 ± 0.07 puncta/10 μm dendrite; n= 28 cells) in 

N-cadherin knockout neurons as compared to control cells (0.92 ± 0.11 puncta/10 

μm dendrite; n= 23 cells; Fig. 3.9F-G). 

These results demonstrated that the expression of N-cadherin in mature neurons is 

important for both clathrin-mediated endocytosis as well as bulk endocytosis, 

confirming its role in vesicle recycling. 

 

3.2.2.3 Effect of NcadE overexpression on clathrin-mediated endocytosis 

Next, experiments were done to confirm the above described N-cadherin knockout 

findings using an alternative experimental approach. N-cadherin functions were 

inhibited by overexpressing a dominant-negative N-terminal truncated construct of N-

cadherin lacking extracellular domains. 

Dissociated cortical neurons were cultured from C57/BL mice on PO coated 

coverslips. At 9 DIV, individual neurons were co-transfected with BFP and NcadE 

to inhibit the functions of postsynaptic N-cadherin. Expression of BFP only was used 

as control. Transfected neurons were co-stained (12-13 DIV) with FM1-43 and TMR-

dextran by stimulating with 200 stimuli (20Hz) at room temperature. This 

experimental condition was used to ensure that vesicle recycling occurs mainly via 

clathrin-mediated endocytosis (from Fig. 3.7A, left & Fig. 3.8). FM1-43 labeled 

vesicle clusters were counted and compared with control to quantify the effects of N-

cadherin on vesicle endocytosis. Overlay images indicated that the majority of 

synaptic terminals were loaded up only with FM1-43 dye (Fig. 3.10A). The dendritic 

density of total FM1-43 puncta did not show any significant change after inhibiting 

the functions of N-cadherin (1.60 ± 0.18 puncta/10 μm dendrite; n=18 cells; Fig. 

3.10B-C) as compared to control cells(1.76 ± 0.20 puncta/10 μm dendrite; n=16 

cells; Fig. 3.10B-C).TMR-dextran labeling was relatively rare (basal uptake) at this 

experimental condition, but TMR-dextran uptake was still counted to observe the 

change in the basal uptake of TMR-dextran in NcadE overexpressing neurons.  
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Figure 3.10 Effects of NcadE-mediated inhibition of N-cadherin functions on clathrin-

mediated endocytosis 

N-cadherin functions were inhibited by co-expressing a dominant-negative (NcadE) N-terminally 

truncated construct of N-cadherin lacking extracellular domains at 9 DIV in individual cortical neurons. 

FM1-43 and TMR-dextran staining was done at 12-13 DIV (after 3-4 days) by electrically stimulating 

the cells (200 stimuli, 20 Hz) at room temperature (25°C). 

(A-G) NcadE mediated functional block of N-cadherin (postsynaptic) did not show any significant 

change in clathrin-mediated endocytosis (CME) in mature cortical neurons. (A) Example overlay 

images of FM1-43 (green) and TMR-dextran (red) co-staining in control neurons (left) and after 

inhibiting the functions of N-cadherin (NcadE, right). Dendrites are shown as white outlines. (B) 

Quantification of the dendritic density of total FM1-43 puncta in individual neurons. (C) Quantification 

of the average density of total FM1-43 puncta. Total FM1-43 puncta numbers were not affected after 

the inhibition of N-cadherin functions. (D) Quantification of the dendritic density of FM1-43 puncta co-

localised with TMR-dextran puncta in individual neurons. (E) Quantification of the average density of 

FM1-43 puncta co-localised with TMR-dextran signal. TMR-dextran uptake is very low at given 

experimental conditions (probably baseline uptake). (F) Quantification of the dendritic density of FM1-

43 puncta (not co-localising with TMR-dextran) in individual neurons and the mean density of FM1-43 

(G). FM puncta without any TMR-dextran signal were quantified as pure clathrin-mediated 
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endocytosis. CME was also not affected after inhibiting the functions of N-cadherin. n=16/18 neurons. 

Scale bar 5 µm. For statistics, Mann-Whitney’s test on ranks was used. 

 

FM1-43 puncta co-localising with dextran in control cells were low in number (BFP: 

0.43 ± 0.06 puncta/10 μm dendrite; n= 16 cells; Fig. 3.10D-E) and their dendritic 

density was not altered significantly after overexpression of NcadE (NcadE + BFP: 

0.49 ± 0.08 puncta/10μm dendrite; n= 18 cells; Fig. 3.10D-E). Furthermore, the 

density of FM1-43 puncta (not co-localising with TMR-dextran, pure CME) also did 

not show any significant change (1.17 ± 0.15 puncta/10 μm dendrite; n= 16 cells) in 

NcadE overexpressing neurons as compared to control cells (1.34± 0.19 puncta/10 

μm dendrite; n= 18 cells; Fig. 3.10F-G). 

In summary, these results indicated that inhibiting the functions of N-cadherin by 

overexpressing NcadE did not have a significant effect on clathrin-mediated 

endocytosis in mature neurons (DIV 14-15). These results are different from that of 

N-cadherin knockout suggesting a weaker inhibition than obtained by gene knockout. 

3.2.2.4 Effect of NcadE overexpression on bulk endocytosis 

All experimental conditions were analogous to 3.2.2.3 except that the vesicle cycling 

was induced with 400 stimuli at 20Hz in the presence of FM1-43 and TMR-dextran at 

near physiological temperature (34°C).  FM1-43 and TMR-dextran images were 

merged to make an overlay and the dendritic density of FM1-43 was calculated. 

Overlay images showed that stronger stimulation resulted in an increased co-

localisation of FM1-43 and TMR-dextran puncta (Fig. 3.11A) in control cells, thereby 

confirming the activity-dependent uptake of both FM1-43 and TMR-dextran. With 

increased synaptic activity, bulk endocytosis also increased. 

Total dendritic density of FM1-43 puncta was significantly (P< 0.001) decreased in 

neurons expressing NcadE (NcadE + BFP: 1.19 ± 0.09 puncta/10 μm dendrite; n= 

28 cells) as compared to control cells. (BFP: 1.95 ± 0.17 puncta/10 μm dendrite; n= 

21 cells; Fig.  3.11B-C). Interestingly, the dendritic density of FM1-43 puncta co-

localising with TMR-dextran puncta (bulk endocytosis) was also significantly (P< 

0.001) reduced after inhibiting the functions of N-cadherin (NcadE + BFP: 0.43 ± 

0.04 puncta/10 μm dendrite; n= 28 cells) as compared to control cells (BFP: 1.07 ± 
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0.15 puncta/10 μm dendrite; n= 21 cells; Fig. 3.11D-E) indicating a defect in bulk 

endocytosis. However, the density of FM1-43 puncta not co-localising with TMR-

dextran (pure CME) was not changed significantly (P< 0.001) (NcadE+ BFP: 0.76 ± 

0.09 puncta/10 μm dendrite, n= 28 cells; control cells, BFP: 0.87± 0.10 puncta/10 μm 

dendrite; n= 21 cells; Fig. 3.11F-G). 

 

 

 

Figure 3.11 Effects of NcadE-mediated inhibition of N-cadherin functions on bulk endocytosis 

Cortical neurons were co-transfected with BFP and NcadE at 9 DIV and FM + TMR-dextran co-

staining was done at 12-13 DIV by electrical field stimulation (400 stimuli, 20 Hz) at near physiological 

temperature (34°C).  NcadE overexpression led to the inhibition of N-cadherin functions. 

(A-G) Postsynaptic inhibition of N-cadherin functions by NcadE overexpression resulted in a 

significant loss in bulk endocytosis.  (A) Example overlay images of FM1-43 (green) and TMR-dextran 

(red) in control (left) and NcadE overexpressing neurons (right). Dendrites are shown as white 

outline. (B) Quantification of total FM1-43 puncta /10 µm dendrites in individual neurons. (C) Average 

dendritic density of total FM1-43 puncta. Total FM1-43 puncta numbers were strongly reduced after 

the inhibition of N-cadherin functions. (D) Quantification of the dendritic density of FM1-43 puncta co-

localised with TMR-dextran puncta in individual neurons. (E) Quantification of the average dendritic 
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density of FM1-43 puncta co-localised with TMR-dextran signal. There was a strong reduction in 

dextran uptake after inhibiting the functions of N-cadherin indicating reduced bulk endocytosis. (F) 

Quantification of the dendritic density of FM1-43 puncta (not co-localising with TMR-dextran) in 

individual neurons and the average puncta density of FM1-43 that did not co-localise with TMR-

dextran signal (G). FM puncta without TMR-dextran co-localisation represented pure clathrin-

mediated endocytosis. CME was not reduced significantly after inhibiting the functions of N-cadherin. 

n= 21/28 cells. Scale bar 5 µm. *** P<0.001 (Mann-Whitney’s test on ranks). 

 

These results confirmed that similar to N-cadherin knockout, NcadE overexpression 

also inhibited bulk endocytosis. However, clathrin-mediated endocytosis was not 

affected by overexpression of NcadE suggesting a weaker inhibition than obtained 

with gene knockout. NcadE overexpression might be too weak to block all the 

interactions of endogenous N-cadherin. Clathrin-mediated endocytosis seemed not 

to be so sensitive, therefore it didn’t show any alteration after the inhibition of N-

cadherin functions in the above experiments (200 stimuli, 25°C and 400 stimuli, 

34°C). In contrast, bulk endocytosis seemed very sensitive to any change in N-

cadherin interactions; therefore, it showed reduction after the inhibition of N-cadherin 

functions. 

 

To summarize, these results demonstrated that FM1-43 and TMR-dextran co-

staining labeled clathrin-mediated endocytosis and bulk endocytosis differentially. N-

cadherin knockout and NcadE mediated block of N-cadherin functions resulted in a 

reduction in bulk endocytosis. In addition, N-cadherin knockout also resulted in a 

decrease in clathrin-mediated endocytosis. On contrary, clathrin-mediated 

endocytosis remained largely unaffected by NcadE mediated inhibition of N-

cadherin functions.  

 

3.3 Mechanisms of the regulation of synaptic vesicle endocytosis 

by N-cadherin 

 

In this study, I showed the functional role of N-cadherin in regulating both clathrin-

mediated endocytosis and bulk endocytosis. But the mechanisms involved in the 

regulation of vesicle endocytosis by N-cadherin are not clear. Therefore, I next 
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examined the mechanisms involved in the regulation of clathrin-mediated 

endocytosis and bulk endocytosis by N-cadherin. First, I explored the roles of F-actin 

in synaptic vesicle endocytosis using a selective pharmacological actin polymerizing 

drug, jasplakinolide.  

 

3.3.1 N-cadherin regulates synaptic vesicle endocytosis via actin 

Individual neurons were co-transfected with DsRed2 and SypHy at 9 DIV. In 

addition, Cre was co-expressed for 5-6 days to knockout N-cadherin and SypHy 

imaging was performed at 14-15 DIV by electrically stimulating the cortical neuronal                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

cultures with 400 stimuli (20 Hz) at near physiological temperature (34°C). The cells 

were treated with 5 µM jasplakinolide for 5 minutes before imaging.  

The mean amplitude of the normalized SypHy signal (vesicle exocytosis) at the end 

of stimulation was not significantly changed in N-cadherin knockout neurons (41.7 ± 

3.15 % of NH4Cl signal, n= 16 cells) as compared to control cells (39.9 ± 4.47% of 

NH4Cl signal, n= 15 cells; Fig. 3.12A1, B-C) at near physiological temperature. 

Addition of jasplakinolide (5 µM, + Jaspla) to control cells did not affect the SypHy 

fluorescence signals significantly (Control + Jaspla; 44.98 ± 5.29 % of NH4Cl signal, 

n= 13 cells; Fig. 3.12A2, B-C) as compared to untreated control cells (control; 39.9 ± 

4.47% of NH4Cl signal, n= 15 cells; Fig. 3.12A2, B-C). Moreover, the average SypHy 

amplitude (vesicle exocytosis) remained unchanged in N-cadherin knockout neurons 

after drug treatment (N-cadherin knockout +Jaspla; 45.87 ± 5.17 % of NH4Cl signal, 

n= 13 cells; N-cadherin knockout: 41.7 ± 3.15 % of NH4Cl signal, n= 16 cells; Fig. 

3.12A3, B-C).  

As expected, N-cadherin knockout resulted in a significant decrease in SypHy signal 

(% of exocytosis, at 90 seconds) related to vesicle endocytosis (red, 61.94 ± 4.42 % 

of exocytosis; n= 16 cells) as compared to control cells (black, 81.49 ± 4.39 % of 

exocytosis; n= 15 cells; Fig. 3.12D-E).  However, jasplakinolide treated control cells 

did not show a significant change in the decay of the SypHy signal (control + Jaspla 

green; 79.77 ± 2.41 % of exocytosis; n= 13 cells; Fig. 3.12D-E) as compared to the 

untreated control cells (control black; 81.49 ± 4.39 % of exocytosis; n= 15 cells).  

Interestingly, the F-actin stabilizing drug jasplakinolide significantly accelerated the 

decay kinetics of the SypHy signal in N-cadherin knockout neurons showing a 
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prominent role of F-actin in synaptic vesicle endocytosis. N-cadherin knockout 

neurons treated with jasplakinolide (blue N-cadherin knockout + Jaspla; 72.96 ± 5.57 

% of exocytosis; n= 13 cells; Fig. 3.12D-E) showed stronger decay in SypHy 

fluorescence (90 seconds after the end of stimulation) than that of untreated 

knockout cells (N-cadherin knockout red; 61.94 ± 4.42 % of exocytosis; n= 16 cells; 

Fig. 3.12D-E), indicating a positive effect of the actin polymerizing drug on vesicle 

retrieval. Treatment of control cells with jasplakinolide resulted in a trend towards 

faster decay kinetics (green control + Jaspla; 24.55 ± 1.98 s; n=13 cells) but this was 

not significant, indicating an efficient vesicle retrieval in control cells (black control; 

33.66 ± 1.77 s; n= 15 cells).  

The SypHy signal decay kinetics were significantly slower in N-cadherin knockout 

neurons as compared to control neurons as shown by a higher decay time constant 

(red N-cadherin knockout; 47.68 ± 3.73 s; n= 16 cells; black control; 33.66 ± 1.77 s; 

n= 15 cells; Fig. 3.12F, G), indicating slower endocytosis. Most interestingly, addition 

of jasplakinolide to the N-cadherin knockout neurons resulted in a faster decay time 

constant of 31.20 ± 3.02 s (blue N-cadherin knockout + Jaspla; n=13 cells; Fig. 

3.12F, G) as compared to 47.68 ± 3.73 s in N-cadherin knockout neurons (red N-

cadherin knockout; n= 16 cells; Fig. 3.12F, G) confirming the rescue effect of 

jasplakinolide. 
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Figure 3.12 The F-actin polymerizing drug Jasplakinolide (Jaspla) reverses the endocytosis 

defect caused by conditional knockout of N-cadherin 

Cortical neurons were co-transfected at 9 DIV with DsRed2 and SypHy. N-cadherin knockout was 

induced by Cre co-expression for 5-6 days (14-15 DIV) in individual neurons cultured from floxed N-

cadherin mice. Cells were treated with 5 μM jasplakinolide before imaging. Vesicle cycling was 
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induced by electrical stimulation (400 stimuli at 20Hz) and SypHy imaging was performed at near 

physiological temperature (34°C). 

(A-G) Jasplakinolide, an actin polymerizing drug, was able to reverse the reduced vesicle endocytosis 

in N-cadherin knockout neurons. Treatment of control cells with this drug had a small non-significant 

effect on vesicle endocytosis. (A1-A3) Representative time course traces of average (all puncta of 

one cell) normalized SypHy fluorescence intensities. (A1) Example time course traces of mean SypHy 

fluorescence intensities (black control cell; red N-cadherin knockout cell). (A2) Example time course 

traces of mean SypHy fluorescence signal (black control; green control + jasplakinolide). (A3) 

Example time course traces of mean SypHy fluorescence signal (red N-cadherin knockout; blue N-

cadherin knockout + jasplakinolide). (B) Quantification of the mean normalized SypHy fluorescence 

signal at the end of stimulation (vesicle exocytosis) in individual neurons. (C) Average exocytosis. As 

expected, the SypHy signal related to vesicle exocytosis was not affected after knockout of N-

cadherin. Treatment of N-cadherin knockout neurons with jasplakinolide also did not change the 

mean SypHy amplitude (exocytosis). (D) Quantitative analysis of SypHy signal lost by vesicle 

endocytosis at 90 seconds after stimulation (normalized to the % of exocytosis signal) in individual 

neurons.  (E) Average endocytosis at 90 seconds (% of exocytosis). Vesicle endocytosis was reduced 

after disrupting the functions of N-cadherin. Vesicle endocytosis was reduced in N-cadherin knockout 

neurons confirming the change in endocytosis in the absence of N-cadherin and addition of 

jasplakinolide to N-cadherin knockout neurons was able to reverse this effect. (F) Quantification of 

SypHy signal decay time constants (tau of endocytosis, monoexponential fit) in individual neurons. 

(G) Average decay time constants (black control; green control + Jaspla; red N-cadherin knockout; 

blue N-cadherin knockout + Jaspla, n=15/13/16/13 cells). There was an endocytosis defect in N-

cadherin knockout neurons. Interestingly, addition of the actin polymerizing drug was able to rescue 

the knockout effect of N-cadherin. Total SypHy puncta analysed were 341/430/316/378. ** P<0.01, 

***P<0.001, ns not significant (one-way ANOVA followed by Holm-Sidak’s test). 

 

In summary, these results showed that the F-actin polymerizing drug jasplakinolide 

rescued the reduced vesicle endocytosis in N-cadherin knockout neurons. These 

findings suggest that N-cadherin regulates synaptic vesicle endocytosis via actin 

polymerization. Therefore, polymerization of actin in the absence of N-cadherin had 

a positive effect on synaptic vesicle endocytosis. 

3.3.2 Mechanisms of regulation of bulk endocytosis by N-cadherin 

N-cadherin has been described to dimerize and become protease resistant in 

response to strong synaptic activity (Tanaka et al., 2000). N-cadherin has also been 

shown to re-localise during strong synaptic release (Yam et al., 2013). Because 

strong synaptic vesicle release results in bulk endocytosis, I used a similar 
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experimental approach to understand the mechanisms involved in regulation of bulk 

endocytosis. Dissociated cortical neurons were stimulated using a high K+ 

concentration to induce strong vesicle release, and N-cadherin clusters were 

immunostained immediately thereafter. Structured illumination microscopy (SIM) 

imaging was performed to study the changes in N-cadherin clusters after strong 

vesicle release. 

 

3.3.2.1 Structured illumination microscopy (SIM) of N-cadherin and pre- and 

postsynaptic markers 

 

An optical microscope has a fundamental diffraction limit. The resolution of a 

conventional wide-field fluorescence microscope is limited to 200 nm. This made 

them not suitable to examine individual synaptic structures. However, modern super-

resolution methods have been developed, which made it possible to surpass the 

resolution limit. I used one such method known as structured illumination microscopy 

(SIM). With high resolution SIM imaging, it was possible to enhance the lateral 

spatial resolution by twofold. 

 

3.3.2.2 Comparison of wide field imaging with SIM imaging 

 

Initial experiments were done to compare the resolution of wide field epifluorescence 

images with SIM images. Cortical cultured neurons were immunostained at 12-13 

DIV with VGLUT1, PSD95, and N-cadherin. First, images were captured using a 

conventional microscope with 63x objective. Neurons from the same preparation 

were also imaged using SIM with 63x objective. Images were analysed with ImageJ 

Fiji using their intensity profiles. 

All the three channels were merged to generate an overlay. Overlay of wide field 

images showed partial to almost complete co-localisation of VGLUT1, PSD95, and 

N-cadherin (Fig. 3.13A, A1-A2). In contrast, SIM images showed a clearly separate 

distribution of VGLUT1, PSD95, and N-cadherin (red) confirming higher resolution 

(Fig. 3.13B, B1-B2). Sometimes, they did show co-localisation but mostly clusters of 

VGLUT1 and PSD95 were present in close contact with each other (synapses; Fig. 

3.13B1-B2). 
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Figure 3.13 Comparison of wide field imaging with structured illumination microscopy (SIM) 

imaging 

(A-B) Cortical neurons were triple stained for VGLUT1, N-cadherin, and PSD95 at 12-13 DIV. (A) 

Overlay of representative images showing triple staining for VGLUT1 (green), PSD95 (magenta) and 

N-cadherin (red). Images were captured using Axiovert 200M with 63x/1.4 oil objective. (A1 & A2) 

Magnification of the boxed regions shown in image A indicates the partial overlap of both pre- and 

postsynaptic molecules along with N-cadherin. (B) Overlay example images showing VGLUT1, 

PSD95, and N-cadherin staining with SIM imaging. Images were captured using Elyra PS with 63x/1.4 

oil objective. (B1 & B2) Higher magnification view of the boxed regions shown in B to indicate 

spatially resolved pre- and postsynaptic (high resolution) molecules along with N-cadherin. Scale bar 

5 µm (A & B) and 1 µm (A1, A2 & B1, B2). 

 

3.3.2.3 Spatial correlation of N-cadherin expression to pre- and postsynaptic 

molecules 

 

Cortical neurons at 12-13 DIV were fixed with PFA and immunostained for N-

cadherin, VGLUT1 (presynapse), and PSD95 (postsynapse). Images were acquired 

using Elyra PS setup (Zeiss) and were analysed with ImageJ Fiji. An overlay was 

created using VGLUT1 and PSD95 images. This overlay was then searched for 

synaptic structures where both pre- (VGLUT1) and postsynaptic (PSD95) puncta 



3. Results 

76 
 

were present together within one focal plan. Whenever VGLUT1 and PSD95 were in 

close contact, it was considered as a synapse. Next, the corresponding N-cadherin 

image was superimposed on the overlay and N-cadherin localization was determined 

in relation to the above identified synapse. N-cadherin has been well known to be 

present at the peri-active zone (Fannon and Colman, 1996; Uchida et al 1996; 

Benson and Tanaka, 1998) and I found that the majority of the synapses had N-

cadherin located in the vicinity of the active zone (between VGLUT1 and PSD95) 

often flanking one side of the active zone (peri-active zone), thus confirming the 

previous results. 

Compared to the conventional fluorescence microscopy, SIM enabled more precise 

examination of the spatial alignment of N-cadherin in relation to the pre- and 

postsynaptic molecules. Triple-staining of cortical neurons showed various 

alignments of the synaptic molecules. N-cadherin was found to be located at the 

peri-synaptic (active) zone in association with VGLUT1 and PSD95. At some 

synapses, N-cadherin was located within the synaptic cleft (active zone) between 

VGLUT1 and PSD95 clusters, although only rarely present in this alignment. 

 

On the basis of N-cadherin localization, I divided synapses into four different types:- 

1) Synapses with cleft associated N-cadherin: - majority of the synapses had N-

cadherin puncta (clusters) located in close contact with cleft (a part of N-

cadherin was located in between VGLUT1 and PSD95 at the active zone, and 

another part was flanking the synaptic cleft i.e. at the peri-active zone) (Fig. 

3.14A-A1).  

2) Synapses without cleft associated N-cadherin: - these synapses had 

sometimes N-cadherin puncta on either VGLUT1 side or PSD95 side but 

without any contact with the cleft. This category of synapses had either mis-

localized N-cadherin or they might be in the process of acquiring N-cadherin 

(Fig. 3.14B-B1). 

3) Synapses with only synaptic N-cadherin: - N-cadherin puncta were present 

only at the active zone (in between VGLUT1 and PSD95). These synapses 

were very rare (Fig. 3.14C-C1).  

4) Synapses without N-cadherin: - there were quite a lot of synapses without any 

N-cadherin cluster associated (Fig. 3.14D-D1).  
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Figure 3.14 Classification of synapses based on N-cadherin localization using SIM imaging 
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(A-D) Schematic diagrams of a synapse showing the organisation of pre- and postsynaptic proteins 

and the spatial alignment of N-cadherin in relation to VGLUT1 (presynaptic) and PSD95 

(postsynaptic). (A) Synapses with cleft associated N-cadherin: - a schematic diagram of a synapse 

showing the localization of N-cadherin in close contact with active and peri-active zone. (A1) Example 

SIM images showing overlay, presynapse (VGLUT1; green), postsynapse (PSD95, magenta) and N-

cadherin (red) to show cleft associated N-cadherin. The majority of the synapses had N-cadherin 

associated with synaptic cleft thus representing mature synapses. (B) Synapses without cleft 

associated N-cadherin: - a schematic diagram of a synapse indicating the localization of N-cadherin 

away from the active zone. These synapses seemed to have mis-localized N-cadherin. (B1) Example 

SIM images showing overlay, presynapse (VGLUT1; green), postsynapse (PSD95, magenta), and N-

cadherin (red). N-cadherin was not in contact with the active or peri-active zone. These synapses had 

N-cadherin in contact with either VGLUT1 or PSD95, but away from the synaptic cleft. (C) Synapses 

with synaptic cleft N-cadherin: - a schematic diagram showing the localization of N-cadherin inside the 

synaptic cleft. (C1) Example SIM images showing overlay, presynapse (VGLUT1; green), 

postsynapse (PSD95, magenta), and N-cadherin (red). N-cadherin was present only in between 

VGLUT1 and PSD95 (inside the active zone). Only few synapses had only synaptic N-cadherin. (D) 

Synapses without N-cadherin: - a schematic diagram of a synapse with only presynapse (green) and 

post synapse (magenta). (D1) Example SIM images showing overlay, presynapse (VGLUT1; green) 

and postsynapse (PSD95, magenta). These synapses were not associated with N-cadherin. Scale 

bars 250 nm. 

 

For further experiments, the proportions of these four different classes of synapses 

were quantified to examine changes in N-cadherin distribution. 

 

3.3.2.4 Developmental changes in synaptic localization of N-cadherin  

 

As a first step to examine the N-cadherin clusters at synapses, cultured cortical 

neurons at different stages of maturation (in vitro) were immunostained for VGLUT1, 

PSD95, and N-cadherin to label pre- and postsynaptic parts of the synapse. Three 

different time points (6 DIV, 12 DIV and 28 DIV) were selected to compare N-

cadherin distribution at synapses during neuronal differentiation. To label immature 

synapses at 6 DIV, Bassoon (presynaptic) and SAP102 (postsynaptic) was used, 

while neurons at 12 DIV and 28 DIV were immunostained for VGLUT1 and PSD95. 

SIM images were compared across time in culture to find differences in the 

distribution of N-cadherin during neuronal maturation.  
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Synapses were divided into four different categories based on N-cadherin 

localization. 1) Synapses with cleft associated (active + peri-active zone) N-cadherin, 

2) synapses without cleft associated N-cadherin, 3) synapses with synaptic (cleft) N-

cadherin, and 4) synapses without any N-cadherin (see Fig. 3.14). These four types 

of synapses were quantified and results showed that at 6 DIV (relatively immature 

neurons), 45.83 ± 3.05% (Fig. 3.15A, D; n=15 dendrites) of the synapses had cleft 

associated N-cadherin and this fraction increased during neuronal differentiation. 

There was a significant increase in the fraction of synapses with cleft associated N-

cadherin at 28 DIV (mature neurons; 71.66 ± 2.72; Fig. 3.15C, D; n=12 dendrites) as 

compared to 6 DIV (45.83 ± 3.05%; n=15 dendrites) and 12 DIV (52.51 ± 2.25; Fig. 

3.15B, D; n=15 dendrites). Quantification of the percentage of synapses without N-

cadherin showed that at 6 DIV, 28.76 ± 2.65% (n=15 dendrites; Fig. 3.15D) of the 

synapses didn’t have any N-cadherin cluster associated and this fraction of 

synapses was significantly (P<0.05) decreased to 11.05 ± 2.47% (n=12 dendrites; 

Fig. 3.15 D) at 28 DIV suggesting that synapses acquire N-cadherin during in vitro 

maturation. There was no significant change in the number of synapses without N-

cadherin (24.44 ± 2.12; n= 15 dendrites; Fig. 3.15D) at 12 DIV as compared to 6 DIV 

(28.76 ± 2.65%) indicating that these neurons were still differentiating. 

 



3. Results 

80 
 

 

Figure 3.15 Recruitment of N-cadherin to synapses during neuronal differentiation as revealed 

by SIM imaging 

Cortical neuronal cultures at different stages during in vitro maturation (6, 12 and 28 DIV) were 

immunostained for pre- and post synaptic proteins along with N-cadherin. To label the pre- and post 

synapse at 12-13 DIV and 28 DIV, VGLUT1 and PSD95 were used. Bassoon and SAP102 was used 
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to label pre- and postsynapses at 6 DIV. (A-D) Differentiation of neurons in vitro led to the recruitment 

of N-cadherin to synapses. (A) Example SIM images showing Bassoon (green, presynapse), N-

cadherin (red), SAP102 (magenta, postsynapse), and overlay at 6 DIV (immature) neurons. (B) 

Example SIM images of VGLUT1 (green), N-cadherin (red), PSD95 (magenta), and overlay at 12-13 

DIV. (C) Example SIM images of VGLUT1 (green), N-cadherin (red), PSD95 (magenta), and overlay 

at 28 DIV. (D) Quantification of the fractions of synapses based on N-cadherin localization during 

neuronal differentiation. Mature neurons (28 DIV) had significantly more synapses with cleft 

associated N-cadherin indicating more mature synapses. The synapse fraction without any N-

cadherin was reduced significantly during neuronal differentiation (from 6 DIV to 28 DIV) again 

indicating maturation of synapses. n=12/15/15 dendrites. Scale bar 2 µm. Data is represented as 

mean ± SEM. Statistics was done using one-way ANOVA with Holm-Sidak posthoc test, *** P< 0.001. 

Kruskal-Wallis one-way ANOVA on ranks with Dunn’s method was used whenever the normality test 

failed, *** P< 0.001. 

 

To summarize, SIM imaging demonstrated that nascent synapses recruit N-cadherin 

during neuronal differentiation. These results also showed that N-cadherin was 

present in close association with the active and the peri-active zone (cleft 

associated) at mature synapses and there was a continuous increase in the number 

of synapses with cleft associated N-cadherin during neuronal differentiation. This 

initial data confirmed the importance of SIM imaging in analysing changes at the 

synapse level. 

 

3.3.2.5 Effects of strong synaptic stimulation on N-cadherin synaptic 

localization 

 

Bulk endocytosis is the main mode of synaptic vesicle endocytosis during intense 

synaptic activity because synapses need to restore the original surface area of the 

presynaptic terminal to maintain its normal functions. Treatment of neuronal cultures 

with high K+ is known to induce strong synaptic release and at this condition, 

synapses require a fast mechanism to retrieve vesicles (bulk endocytosis). Strong 

vesicle release was induced by stimulating cortical neurons (12-13 DIV) for 5 min 

with 50 mM K+ containing extracellular solution and the cells were immediately fixed 

with 4% PFA. As a control, neurons were placed in the normal extracellular solution 

containing 5 mM K+ for 5 minutes. To check for reversibility, stimulated cells were 

allowed to recover by keeping them in a normal extracellular solution (5 mM K+) for 
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30 minutes. Finally, neurons were immunostained for VGLUT1, PSD95, and N-

cadherin. To observe the effects of strong stimulation on the distribution of N-

cadherin, I evaluated the synaptic localization of N-cadherin at neuronal dendrites. 

Furthermore, PSD95 distribution was also evaluated to examine any changes. 

 

3.3.2.6 Redistribution of N-cadherin induced by strong release (K+ stimulation) 

 

High [K+] stimulation resulted in a strong release of synaptic vesicles inducing the 

redistribution of synaptic molecules. First, I examined N-cadherin puncta after K+ 

stimulation and compared them with the non-stimulated control cells. K+ stimulation 

led to the enlargement of N-cadherin puncta (Fig. 3.16B, upper). They appeared to 

be more elliptical (elongated) after K+ stimulation as compared to round N-cadherin 

puncta in control cells (Fig. 3.16A, upper). K+ stimulation seemed to induce the 

fusion of N-cadherin puncta. In recovery, the majority of the N-cadherin puncta 

returned to their round shape but some remained elliptical (Fig. 3.16C upper). In 

contrast, postsynaptic PSD95 didn’t show any significant qualitative change upon 

stimulation (Fig. 3.16A-C, lower images).  

 

Next, I quantified the changes in N-cadherin puncta area and found that mean N-

cadherin puncta area was significantly (P< 0.05) increased from 0.024 ± 0.001μm2 

(n= 22 dendrites) in control neurons to 0.032 ± 0.002 μm2 (n= 16 dendrites; Fig. 

3.16D) in K+ stimulated neurons. When the stimulated neurons were kept in the 

normal extracellular solution (5 mM K+) to recover for 30 min after K+ stimulation, the 

N-cadherin puncta size recovered to 0.027 ± 0.001 μm2 (n= 14 dendrites; Fig. 

3.16D). K+ stimulation did not result in a significant change in the PSD95 puncta size 

(control: 0.032 ± 0.001 μm2, n= 22 dendrites; K+ stimulated: 0.033 ± 0.002 μm2, n= 

16 dendrites; Recovery: 0.034 ± 0.002 μm2, n= 14 dendrites; Fig. 3.16E). 
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Figure 3.16 Changes in the distribution of N-cadherin induced by high [K
+
] stimulation 

Cultured cortical neurons were stimulated with high [K
+
] to induce strong release of synaptic vesicles 

and were immunostained for pre- (VGLUT1) and postsynaptic (PSD95) proteins along with N-

cadherin at 12-13 DIV. The change in N-cadherin puncta was evaluated using SIM imaging and 

compared with non-stimulated control and after recovery of 30 minutes. 

(A-D) Strong synaptic vesicle release led to a significant increase in N-cadherin puncta area. (A) 

Example images showing N-cadherin (upper) and PSD95 (lower) immunostaining in non-stimulated 

control cells. Higher magnification view of the boxed regions indicated in A showing a few individual 

N-cadherin puncta (upper right) and PSD95 puncta (lower right). In control neurons, N-cadherin 
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puncta were roundish.  (B) Example images showing N-cadherin (upper) and PSD95 immunostaining 

(lower) after 50 mM K
+
 stimulation. Higher magnification views of the boxed regions in B showing a 

few individual N-cadherin (upper right) and PSD95 puncta (lower right). High K
+
 stimulation induced 

strong synaptic release led to the fusion of N-cadherin puncta. (C) Example images showing N-

cadherin (upper) and PSD95 (lower) immunostaining of the recovered neurons (upper). Higher 

magnification views of the boxed regions in C showing roundish N-cadherin puncta (upper right) and 

PSD95 puncta (lower right). When the neurons were allowed to recover after K
+
 stimulation, some of 

the N-cadherin puncta returned to their round shape. Scale bar 2 µm and 500 nm. (D) Quantification 

of the mean N-cadherin puncta area. High K
+
 stimulation resulted in a significant increase in N-

cadherin area. (E) Quantification of the mean PSD95 puncta area. High K
+
 stimulation did not induce 

a significant change in the PSD95 puncta area (black control; red K
+
 stimulated; gray after recovery; 

n=22/16/14 dendrites). Data is represented as mean ± SEM from four independent experiments. 

Statistics were done by Kruskal-Wallis one-way ANOVA on Ranks with Dunn’s method, * P< 0.05.  

 

In summary, high K+ (50 mM) stimulation led to an increase in N-cadherin puncta 

area, indicating the need for more N-cadherin at the synapses during strong vesicle 

release. Qualitatively, N-cadherin puncta appeared to be fused. In contrast, the 

PSD95 distribution showed no significant change after high K+ stimulation. 

 

3.3.2.7 Spatial distribution of N-cadherin at synapses after strong K+ 

stimulation  

 

To further examine the changes associated with N-cadherin puncta in strong 

stimulation condition (50 mM K+), I analysed the spatial distribution of N-cadherin at 

synapses after high K+ stimulation (5 minutes). Imaging and analysis were done 

analogous to Fig. 3.14 and Fig. 3.15. There were four different types of synapses 

based on N-cadherin localization similar to Fig. 3.15.  

 

These four different categories of synapses were counted in control, K+ stimulation 

and recovery conditions. Fractions (%) of synapses were calculated and plotted. 

The results showed that 55.64 ± 1.77% (Fig. 3.17A, D; n=12 dendrites) of the 

synapses had cleft associated N-cadherin in control cells suggesting that this 

category represents mature synapses. 
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Figure 3.17 Recruitment of N-cadherin to synapses upon strong synaptic release (High [K
+
] 

stimulation)   

Cortical neurons were stimulated with high [K
+]

 to induce strong release of synaptic vesicles and were 

immediately fixed with PFA followed by immunostaining for pre- (VGLUT1) and postsynaptic (PSD95) 
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proteins along with N-cadherin at 12-13 DIV. Synapses were identified by apposed or overlapping 

VGLUT1 and PSD95 stained clusters and were classified based on N-cadherin localization analogous 

to figure 3.14. 

(A-D) Strong synaptic vesicle release induced by high K
+
 resulted in the recruitment of N-cadherin to 

the synapses. (A) Example SIM images of VGLUT1 (green), N-cadherin (red), PSD95 (magenta), and 

overlay in control neurons (A), K
+
 stimulated neurons (B) and after recovery (C). (D) Quantification of 

the fraction of synapses after K
+
 stimulation. Strong release of synaptic vesicles led to a significant 

increase in the fraction of synapses with cleft associated N-cadherin (n=12 dendrites, 4 independent 

experiments). Scale bar 2 µm. * P< 0.05; ** P< 0.01 (one-way ANOVA with Holm-Sidak posthoc test). 

 

After 5 minutes of K+ stimulation, there was a significant (P<0.01) increase in the 

fraction of synapses with cleft associated N-cadherin (66.70 ± 3.57%; Fig. 3.17B, D 

n=12 dendrites), indicating activity-induced recruitment of N-cadherin to synapses. 

When the cells were allowed to recover for 30 minutes after K+ stimulation, the 

fraction of synapses with cleft associated N-cadherin decreased to 55.21 ± 2.04% 

(Fig. 3.17C, D; n=12), indicating a reversibility of the redistribution process.  

Next, I compared the fraction of synapses which did not have any N-cadherin. The 

fraction of synapses with no N-cadherin also showed a significant reduction (15.96 ± 

1.54%; Fig. 3.17B, D; n=12 dendrites) in K+ stimulated neurons as compared to 

control cells (22.15 ± 2.09%; Fig. 3.17 A, D; n=12 dendrites), and this fraction again 

showed an increase (23.35 ± 1.48%.; Fig. 3.17C, D; n=12), when the cultures were 

recovered for 30 minutes after K+ stimulation. 

 

These findings confirmed the recruitment of N-cadherin to synapses that were 

previously devoid of it in an activity-dependent manner, and this recruitment process 

was found to be reversible. These results suggested that during strong synaptic 

vesicle release, synapses recruit N-cadherin to enhance synaptic vesicle retrieval by 

taking up invaginations in the form of bulk endosomes. 

3.4 Comparative analysis of the synaptogenic activities of 

Neuroligin1 and LRRTM2 in cortical neurons 

Previous studies have demonstrated a role for postsynaptic N-cadherin in the 

regulation of the presynaptic vesicle clustering activity of NLG1. N-cadherin 

postsynaptically recruited Neuroligin1 via S-SCAM (synaptic scaffolding molecule), 
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and Neuroligin1 in turn, enhanced vesicle clustering (Stan et al., 2010; Aiga et al., 

2011; van Stegen et al., 2017). LRRTM2 is another recently identified synaptogenic 

cell adhesion molecule (Linhoff et al., 2009). Both Neuroligin1 and LRRTM2 are 

expressed at postsynaptic sites, interact presynaptically with Neurexins and are 

thought to play an important role in synapse formation. Similar to Neurolign1, 

LRRTM2 is also known to induce vesicle clustering in the contacting axon (de Wit et 

al., 2009; Ko et al., 2009). But it’s not known if N-cadherin regulates the 

synaptogenic activity of LRRTM2. Therefore, next, I studied the dependency of 

LRRTM2’s synaptogenic activity on N-cadherin.  

3.4.1 Synaptogenic activities of Neuroligin1 and LRRTM2 

As a first step, the synaptogenic activities of Neuroligin1 (NLG1) and LRRTM2 were 

compared in both immature and mature cortical neurons by examining their 

presynaptic vesicle cluster inducing effects. Dissociated cortical neurons (mass 

cultures) were cultured from wild type (C57/BL6) mice on poly-L-ornithine (PO) 

coated glass coverslips. The neurons were co-transfected with NLG1-EGFP or 

LRRTM2 + EGFP expression vectors, respectively. EGFP expression was used as a 

control.  

3.4.1.1 Synaptogenic activities of Neuroligin1 and LRRTM2 in immature 

neurons 

Cortical neurons were transfected at 4 DIV with NLG1-EGFP or LRRTM2 + EGFP 

and were fixed 2-3 days after transfection (6-7 DIV) with 4% paraformaldehyde 

(PFA). To investigate the roles of NLG1 and LRRTM2 in the induction of presynaptic 

vesicle clusters, transfected cortical neurons were immunocytochemically stained for 

the synaptic vesicle protein synaptobrevin-2 (VAMP2).  



3. Results 

88 
 

 

Figure 3.18 Overexpression of the synaptic adhesion molecules Neuroligin1 (NLG1) and 

LRRTM2, respectively in immature neurons (6 DIV) 
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Cultured cortical neurons were co-transfected with Neuroligin1-EGFP fusion protein and LRRTM2 + 

EGFP (co-expression), respectively at 4 days in vitro and their synaptogenic effects were studied by 

immunostaining for the synaptic vesicle protein VAMP2 at 6-7 days in vitro (DIV). (A) Enhanced green 

fluorescent protein (EGFP) expression was used as a control and helped to visualize transfected 

neurons by EGFP fluorescence. VAMP2 staining showed a punctate distribution. Only a few VAMP2 

puncta were in contact with the dendrites of the transfected neurons. (B) Example overlay image of a 

Neuroligin1 expressing neuron (green EGFP; red VAMP2) indicating strong accumulation of VAMP2 

positive puncta in contact with the dendrites of the transfected neuron. (C) Example overlay image of 

a LRRTM2 overexpressing neuron (green EGFP; red VAMP2) showing a strong accumulation of 

vesicle clusters (VAMP2 puncta) on the dendrites of the transfected neuron (green). Scale bar 30 µm.  

 

EGFP (transfection marker images were overlaid with the corresponding VAMP2 

stainings to identify VAMP2-immunopositive puncta on the dendrites of transfected 

neurons. VAMP2 puncta density was then calculated as the number of puncta/10 µm 

of the dendrite length. 

At 6-7 DIV, postsynaptic overexpression of both NLG1 and LRRTM2 resulted in a 

strong accumulation of presynaptic vesicle clusters (VAMP2 positive clusters) onto 

the dendrites of the transfected neurons as compared to control cells (Fig. 3.18A-C). 

The overexpression of NLG1-EGFP led to a significant increase in (P<0.01) VAMP2 

puncta density (3.54 ± 0.27 puncta/10 μm dendrite; n=10 cells; Fig. 3.19A-C) as 

compared to control cells (EGFP; 2.22 ± 0.21 puncta/10 μm dendrite, n=11 cells). 

LRRTM2 overexpression also resulted in a statistically significant (P<0.001) increase 

in VAMP2 puncta density (4.42 ± 0.24 puncta/10 μm dendrite, n=12 cells; Fig. 3.19A-

C) indicating a strong vesicle clustering effect. These data showed that postsynaptic 

overexpression of both NLG1 and LRRTM2 resulted in an increased presynaptic 

vesicle clustering in immature neurons and thus, both adhesion molecules promote 

the formation of new synapses. 
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Figure 3.19 Synaptogenic activities of NLG1 and LRRTM2 in immature cortical neurons (6-7 

DIV) 

(A-C) Postsynaptic expression of NLG1-EGFP and LRRTM2+EGFP, respectively increased the 

dendritic density of immunocytochemically stained VAMP2 puncta in immature neurons (6-7 DIV). (A) 

Representative overlay images showing parts of dendrites (green) and VAMP2 (red) staining of 

neurons expressing EGFP (left), NLG1-EGP (middle) and LRRTM2+EGEP (right), respectively. Scale 

bar 10 µm. (B) Quantification of VAMP2 puncta density / 10 µm dendrite length in individual neurons. 

(C) Quantification of mean VAMP2 puncta / 10 μm dendrite length (n=11/10/12, n represents the 

number of neurons). Data are represented as mean ± SEM. * P < 0.05; ** P < 0.01; *** P < 0.001 

(One-way ANOVA with Holm-Sidak posthoc test). 

 

3.4.1.2 Synaptogenic activities of Neuroligin1 and LRRTM2 in mature neurons 

(12-13 DIV) 

To investigate the synapse formation activity of NLG1 and LRRTM2 in mature 

neurons, primary dissociated cortical mouse neurons were co-transfected at 9 DIV 

with NLG1-EGFP and LRRTM2 + EGFP, respectively. Presynaptic vesicle clusters 

were labeled 3-4 days after transfection using VAMP2 immunostaining (12-13 DIV) 

and VAMP2 puncta density was calculated. 
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Figure 3.20 Overexpression of the synaptic adhesion molecules Neuroligin1 (NLG1) and 

LRRTM2, respectively in relatively mature neurons (12-13 DIV) 
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Postsynaptic overexpression of LRRTM2 induces additional presynaptic vesicle clustering in mature 

cortical neurons (12-13 DIV). (A) Example fluorescence image of VAMP2 immunostained puncta (red) 

onto the dendrites of EGFP (green) overexpressing neurons.  EGFP expressing neurons showed a 

few VAMP2 puncta (EGFP green; VAMP2 red) contacting the dendrite of the transfected neurons. (B) 

Example overlay image of a Neuroligin1 expressing neuron (green EGFP; red VAMP2) with only a 

few VAMP2-positive puncta (similar to control levels) contacting the dendrites of the transfected 

neurons. (C) Example overlay image of a LRRTM2 overexpressing neuron (green EGFP; red VAMP2) 

showing strong accumulation of vesicle clusters (VAMP2 puncta) onto the dendrites of the transfected 

neuron (green). Scale bar 30 µm. 

 

At 12-13 DIV, overexpression of NLG1 did not induce a significant change in VAMP2 

puncta density as compared to control cells (Fig. 3.20A-B). In contrast, postsynaptic 

overexpression of LRRTM2 resulted in a strong accumulation of VAMP2 clusters 

onto the dendrites of transfected neurons (Fig. 3.20C) indicating a strong 

synaptogenic effect. 

Cortical neurons expressing only EGFP showed an overall increase (2.97 ± 0.22 

puncta/10 μm dendrite, n=12 cells; Fig. 3.21) in dendritic VAMP2 puncta density as 

compared to control cells in immature neurons (EGFP; 2.22 ± 0.21 puncta/10 μm 

dendrite, n=11 cells; Fig. 3.19) indicating an increase in synapse number during 

neuronal differentiation. There was no significant change in VAMP2 puncta density 

(4.14 ± 0.47 puncta/10 μm dendrite, n=10 cells) in NLG1-EGFP overexpressing cells 

as compared to control cells (2.97 ± 0.22 puncta/10 μm dendrite, n=12 cells; Fig. 

3.21A-C) indicating that NLG1 did not induce presynaptic vesicle clustering in mature 

neurons. 

Postsynaptic overexpression of LRRTM2 resulted in a strong increase (P<0.001) in 

VAMP2 immunopositive puncta density (6.89 ± 0.57 puncta/10 μm dendrite, n=10 

cells) as compared to control cells (EGFP, 2.97 ± 0.22 puncta/10 μm dendrite, n=12 

cells; Fig. 3.21A-C). This increase in VAMP2 puncta density was even stronger than 

that induced by LRRTM2 overexpression in immature neurons. These results 

showed that LRRTM2 was synaptogenic in mature neurons while NLG1 lost the 

synaptogenic activity in mature neurons.  
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Figure 3.21 Synaptogenic activities of LRRTM2 and NLG-1 in mature cortical neurons (12-13 

DIV) 

(A-C) Postsynaptic expression of NLG1-EGFP did not have any effect on presynaptic vesicle clusters 

(VAMP2 puncta), while LRRTM2 (+EGFP) overexpression significantly increased the VAMP2 puncta 

density in mature neurons (12-13 DIV). (A) Representative overlay images showing parts of dendrites 

(green, EGFP fluorescence) and VAMP2 (red) staining in EGFP (left), NLG1-EGP (middle) and 

LRRTM2 + EGEP (right) expressing neurons, respectively. Scale bar 10 µm. (B) Quantification of the 

dendritic density of VAMP2 puncta in individual neurons. (C) Quantification of average dendritic 

density of VAMP2 puncta (n=12/10/10, n represents the number of neurons). NLG-1 synaptogenic 

properties were lost during neuronal differentiation. In contrast, LRRTM2 showed a strong 

synaptogenic effect even in mature neurons. Data are represented as mean ± SEM. *** P < 0.001 

(one way ANOVA with Holm-Sidak posthoc test). 

In summary, Neuroligin1 and LRRTM2 exhibited strong synaptogenic effects in 

immature neurons indicating a role in presynaptic vesicle clustering early in 

development. However, only LRRTM2 showed a synaptogenic effect in mature 

neurons, while Neuroligin1’s synaptogenic effect was lost during neuronal 

differentiation. These results demonstrated that the synaptogenic activities of 

Neuroligin1 and LRRTM2 were differentially regulated during development. 

3.4.2 Regulation of the synaptogenic properties of NLG1 and LRRTM2 by N-

cadherin 

Next, experiments were done to determine the dependency of LRRTM2 

synaptogenic activity on N-cadherin expression. To test this, effect of LRRTM2 

overexpression was studied in N-cadherin knockout neurons (both immature and 

mature). N-cadherin is known to regulate synaptogenic activity of Neuroligin1. 

Therefore, Neuroligin1 was used as a positive control. 
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3.4.2.1 Effect of N-cadherin knockout on the synaptogenic activities of 

Neuroligin1 and LRRTM2 in immature neurons (9 DIV) 

To investigate the role of N-cadherin in regulating the synaptogenic activities of 

Neuroligin1 and LRRTM2, primary cortical neurons were cultured from homozygous 

floxed N-cadherin mice (Ncadflox/flox; Kostetskii et al., 2005). Control Cells were 

transfected at 4 DIV with NLG1-EGP and LRRTM2 + EGFP, respectively and N-

cadherin knockout was induced by co-transfecting the neuronal cultures with a Cre 

expression vector. Synaptogenic activities were studied by immunocytochemically 

staining the neuronal cultures for VAMP2 clusters at 9 DIV. VAMP2 puncta 

density/10 µm dendrite length was calculated (Fig. 3.22). 

Results showed that VAMP2 puncta density was significantly reduced (P<0.05) after 

knockout of N-cadherin (1.48 ± 0.163 puncta/10 μm dendrite, n=11 cells) from 

immature neurons as compared to control cells (2.18 ± 0.24 puncta/10 μm dendrite, 

n=11 cells; Fig. 3.22A-C). As expected, NLG1-EGFP overexpression resulted in a 

significant increase (P<0.001) in VAMP2 puncta density (3.80 ± 0.31 puncta/10 μm 

dendrite, n=12 cells; Fig. 3.22D). However, Cre mediated conditional knockout of N-

cadherin led to a reduction in VAMP2 puncta density (2.19 ± 0.29 puncta/10 μm 

dendrite, n=15 cells; Fig. 3.22D-F) to control levels, thereby inhibiting the vesicle 

cluster accumulating activity of NLG1. Overexpression of LRRTM2 also led to a 

strong increase in VAMP2 puncta density to 6.43 ± 0.50 puncta/10 μm of dendrite 

(n=13 cells; Fig. 3.22G). Interestingly, this increase in VAMP2 puncta density didn’t 

show any significant change even after the knockout of postsynaptic N-cadherin in 

LRRTM2 overexpressing cells (6.366 ± 0.42 puncta/10 μm dendrite, n=16 cells; Fig. 

3.22G-I), indicating no effect of N-cadherin knockout on the synaptogenic activity of 

LRRTM2.  
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Figure 3.22 Differential dependence of synaptogenic properties of NLG1 and LRRTM2 on N-

cadherin expression in immature neurons (9 DIV) 

(A-C) Conditional knockout of N-cadherin by Cre expression resulted in a slight reduction in the 

VAMP2 puncta density in immature neurons (9 DIV).  (A) Fluorescence overlay images of VAMP2 

immunostained puncta (red) on the dendrites of EGFP expressing cortical neurons. +cre: co-

expression of Cre to induce knockout of N-cadherin (right). (B) Quantification of the dendritic density 

of VAMP2 puncta in individual neurons. (C) Quantification of average VAMP2 puncta density 

(n=11/11 neurons). (D-F) The increased VAMP2 puncta density upon NLG1 overexpression was 

significantly reduced after knockout of N-cadherin. (D) Example overlay images of VAMP2 staining on 

the dendrites of NLG1-EGFP expressing neurons (left). +cre: co-expression of Cre to induce knockout 
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of N-cadherin (right). (E) Quantification of the dendritic density of VAMP2 puncta in individual neurons 

in the presence and upon knockout of N-cadherin (+cre) in NLG1-EGFP overexpressing neurons. (F) 

Quantification of the average dendritic density of VAMP2 puncta (n=12/15 neurons). (G-I) The 

increased density of dendritic VAMP2 puncta upon overexpression of LRRTM2 was not altered 

significantly after knockout of N-cadherin. (G) Example overlay images of VAMP2 immunostained 

puncta (red) on dendrites from LRRTM2 + EGFP co-transfected cells (left). +cre: co-expression of Cre 

to induce knockout of N-cadherin (right). (H) Quantification of the dendritic density of VAMP2 puncta 

in individual neurons. (I) Quantification of average VAMP2 puncta density (n=13/16, n represents the 

number of neurons). Scale bar 10 µm. *P<0.05, **P<0.01 (Student’s t-test).  

 

 

In summary, knockout of N-cadherin from NLG1 overexpressing cells resulted in a 

strong reduction of VAMP2 puncta, while not affecting VAMP2 puncta density in 

LRRTM2 overexpressing cells. These findings indicated that N-cadherin controls the 

synaptogenic activity of NLG1 in immature neurons, while the synaptogenic 

properties of LRRTM2 were not dependent on N-cadherin expression. 

3.4.2.2 Effect of NcadΔE mediated inhibition of N-cadherin function on the 

synaptogenic activities of NLG1 and LRRTM2 in immature neurons (6-7 DIV) 

To confirm the N-cadherin knockout results, next, I used a dominant-negative 

truncated version of N-cadherin protein to inhibit the functions of N-cadherin. This 

protein was lacking the extracellular domains (NcadΔE) of full length N-cadherin. 

Dissociated cortical neurons were cultured from wildtype mice (C57/BL6) and 

transfected at 4 DIV analogous to the previous experiment except that NcadΔE was 

used instead of Cre for co-transfection.  These cells were immunostained for VAMP2 

clusters at 6-7 DIV and analyzed further for VAMP2 puncta density (Fig. 3.23). 

Overexpression of NcadΔE alone did not result in a significant change in VAMP2 

puncta density (1.93 ± 0.17 puncta/10 μm dendrite, n=21 cells) as compared to 

control cells (2.21 ± 0.15 puncta/10 μm dendrite n=20 cells, Fig. 3.23A-C). 

Postsynaptic overexpression of NLG1-EGFP resulted in a significant (P<0,001) 

increase in VAMP2 density (3.40 ± 0.23 puncta/10 μm dendrite, n=21 cells) and this 

increase in VAMP2 clusters disappeared (2.30 ± 0.24 puncta/10 μm dendrite, n=23 

cells, Fig. 3.23D-F) after co-expressing NcadΔE in NLG1 expressing neurons, 

confirming that functional N-cadherin was required for Neuroligin1 synaptogenic 

activity.  
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Figure 3.23 Differential dependence of synaptogenic properties of NLG1 and LRRTM2 on N-

cadherin function in immature neurons (7 DIV) 

(A-C) There was a slight reduction in VAMP2 puncta density on the dendrites of the transfected 

neurons upon inhibiting the function of N-cadherin by overexpressing NcadE (+E), a dominant-

negative mutant of N-cadherin lacking the extracellular domains. (A) Fluorescence overlay images of 

VAMP2 immunostained puncta (red) on the dendrites of EGFP expressing neurons (left). +E: co-

expression of NcadE to inhibit the functions of endogenous N-cadherin (right). (B) Quantification of 

VAMP2 puncta density on dendrites in individual neurons. (C) Quantification of average VAMP2 

puncta density (n=20/21 neurons). (D-F) Increased VAMP2 puncta density induced by the 

overexpression of NLG1 was significantly reduced upon blocking N-cadherin function. (D) 
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Fluorescence overlay images of VAMP2 puncta (red) on the dendrites of NLG1-EGFP overexpressing 

neurons (left). +E: co-expression of NcadE to inhibit the functions of N-cadherin in NLG1-EGFP 

expressing neurons (right). (E) Quantification of the dendritic density of VAMP2 puncta in individual 

neurons. (F) Quantification of the average VAMP2 density in NLG1-EGFP overexpressing neurons in 

the presence of N-cadherin and after NcadE expression (n=21/23). (G-I) Increased VAMP2 puncta 

density induced by the overexpression of LRRTM2 was not altered significantly after inhibiting the 

function of N-cadherin. (G) Fluorescence overlay images of VAMP2 puncta (red) on the dendrites of 

LRRTM2 overexpressing neurons (Left). E: co-expression of NcadE to inhibit N-cadherin function 

in LRRTM2 overexpressing neurons (right). (H) Quantification of VAMP2 puncta density on the 

dendrites of individual neurons. (I) Quantification of the average VAMP2 density (n=19/22, n 

represents number of neurons). Scale bar 5 µm. Statistics was done using student’s t-test. *P<0.01.  

 

Next, the LRRTM2 mediated vesicle clustering effect was analysed and as expected, 

LRRTM2 expressing neurons showed a strong increase in VAMP2 puncta density 

(4.40 ± 0.42 puncta/10 μm dendrite, n=19 cells) as compared to EGFP expressing 

neurons (control, 2.21 ± 0.15; n=20 cells). NcadΔE co-expression didn’t induce a 

significant change in the vesicle cluster inducing properties of LRRTM2 as shown by 

VAMP2 puncta density (5.22 ± 0.36 puncta/10 μm dendrite, n=22 cells, Fig. 3.23G-I). 

These results confirmed that the synaptogenic properties of LRRTM2 were not 

dependent on N-cadherin function. 

Both Cre induced conditional knockout of N-cadherin and NcadΔE mediated 

inhibition of N-cadherin function showed that N-cadherin regulates the synaptogenic 

activity of NLG1 in immature neurons, while LRRTM2 synapse inducing activity was 

independent of N-cadherin. 

3.4.2.3 Effect of N-cadherin knockout on the synaptogenic activity of LRRTM2 

in mature neurons (14-15 DIV) 

To further confirm the functional independence of LRRTM2 on N-cadherin in mature 

neurons, dissociated cortical neurons were cultured from homozygous floxed N-

cadherin mice and were transfected at 9 DIV with EGFP and LRRTM2 + EGFP. Cre 

was co-expressed for 5-6 days to knockout postsynaptic N-cadherin and the effect 

was analyzed using VAMP2 stainings (14-15 DIV). 
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Figure 3.24 LRRTM2 synaptogenic effect is independent of N-cadherin expression in mature 

neurons (14-15 DIV) 

 

(A-C) VAMP2 puncta density was not altered upon N-cadherin knockout from mature neurons (14-15 

DIV). (A) Fluorescence overlay images of VAMP2 immunostained puncta (red) on the dendrites of 

EGFP expressing cortical neurons. +cre: co-expression of Cre to induce the knockout of N-cadherin 

(green EGFP; red VAMP2). (B) Quantification of the dendritic density of VAMP2 puncta in individual 

neurons. (C) Quantification of the average density of VAMP2 puncta (n=19/15 neurons). (D-F) 

Increased VAMP2 puncta density induced by overexpression of LRRTM2 was not altered significantly 

by N-cadherin knockout. (D) Fluorescence overlay images of VAMP2 immunostained puncta (red) on 

the dendrites of LRRTM2 and EGFP co-expressing cells. +cre: co-expression of Cre to induce 

knockout of N-cadherin (green EGFP; red VAMP2). (E) Quantification of the dendritic density of 

VAMP2 puncta in individual neurons. (F) Quantification of the average VAMP2 puncta density 

(n=15/15, n represents the number of neurons). Scale bar 5 µm. Student’s t-test. 

 

NLG-1 was excluded from this experiment because it is not synaptogenic in mature 

neurons (see previous results, Fig. 3.22). Knockout of N-cadherin from mature 

neurons (+cre, 3.24 ± 0.35 puncta/10 μm dendrite, n=15 cells; Fig. 3.24A-C) didn’t 

change the VAMP2 puncta density as compared to control cells (EGFP, 3.69 ± 0.29 
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puncta/10 μm dendrite, n=19 cells; Fig. 3.24A-C) indicating that once the neurons 

are mature, N-cadherin did not affect their synapse number.   

As expected, postsynaptic overexpression of LRRTM2 led to a strong increase in 

VAMP2 puncta density (5.73 ± 0.62 puncta/10 μm dendrite, n= 15 cells; Fig. 3.24D-

F) and this increase was not affected after deletion of N-cadherin (5.71 ± 0.51 

puncta/10 μm dendrite, n=15 cells; Fig. 3.24D-F), indicating that the synaptogenic 

activity of LRRTM2 is independent on N-cadherin expression in mature neurons. 

These results confirmed that the synaptogenic effects of LRRTM2 were not 

dependent on N-cadherin expression in mature neurons.  
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4. Discussion 
 

Synapses in the brain communicate via neurotransmission, a process that includes 

vesicle exo- and endocytosis. Exocytosis involves the fusion of transmitter-filled 

synaptic vesicles at the presynaptic release sites while the reformation and recovery 

of these vesicles at the adjacent site (peri-active zone) happens via various modes of 

endocytosis. Several key proteins are involved in this process and one class among 

these is homophilic Ca2+dependent cell adhesion protein called N-cadherin. Classical 

cadherins are among one of the first molecules that has been detected at axon-

filopodia contact sites (Jontes et al., 2004). However, the study of the functional role 

of neural (N)-cadherin at synapses was largely hindered by the embryonic lethality 

(E10) of N-cadherin null genetic mice (Radice et al., 1997). Therefore, various 

alternative approaches were used to investigate the role of N-cadherin at synapses. 

These approaches includes a pan-cadherin block of function by either expressing a 

dominant-negative truncated cadherin (Togashi et al., 2002; Abe et al., 2004; 

Bozdagi et al., 2004; Andreyeva et al., 2012), by application of antibodies and 

peptides that block the interaction of extracellular N-cadherin domains (Tang et al., 

1998; Bozdagi et al., 2000), embryonic stem cells (ES) derived N-cadherin knockout 

neurons (Jüngling et al., 2006; Stan et al., 2010), and cre-mediated conditional 

knockout approach (van Stegen et al., 2017). N-cadherin has been well known to 

play an important role in spine stabilization and long-term potentiation (LTP) (Togashi 

et al., 2002; Bozdagi et al., 2004; Bozdagi et al., 2010). Recent studies have also 

indicated the role of N-cadherin in synaptic vesicle cycling (Togashi et al., 2002; 

Jüngling et al., 2006; Vitureira et al., 2011; van Stegen et al., 2017). 

 

In this study, selective deletion of N-cadherin using cre-mediated conditional 

knockout approach was used in combination with SypHy imaging and superresolution 

microscopy in cortical neurons to gain insights into the functional role of N-cadherin in 

synaptic vesicle cycling. Furthermore, I investigated the mechanism involved in the 

regulation of vesicle endocytosis. N-cadherin knockout resulted in reduced vesicle 

exo- and endocytosis. Both clathrin-mediated and bulk endocytosis were altered in 

the absence of N-cadherin. Actin polymerizing drug, Jasplakinolide was able to 

rescue the knockout effects of N-cadherin. During strong release conditions (50 mM 

K+), N-cadherin is recruited to the synapses that were previously devoid of it. I 
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observed a similar recruitment of N-cadherin to the synapses during neuronal 

development. 

4.1 SypHy imaging as a tool to study vesicle exo- and endocytosis 

 

In this study, SypHy imaging was performed using cultured cortical neurons grown in 

a microisland system. In microisland, 5-8 neurons were grown on the top of a glial 

cell.   

The microisland cultures are important because the growth of the axon is restricted to 

the glial cell boundary, thereby leading to the formation of a high percentage of 

autapses (synaptic contacts formed between the axon of a neuron with its dendrites). 

Autapses are interesting as they have been shown to be present in vivo and are not 

mere the artifact of in vitro cultures (Bekkers, 2003). Microisland cultures enable the 

simultaneous recording from several SypHy puncta within one field of view and 

autapses allow the deletion of the homophilic cell adhesion molecule N-cadherin on 

both pre-and postsynaptic site. 

The neuronal cultures were transfected using the MagnetofectionTM technique. 

DsRed2 was used as a transfection marker to visualize the transfected neurons 

because SypHy signals are quenched in the resting conditions. For analysis, the 

NH4Cl-induced maximal SypHy signal was merged with the corresponding DsRed2 

signal to differentiate autapses from other axonal contacts (Fig.3.1B). The electrical 

stimulation led to a fast increase in SypHy fluorescence signal (exocytosis). The 

decline of SypHy signal post-stimulus corresponds with the speed of vesicle 

endocytosis and reacidification (Fig. 3.1). As reacidification process is fast compared 

to vesicle endocytosis, the decline of SypHy signal can be quantified as endocytosis 

(Atluri and Ryan, 2006; Granseth et al., 2006; Royle et al., 2008). 

SypHy fluorescence intensities over time from individual puncta (Fig.3.1E) were 

averaged to obtain a mean SypHy signal for each cell (Fig.3.1E-F). The combination 

of SypHy imaging and the autaptic glial microisland culture system is an optimal 

system for the separate analysis of vesicle exo-and endocytosis.  
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4.2 Role of N-cadherin in regulating synaptic vesicle exocytosis 

Previous studies indicated a role of N-cadherin in synaptic vesicle cycling. N-cadherin 

deficient neurons have been shown to undergo reduced synaptic vesicle release as 

shown by FM experiments in N-cadherin deficient neurons (Jüngling et al., 2006). 

Postsynaptic inhibition of N-cadherin function by the overexpression of a dominant-

negative N-cadherin mutant resulted in the reduced recycling vesicle pool and 

decreased release probability (Vitureira et al., 2011). FM-destaining and SypHy 

experiments demonstrated a significantly reduced exocytosis in N-cadherin knockout 

neurons (van Stegen et al., 2017).  

However, I did not find any effect of N-cadherin knockout (or mutant N-cadherin 

overexpression) on vesicle exocytosis as shown by SypHy experiments (Fig. 3.2A-C; 

Fig 3.3A-C; Fig. 3.5A-C). The change in temperature from room (25°C, Fig. 3.2A-C) 

to near physiological (34°C, Fig. 3.3A-C) also did not affect the exocytosis.  

A possible explanation for this discrepancy in results is because of the variations in 

the experimental setups used. Firstly, these studies have used FM 

staining/destaining to study vesicle cycling. FM stainings only provide basic 

information about the functionality of the presynaptic vesicle cluster and cannot 

distinguish vesicular exo-and endocytosis. Therefore, a differential analysis of vesicle 

exocytosis using FM stainings is problematic. Secondly, the electrical stimulation 

protocols used in these studies were highly different. Jungling et al., 2006 specifically 

reported impairment in the replenishment of the readily releasable vesicle pool in N-

cadherin deficient neurons. van Stegen et al., 2017 used 200 electrical stimulations 

and 800 stimulations keeping the frequency constant (20 Hz) and showed that 

vesicle exocytosis was reduced  at 200 stimulations while not affected at 800 

stimulations. The electrical stimulation used in the current study is 400 stimulations 

(20 Hz). It is possible that 400 and 800 electrical stimulations might be too strong for 

the synapses and might result in the depletion of readily releasable vesicle pool. 

Therefore, these synapses are forced to release vesicles from the other available 

pools thus masking the exocytosis defect. To test this hypothesis, vesicle release 

was induced using 100 stimulations (20 Hz) and SypHy experiments were performed 

to observe the change in exocytosis in N-cadherin knockout neurons. 
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At this condition, synaptic vesicle exocytosis was reduced in N-cadherin knockout 

neurons compared to the control cells (Fig. 3.6A-C, F), thus confirming the role of N-

cadherin in regulating vesicle exocytosis.  

4.3 Role of N-cadherin in regulating synaptic vesicle endocytosis 

A role of N-cadherin in synaptic vesicle endocytosis has been suggested previously. 

N-cadherin overexpressing neurons showed faster vesicle endocytosis (van Stegen 

et al., 2017) while blocking the functions of N-cadherin resulted in reduced FM uptake 

(Togashi et al., 2002; Vitureira et al., 2011). However, FM dye uptake is dependent 

on both vesicle exo- and endocytosis, making it difficult to isolate its effect on one 

particular process. Recent study from our lab showed the importance of N-cadherin 

in activity-dependent endocytosis (van Stegen et al., 2017). N-cadherin knockout 

resulted in a defect in endocytosis only during strong release conditions. However, in 

this study van Stegen et al., 2017 used an overexpression approach to show 

enhanced endocytosis at synapses and the experiments were performed at room 

temperature (van Stegen et al., 2017). N-cadherin knockout did not show any effect 

on endocytosis during normal release conditions (400 electrical stimuli) at room 

temperature (Fig. 3.2A, D-G). However, synaptic vesicle endocytosis is known to be 

temperature sensitive (Watanabe et al., 2014b; Delvendahl et al., 2016; Soykon et 

al., 2017; Chanaday and Kavalali, 2018). Therefore, SypHy experiments were 

repeated at near physiological temperature keeping other experimental conditions 

the same. Interestingly, a defect in endocytosis was observed in N-cadherin knockout 

cells at near physiological temperature (Fig. 3.3A, D-G) indicating a role of N-

cadherin in regulating vesicle endocytosis confirming the previous studies (Togashi et 

al., 2002; Vitureira et al., 2011). A direct comparison of control data from room 

temperature experiment with near physiological temperature revealed a clear 

increase in the speed of the endocytosis with the increase in temperature confirming 

the temperature sensitivity of this process (Fig. 3.4A, D-G; Watanabe et al., 2013, 

2014; Delvendahl et al., 2016). FM1-43 and TMR-dextran co-staining experiments 

also resulted in a significant reduction in the total density of FM1-43 puncta in N-

cadherin knockout cells compared with control cells (Fig. 3.9A-C). 

The functions of N-cadherin were inhibited by overexpressing a dominant-negative 

mutant N-cadherin (Andreyeva et al., 2012) and SypHy results showed a reduction in 

endocytosis confirming the N-cadherin knockout results (Fig. 3.5A, D-G). There was 
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a significant decrease in total FM puncta density in dominant-negative mutant N-

cadherin overexpressing neurons as compared to control cells again confirming 

reduced endocytosis (Fig. 3.11A-C). 

These results together with the previous studies strengthen the proposed role of N-

cadherin in regulating synaptic vesicle endocytosis.  

4.4 Role of N-cadherin in regulating clathrin-mediated endocytosis 

SypHy experiments demonstrated a role of N-cadherin in vesicle endocytosis. 

However, synapses have several modes of endocytosis like clathrin-mediated 

endocytosis (CME) or activity-dependent bulk endocytosis and with the SypHy 

imaging, it is not possible to differentially study these vesicle retrieval processes. 

Therefore, FM dye and dextran were used to further study the role of N-cadherin in 

different modes of endocytosis. FM1-43 is an activity-dependent hydrophobic dye 

known to label actively cycling vesicles and report all forms of endocytosis (Ryan TA 

et al., 1996; Gaffield and Betz, 2007; Clayton and Cousin, 2008). Bulk endocytosis 

was visualized using tetramethylrhodamine-dextran (TMR-dextran, 40 kDa), a high 

molecular weight fluid phase marker. TMR-dextran is conjugated to a fluorescent 

molecule and has been shown to label specifically endosomes (bulk endocytosis) 

(Clayton and Cousin, 2009). 

FM1-43 labeled puncta showed a co-localisation with TMR-dextran confirming the 

specific uptake of dextran at synapses. Uptake of FM1-43 and TMR-dextran at 

synapses was dependent on the stimulation as well as on temperature. Increase in 

stimulation (from 200 stimuli to 400 and 2000 stimuli at 20 Hz) at room temperature 

(25°C) resulted in higher uptake of TMR-dextran indicating that stronger stimulations 

activate bulk endocytosis (Clayton et al., 2008). Increasing the temperature to near 

physiological (34°C) also led to an increase in TMR-dextran uptake (Fig. 3.7A-D). 

These results showed that strong vesicle release and near physiological temperature, 

both have an enhancing effect on TMR-dextran staining (Fig. 3.7D). These results 

confirm the previous results from other labs (Clayton and Cousin, 2008; Clayton and 

Cousin, 2009). 

To differentiate CME and bulk endocytosis, two different stimulation conditions were 

selected. CME was labeled with 200 stimuli at 25°C and bulk endocytosis was 

observed at 400 stimuli at 34°C. Percentage of FM puncta co-localising with TMR-
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dextran was quantified as a change in bulk endocytosis while puncta with only FM 

staining were measured as change in CME.  

N-cadherin knockout neurons were stimulated with 200 stimuli at 25°C in the 

presence of FM1-43 and TMR-dextran. At this particular condition, most of the 

synapses were labeled with only FM1-43, thus confirming that clathrin-mediated 

endocytosis is the main mode of vesicle retrieval. N-cadherin knockout in mature 

neurons (DIV 14-15) resulted in a significant reduction in FM puncta indicating 

reduced CME (Fig. 3.8A-C, F-G). To further confirm the N-cadherin knockout results, 

the dominant-negative N-terminal truncated construct of N-cadherin (NcadE) was 

used to inhibit the functions of N-cadherin (Andreyeva et al., 2012). However, 

inhibiting the functions of N-cadherin did not induce a significant effect on clathrin-

mediated endocytosis (Fig. 3.10A-C, F-G; Fig. 3.11F-G). It is possible that NcadE 

might induce a weaker inhibition than knockout.  

4.5 Role of N-cadherin in regulating activity-dependent bulk endocytosis 

To observe the effect of N-cadherin on bulk endocytosis, N-cadherin knockout 

neurons were stimulated with 400 stimuli at 34°C in the presence of FM1-43 and 

TMR-dextran. N-cadherin knockout in mature neurons (DIV 14-15) resulted in a 

significant reduction in the density of FM puncta co-localising with TMR-dextran 

indicating reduced bulk endocytosis (Fig. 3.9A, D-E). N-cadherin knockout results 

were confirmed using a dominant-negative N-terminal truncated construct of N-

cadherin (NcadE). Overexpression of NcadE in the neurons inhibits the functions 

of N-cadherin (Andreyeva et al., 2012). There was a significant reduction in the 

density of FM1-43 puncta co-localising with TMR-dextran confirming reduced bulk 

endocytosis (Fig. 3.11A, D-E). At higher stimulations (400 stimuli as compared to 200 

stimuli in the previous experiment), the effect of NcadE might become more 

prominent even though the inhibition is still weak. 

Watanabe et al., 2013b recently described a novel mode of vesicle endocytosis 

(ultrafast endocytosis, 100 ms) using an innovative electron microscopy technique. 

This study used optogenetic stimulations to induce synaptic transmission in 

hippocampal neurons and the subsequent steps of membrane dynamics were 

captured by freezing the neurons at defined time intervals. This form of vesicle 

endocytosis is compensatory and happens at special zones lateral to the site of 
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exocytosis (peri-active zone). Since N-cadherin is also localized at peri-active zone 

(Uchida et al., 1996; Elste and Benson, 2006). It may also play an important role 

during ultrafast endocytosis to remove the extra presynaptic membrane. Synaptic 

vesicle fusion has been shown to be mandatory for the ultrafast endocytosis. 

Ultrafast endocytosis is independent of clathrin; however clathrin is required for 

budding the vesicles from the endosomes (Watanabe et al., 2014). 

4.6 Regulation of vesicle endocytosis by actin 

Actin polymerization has been shown to enhance vesicle endocytosis (Nguyen et al., 

2012; Soykan et al., 2017). The addition of jasplakinolide, an actin polymerization 

drug to control cells as well as N-cadherin knockout cells did not induce any change 

in vesicle exocytosis indicating no effect of actin polymerization on vesicle release 

(Fig. 3.12A-C). However, treatment of control cells with jasplakinolide resulted in a 

trend towards faster endocytosis as compared to the untreated control cells (Fig. 

3.12A2, D-G; Wu et al., 2016; Soykan et al., 2017). This might be because the 

control cells already have efficient vesicle retrieval. So these synapses might not 

need to further improve endocytosis, thus show only a slight effect of actin 

polymerization on vesicle endocytosis.  Interestingly, polymerization of actin in N-

cadherin knockout cells resulted in faster endocytosis thereby confirming the rescue 

effect of jasplakinolide (Fig. 3.12A3, D-G). These results indicate that N-cadherin 

might regulate endocytosis via actin. N-cadherin-mediated homophilic adhesion 

signals generated at the synaptic sites are probably transmitted to the actin 

cytoskeleton because the cytoplasmic domain of N-cadherin is known to interact with 

actin via α-catenin and β-catenin (Bamji et al., 2003; Abe et al., 2004; Dress et al., 

2005; Tai et al., 2007; Okuda et al., 2007).  For efficient endocytosis to happen, 

synapses might need a physical force to take up the extra presynaptic membrane 

added by fused synaptic vesicles (Nguyen et al., 2012; Meunier and Gutiérrez 2016; 

Wen et al., 2016). This extra membrane might need to first turn inwardly to form 

invaginations and this inversion of membrane might be derived by N-cadherin/actin 

mediated force. 
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4.7 SIM imaging based analysis of the mechanism of regulation of endocytosis 

by N-cadherin 

N-cadherin has been shown to undergo a change in synaptic localization with 

synapse maturation, initially being present at all synaptic sites but at later stages 

becoming restricted to a subpopulation of excitatory synapses (Benson and Tanaka, 

1998). Furthermore, it has been described that during development, N-cadherin 

localization undergoes changes. At 5-6 days in culture, when most synapses are 

newly formed, N-cadherin is uniformly distributed inside the active zone at the 

synaptic cleft. Whereas when the majority of synapses are rather mature (14 DIV), N-

cadherin concentrates in discrete clusters surrounding the synaptic cleft (peri-active 

zone; Elste and Benson, 2006). 

SIM imaging was used to study the spatial localization of N-cadherin during 

development and results revealed that the majority of the synapses in mature 

neurons contain N-cadherin in the vicinity of the active zone often flanking one side 

of the synaptic cleft (peri-active zone; Fig. 3.14A-A1; Fig. 3.15). These findings 

confirmed the previous studies which showed the presence of N-cadherin at peri-

active zone (Uchida et al 1996; Elste and Benson, 2006). However, there was little to 

no N-cadherin inside the synaptic cleft even in the immature neurons (Fig. 3.14C-C1, 

Fig. 3.15D). Furthermore, there were a lot of synapses without any N-cadherin 

associated (Fig. 3.14D-D1). SIM imaging showed that there was an increase in the 

total fraction of synapses with cleft associated N-cadherin and the fraction of 

synapses without any N-cadherin goes down during neuronal differentiation (Fig. 

3.15D).  It is possible that the active zone N-cadherin puncta are only a few in 

numbers and might be below the detection threshold of our imaging setup. 

Furthermore, there might be a sensitivity issue of SIM imaging. SIM imaging requires 

a strong and clear antibody signal and high thresholding was applied for the analysis. 

This might have led to the disappearance of pure synaptic N-cadherin puncta (active 

zone; Elste and Benson, 2006). 

K+ stimulation has been shown to induce N-cadherin dimer formation, induce 

resistant to trypsin (Tanaka et al., 2000), spine head expansion (Okamura et al., 

2004) and movement of beta-catenin into spines (Murase et al., 2002). In addition, 

Yam et al., 2013 described that KCl depolarization also induces N-cadherin 

localization change within the synapse. N-cadherin moves out from the central region 
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of the synaptic cleft (active zone) to the periphery of the synapse (peri-active zone). It 

has been shown that presynaptic functional impairment in N-cadherin knockout 

neurons becomes detectable only under high activity conditions when the vesicle 

pools are used at their maximum capacity, indicating a defective vesicle pool function 

(Jüngling et al., 2006) and impaired endocytosis (van Stegen et al., 2017). In 

agreement with these studies, I also found that K+ stimulation leads to an increase in 

N-cadherin puncta area (Fig. 3.16A-C, D) and PSD95 puncta were not changed (Fig. 

3.16E). Neuronal cultures were stimulated with a high concentration of K+ and N-

cadherin was immunostained. K+ stimulation led to an increase in the N-cadherin 

puncta area. Physiologically, K+ stimulation leads to a massive fusion of synaptic 

vesicles to the presynaptic membrane leading to an increase in the area of the 

presynaptic terminal. This increase in N-cadherin area might provide stability to the 

enlarged presynaptic terminal. In addition, there was an increase in the fraction of 

synapses with cleft associated N-cadherin or peri-active zone associated N-cadherin 

(Fig. 3.17A-D). This recruitment of N-cadherin to the peri-active zone might facilitate 

(enhance) the process of endocytosis.  

The peri-active is thought to be the major site for all form of synaptic vesicle 

endocytosis (clathrin-mediated endocytosis and bulk endocytosis; Gad et al., 1998; 

Roos and Kelly, 1999; Teng and Wilkinson, 2000; Hua et al., 2011, ultrafast 

endocytosis; Watanabe et al., 2013b). N-cadherin is also located at peri-active zone 

(Uchida et al., 1996; Elste and Benson, 2006). Therefore, it is possible that during 

multiple rounds of exocytosis, ultrafast endocytosis or bulk endocytosis removes the 

excess presynaptic membrane with the help of N-cadherin. Interestingly, I observed 

that N-cadherin is recruited to the nascent synapses upon K+ stimulation (Fig. 

3.17D). This N-cadherin might be recruited from the non-synaptic pool of N-cadherin. 

Therefore, the recruitment of N-cadherin might also represent activity-dependent 

synapse maturation. 
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Figure 4.1 Model of N-cadherin involvement in synaptic vesicle cycling 

N-cadherin is present at lateral sites (peri-active zone) to the active zone and regulates the retrieval of 

the presynaptic membrane by playing an important role in various modes of endocytosis. (A) During 

normal vesicle release, N-cadherin facilitates clathrin-mediated endocytosis, (B) while strong vesicle 

release recruits additional N-cadherin to the synapses and activates activity-dependent bulk 

endocytosis. 

 

In summary, the above described results support the role of N-cadherin in vesicle 

cycling with a particular importance on vesicle endocytosis. Based on the current and 

previous results, I propose a model explaining the regulation of vesicle cycling by N-

cadherin.  

During low vesicle release, readily releasable vesicle pool is available for exocytosis 

and there is an impairment in the replenishment of this pool of vesicles in N-cadherin 

deficient neurons (Jungling et al., 2006). In line with these results, I also found a 

reduction in vesicle exocytosis upon knockout of N-cadherin (Fig. 3.6A-C, F). 

Additionally, vesicle endocytosis is also defective in N-cadherin knockout neurons 

(Fig. 3.3D-G). During multiple rounds of exocytosis (upon strong stimulations), 

synapses are forced to release vesicles from recycling pool and reserve pool 

masking the exocytosis defect in N-cadherin knockout neurons (Fig. 3.2A-C; Fig. 

3.3A-C). 

Upon strong vesicle release, vesicles fuse with the presynaptic membrane and leads 

to the enlargement of presynaptic bouton. This results in a bulging of presynaptic 
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terminal while the postsynaptic region remains the same thus making the synapse 

unstable. At this point, addition of more vesicular membrane may result in disruption 

of presynaptic bouton as it needs additional support to remain stable. One possibility 

is that the non-synaptic N-cadherin molecules are recruited to these synapses which 

first makes the adhesion more strong to provide stability to the synapses and later 

activates the actin-mediated signaling to facilitate bulk endocytosis.  

Since synaptic vesicle endocytosis is known to occur at peri-active zone (Gad et al., 

1998; Teng and Wilkinson, 2000; Watanabe et al., 2013b) and N-cadherin is also 

localized at the same site (Uchida et al., 1996; Elste and Benson, 2006), it could 

easily facilitates endocytosis (clathrin-mediated or bulk endocytosis) based on the 

requirements of the synapse. N-cadherin has been shown to interact with actin 

cytoskeleton via α-catenin and β-catenin (Bamji et al., 2003; Abe et al., 2004; Dress 

et al., 2005; Okuda et al., 2007) and polymerization of actin enhances the vesicle 

endocytosis (Soykan et al., 2017). Therefore, it is possible that N-cadherin regulates 

endocytosis via interactions with actin cytoskeleton.  

4.8 Regulation of the synaptogenic properties of LRRTM2 and Neuroligin1 by 

N-cadherin 

In this study, the synaptogenic activities of LRRTM2 and Neuroligin1 were compared 

during neuronal differentiation and their dependency on N-cadherin expression and 

functions was studied. Neuroligin1 has been repeatedly described to induce new 

presynaptic vesicle clusters in the contacting axon in immature neurons (Scheiffele et 

al., 2000; Fu et al., 2003; Sara et al., 2005; Ko et al., 2009; Banovic et al., 2010) and 

our results once again confirm the synapse formation effect of Neuroligin1 in 

immature neurons(Fig. 3.18B, Fig. 3.19A-C). However, Neuroligin1 is not 

synaptogenic in mature neurons (Fig. 3.20B, Fig. 3.21A-C). This is in line with 

previous studies (Wittenmayer et al., 2009; van Stegen et al., 2017) and confirms that 

Neuroligin1 synaptogenic activity is strongly dependent on neuronal development. In 

mature neurons, Neuroligin1 is known to enhance synaptic vesicle exocytosis (van 

Stegen et al., 2017). During neuronal differentiation, there seems to be a switch in 

Neuroligin1 functions from inducing structural changes in immature neurons to more 

functional effects in mature neurons. LRRTM2, another postsynaptic cell adhesion 

molecule has been recently identified as a novel synaptogenic protein when 
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expressed in non-neuronal cells, capable of inducing vesicle clustering in the 

contacting axon (Linhoff et al., 2009; de Wit et al., 2009; Ko et al., 2009). Similar to 

NLG1 and in line with previous studies, I also found that LRRTM2 was able to induce 

vesicle clustering in immature neurons (Fig. 3.18C, Fig. 3.19A-C). Interestingly, 

LRRTM2 is synaptogenic even in mature neurons showing that the synaptogenic 

properties of LRRTM2 were not altered during neuronal differentiation in vitro (Fig. 

3.20C, Fig. 3.21A-C). These results strongly indicate that both synaptic adhesion 

molecules behave differently in the molecular context of neurons.  

Knockout of N-cadherin from immature neurons led to a reduction in presynaptic 

vesicle (VAMP2) clusters (Fig. 3.22A-C, Togashi et al., 2002; Stan et al., 2010) while 

the vesicle clusters were not altered after knockout of N-cadherin from mature 

neurons (Fig. 3.24A-C). These results were in line with the previously described 

results in mature N-cadherin deficient neurons (Jüngling et al., 2006; Kadowaki et al., 

2007) and mature neurons transfected with a dominant-negative mutant cadherin 

(Bozdagi et al., 2004). Furthermore, the synaptogenic activity of Neuroligin1 was 

found to be crucially dependent on the expression and function of the adhesion 

molecule N-cadherin (Fig. 3.22D-F, Fig. 3.23D-F, Stan et al., 2010; Aiga et al., 2011), 

whereas LRRTM2 did not require N-cadherin expression or function (Fig. 3.22G-I, 

Fig. 3.23G-I). These results demonstrate that the requirements to exhibit 

synaptogenic activity in neurons are rather different for Neuroligin1 and LRRTM2. 

These results differ from Yamagata et al., 2018. Yamagata et al., 2018 recently 

described that the synaptogenic properties of both Neuroligin1 and LRRTM2 depend 

on N-cadherin expression. However, this study used the co-culture of HEK293 cells 

and presynaptic neurons. This culture system is non-physiological as the presynaptic 

axons form contacts with postsynaptic HEK293 cells. In our cultures, presynaptic 

axons make contacts exclusively with other postsynaptic neurons and these neurons 

have other adhesion molecules which might compensate for the loss of N-cadherin 

intercellular adhesive activity. Since HEK293 cells are non-neuronal cells, they may 

not have these extra compensatory synaptic cell adhesion proteins. This might 

explain the strong dependency of neurite branching and contact formation on N-

cadherin in Yamagata et al., 2018. Because intercellular contact formation appears to 

be an important requirement for vesicle clustering in the presynaptic axon, a defect in 

contact formation will lead to an apparent loss of synaptogenic activity (Yamagata et 
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al., 2018).  Therefore, the differences in the cell types e.g. HEK293 cells versus 

cortical neurons, used for overexpression studies can influence the observed 

functional properties of these adhesion molecules. The lateral mobility of adhesion 

molecules at synaptic and extrasynaptic sites can also be another determining 

regulatory factor and might explain the differential dependency of these molecules on 

N-cadherin (Chamma et al., 2019). Using single-molecule nanoscale imaging, 

Neuroligin1 has been described to be highly dynamic, dispersed and sensitive to the 

synaptic stimulations at dendritic spines. In contrast, LRRTM2 is organized in 

compact and stable synaptic nanodomains (Chamma et al., 2016a, b). N-cadherin is 

known to control Neuroligin1 activity via SSCAM and this adhesion system might 

modulate the high lateral mobility of Neuroligin1, thereby potentially regulating its 

synaptic localization, whereas LRRTM2 might be subsynaptically anchored by other 

molecular mechanisms and thus might not require N-cadherin for synaptic 

localization. This might explain the differential requirement for N-cadherin expression 

of the synaptogenic activities of Neuroligin1 and LRRTM2, respectively. 
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6.1 Abbreviations 

 

ADBE  Activity-dependent bulk endocytosis 

 AMPA α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) 

BFP   Blue fluorescent protein 

BME   Basal medium eagle 

BSA   Bovine serum albumine  

Cadherins  Ca2+-dependent adhesion molecule 

CaMKII  Calcium-calmodulin-dependent proteinkinase II 

CAMs  Cell adhesion molecules 

CAZ  Cytoplasmic matrix of the active zones 

CME   Clathrin-mediated endocytosis  

CNR   Cadherin-related neuronal receptors 

CNS   Central nervous system 

CSPα   cysteine string protein α 

DIV   Days in vitro 

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

DNA   Deoxyribonucleic acid 

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

DsRed2 Discosoma sp. red fluorescent protein2 

ECD   Extracellular domain 

EGFP  Enhanced green fluorescent protein 

ES   Embryonic stem cells (ES) 

FBS   Fetal bovine serum 

FM1-43   N-(3-Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium 
Dibromide) 
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GABA  gamma-Aminobutyric acid 

GFP   Green fluorescent protein 

GTPase Guanosine triphosphatase 

HAV   Histamine, alanine and valine 

HEPES  N-2-hydroxyethylpiperazin-N`-2-ethansulfonacid 

HSC70  Heat shock cognate 70 kDa protein 

Hz   Hertz 

ICC  Immunocytochemistry 

KD   Knockdown 

KO   Knockout  

LRRTMs  Leucin-rich repeat transmembrane neuronal proteins 

LRRTM2 Leucin-rich repeat transmembrane neuronal protein 2 

LTP  Long-term-potentiation 

Munc-18  Mammalian uncoordinated-18 

Munc-13  Mammalian uncoordinated-13 

NB-media  Neurobasal medium 

Ncadflox/flox  Homozygous floxed N-cadherin mice 

N-cadherin  Neural cadherin 

NcadE  N-cadherin lacking extracellular domains 

NLG1   Neuroligin1 

NMDA  N-methyl D-aspartate 

NMDAR  NMDA receptor 

NMJ   Neuromuscular junction 

NSF  N-ethylmaleimide-sensitive-factor 

PBS   Phosphate buffered saline 

PFA   Paraformaldehyde 
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PKC   Protein kinase C 

PO   Poly-L-Ornithine  

PSD   Postsynaptic density 

PSD95 Postsynaptic density of 95 kDa 

RIM  Rab3-interacting molecule 

RIM-BP  RIM-binding proteins 

ROI   Region of Interest 

RRP   Readily releasable pool  

RT   Room Temperature 

SAP102  Synapse-associated protein of 102 kDa 

SGT   Glutamate and threonine-rich protein 

SIM   Structured illumination microscopy 

SM   Sec1/Munc18-like 

SNAPs   Soluble NSF-attachment proteins 

SNAP-25  Synaptosomal-associated protein 25  

SNARE Soluble N-ethylmaleimide-sensitive-factor-attachment-protein-receptor 

complex 

S-SCAM  Synaptic scaffolding molecule 

SVs   Synaptic vesicles  

SypHy  Synaptophysin-pHluorin 

TMR-dextran Tetramethylrhodamine-dextran 

VAMP2  Vesicle-associated membrane protein 2 

VDCC  Voltage-dependent calcium channel 

VGLUT1  Vesicular glutamate transporter 1 
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