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Summary 
The active zone is the region of the presynaptic membrane where neurotransmitter release 
takes place. This region is characterized by a dense meshwork of proteins called the cytoma-
trix at the active zone (CAZ). Proteins of the CAZ define the release sites, localize to voltage-
gated calcium channels (VGCC) within the presynaptic membrane, and coordinate the exo- 
endocytotic events during the synaptic vesicle cycle. These processes enable fast and reliable 
neurotransmission. Bassoon and Piccolo are large components of the CAZ, highly homolo-
gous, implicated in these processes. Both have been reported to be important for correct neu-
rotransmission. The lack of one or both scaffolding proteins results in a failure of the presyn-
aptic function. However, their implication in the processes governing the neurotransmitter 
release is not fully understood. Rim-binding proteins (RBPs), other components of the CAZ, 
have been shown to be important for the neurotransmission in multiple ways. Despite the 
reported interaction between Piccolo and Bassoon with RBPs, the functional consequences 
are not well known. In this study, using whole-cell voltage clamp recordings and imaging 
techniques of mature hippocampal wild-type and Piccolo-mutant neurons, I observed that 
Piccolo is important for a correct presynaptic function in these neurons. Based on imaging 
techniques, I determined that Piccolo mutant synapses have lower synaptic strength, although 
the synaptogenesis is not impaired. I reported RBP2 as a binding partner of Piccolo, which 
has been shown to functionally and structurally link presynaptic proteins to VGCC. Func-
tional analysis of presynaptic calcium income showed that the VGCC recruitment and con-
tribution to synaptic transmission are not affected in Piccolo-mutant neurons. Nevertheless, 
the synaptic vesicle (SV) recycling is impaired. Whereas the size readily releasable SV pool 
is not significantly changed, the recycling pool is decreased, most likely, due to an impair-
ment in the Rab3-mediated SV replenishment, but not to a defect in the SV endocytosis. On 
the other hand, I found some unique and some overlapping functions of Bassoon compared 
to Piccolo. Surprisingly the absence of Bassoon increases presynaptic calcium influx. Aside 
from the fact that the mechanisms are not clear yet, my data suggest that Bassoon modulates 
the contribution of VGCC subtypes. Furthermore, I showed that SV recycling is decreased in 
Bassoon-lacking neurons. 
 
Changes in the global network activity induce homeostatic adaptations of synapses, which 
involve pre- and postsynaptic adaptations. While the molecular players contributing to 
postsynaptic homeostasis are well understood, less is known about the effectors maintaining 
presynaptic homeostasis. In the second part of the thesis, the role of Bassoon and Piccolo 
after prolonged silencing in hippocampal neurons was studied. Using imaging techniques, I 
observed that Bassoon, but not Piccolo, impairs evoked presynaptic calcium income after 
prolonged silencing, while both seem to regulate SV recycling. Furthermore, since no signif-
icant changes were observed in the surface population of AMPA receptors of Bassoon-lack-
ing neurons, I hypothesized that the functional consequences of Bassoon are, most likely, 
restricted to the presynaptic compartment. The data suggest that despite Bassoon has a more 
active role in homeostasis than Piccolo, both scaffolds are crucial for homeostatic plasticity 
mechanisms in the mammalian hippocampus. 
 
Overall, these findings provide new insights into the mechanisms contributing to neurotrans-
mission and synaptic plasticity. 
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Zusammenfassung  
Bei der aktiven Zone (AZ) von Nervenzellen handelt es sich um eine Region der Präsynap-
semembran, an der die Ausschüttung von Neurotransmittern stattfindet. Diese Region ist 
durch ein dichtes Netzwerk von Proteinen, die sogenannte Cytomatrix an der aktiven Zone 
(CAZ), charakterisiert. Proteine in dieser Zone definieren die Areale der Neurotransmitter-
ausschüttung, sind mit spannungsgesteuerten Kalzium-Kanälen (VGCC) innerhalb der prä-
synaptischen Membran kolokalisiert und koordinieren exo-endozytotische Prozesse während 
des synaptischen Vesikel-Kreislaufs. Diese Prozesse ermöglichen eine schnelle und zuver-
lässige Übertragung von Neurotransmitter-Signalen. Wichtige Proteine für diese Prozesse 
sind Bassoon und Piccolo, strukturell verwandte große Komponenten der CAZ. Es konnte 
gezeigt werden, dass diese beiden Proteine wichtig für eine korrekte Ausschüttung der Neu-
rotransmitter aus der Präsynapse sind. So führt bereits der Verlust eines der beiden Gerüst-
proteine zur Fehlfunktion der Präsynapse. Dennoch ist ihre Bedeutung für die Prozesse, die 
die Neurotransmitterausschüttung steuern, noch nicht vollkommen verstanden. Für Rim-bin-
dende Proteine (RBPs), weitere Komponenten der CAZ, konnte bereits gezeigt werden, dass 
sie für die Übertragung von Neurotransmittern eine wichtige Bedeutung haben. Obwohl be-
reits bekannt ist, dass Piccolo und Bassoon mit RBPs interagieren, sind die funktionellen 
Auswirkungen dieser Interaktion nicht völlig aufgeklärt. In dieser Studie habe ich unter Ver-
wendung von elektrophysiologischen und mikroskopischer Methoden an neuronalen Primär-
kulturen zeigen können, dass Piccolo-Mutanten im Vergleich zum Wildtyp (WT) präsynap-
tische Dysfunktionen aufweisen. Die Analyse von mikroskopischen Imagingdaten zeigt, dass 
Piccolo-Mutanten eine verringerte synaptische Stärke haben, während die Synaptogenese un-
verändert ist. Ich konnte zeigen, dass RBP2 an Piccolo bindet und dass diese Interaktion ent-
scheidend für die strukturelle und funktionelle Kopplung der präsynaptischen Proteine mit 
den VGCC ist. Funktionelle Analysen von präsynaptischen Kalziumströmen zeigen, dass die 
Rekrutierung von VGCC und die synaptische Signalweiterleitung in Neuronen von Piccolo-
Mutanten nicht beeinträchtigt sind, jedoch das Recycling von synaptischen Vesikeln (SV) 
beeinflusst wird. Die Größe des sofort freisetzbaren SV-Pools ist unverändert, allerdings ist 
der sogenannte Recycling-Pool aufgrund einer Störung der Rab3-Protein-vermittelten Wie-
derauffüllung, aber nicht wegen eines Defekts in der SV-Endozytose, verringert. Ich konnte 
zeigen, dass Bassoon teilweise ähnliche Funktionen wie Piccolo, teilweise aber auch ver-
schiedene hat. Überraschenderweise weisen Bassoon-Mutanten einen erhöhten präsynapti-
schen Kalziumeinstrom auf. Obwohl der genaue Mechanismus noch nicht klar ist, weisen die 
Daten dieser Dissertation darauf hin, dass Bassoon die Funktion verschiedener VGCC-Sub-
typen moduliert. Des Weiteren zeigt die Arbeit, dass das Recycling von SV in Neuronen von 
Bassoon-Mutanten verringert ist.  
 
Veränderungen in der globalen Netzwerkaktivität führen zu homöostatischen Anpassungen 
in Synapsen, welche prä- und postsynaptisch sein können. Während die molekularen Fakto-
ren, welche die postsynaptische homöostatischen Verstärkung regulieren, bereits gut unter-
sucht sind, sind die der präsynaptischen Prozesse weniger gut bekannt. Im zweiten Teil der 
Dissertation habe ich deshalb die Rolle von Piccolo und Bassoon in hippocampalen Neuronen 
nach längerer Inkubation mit dem Natriumkanalblocker Tetrodotoxin (TTX) untersucht. Mit-
hilfe mikroskopischer Bildgebung habe ich beobachten können, dass Bassoon, nicht jedoch 
Piccolo, nach längerer Stilllegung der Netzwerkaktivität die präsynaptischen Kalziumströme 
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verringert. Jedoch scheinen beide Proteine das Recycling der SV in stillgelegten Synapsen zu 
regulieren. Da wir in Neuronen von Bassoon-Mutanten keine Verringerung der AMPA-Re-
zeptoren an der Zelloberfläche feststellen konnten, vermuten wir, dass die homöostatische 
Anpassung präsynaptisch erfolgt. Unsere Daten lassen vermuten, dass - obwohl Bassoon eine 
aktivere Rolle bei der homöostatischen Anpassung spielt - beide Proteine wichtig für die ho-
möostatischen Plastizität im Hippocampus von Säugetieren sind. 
 
Zusammenfassend geben die vorgelegten Daten neue Einblicke in die Mechanismen der neu-
ronalen Signalübertragung und homöostatischen Plastizität. 
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1 Introduction 
1.1 Chemical synapses: molecular composition 
The brain, the center of the nervous system, contains billions of neurons. Signal transmis-

sion between neurons, that are assembled into complex networks, is a fundamental prin-

ciple of brain function. Neurons are excitable cells that receive, process and transmit in-

formation via electrical or chemical signals. These signals are transmitted through highly 

specialized intercellular junctions called synapses. Most synapses are chemical; these 

synapses communicate using chemical messengers. These asymmetric structures are 

composed of a presynapse (also known as the nerve terminal or bouton), which includes 

neurotransmitter-containing synaptic vesicles (SVs), a space of approximately 20nm 

width between the two synaptic membranes, called synaptic cleft, and a postsynapse har-

boring the neurotransmitter reception apparatus. The signals between neurons are trans-

duced by a temporally and spatially regulated release of neurotransmitters. At presynap-

ses, an incoming action potential arrives causing membrane depolarization, which trig-

gers the influx of calcium (Ca2+) ions through voltage-gated calcium channels (VGCCs) 

into the presynaptic terminal. The increase of intracellular Ca2+ levels elicits SV fusion 

with the presynaptic membrane, and in turn, the release of neurotransmitters into the syn-

aptic cleft.   

Within the presynaptic ter-

minal, regulated SV exocy-

tosis occurs at a specialized 

membrane region called the 

active zone (AZ) (Couteaux 

and Pecot-Dechavassine, 

1970; Heuser and Reese, 

1973). The AZ is character-

ized by an electron-dense 

meshwork of proteins facing 

the presynaptic mem-

brane: the cytomatrix at 

the AZ (CAZ) (Landis, 

1988). These proteins are 

components of the release apparatus, including Rab3-interacting molecules (RIMs), RIM-

Figure 1: Synaptic vesicle cycle scheme. The SVs are loaded with neurotrans-
mitter, and then tethered to the AZ, docked and primed. Enhanced intracellular 
Ca2+ triggers SV exocytosis. Afterwards, the SV membrane is endocytosed. 
Abbreviations: TRP, Total recycling pool; RRP, Ready releasable pool; ATP, 
Adenosine triphosphate; ADP, Adenosine diphosphate; H+, Proton; Pi, Inor-
ganic phosphate. 
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binding proteins (RBPs), Bassoon, Piccolo, cytomatrix at the active zone-associated 

structural protein (CAST)/ELKS, Liprin-α, and Munc13 proteins (for review see Schoch 

and Gundelfinger, 2006; Fejtova and Gundelfinger, 2012; Ackermann et al., 2015). These 

proteins act in spatial and functional manner to mediate membrane trafficking events, 

called the SV cycle. It includes steps, through which the SVs are tethered to the presyn-

aptic membrane, primed to become fusion-competent, exocytosed in response to Ca2+ 

influx and recycled by endocytosis and refilling (Figure 1). 

 

SVs are organized inside the presynapse in 

three functionally different pools.  These are 

distinguished by their availability for re-

lease and mobilization in response to stim-

uli: the readily releasable pool (RRP), the 

recycling pool (RP) and the resting pool 

(RtP) (review in Rizzoli and Betz, 2005; Al-

abi and Tsien, 2012) (Figure 2). The RRP 

includes all vesicles that are immediately 

available for release upon stimulation (Dobrunz and Stevens 1997; Waters and Smith 

2002). After the RRP is depleted, prolonged release occurs from the RP. It is the group 

of vesicles that maintain the release on physiological stimulation. It consists of 5-20% of 

the total SVs within the presynaptic bouton. All vesicles able to be released upon physi-

ological stimulation, the RRP and the RP, are enclosed under the term total recycling pool 

(TRP). However, another pool of vesicles exists in the presynaptic terminal, the RtP, 

which corresponds to the vesicles that are refractory to release, even in response to pro-

longed stimulation (Alabi and Tsien, 2012) and comprises about 80-90% of all vesicles 

(Fernandez-Alfonso and Ryan 2008; Ikeda and Bekkers 2009). The RRP and RP are con-

stantly being replenished by newly endocytosed vesicles, during release upon physiolog-

ical patterns of stimulation; RtP is only released and restored during intense stimulation, 

normally upon unphysiological patterns of stimulation (Rizzoli and Betz, 2005).  

The sizes of the SV pools are crucial to define the synaptic strength and plasticity of the 

neurons (Kim and Ryan, 2010). Synapsins are a family of vesicle-related proteins, located 

on the surface of the SV. They contribute to the synapse formation, maturation and plas-

ticity. Synapsins regulate the SV dynamics via actin-dependent interaction, having an 

Figure 2: SV pools. Scheme depicting the unifying 
synaptic vesicle pool terminology proposed. Arrows il-
lustrate the interconnectivity between the SVs pools. 
Abbreviations: RRP, Readily releasable pool.              
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impact on vesicular release (Bykhovskaia, 2011). Synapsin phosphorylation has been 

proposed as one of the mechanisms contributing to SV exocytosis (Benfenati et al., 1992; 

Torri Tarelli et al., 1992; Hosaka et al., 1999; Menegon et al., 2006). The most abundant 

member of the Synapsin family, Synapsin I, is phosphorylated by several enzymes in-

cluding protein kinase A (PKA), Ca2+/calmodulin-dependent protein kinases (CaMK), 

and cyclin-dependent kinases (CDK) 1/5 (Matsubara et al., 1996; Jovanovic et al., 2001), 

what in turn modulates the binding to SVs and/or F-actin (Hosaka et al., 1999; Menegon 

et al., 2006; Kim and Ryan, 2010; Verstegen et al., 2014). While PKA regulates the size 

of the RP positively (Hosaka et al., 1999; Menegon et al., 2006), CDK5 does the opposite, 

retaining more vesicles in the RtP (Kim and Ryan, 2010; Verstegen et al., 2014). In ad-

dition to Synapsin I, other molecules might regulate the SV pool dynamics, such as 

SNAP25 (Nagy et al., 2004) or Tomosyn I (Cazares et al, 2016). 

 

Presynaptic nerve terminals release neurotransmitters by SV exocytosis. Before vesicles 

fuse with the plasma membrane of the presynaptic bouton, neurotransmitter-filled SV are 

tethered, docked and primed. These membrane trafficking events at the AZ occur via a 

synaptic set of fusion mediators, including conserved proteins involved in universal fu-

sion processes elsewhere in cells, such as soluble NSF attachment protein receptor 

(SNAREs), SM proteins (Sec1/Munc18-like), and Munc13.  

Tethering and docking is defined as the recruitment of the SVs to the vicinity of the AZ. 

RIM1, a CAZ protein, tethers vesicles via the small GTPase Rab3 into the vicinity of the 

AZ (Rosenmund et al., 2003). The knockout of RIM1 α-isoform results in an impairment 

of the quantity and distribution of SVs at the AZ (Fernández-Busnadiego et al., 2013). 

Cav2.2 has also been shown to bring SV to the proximity of the AZ through its distal C-

terminal in dorsal root ganglion neurons (Wong et al., 2014; Chai et al., 2017). Addition-

ally, SNARE proteins, i.e. the synaptic vesicle protein synaptobrevin (VAMP-vesicle-

associated membrane protein), the presynaptic plasma membrane proteins Syntaxin1 and 

synaptosomal-associated protein 25 (SNAP25) are also involved in the SV docking step. 

Moreover, Munc18 has been shown to be involved in this process. It interacts with the 

closed conformation of syntaxin1, preventing it from completing the SNARE complex, 

suggesting that Munc18 prevents the fusion step (Dulubova et al., 1999; Wu et al., 2001; 

Südhof and Rothman, 2009). Upon release from Munc18 control, Syntaxin1 binds to 

SNAP25 and synaptobrevin, proteins located on the vesicle membrane. These proteins 
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associate to form the SNARE complex, which links vesicular and plasma membranes 

(Tooner and Verhagen, 2007; Südhof and Rothman, 2009).  

After docking, the priming makes vesicles fuse-competent (Rosenmund et al., 2002). 

Munc18 together with Munc13, RIM and ELKS have been proposed to be important for 

vesicle priming (Hammarlund et al., 2007; Ma et al., 2011Deng et al., 2011; Kawabe et 

al., 2017).  

The fusion step starts with the conformational changes of the SNARE complex from cis- 

to trans- (Südhof and Rizo, 2011), promoting the zippering of the trans-SNARE complex, 

and therefore, the complete pore opening (Toonen and Verhage, 2007). Synaptotagmins 

are integral membrane proteins of SVs (Tucker et al., 2004) thought to control completion 

of SNARE complex formation. They function as Ca2+ sensors and are crucial for the Ca2+-

evoked SV exocytosis (Radhkrishnan et al., 2009). Complexins, instead, stabilize and 

promote the zippering of the SNARE complex (Chen et al., 2002) but impede the com-

plete zippering of it (Huntwork and Littleton, 2007). 

 

After SVs fuse and collapse into the presynaptic lipid bilayer, their membrane and protein 

constituents must be recovered in the process of SVs compensatory endocytosis (Südhof, 

2004). There are three different systems of endocytosis: clathrin-mediated endocytosis, 

‘kiss and run’ and bulk endocytosis (Saheki and De Camilli, 2012). The best-character-

ized process is the clathrin-mediated endocytosis, which ultimately produces functional 

SV directly from the plasma membrane (Saheki and de Camili, 2012).  It is achieved 

through four distinct steps (Brodin et al., 2000): a) The triskelion of clathrin is assembled 

around the area that will be endocytosed. It is recruited by heterotetrameric adaptor com-

plexes (AP2 and AP180) which initiate the process; b) The assembling of the clathrin 

coat on the surface of the plasma membrane induces a deformation of it and forms the 

coated pit; c) The fission step requires the activity of the large GTPase dynamin, which 

leads to scission and detachment of the vesicle from the membrane; d) The last step re-

quires specialized proteins such as amphiphysin, endophylin, auxilin and synaptojanin to 

dissociate the vesicle from the plasma membrane, and the consecutive disassembly of the 

clathrin coat.   

While the majority of SV pass through a clathrin-mediated process (Maycox et al., 1992), 

a high demand of SVs activates other processes encompassed under the term clathrin-

independent endocytosis. Bulk endocytosis, a type of clathrin-independent endocytosis, 
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is a process that allows the continuous retrieval of SVs by the formation of large endo-

some-like structures sprouting vesicles and usually connected to the plasma membrane 

for long time (Clayton et al., 2007). The machinery involved in this type of endocytosis 

is not well-known. However, it is believed that clathrin mediates the budding of the ves-

icles from the endosome-like structure and it depends on the actin cytoskeleton dynamics 

(Richards et al., 2004). Besides bulk endocytosis, two studies reported a new and fast way 

to retrieve SV in C. elegans and mouse, the ultrafast endocytosis (Watanabe et al., 2013a; 

Watanabe et al., 2013b; for review see Watanabe and Boucrot, 2017). This endocytic 

pathway occurs within 50ms-1s after the stimulation, it takes around 10-20s and recuper-

ates on average equal number of vesicles exocytosed (Balaji et al., 2008; Granseth and 

Lagnado et al., 2008; Watanabe et al., 2013b). 

The alternative pathway ‘kiss and run’ does not involve full collapse of the vesicles into 

the plasma membrane. Neurotransmitters are thought to be discharged through the tran-

sient fusion pore (He and Wu., 2007). After liberation of the vesicle content, the pore 

closes and the same vesicle is recycled. Although it is not clear whether this pathway is a 

dominant mechanism (He and Wu, 2007), it is one of the fastest described (Gandhi and 

Stevens, 2003).  

Furthermore, recent studies suggested that Ca2+ influx facilitates SV recycling in calyx of 

Held, hippocampal neurons and in inner hair cells (Moser and Beutner, 2000; Sankara-

nayanan and Ryan, 2001; Zefirov et al., 2006; Dittman and Ryan, 2009; Hosoi et al., 

Figure 3: Structure of a voltage-gated Ca2+ channels. (A) VGCC structure formed by a pore-forming α1-subunit, 
an intracellular β-subunit, an α2δ and the auxiliary γ subunit. (B) The α1-subunit is built from four homologous do-
mains (I-IV), composed by six transmembrane α-helices (S1-S6). The 4 homologous domains are connected by intra-
cellular loops, which harbour protein interaction sites such as α interaction domain (AID; purple) and synaptic protein 
interaction site (synprint; cyan). The C-terminal contains several interaction motifs including EF hand-like domain 
(dark blue), IQ-like motif (orange), calmodulin binding domain (CBD; olive green) and PxxP motifs (red; i.e. 
RQLPGTP for Cav2.1 and 2.2) (modified from Catterall, 2011). 
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2009; Wu et al., 2014). Proteins like calmodulin, calcineurin, some members of the syn-

aptotagmin family or SNAP-25 have been suggested to be involved in the regulation of 

Ca2+-mediated SV recycling (see review Igarashi and Watanabe, 2007; Xu et al., 2013; 

Wu et al., 2014).  

 

1.2 Presynaptic voltage-gated calcium channels: structure, function 

and modulation 
VGCC mediate the Ca2+ ion influx in response to a depolarization of the membrane in 

neurons (Dunlap et al., 1995; Catterall and Few, 2008). Ca2+ entry can be measured by 

electrophysiology as calcium income. The influxes have distinct physiological roles and 

pharmacological properties in different cell types. The pharmacological and physiologi-

cal diversity of VDCC arises from the existence of multiple α1 subunits. Cavα1 subunits 

are encoded by 10 genes in mammals, which give rise to three sub-families with sequence 

similarities, termed as the Cav 1, Cav 2 and Cav 3 families (Catterall, 2000: Ertel et al., 

2000). Synaptic transmission in the central nervous system is mainly operated through 

the Cav 2 family (Cav2.1, Cav2.2 and Cav2.3) (Ricoy and Frerking, 2014). VGCC are 

multi-subunit proteins composed of a large alpha (α), and three other smaller auxiliary 

subunits: α2δ, β and γ (Catterall, 2000; Takahashi et al., 1987) (Figure 3A). The trans-

membrane pore-forming α1 subunit contains four homologous domains, I-IV (Tanabe et 

al., 1987), containing six transmembrane α-helix segments (S1-S6) (Catterall, 2011). 

Through the S4, which acts as voltage sensor, the VDCC regulate the opening and closing 

of the calcium-conducting pore (Lacinová, 2005) (Figure 3B).  The smaller auxiliary sub-

units in association with the α1 subunits, modulate the Ca2+ channel’s electrophysiologi-

cal properties and expression in excitable cells types (Cantí et al., 2005; Bernstein and 

Jones, 2007; Buraei and Yang 2010, Dolphin 2012). Ca2+ entering the presynaptic termi-

nal through Cav2.1 and Cav2.2 is one of the first events responsible for initiating the syn-

aptic transmission, and thus for the neurotransmitter release at fast conventional synapses 

(Dunlap et al., 1995; Olivera et al., 1994). In the early stages of development, preceding 

synaptogenesis, the Cav2.2, conducting N-type currents, are predominant in neurotrans-

mission (Scholz and Miller, 1995). It seems that Cav2.2 is important for developmental 

periods in neurons. However, later at 13-14 DIV, when the neurons form synaptic con-

tacts, a developmental switch occurs that substitutes Cav2.2 with Cav2.1 in hippocampus 

(Scholz and Miller, 1995; Pravettoni et al., 2000). 
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1.2.1 Splice variants  
Alternative pre-messenger RNA splicing is an important mechanism for protein diversity 

and gene regulation. This process allows different proteins to be produced from one orig-

inal gene, and therefore, thousands of proteins from a small number of genes. Alternative 

splicing of VGCC produces channels expressed at specialized locations or developmental 

stages that modulates neurotransmission (Liao and Soong, 2010; Lipscombe, 2015; 

Thalhammer et al., 2017). The mechanisms of splicing are extremely variable regarding 

tissue-specific expression and/or activity. In the case of Cav2.2, the mutually exclusive 

alternative splicing of exon 37 generates two isoforms, each with different properties. 

While Cav2.2e37a correlates with larger N-type currents, more sensitive to certain G pro-

tein-coupled inhibition and is mainly expressed in nociceptors, the e37b is found through-

out the nervous system and is less sensitive (Bell et al., 2004; Castiglioni et al., 2006). 

Moreover, Thalhammer et al., (2017) recently showed that the alternative splicing in exon 

37 of Cav2.1 generates two mutually exclusive isoforms. While the 37a promotes synaptic 

depression, the 37b contributes to synaptic facilitation. However, splicing of exon 47 

generates a shortening of the Cav2.1 α-subunit C-terminus (Krovetz et al., 2000; Soong 

et al., 2002), which leads to channel modulation (Adams et al., 2012). This process could 

potentially influence the localization of VGCC due to missing protein interaction sites 

contained at the C-terminus, including the binding motifs for RBPs (Hibbino et al., 2002) 

or RIM (Kaeser et al., 2011). 

 

1.2.2 Presynaptic interaction partners of voltage-gated calcium chan-

nels  
Neurotransmitter release is proportional to the power of Ca2+ current (Augustine et al., 

1987; Zucker & Regehr, 2002). Action potentials (AP) induce a local rise of intracellular 

Ca2+ concentration in close proximity to the VGCC, promoting the formation of micro-

domains (or nanodomains) (Llinás et al., 1992; Stanley, 1993). The size of microdomains 

varies from 100nm to 1μm generated from a few channels (Naraghi and Neher, 1997). 

The regulation mechanism via VGCC density has been reported to be crucial for the syn-

aptic strength and plasticity at the active zone (Sheng et al., 2012). The involvement of 

the VGCC in synaptic transmission requires interplay with the release apparatus via pro-

tein-protein interaction.  
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Proteins of the release machinery contribute to the positional priming, i.e. a proper local-

ization of VGCC relative to the release site. The synaptic protein interaction (synprint) 

domain of the Cavα-subunit is an important motif for these interactions. It has been asso-

ciated with syntaxin-1, SNAP-25 and synaptotagmin-1 (Sheng et al., 1994; Wiser et al., 

1996: Sheng et al., 1997). However, many other protein-protein interactions have been 

described to be involved in VGCC trafficking. CASKs and Mint1, through their respec-

tive motifs, bind to the Cav2.2 α-subunit C-termini (Maximov et al., 1999; Maximov and 

Bezprozvanny, 2002). Indeed, a recent study demonstrated that the loss of CASK/ELKS 

impairs Ca2+ influx and channel abundancy (Liu et al., 2014; Dong et al., 2018). Munc13, 

an AZ molecule essential for exocytosis, has been proven to have a role in the VGCC 

positional priming (Calloway et al., 2015).  

RBPs, large multi-domain proteins located at the AZ, are important molecules with re-

spect to this thesis. They were discovered via their interaction with RIMs (Wang et al., 

1997, 2000) and are encoded by three different genes (Mittelstaedt and Shoch, 2007). 

RBP1 and RBP2 are mainly expressed in the brain, whereas RBP3 occurs primarily in 

non-neuronal cells (Mittelstaedt and Schoch, 2007). All RBPs have a similar structure, 

composed of an N-terminal and two C-terminal SH3 domains separated by multiple cen-

tral fibronectin-like-3 domains. The three SH3 domains can interact with various proteins, 

that are classified into two major categories depending on their binding motifs: Class I 

ligands contain a +XφPXφP, whereas class II ligands display the sequence φPXφPX+. 

The + usually refers to arginine (basic residue), the X to any amino acid, and φ to a hy-

drophobic residue. In inner ear hair cells, RBPs interact with Cav1.3 (PxxP motif: RLL-

PPTP Kaeser et al., 2011) via the three SH3 domains. Furthermore, precipitation assays 

confirmed the interaction between Cav2.2 and RBP2 (Hibino et al., 2002). Since the RBP2 

interacting motifs do not differ notably, RBP2 can bind likely to various Ca+2 channel 

subtypes, most likely through the PxxP motif (RQLPGTP) contained in the c-terminal of 

the channels. In line with these results, Drosophila RBP-deficient larval neuromuscular 

junctions exhibit severe structural and functional impairments (Liu et al., 2011; Müller at 

al., 2012, 2015), whereas in mammals this does not have strong impact (Acuna et al., 

2015). RBP-deficient synapses display slower and unstable neurotransmitter release dur-

ing high-frequency bursts. Mechanistically, RBPs tether calcium channels, most probably 

in collaboration with RIMs. RIM1 was first identified as a protein capable to interact with 
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RBP1 and RBP2 via RQLPQL/VP motif, contained between the two C2 domains (Wang 

et al., 2000; Hibino et al., 2002). Simultaneously, RIMs interact directly with the pore-

forming subunit of presynaptic Cav2.1 and Cav2.2 via the PDZ-domain (Kaeser et al., 

2011). Both interactions are indispensable for proper coupling of VGCC to RIMs at the 

release sites (Kaeser et al., 2011: Han et al., 2011; Graf et al., 2012). RIM also interacts 

with the β subunits of VDCC, what seems to be important, not only for the anchoring of 

the Cavs, but also for the regulation of VGCC inactivation (Kiyonaka et al., 2007).  

Bassoon (see 1.3), another important protein of the CAZ, including the synaptic ribbon, 

can create a large number of release sites at hair cells ribbon synapses, organizing Ca2+ 

channels disposition (Frank et al., 2010). Moreover, Bassoon interacts with the β subunit 

of the VGCC (Chen et al., 2011; Nishimune et al., 2012). Davydova et al., (2014) reported 

on the importance of the scaffold protein Bassoon in the localization of Cav2.1 channel 

to the AZ. The significant reduction of synaptic localization of Cav2.1 in Bassoon-defi-

cient boutons is comparable with the reduction seen in a full RIM1/2 knockout (Kaeser 

et al., 2011), or in Drosophila RBP-deficient larval neuromuscular junctions (Liu et al., 

2011). 

 

1.3 Bassoon and Piccolo 
Two integral components of the CAZ are Bassoon and Piccolo. Both were identified as 

structural components in 

rat synaptic junctions 

(Cases-Langhoff et al., 

1996; Langnaese et al., 

1996). Their structural 

characterization reported 

10 shared regions of ho-

mology, covering two 

zinc fingers and three 

coiled-coil domains. 

Piccolo has an addi-

tional PDZ (post synaptic density   protein (PSD95), Drosophila disc large tumor sup-

pressor (Dlg1) and zonula occludens-1 protein (ZO-1)) domain and two C2 domains 

(Wang et al., 1999; Fenster et al., 2000) (Figure 4).  Bassoon and Piccolo are present in 

Figure 4: Piccolo and Bassoon structure. Bassoon and Piccolo structure scheme 
including composition domains and docking sites for binding partners color coded 
(modified from Gundelfinger et al., 2016).  
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both excitatory and inhibitory central nervous system synapses. They are expressed early 

during postmitotic neuronal differentiation (Cases-Langhoff et al, 1996; Zhai et al, 2000). 

They are among the first proteins appearing at the nascent synapse (Friedman et al, 2000; 

Zhai et al, 2000; Shapira et al, 2003) and have therefore been implicated in synapse for-

mation (Ziv and Garner, 2004; Waites et al, 2005). Bassoon knockout mice show gener-

alized epileptic seizures (Altrock et al., 2003), progressive brain overgrowth (Heyden et 

al., 2011) and aberrant cortical activity (Angenstein et al., 2007). The attachment of syn-

aptic ribbons, a specialized structure of the CAZ at particular synapses, is affected in 

retina and inner ear cells ribbon synapses in these mice (Dick et al., 2003; Khimich et al., 

2005). However, conventional synapses show no morphological phenotype (Altrock et 

al., 2003).  

Instead, Piccolo mutant mice are smaller with no major impairment in synaptic function 

(Mukherjee et al, 2010). Nevertheless, recent work suggested a role for Piccolo in endo-

some-sorting mechanisms, which might contribute to developmental and psychiatric dis-

orders (Ackermann et al., 2019). The absence of both scaffolding proteins in neurons 

results in defective organization of the SV cluster and a reduction of the readily releasable 

pool of SV (Mukherjee et al, 2010; Waites et al., 2013; Butola et al., 2017). Leal-Ortiz et 

al., (2008) showed that Piccolo negatively regulates SV exocytosis by modulating the 

synapsin-1a dynamics, mobilizing SVs from the reserve pool to the AZ. This phenotype 

was also attributed to the connection with F-actin, CaMKII and actin modulatory proteins 

such as Profilin2 (Waites et al., 2011). Moreover, Piccolo has recently been identified as 

a key effector in the mobilization of subpools within the RRP, sustaining high-frequency 

synaptic transmission (Parthier et al., 2018). This data indicates that Bassoon and Piccolo 

seem to be involved in multiple steps of NT release. Furthermore, Piccolo interacts with 

the prenylated Rab acceptor protein 1 (PRA1) a rab3-VAMP2/SynaptobrevinII-interact-

ing protein (Fenster et al., 2000) and Actin-binding protein 1, which in turn binds to both 

F-actin and the GTPase dynamin (Fenster et al., 2002). Piccolo´s central part (aa 2197-

2350) undergoes a direct interaction with the Spa2-homology domain of GIT1 (Kim et 

al., 2003), implicated in membrane trafficking events (Kim et al., 2003).  

Bassoon localizes VGCC at the release sites (Davydova et al., 2014). This occurs through 

its RTLPSPP motif (PxxP motif located in the 7th Piccolo-Bassoon homology region 

(PBH)), which binds to the first SH3 domain of the RBPs, most likely, and subsequently 

to the VGCC. In this way, the presynaptic protein contributes to the Cav2.1 recruitment 
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at the presynaptic release sites (Davydova et al., 2014). Moreover, at inner ear hair cell 

ribbon synapses, Bassoon contributes to the correct positioning of Cav1.3 (Khimich et al 

2005; Frank et al., 2010). Piccolo contains a similar PxxP motif to Bassoon (RTLPNPP), 

which only differs in the amino acid at position 5 (SerAsn), however, the function of 

Piccolo regarding positional priming of presynaptic VGCC has been less explored.  

Next to the C-terminus, Piccolo contains a region of five-conserved aspartate residues 

(C2A-domain) (Fenster et al., 2000), which confers to the scaffolding protein the capacity 

to function as a low-affinity Ca2+ sensor (Gerber et al., 2001). Piccolo interacts with 

cAMP- guanidine nucleotide exchange factor II (cAMP-GEFII) and it serves as a Ca2+ 

sensor in pancreatic β-cells (Fujimoto et al., 2002). Furthermore, in this type of cells the 

interaction between L-type Ca2+ channels and Piccolo has been reported (Shibasaki et al., 

2004). A recent study performed in the endbulb of Held showed that Bassoon and RIM 

levels are disrupted in Piccolo-mutant neurons (Butola et al., 2017), implying possible 

changes in the Ca2+ channel populations. 

 

1.4 Neuroplasticity 
Neuronal plasticity refers to the ability of neurons to adapt their morphology and their 

function to changes in physiological processes with the consequence to reorganize entire 

neuronal networks. Neurons constantly adjust their synaptic strength and/or morphology 

Figure 5: Homeostatic plasticity changes after a prolonged period of inactivity. Scheme depicting the major home-
ostatic adaptations in synapses after overall network inactivation. The mechanisms comprise enlargement of the active 
zone, enhanced numbers and function of voltage-gated calcium channels, and CDK5-mediated increase in synaptic 
vesicles, and rise in the AMPA receptor expression. Abbreviations: VGCC, voltage-gated calcium channel; SV, synap-
tic vesicle; AZ, active zone; CDK5, cyclin-dependent kinase 5; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid. 
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to external or internal stimuli (Duman, 2004). Two kinds of neuronal plasticity can be 

distinguished: associative (or Hebbian) plasticity and homeostatic synaptic plasticity. The 

former is a basic mechanism underlying learning and memory processes. The strengthen-

ing or weakening of the synaptic function arises from the persistence of a common stim-

ulation pattern between cell A and cell B (Brown & Milner, 2003). It is illustrated by the 

phrase “Cells that fire together wire together” (Hebb, 1949). This type of plasticity can 

last from hours to months. On the other hand, homeostatic synaptic plasticity acts as com-

pensatory mechanism in order to keep neuronal excitability in a physiological range while 

stabilizing changes in the overall network activity. These changes can occur at the syn-

aptic level where they affect synaptic efficacy and target both pre- and postsynaptic com-

partments (Wierenga et al., 2006). Upon high network activity, neurons decrease the ef-

ficacy of neurotransmission. Contrary, when the activity is suppressed, the synaptic trans-

mission and intrinsic neuronal excitability increases. At the synapse level, homeostatic 

plasticity is expressed as changes either in the presynaptic release probability (Pr; Murthy 

et al., 2001) or in the sensitivity of the postsynaptic apparatus (O´Brien et al., 1998; Lind-

skog et al., 2010). 

 

1.4.1 Homeostatic synaptic plasticity 
To date postsynaptic mechanisms have been studied in more detail during homeostatic 

plasticity. Murthy and colleagues, (2001) were among the first to show the importance of 

presynaptic mechanisms contributing to homeostasis. Suppression of the overall network 

activity, either by treatment with the sodium channel blocker tetrodotoxin (TTX) or with 

glutamate receptor antagonists, leads to a rise of the Pr (Murthy et al., 2001). It correlates 

with increased frequency of miniature excitatory postsynaptic currents (mEPSCs), en-

largement of the AZ, an increased number of docked SVs and enhanced SV recycling 

(Murthy et al., 2001; Bacci et al., 2001; Thiagarajan et al., 2005; Moulder et al., 2006; 

Han and Stevens, 2009) (Figure 5). However, the over-excitation of a network leads to a 

decrease of the Pr of excitatory neurons and diminishes SV pool sizes (Moulder et al., 

2004; Branco et al., 2008). Cyclin-dependent kinase 5 (CDK5) plays a key role during 

homeostatic plasticity in balance with calcineurin B (Kim and Ryan, 2013).  It modulates 

the SV pool sizes, in particular the RtP and the RP, facilitating the number of SV available 

to be released, according to changes in the network activity (Kim and Ryan, 2010). Pre-
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synaptic homeostatic plasticity adaptations are not restricted to modulation of the SV cy-

cle, but can also affect presynaptic Ca2+ entry. Changes in evoked Ca2+ income was reg-

istered upon network activity manipulation (Zhao et al., 2011). Jeans et al., (2017) demon-

strated that changes in AP-triggered Ca2+ influx upon silencing or chronic activation oc-

cur through Cav2.1. Furthermore, the balance between Cav2.1 splice variant seems to be 

a key factor in the regulation of the homeostasis (Talhammer et al., 2017), an observation 

relevant also for the present study. 

 

Several studies have highlighted the importance of the molecular effectors underlying 

compensatory mechanisms in response to global network activity changes (Thiagarajan 

et al., 2005; Cohen et al., 2011; Lazarevic et al., 2011). In the presynapse, network inac-

tivation induces modulation of SV proteins, and components of the release machinery, 

such as Bassoon, Piccolo, RIM or Munc13 (Lazarevic et al., 2011). RIM levels correlate 

with the activity at single synapses, being redistributed on the demands of neurotransmis-

sion. However, the role of Bassoon or Piccolo during homeostatic plasticity is still un-

clear. In mammals, to date, only RIM has been reported to contribute to the regulation of 

the Pr during homeostasis (reviewed in Lazarevic et al., 2013).  

 

Homeostatic plasticity in the postsynapse is expressed as changes in the sensitivity and 

responsiveness of the postsynaptic receptor apparatus (O´Brien et al., 1998; Thiagarajan 

et al., 2005). Global forms of homeostasis are bidirectional. While chronic stimulation in 

vitro with Bicuculline, a drug that blocks inhibitory GABAA receptors, and thus, increases 

network activity, reduces α-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid 

(AMPA) receptor transmission and expression (Turrigiano et al., 1998; Shepherd et al., 

2006; Stellwagen and Malenka, 2006), chronic silencing with either TTX or APV and 

CNQX was shown to induce synaptic scaling by increasing AMPAR levels and transmis-

sion (Turrigiano et al., 1998; Shi et al., 2001; Matsuzaki et al., 2004; Harms et al., 2005; 

Plant et al., 2006; Ehlers et al., 2007). 

 

 

1.5 Aims of the study 
Several groups have shown the importance of Piccolo in the processes governing neuro-

transmitter release. Piccolo, an organizational component of the presynaptic active zone, 
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has been linked to major health disorders such as Pontocerebellar hypoplasia type3 or 

bipolar disorder (Sullivan et al., 2009; Choi et al., 2011; Minelli et al., 2012; Woudstra et 

al., 2013; Giniatullina et al., 2015; Ahmed et al., 2015). Nevertheless, how the scaffolding 

protein is involved in the development of these diseases, and its function, is not yet well 

understood. 

Some clues from cellular, biochemical and molecular analyses indicate that Piccolo is 

important in mechanisms such as organization of the release machinery, linkage of actin 

dynamics, SV exocytosis and vesicle replenishment. However, a possible link between 

Piccolo and VGCC has not been yet explored. Based on these data, it was the aim of my 

thesis to study the role of Piccolo in the regulation of neurotransmitter release and during 

synaptic plasticity. In this context, I have studied 1) the functional link between Piccolo 

and VGCC and 2) the role of Piccolo during presynaptic homeostatic plasticity. As Bas-

soon is a closely related protein to Piccolo, it was further of interest to study the functions 

of its paralogous scaffolding protein Bassoon, e.g. in the regulation of presynaptic Ca2+ 

influx and during presynaptic homeostasis. 

 

1) As described above, the interaction of Bassoon with VGCC through RBPs has impli-

cations in the distribution of the channels within the AZ, and therefore in the neurotrans-

mitter release. Since Piccolo contains a similar RBP-interacting motif, I was keen to know 

the effect of Piccolo absence for the presynaptic VGCC Ca2+ income. Therefore, it is of 

high importance to study the interaction of Piccolo and RBPs, and the functional conse-

quences derived from it. In the frame of this project the following aspects were addressed: 

• Electrophysiological consequences of Piccolo absence in primary hippocampal 

cultures of Piccolo-mutant mice. 

• Piccolo binding to VGCC via the RBP2 was characterized. I explored the conse-

quences of the Piccolo mutation in the recruitment and contribution of VGCC to 

synaptic transmission in hippocampus.  

• Another goal was to investigate the implications of Piccolo in the SV cycle in 

terms of Pr: the size of the SV pools and SV replenishment were assessed in Pic-

colo-mutated hippocampal cultures.  

 

2) Homeostatic plasticity contributes to maintain synapses in a functional state while pre-

serving the specificity of synaptic changes that encode information. Lazarevic et al. 
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(2011) reported a profound reorganization of the release apparatus upon overall network 

silencing, highlighting the importance of RIM and Cav2.1. RIM is redistributed upon ac-

tivity suppression. The number of RIM-positive puncta was reduced, nevertheless, the 

remaining ones were larger. Contrary to RIM, the Cav2.1 level was enhanced. Extensive 

evidence has been reported about the importance of the Ca2+ influx during homeostatic 

plasticity (reviewed in Frank et al., 2014; Zhao et al., 2011; Jeans et al., 2017; Talhammer 

et al., 2018). Given this, and considering the interplay between Bassoon, and presumably 

Piccolo, with VGCC, the hypothesis was that synapses lacking Bassoon or Piccolo were 

not able to adjust their synaptic strength properly during homeostatic plasticity. More 

specifically, I addressed the following points: 

• The consequences of Bassoon deletion were explored in the pre- and postsynaptic 

compartment during homeostatic plasticity adaptations after chronic silencing. I 

studied whether the presynaptic scaffold controls presynaptic functions through 

interaction with VGCC, and if its deletion modifies the AMPA receptor levels on 

the surface of the postsynaptic membrane. 

• Based on the potential link between VGCC and Piccolo, I studied the role of Pic-

colo in homeostasis within the presynapse, and how it might modulate the presyn-

aptic Ca2+ entry. 
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2 Material and Methods 
2.1 Materials 

2.1.1 Antibodies 
Antibody 
 

Species Dilution Company 

Alexa Fluor® 488 Goat or Donkey 1:2000 Jackson ImmunoResearch 
AMPA2 (panGluA) Mouse 1:500 Synaptic Systems 
Bassoon (sap7f) Mouse 1:1000 ENZO 
Cav2.1 (P/Q-type) Rabbit 1:1000 Alomone labs 
Cav2.2 (N-type) Rabbit 1:1000 Synaptic Systems 
Cy3 Goat or Donkey 1:2000 Jackson ImmunoResearch 
Cy5 Goat or Donkey 1:1000 Jackson ImmunoResearch 
Gephyrin Guinea Pig 1:1000 Synaptic Systems 
Homer1 Rabbit 1:1000 Synaptic Systems 
Munc13-1 Mouse 1:1000 Synaptic Systems 
RIM1/2 (against Zn-fin-
ger domain) 

Rabbit 1:1000 Synaptic Systems 

SV2B Rabbit 1:1000 Synaptic Systems 
Synapsin 1,2 Rabbit 1:1000 Synaptic Systems 
Synapsin 1,2 Guinea Pig 1:1000 Synaptic Systems 
Synaptophysin 1 Guinea Pig 1:1000 Synaptic Systems 
Synaptotagmin1 lumenal 
domain labeled with Oys-
ter®550 

Rabbit 1:70 Synaptic Systems 

VGAT Rabbit 1:1000 Synaptic Systems 
VGluT1 Rabbit 1:1000 Synaptic Systems 

Table 1: Antibodies 
 
2.1.2 Animals 
Rodent lines used in this thesis to obtain tissue and cells were: Bassoon knockout mouse 

strain (Bsngt) (Hallermann et al., 2010; Davidova et al., 2014), Bassoon conditional 

Knockout (B2E) (which lacks Bassoon in excitatory synapses, Annamneedi et al., 2018) 

and  Piccolo (Pclo3) mouse strain (Mukherjee et al, 2010). Using a gene trap strategy 

Bassoon knockout strain was obtained  from Omnibank ES cell line OST486029 by Lex-

icon Pharmaceuticals, Inc. (The Woodlands, TX, USA). Pclo3 constitutive mutant line 

was obtained crossing the Pclotm2Sud (Jackson Laboratory), which possess the exon 14 

flankered with loxP sites, with the ubiquitously expressing Cre line Tg(CMV‐Cre)1Nagy 

(Nagy et al., 1998). They were bred in the animal facility of the Leibniz Institute for 
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Neurobiology, Magdeburg. Homozygous mutant mice were obtained from heterozygous 

breedings.  
 
2.1.3 Pharmacological reagents 

Table 2: Pharmacological reagents 
 

2.1.4 Molecular biology reagents  
Reagent 
 

Purchased from 

Restriction enzymes/ Endonucleases Thermo scientific 
Taq DNA polymerase Quiagen 
Deoxynucleoside triphosphate set 
(dNTPs) 

Thermo scientific 

Oligonucleotides (Primer) Invitrogen 
Phusion® DNA polymerase Thermo scientific 
Proteinase K Thermo scientific 

 

Compound Biological activity Working 
Concentra-
tion 

Company 

ω-Conotoxin GVIA 
(ConoTx) 

Specific blocker of Cav2.2 
VGCC 

1 μM Alomone 
Labs 

ω-Agatoxin IVA 
(AgaTx) 

Specific blocker of Cav2.1 
VGCC 

0.4 μM Alomone 
Labs 

Tetrodotoxin (TTX) Selective inhibitor of sodium 
channels conductance 

1 μM Tocris 

6-Cyano-7-nitro-
quinoxaline-2,3 dione di-
sodium (CNQX)  

Competitive AMPA/keinate 
receptor antagonist 

10 μM Tocris 

D-(-)-2-Amino-5- phos-
phonopentanoic acid (D-
APV5)  

Competitive NMDA recep-
tor antagonist 

50 μM Tocris 

Ionomycin  Ca2+ ionophore 5 μM Sigma-Al-
drich 

Bafilomycin A1 (BafA) Specific inhibitor of vacuo-
lar type H+-ATPase 

0.1 μM Calbio-
chem/Merc
k Millipore 

Table 3: Molecular biology reagents  
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2.1.5 Culture media for bacteria 
Type of medium  
 

Composition 

SOC-medium 20 g/l peptone 140 (Gibco); 5 g/l yeast 
extract (Gibco); 10 mM NaCl; 2.5 mM 
KCl; 10 mM MgSO4; 20 mM 

LB-medium 20 g LB Broth Base (Invitrogen) / 1000 
mL LB-medium 

LB-agar 15g Select Agar (Invitrogen) / 1000 mL 
LB-medium 

Table 4: Culture media for bacteria 
 

2.1.6 Mammalian cell lines 
Mammalian cell line  
 

Company 

Human Embryonic Kidney cells 
(HEK293-T) 

ATTC, Manassas, VA 

Table 5: Mammalian cell lines 
 

2.1.7 Culture media and reagents for culture of mammalian cell lines  
Media and Reagents 
 

Composition 

Hanks Balanced Salt solution (HBSS) -/- 
(Without Mg2+ and Ca2+) 

Gibco 

DMEM (10% FCS) 10% FCS (Gibco); 1% Penicillin /Strepto-
mycin 100x (Gibco); 2 mM   L-Glutamine 
(Gibco) in DMEM (Gibco) 

Trypsin 0.5% stock solution diluted 1:10 in HBSS 
(invitrogen) 

Poly-D-lysin (D-PLL) 100 mg/l D-PLL in 100 mM boric acid, 
pH 8.4 

Table 6: Media and reagents 
 

2.1.8 Culture media and reagents for primary neuronal and glial cul-

tures 
Media and reagents 
 

Composition/ Company 

HBSS -/- Gibco 
10x Trypsin Gibco 
DNase Roche 
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Neurobasal A complete Neurobasal A media (Gibco) supple-
mented with 1xB27 (Gibco), 4 mM Gluta-
max (Gibco), 1 mM Sodium Pyruvate 
(Gibco) and 100 U/mL penicillin and 
streptomycin (Gibco) 

Neurobasal complete Neurobasal A media (Gibco) supple-
mented with 1 x B27 (Gibco), 4 mM Glu-
tamax (Gibco), 1 mM Sodium Pyruvate 
(Gibco) and 100 U/mL penicillin and 
streptomycin (Gibco) 

Plating media DMEM (Gibco) supplemented with 1% 
Glutamine and 1% mL penicillin and 
streptomycin (Gibco) 

Glial growing media DMEM (Gibco) supplemented with 10% 
FCS, 1% Glutamine (Gibco) and 1% pen-
icillin and streptomycin (Gibco) 

Poly-L-Lysine (L-PLL)/D-PLL 100 mg/l L-PLL o r  D-PLL in 100mM 
boric acid, pH 8.4 

Paraffin Paraplast embedding medium (Fisher) 
Cytosine β-D-Arabinofuranoside (Ara C) 1.5 mM (Sigma-Aldrich) 

Table 7: Media and reagents for primary neuronal cultures 
 

2.1.9 Commonly used buffers and reagents for live imaging and live 

staining experiments 
Buffer type 
 

Composition 

HEK293T cells lysis buffer (Double-Co-
immunoprecipitation) 

10 mM Hepes 7.2pH, 0.5% Triton 100-X, 
150 mM NaCl, 10% Glycin and 0.1 % De-
oxycholate 

HEK293T cells lysis buffer (Triple-Coim-
munoprecipitation) 

40 mM Tris HCl 7.4, 0. % Triton 100-X, 
150 mM NaCl 

PBS 2.7 mM KCl; 1.5 mM KH2PO4; 8 mM 
Na2HPO4, pH 7.4 

PBS-T 2.7 mM KCl; 1.5 mM KH2PO4; 8 mM 
Na2HPO4, pH 7.4; 0.1% Tween20 

Sucrose buffer A 5 mM Tris-HCl pH 7.4; 5 mM MgCl2; 
0.32 M sucrose; 1 mM DTT; 2 mM ATP  

Sucrose buffer B 5 mM Tris-HCl, pH 8.1; 5 mM MgCl2; 
0.32 M sucrose; 1 mM DTT; 2 mM ATP 

Extracellular imaging solution (Tyroides 
buffer) 

119 mM NaCl, 2.5 mM KCl, 25 mM 
HEPES pH 7.4, 30 mM glucose, 2 mM 
MgCl2 and 2 mM CaCl2 
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 High tyrodes buffer) 119 mM NaCl, 2.5 mM KCl, 25 mM 
HEPES pH 7.4, 30 mM glucose, 2 mM 
MgCl2 and 2 mM CaCl2, 1 mM KCl 

Blocking solution 10% FCS; 0.1% glycin; 0.3% Triton X-
100 in PBS 

Solutions used for Western Blot 
 

5xSDS loading 
buffer 

250 mM Tris-HCl pH 6.8; 30% Glycerol; 
7.5% SDS; 0.25% Bromophenol blue  

Electrophoresis 
buffer 

192 mM glycine, 1% (w/v) SDS, 25 mM 
Tris-base, pH 8.3 

4x separating buffer 1.5 M Tris-HCl, pH 8.8 
4x stacking buffer 0.5 M Tris-HCl, pH 6.8 
Separation gel (20 %) 8.25 ml separation buffer; 7.5 ml 87% 

Glycerol; 16.5 ml 40% Acrylamyde; 330 
μl EDTA (0.2 M); 330 μl SDS; 22 μl 
TEMED; 120 μl 0.5% Bromophenol blue 
and 85 μl 10% APS 

Separation gel (5 %) 8.25 ml separation buffer; 17.94 ml  
dH2O;  1.89 ml  87% Glycerol; 4.12 ml 
40% Acrylamide; 330 μl EDTA (0.2 M); 
330μl SDS; 22 μl TEMED and 128 μl 
APS 

Stacking gel (5 %) 6 ml stacking buffer; 7.84 ml dH2O; 5.52 
ml 87% Glycerol, 
3.90 ml 30% Acrylamyde; 240 μl EDTA 
(0.2 M); 240 μl 10% SDS, 17.2 μl 
TEMED; 140 μl Phenol red and 137 μl 
10% APS 

Blotting buffer  192 mM glycine, 0.2% (w/v) SDS, 25 mM 
Tris-base 

Lysis buffer double coimmunoprecipita-
tion 

10 mM HEPES ph7.2, 0.5% triton100-X, 
150 mM NaCl, 10% Glycin, 0.1% Sodium 
Deoxicolate 

Lysis buffer triple coimmunoprecipitation 40 mM Tris HCl ph7.4, 0.1 Triton100-X, 
150 mM NaCl 

Table 8: Used buffers and reagents for live imaging experiments and Western blotting 
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2.2 Methods 

2.2.1 Biochemical methods 

2.2.1.1 Immunoprecipitation from HEK293T cell extracts 
Calcium phosphate was the method used for HEK293T cell transfection. The solution A 

(250 µl for 25 cm2 flask) was mixed with DNA, while solution B was added (250 µl) after 

30 sec. The mixture was incubated for 1 min in total and applied on top of the cells. From 

4 to 6hrs later, the medium was exchanged for fresh pre-warmed medium. After 48h of 

expression, the transfected cells were lysed for 5 to 10 min on ice with two different 

buffers depending on the type of immunoprecipitation (Double or Triple; Table 7) sup-

plemented with complete protease inhibitors and PhosStop. Following a clearance by 

centrifugation the co-immunoprecipitation (Co-IP) was performed using MicroMACS 

anti-GFP Microbeads and Micro Columns (Miltenyi Biotec). The protocols provided by 

the company were followed, except for the washing steps that were done with lysis buffer. 

The proteins co-immunopreciptated were eluted with SDS-loading buffer, and collected 

for immunoblotting.  

 

2.2.1.2 Protein concentration determination: Bicinchoninic acid assay 
Protein concentration was determined by the colorimetric Bicinchoninic acid (BC) assay 

(Uptima). To prepare the calibration curve (0 – 2 mg/ml), 25 μl of each step of the stand-

ard curve was put into a 96 well microplate (in triplicates). 200 μl of reaction buffer (re-

action buffer A + Reaction buffer B, 50:1) was added to both, the standard and sample 

(in parallel to the standard curve) solutions. All samples were incubated for 30 min at 

37ºC. The absorption was measured at 562 nm by the Molecular Devices/ Versa max 

microplate reader.  

 

2.2.1.3 SDS-PAGE 
Proteins were separated using one-dimensional sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) under fully denaturing and reducing conditions 

(Laemmli, 1970), as it was described previously in Lazarevic et al., (2011). Due to its 

large size, the VGCC samples required special treatment. These proteins tend to form 

aggregates after boiling, being necessary no boiling. SDS-PAGE was performed in a gra-

dient gel. The samples were first incubated with sample buffer at 95ºC for 5 min and then 
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loaded onto the gel. Gels were run at a constant current strength of 12 mA in an electro-

phoresis chamber (Hoefer Mighty Small System SE 250 from Amersham Biosciences) 

filed with 1x electrophoresis buffer. Subsequently, the gels were used for immunoblotting 

at 4ºC, 200 mA for 1 h and 30 min (TG) and 2 h (TA) with blotting buffer (Table 7). Blots 

were then incubated with primary antibodies (in PBS containing 5% BSA, 0.1% Tween 

and 0.025 % sodium azide) at 4°C overnight, followed by 3 washes with PBS-T and in-

cubation at RT for 1h with HRP-conjugated secondary antibody (diluted in 5% non-fat 

dry milk/PBS-T). For quantitative westernblotting with secondary antibodies (in PBS 

containing 1% BSA, 0.1% Tween) for 1 h at RT. Immunodetections were performed us-

ing Pierce ECL WB Substrate (Thermo Scientific) and ChemoCam Imager (Intas). In 

addition, quantitative immunoblots were read using Odyssey Infrared Scanner (LI-COR). 

Identical rectangular ROIs (regions of interest) were set around the bands to measure the 

ID values. Values were normalized the mean value of the wild-type group for each indi-

vidual membrane. 

 

2.2.2 Molecular biological methods 

2.2.2.1 Genotyping of mutant mice 
Newborn pups (p0-p1) were labeled and tail cut samples were taken for DNA extraction. 

The tail cut samples were incubated together with 200μl lysis buffer (10 mM Tris-HCl 

pH 8.0, 100 mM NaCl supplemented with 0.4 mg/ml Proteinase K) at 1000 rpm for 35 

min (55ºC) in a thermoshaker (Eppendorf). Thereafter, the enzyme was inactivated by 

incubation for 10 min at 95°C, the sample was ready for PCR. One tube without tail cut 

sample was used as a negative control. The PCR master mix contained 4 μl of DNA 

extract, 1 pM of both forward and reverse primer (Table 10), 2.5 mM MgCl2, 0.1 U/μl 

Taq-polymerase, 0.2 mM dNTPs and 1x PCR buffer (Qiagen). The tables describe tem-

perature profile used for the PCR reactions: 

Table 9: PCR program used for genotyping of Bsngt mice pups 

Process 
 
 
 
 
 
 

Time and temperature 
 
 
 
 

Cycles 
 

Initial denaturation 95°C for 5 min 1 
Denaturation 
Annealing 
Extension 
 

95°C for 30 sec 
65°C for 30 sec 
78°C for 45 sec 

35 

Final extension 68°C for 5 sec 1 
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Table 10: PCR program used for genotyping of Pclo3 pups 
 

Table 11: PCR program used for genotyping of Emx-1 for B2E mice pups 
 

Table 12: PCR program used for genotyping of Bsn2 for B2E mice pups 
 

Genotype 
 

Forward primer Reverse primer 

Bsngt WT 
Bsngt KO 

5’-ctaagctattgcttcctcctcac-3’  
5’-ctaagctattgcttcctcctcac-3’ 

5’-ctgaggctcttgagttcctacga-3’  
5’-ataaaccctcttgcagttgcatc-3’ 

Pclo3 WT 
Pclo3 KO 

5’-gctctggtacagaggtaaagcttgc-3’ 
5’-ccttgaggtcaatgtgatcagc-3’ 

5’-ttgtgtcacgtagtcagactg-3’ 
5’-ccaagttctaattccatcagaagc-3’ 

Bsn2 5´-gcagattctagtcggtgatctagc-3´  
 

5´-gttgcctaatgtatgcagagtcc-3´ 
 

Emx-1 5´-gcggtctggcagtaaaaactatc-3´  
5´-gtgaaacagcattgctgtcactt-3´  

5´-aaggtgtggttccagaatcg-3´  
5´-ctctccaccagaaggctgag-3´ 

Table 13: Primer sequences used for genotyping of Bsngt, Pclo3, B2E and wild-type al-
leles 
 

Process 
 
 
 
 
 

Time and temperature Cycles 

Initial denaturation 95°C for 5 min 1 
Denaturation 
Annealing 
Extension 
 

95°C for 30 sec 
65°C for 30 sec 
78°C for 45 sec 

35 

Final extension 68°C for 5 sec 1 

Process 
 
 
 
 

Time and temperature Cycles 

Initial denaturation 94°C for 5 min 1 
Denaturation 
Annealing 
Extension 
 

94°C for 30 sec 
60°C for 60 sec 
78°C for 45 sec 

35 

Final extension 72°C for 7 min 1 

Process 
 
 
 
 

Time and temperature Cycles 

Initial denaturation 94°C for 3 min 1 
Denaturation 
Annealing 
Extension 
 

94°C for 30 sec 
66°C for 45 sec 
78°C for 45 sec 

    

35 

Final extension 72°C for 7 min 1 



Material and Methods 

 

 

24 

After PCR, reaction mixtures were run on 1.5% agarose gels (Biozym LE agarose, dis-

solved in TAE buffer (Biorad)) for 1h, and then bands visualized via illuminating with 

UV light (Science Imaging, Intas).  

 

2.2.2.2 Lentiviral particle production 
For transfection of single flasks of HEK293T cells the calcium phosphate method was 

used. 500 μl of solution A (0.5 M CaCl2) was mixed with a total of 20 μg of DNA 

(FUGW: psPAX2: pVSVG = 5,5:9:5,5 μg (Lois et al., 2002)). 500 μl of solution B (140 

mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH 7.05) was added to the previous mix 

after 30 seconds, the mixture was applied on top of the cultured cells. They were kept in 

the incubator at 37oC, 5% CO2 for 6-8h before exchanging the media for Neurobasal A 

complete media. 48h later, the supernatant containing the virus produced by the cells was 

collected, and centrifuged at 2000 g for 10 min at RT. The virus was kept aliquoted 

at -80oC and ready for further use.  

Neurons were infected at 4 DIV by adding 80-100 μl of the virus solution on top of the 

coverslips for 7-9 h prior returning them to their astrocyte-containing plates. 

 

2.2.2.3 Cell culture techniques 
Primary hippocampal cultures from mice were prepared following well-established pro-

tocols (Kaech and Banker, 2006; Davydova et al., 2014). 

P0-P1 newborn mice were selected according to their genotype and decapitated to obtain 

their brains, from where the hippocampi were extracted. Meninges were removed and the 

cleaned hippocampi were incubated for 15 min at 37ºC with 0.025% of Trypsin and fol-

lowed by mechanical trituration with a glass Pasteur pipette. The suspension was washed 

two times with HBSS -/- (Table 6), then plated in plating media (Table 6) on L-PLL-

precoated glass coverslips (18 mm) in a concentration of 25.000-30.000 cells/per co-

verslip. After one hour, the coverslips were transferred into dishes containing a confluent 

monolayer of mouse astroglial embedded in Neurobasal A complete. The cultures were 

kept in the incubator at 37ºC and 5 % CO2. AraC was added to hippocampal cultures in 

a concentration of 0.6 μM after 20-24 h. A second AraC application was done at 3 DIV 

(days in vitro) to reach a final concentration of 1.2 μM.  

The neurons were always infected at 4-5 DIV. ~100 μl of media containing virus was 

applied for 7-8 h onto the coverslips. Afterwards, the covers were returned to the original 
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dishes with conditioned media, and kept in the incubator till at least 17 DIV, before ex-

periments were performed. Reagents used in these procedures are summarized in Table 

6.  

 

2.2.2.4 Calcium imaging 
Ca2+ imaging was performed in 18-22 DIV primary hippocampal cultures infected with 

lentivirus containing the genetically encoded calcium sensor Sy-GCaMP5G at 4 DIV. 

This tool is the result of fusing the calcium sensor GCaMP with the exclusive neuronal  

hSyn1 promoter. Coverslips were placed into an imaging chamber (RC-49MFSH; Warner 

instruments) with two platinum wire electrodes placed 10 mm apart in order to apply 

electric stimulation to the neurons at RT in extracellular imaging solution (tyroides 

buffer) supplemented with 50 μM APV and 10μM CNQX. Inverted microscope (Zeiss 

Axio Observer.A1) was used, equipped with an EMCCD camera (Evolve delta; Photo-

metrics) controlled by VisiView (Visitron Systems GmbH) using a 63x oil immersion 

objective NA 1.4, and an EGFP ET filter set (ET470/40x; ET525/50m; T495LPXR). Len-

tiviral infection efficacy was 93-98 %. Cells were electrically stimulated using different 

train of pulses delivered at 20 Hz (5, 10 and 20 AP). Pulses were evoked by delivering 

currents of 50 mA for 1 ms using an isolator unit (World Precision Instruments) connected 

to a pulse generator (Master-8). Average of the responses were considered in order to 

obtain more robust data. Image acquisition was made at a frequency of 50 Hz. From each 

coverslip, at least one visual field was imaged and analyzed, keeping three minutes of 

recovery time between stimulations in case more than one was taken, and applying a pulse 

of ionomycin at the end of each imaged coverslip to reveal total expression levels of the 

sensor. AgaTX (ω-Agatoxin IVA) and ConoTX (ω-Conotoxin GVIA) were applied for 8 

and 10 mins, respectively, in order to dissect the subtype contribution of VGCC to the 

Ca2+ responses.  Image acquisition was done, before and after toxin bath, to compare the 

effect in the region of interest.  

 

Analysis was performed using ImageJ (NIH, http://rsb.info.nih.gov/ij/). Responding bou-

tons were identified by subtracting 5 frames prior to the stimulation (baseline) from the 5 

frames following it. ROIs of 3x3 pixel size were placed in the responding boutons by 

using “Find Maxima” from ImageJ. Mean grey values from ~100 ROIs/region of interest 
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were analyzed and mean response ± standard error of the mean (s.e.m) of each visual field 

was considered for statistical purposes.  

The ΔF/F0 was calculated from the mean gray values, and then, analyzed in Excel. 10 

frames prior fluorescence response onset was considered as the F0. Signal-to-noise (SNR) 

ratio was calculated for each ROI as the maximum value within 10 frames after the aver-

age response onset divided by the standard deviation of F0 and only responses with, at 

least, the double of the SNR (Dreosti et al., 2009) were considered. The analysis was 

performed using Graph Pad Prism (GraphPad Software Inc., Calif., USA).  

 

The experiments of the double KO were performed in 19-20 DIV primary hippocampal 

cultures infected with Sy-GCaMP5G-contained virus. The Fluorescence was excited with 

a polychrome 3000 lamp (Adgiland technologies/TILL Photonics) through a 60 x 1.4 NA 

oil immersion objective (Olympus). Images were captured by an EMCCD camera (iXon+ 

897, Andor Technology) controlled by MetaMorph imaging software (Universal Imag-

ing) at a frame rate of 50 Hz. Field stimulation was carried out using two platinum elec-

trodes placed on the coverslip in a distance of 15 mm. The triggering of extracellular 

stimulus (50 mA for 1 ms) was controlled by an isolated pulse generator (A&M Systems) 

and delivered via a stimulus isolator unit A385 (World Precision Instruments). The re-

sponses were analyzed as described above. 

 

2.2.2.5 Synapto-pHluorin imaging  
The original mRFP-synaptophysin-pHlourin (sypHy) construct was obtained from Pro-

fessor Dr. Thomas Oertner (Rose et al., 2013). The SV pools sizes and endocytosis meas-

urement was performed using sypHy in mature hippocampal neurons (18 DIV) infected 

at 4DIV with a lentivirial vector containing the sypHy. Neurons expressing sypHy were 

placed in a field stimulation chamber on an inverted microscope equipped with an 

EMCCD camera controlled by VisiView (Visitron Systems GmbH). The 63x immersion 

oil objective and an ET GFP/mCherry filter set (ET470/40x; ET572/35x) were used to 

perform the experiments. The camber, containing the neurons, was filled with extracellu-

lar imaging solution (tyroides buffer) supplemented with 50μM APV and 25μM CNQX, 

but also Bafilomycin A1 (BafA) (blocks the vesicular V-type ATPase and prevents ve-

sicular reacidification). Neurons expressing the sypHy construct were identified by their 

red signal (mRFP).  
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To study the SV pool sizes, the SV were released and measured following an established 

protocol (Burrone et al., 2006): RRP was released by delivery 40 pulses at 20 Hz and the 

TRP was released, two minutes later, by delivery of 900 pulses at 20 Hz, all in the pres-

ence of BafA (1 μM) in order to prevent the fluorescence quenching after endocytosis. 

Relative sizes of RRP and TRP were then calculated as the fraction of the total sypHy-

containing vesicle pool visualized upon application of 60 mM NH4Cl. Subtracting 10 

frames before the stimulation to the 20 frames recorded after the onset of the response the 

responding boutons were selected. 3x3 pixel ROIs were placed in the resulting imaging 

and mean grey intensity was measured using ImageJ. Calculation of ΔF/F0 was done as 

for the Ca2+ imaging analysis (explained above). Data were normalized to the values ob-

tained for the application of NH4Cl pulse. Boutons responding with differences between 

the TRP fluorescence and the NH4Cl-evoked fluorescence lower than 20% were dis-

carded (Burrone et al., 2006). 

Endocytosis experiments were performed at room temperature (at 25ºC) in extracellular 

solution previously described, without BafA (to measure the fluorescence decay) on in-

verted microscope (Observer, D1; Zeiss) using EGFP ET filter st (excited 470/40, emitter 

525/50, dichroic 495 LP) and Cy3 ET filter set (excited 545/25, emitter 605/70, dichroic 

565 LP). The action potentials were applied by delivering of 1ms constant voltage pulses 

(70V) at 20 Hz using a S48 stimulator (GRASS Technologies). A stream of 5-sec images 

was acquired before the stimulation of 200 stimuli at 20 Hz and imaging recovery of 

additional 60 sec. The analysis was perform as described above. 

 

2.2.2.6 Immunostaining of cell cultures, image acquisition and analysis 
For immunostaning well-established protocols were followed (Lazarevic et al., 2011; Alt-

müller et al., 2017). Neurons were fixed with a solution containing 4 % paraformaldehyde 

(PFA) and 4% sucrose in PBS at RT for 3-5 min. After 30 min of blocking solution, to 

reduce the background and permeabilize the cells, the primary antibodies were incubated 

overnight at 4ºC.  Three times PBS washings were done to wash off the excess of anti-

body. The secondary antibodies were incubated for one hour at RT. After 3 washes, the 

cover slips were mounted using Mowiol (Calbiochem). 

The endogenous network activity-driven and evoked live staining assay was performed 

with the synaptotagmin 1 antibody (Syt1 Ab) that binds to the luminal domain of the 

vesicle protein. The coverslips were washed once with pre-warmed extracellular imaging 
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solution (low Tyroide´s buffer). Under endogenous network activity conditions the anti-

body was applied in the same solution for 20 minutes at 37ºC, while for evoked conditions 

the neurons were incubated for 4 min with high tyroides buffers 50 mM KCl contained 

(Lazarevic et al., 2011). Then, the coverslips were washed twice using tyroides buffer, 

following fixed with 4%PFA and processed as it is mentioned above. For surface staining 

of the AMPA receptor, neurons were incubated with antibodies recognizing an extracel-

lular common epitope of GluA1, A2, A3 and A4 in neuronal cell media for 30 min at 4ºC 

to block membrane trafficking. After a short wash with tyroides buffer completed with 

1% BSA (Bovine serum albumin), the secondary antibody was applied in cell media at 

4ºC for 10 min. Following, the cells were washed again with modified tyroides buffer and 

processed for immunostaining as described above.  

 

Images were acquired using a Zeiss Axio Imager A2 microscope (Zeiss) with Cool Snap 

EZ camera (Photometrics) using the VisiView software (Visitron Systems GmbH). Im-

munopositive boutons were analyzed along the proximal regions (between 10-50 μm) of 

the dendritic prolongations from the soma. More than 5 fields were acquired per coverslip 

and at least 7 fields were considered in each experiment to be analyzed. Images were 

analyzed using the free software ImageJ (NIH, http://rsb.info.nih.gov/ij/) and the Open-

View software obtained from Dr. Noam Ziv (Tsuriel et al., 2006). 11x11 pixel squares 

were determined as ROIs semi-automatically, masked by the channel containing the pre-

synaptic marker Synaptophysin1 (sphy), Synapsin1, 2 (syn1,2), or vesicular glutamate 

transporter (VGlut) for excitatory neurons (B2E).  

 

2.2.2.7 Patch clamp recordings of cultured neurons  
Whole-cell patch-clamp experiments were performed on hippocampal primary cultures 

from WT or Pclo-mutant mice on 19-21 DIV at a concentration of 25.000 cells/18 mm 

coverslips (collaboration with Cr. Yulia Klyeva). Patch pipettes from borosilicate glass 

had a pipette resistance of 4-6 MΩ, the series resistance was <20 MΩ and the resting 

membrane potential was measured immediately after establishment of the whole-cell con-

figuration. Extracellular solution contained in mM: 145 NaCl, 2.5 KCl, 2 MgCl2, 2 

CaCl2, 10 HEPES, and 10 D-glucose (pH 7.4 adjusted with NaOH). Intracellular solution 

for recording of evoked EPSC (eEPSCs) and action potentials contained in mM: 140 K-

gluconate, 1 MgCl2, 2 CaCl2, 4 NaATP, 10 EGTA, 10 Hepes, and 0.4 GTP (pH 7.25 
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adjusted with KOH). Input resistance and parameters of action potentials were calculated 

from I/V curve in neurons kept at -60 mV by application of current steps (1s, from -250 

pA to 600 pA with 50 pA increment). For measurements of mEPSCs we used an intra-

cellular solution of the following composition in mM: 115 Cs methylsufonate, 10 CsCl, 

5 NaCl, 20 TEAchloride, 2 MgCl2, 2 CaCl2, 10 HEPES, 0.6 EGTA, 2 Mg-ATP, 0.3 Na-

GTP, pH 7.2-7.3, Na-channels and GABAA-receptors were blocked by adding to the bath 

solution of tetrodotoxin (TTX,1 µM, Tocris, Bristol, UK) and bicucullinemethioidide 

(Bicu, 10 µM, Abcam, Cambrige, UK) respectively. Miniature inhibitory postsynaptic 

currents (mIPSCs) were recorded with intracellular solution of following composition in 

mM: 118 KCl, 9 EGTA, 10 HEPES, 4 MgCl2, 1CaCl2, 2 Mg-ATP, 0.3 Na-GTP, (pH 

7.2-7.3 adjusted with KOH), Na-channels, AMPA and NMDA-receptors were blocked 

by adding to the bath solution of TTX, 6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 µM) 

and D-2-amino-5-phosphonopentanoic acid (APV, 25 µM; both toxins from Tocris, Bris-

tol, UK) respectively. The holding potential for miniature excitatory postsynaptic currents 

(mEPSCs) and mIPSCs recordings was -60 and -70 mV respectively. Analysis of AP 

properties, mEPSCs and mIPSC were carried out using Mini Analysis Program (Synap-

tosoft, USA). At least 300 mEPSCs and 500 mIPSCs were analyzed per cell. 

Data were acquired at 23-27°C, using an EPC10 Patch-clamp amplifier (HEKA, Ger-

many), filtered at 3 kHz and sampled at 10-40 kHz using Patch Master 2.32 software and 

analyzed by the use of Fit-master software v2.65 (both from HEKA, Lambrecht, Ger-

many).  

 

2.2.3 Statistical analysis  
All results of quantitative analyses are given as mean ± s.e.m calculated from each cell 

analyzed. Statistical analyses were performed using GraphPad Prism 5 software using the 

test indicated in each figure and in all cases, statistical significances are marked as 

*p<0.05, **p<0.01 and ***p<0.001.  
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3 Results 
3.1 Bassoon and Piccolo as regulators of neurotransmitter release  

3.1.1 A role for Piccolo in the neurotransmission 

3.1.1.1 Piccolo deletion impairs synaptic vesicle recycling and reduces 

mEPSCs frequency 
Although recently new data on the role of Piccolo have been published its function in 

nerve terminals is still only partly understood. Piccolo is a presynaptic scaffolding protein 

paralogous to Bassoon; both share ten regions of homology (Fenster et al., 2000). The 

region 7 contains a PxxP motif, which in the case of Bassoon has been reported to facili-

tate the recruitment of Cav2.1 to transmitter release sites and to contribute to the regula-

tion of synaptic transmission (Davydova et al., 2014). Although Piccolo contains a similar 

motif, its function has not been analyzed to date. 

To do so, I used Piccolo-mutant mice (referred to here as Pclo mut) hippocampal cultures, 

in which the deletion of exon 14 of the Piccolo gene ablosished the expression of the pre- 

Figure 6: Piccolo-mutant neurons 
exhibit impaired presynaptic func-
tion. (A) Syt1 Ab uptake assay: repre-
sentative images of WT and Piccolo-
mutant neurons (20DIV) from the 
proximal part of the dendrite (20-50 
μm from the soma), analyzed under en-
dogenous network activity conditions. 
Sphy was used to label presynaptic ter-
minals. The right images show merged 
images of Sphy (cyan) and Syt1 Ab 
(magenta). Scale bar 5μm. (B) Quanti-
fication of averaged Syt1 Ab uptake 
assay immunofluorescence values per 
cell as shown in A. (C) Quantification 
of active presynaptic puncta in Syt1 
Ab assay under endogenous network 
activity conditions. (D) Representative 
images under evoked activity condi-
tions. (E) Quantification of Syt1 Ab 
uptake assay immunofluorescence as 
shown in D. (F) Quantification of ac-
tive presynaptic puncta in Syt1 Ab as-
say after 4 min 50mM KCl stimulation 
Values are averages from three inde-
pendent experiments and are normal-
ized to control. The numbers within the 
columns indicate the number of cells 
analyzed per condition. Bars represent 
mean values; whiskers, SEM. The sta-
tistical significance was assessed using 
a t-test. ns = p>0.05; ** = p<0.01; *** 
= p<0.001.  
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synaptic protein almost completely (<5% compared to WT) (Mukherjee et al., 2010). In 

order to assess whether these mice display impairment of presynaptic functions, a Syn-

aptotagmin 1 antibody (Syt1 Ab) uptake assay was performed in WT and Piccolo-mutant 

hippocampal primary neurons. The labeled antibody binds to the luminal domain of the 

SV protein synaptotagmin1, which is internalized into synaptic vesicle after exo-/endo-

cytosis. The amount of the internalized antibody serves as a measure for the SV recycling 

efficiency at individual synapses. The incubation was performed under endogenous net-

work activity driven conditions for 20 min, and during chemical stimulation (50 mM KCl 

for 4min) to measure evoked activity conditions, which leads to the release of the total 

recycling pool of vesicles (Alibi and Tsien, 2012). In addition to the Syt1 Ab antibody, 

Figure 7: Piccolo-mutant neurons show decreased frequency of mEPSC. (A) Representative traces of AMPA- 
mEPSC recoded in WT and Pclo mut cultures at 19DIV. (B) Cumulative distributions of the mEPSC amplitudes in WT 
and Pclo mut cultures (C) Mean amplitude of the mEPSC from WT and Pclo mut mice. Data in B, C are mean ± s.e.m. 
(D) Cumulative distributions of the mEPSC inter-event intervals in WT and Pclo mutant neurons at 19-21 DIV. (E) 
Quantification of the mean frequency of WT and Pclo mutant mice ±s.e.m. (F) Representative traces of GABA-mIPSC 
recoded in WT and Pclo mut cultures at 19DIV. (G) Cumulative distributions of the mIPSC amplitudes in WT and Pclo 
mut cultures (H) Mean amplitude of the mIPSC from WT and Pclo mut mice. Data in G, H are mean±SEM . (I) Cumu-
lative distributions of the mIPSC inter-event intervals in WT and Pclo mutant neurons at 19-21 DIV. (J) Quantification 
of the mean frequency of WT and Pclo mutant mice ±s.e.m. Statistical differences were assessed by Student’s t-test (C, 
H; p>0.5) or non-parametric Mann-Whitney u-test (E, J; p<0.05) in comparison of both genotypes. Number of cells 
indicated in the bars. Data obtained in collaboration with Dr. Yulia Klyueva. 
  

  
 

                 
                  

              
                 

                    



Results 

 

 

32 

the neurons were labeled with synaptophysin (sphy) to mark presynapses. Analyses were 

done at the proximal part of dendrites (20-50 μm from the soma), where functional adap-

tations take place in primary hippocampal cultures (Lee et al., 2013). Under both condi-

tions, the Piccolo-mutant neurons displayed a significant reduction in the Syt1 Ab uptake 

(Endogenous network activity: Figure 6A, B; Pclo mut 77.64 ± 3.8% of the WT; Evoked 

activity: Figure 6C, D; Pclo  mut 71.63 ± 3.9% of the WT). In contrast, the number of 

puncta positive for the SV-associated protein synaptotagmin 1 (Syt1), used as an indicator 

of activity, was not changed between genotypes either upon endogenous network activity 

(Figure 6C; WT: 0.71 ± 0.022; Pclo mut: 0.77 ± 0.025) nor under chemical stimulation 

(Figure 6F; WT: 0.80 ± 0.021, Pclo mut: 0.79 ± 0.017).Eneko 

In order to assess whether presynaptic impairment in the absence of Piccolo affects also 

the postsynaptic  function, I collaborated with my colleague Dr. Yulia Klyueva to meas-

ure AMPA  receptor-mediated miniature excitatory postsynaptic currents (mEPSC) using 

whole-cell voltage clamp recordings of mature hippocampal WT and Piccolo-deficient 

neurons (19-21DIV). Piccolo-mutant neurons showed a decreased frequency of mEPSCs 

(Figure 7D, E; WT: 3.202 ± 1.045 Hz, Pclo mut: 1.342 ± 0.4746 Hz) while the amplitude 

was not changed (Figure 7B, C; WT 23.05 ± 3.04 pA, Pclo mut 20.16 ± 1.94 pA), con-

firming the Syt1 Ab uptake results. In parallel, I examined whether the deletion of Piccolo 

altered the basic inhibitory transmission in mature hippocampal neurons. Analysis of the 

GABA-mediated miniature inhibitory postsynaptic currents (mIPSC) amplitude between 

Figure 8: Piccolo does not disturb the number of excitatory or inhibitory synapses. (A, C) Example of im-
munostainings for excitatory (A) and inhibitory (C) synapses of WT and Pclo mutant neurons. The right images are 
overlay images with VGluT (green) and Homer1 (red) in synaptophysin(Sphy)-positive puncta to identify excitatory 
synapses. For inhibitory VGAT (green) and Gephyrin (red) were used. Scale bar, 5μm. (B, D) Quantification of ex-
citatory (B) or excitatory (D) synapses per μm in the proximal segment of the dendrites. Values are averages from 
three independent experiments and are normalized to control (18-19 DIV). The number of cells analyzed is indicated 
within the bars. Bars represent mean values; whiskers, s.e.m.. The statistical significance was assessed using a t-test. 
ns=p>0.05.  
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WT and Piccolo-mutant mice were not changed (Figure 7G, H; WT: 5.41 ± 1.37Hz; Pclo 

mut: 7.73 ± 1.36Hz). Moreover, cumulative distribution of the mIPSC inter-event inter-

vals appeared slightly, but not significantly increased in Pclo mut compared to WT (Fig-

ure 7I, J; WT: 38.55 ± 4.83 pA; Pclo mut: 42.80 ± 4.09 pA). This suggests that presynaptic 

function is impaired in excitatory, but not in inhibitory synapses of Piccolo-deficient neu-

rons. The reduced mEPSC frequency might be due to a reduction in the number of excit-

atory synapses in mature Piccolo-mutant cultures. In order to address this question, I per-

formed triple immunostaining to determine whether the number of excitatory or inhibi-

tory synapses was changed in Piccolo absence.  To identify excitatory synapses, the pri-

mary cultures were labelled with antibodies against VGlut1 and Homer1, whereas vesic-

ular GABA Transporter (VGat) and Gephyrin were used for inhibitory synapses (Figure 

8A, C). The quantitative analysis revealed no significant changes between WT and Pic-

colo-mutant excitatory (Figure 8A, B; WT: 0.64 ± 0.01840 and Pclo mut: 0.63 ± 0.021) 

and inhibitory (Figure 8C, D; WT: 0.30 ± 0.01144 and Pclo mut: 0.30 ± 0.012) synapses. 

 

These results indicate that the differences observed in the Syt1 AB uptake assay and the 

electrophysiological results from Piccolo-mutant neurons are not due to changes of the 

Figure 9: Quantification of presynaptic pro-
tein levels in hippocampal Piccolo-mutant 
neurons. (A-D) Immunostainings examples of 
various presynaptic proteins in WT and Pic-
colo-mutant hippocampal neurons. The center 
images (presynaptic proteins of interest; ma-
genta) were overlaid with synaptophysin (Sphy; 
cyan). Images on the right are the overlay result. 
Scale bar 5 μm. (E) Quantification of the com-
ponents of the presynapse was done in the prox-
imal region of the dendrite (between 10-50 μm 
of the first portion of the dendrite branch). Val-
ues are averages from, at least, three independ-
ent experiments and are normalized to control 
(18-19 DIV). Only immunofluorescence of 
Sphy positive puncta were taking into account  
The number of cells analyzed is indicated 
within the bars. Bars represent mean values; 
whiskers, s.e.m..The statistical significance was 
assessed using a t-test. ns=p>0.05, **p<0.01  
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number of excitatory/ inhibitory synapses or active presynaptic boutons, but rather to 

modifications of Pr at the level of individual synapses. Changes in either evoked Ca2+ 

influx into the presynapse and/or SV recycling have been reported to modulate the Pr 

(Murthy et al., 2001; Zhao et al., 2011; Jeans et al., 2017).  

 

3.1.1.2 Piccolo deficiency barely affects the composition of the CAZ 
There is a tight correlation between active zone size and the Pr (Holderith et al., 2012; 

Michel et al., 2015). In order to address whether the molecular composition of the pre-

synapses is affected in Piccolo-mutant neurons, I performed quantitative immunostain-

ings against some CAZ proteins, which have been published to organize the release ma-

chinery, such as RIMs, Bassoon, Munc13-1, and RBP2 (Figure 9A-D). The cultures were 

immunostained with specific antibodies, and the fluorescence intensity was measured at 

individual synapses defined by synaptophysin puncta, comparing Piccolo-mutant synap-

ses and WT hippocampal cultures. No significant changes were detected in the im-

munostaining intensity of RIMs, Bassoon and Munc13-1 (Figure 9E; RIMs: Pclo mut is 

104.9% ± 6.1% of the WT; Bassoon: Pclo mut: 93.85 ± 4.9% of the WT; Munc13-1: Pclo 

mut: 97.93 ± 3.4% of the WT), which is in line with previous publications (Mukherjee et 

al., 2010). However, RBP2 was found significantly decreased in Piccolo-mutant synapses 

(Figure 9E; RBP2: Pclo mut: 74.74 ± 4.6% of the WT). Thus, the lack of Piccolo in nerve 

terminals affects specifically the localization of RBP2. 

 

3.1.1.3 RBPs may link 

Piccolo to calcium chan-

nels 
RBPs harbour three SH3 do-

mains, which can connect pre-

synaptic scaffold proteins to the 

pore-forming subunit of Ca2+ 

channels (Hibino et al., 2002). 

Indeed, my lab showed that Bas-

soon via a PxxP motif located in 

the 7th PBH region can bind to 

Figure 10: PxxP motif contained in Pclo is conserved across evolu-
tion. (A) Scheme of the PxxP-motif contained in Bsn and Pclo high-
lighted in red. (B) Scheme of the PxxP motif sequence conserved 
among species. The information comes from a protein BLAST in 
www.nacbi.nlm.nih.gov/BLAST/  
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RBPs, and ultimately, to calcium channels (Davydova et al., 2014). Based on the struc-

tural similarities between Piccolo and Bassoon, I was keen to know whether Piccolo could 

exert similar functions like Bassoon in the recruitment of VGCC. A protein BLAST re-

vealed that the PxxP sequence contained in the 7th PBH region of Piccolo is conserved 

among different species (Figure 10B). It might suggest that this sequence is important for 

some yet undiscovered functions. 

To explore whether RBP binds Piccolo in heterologous cells, I co-expressed EGFP-Pclo 

27 (aa3602-3787) or its non-binding mutant (EGFP-27*), where a 3-amino-acid mutation 

was introduced into the RBP-binding interface (RTLPNPP/ATLANPA), together with 

full-length RBP2 tagged with a myc flag in HEK293T cells. Anti-GFP microbeads were 

used to co-immunoprecipitate (co-IP) over-expressed Piccolo and RBP2. The mutation 

completely prevented binding, while there was strong co-IP of RBP2 with Pclo27 with 

the intact PxxP motif (Figure 11A), suggesting that RBP2 may serve as a link between 

Ca2+ channels and the presynaptic scaffold. To test whether RBP2 is responsible for sim-

ultaneous integration of Piccolo and VGCC, I performed a triple co-IP from HEK293T 

cells expressing Piccolo fragments (aa3602-3792) containing PxxP motif (mRFP-Pclo), 

Cav2.1 (EGFP- Cav2.1) or Cav2.2 (EGFP- Cav2.2) and myc-tagged full-length RBP2 us-

ing specific GFP antibodies. The signal of mRFP-Pclo was detected only when RBP2 

was simultaneously co-expressed with the EGFP-Cav2s fragments (Figure 11B), confirm-

ing that RBP2 might serve as a link between Piccolo and VGCC in vitro. On the other 

hand, I observed stronger co-IP with Cav2.1, meaning a preferential binding of Piccolo to 

this channel subtype. I discarded this idea when the differences in the co-IP signals were 

Figure 11: RBP2 could potentially link Piccolo with VGCC. (A) Myc-RBP2 can be co-immunoprecipitated with GFP 
antibodies when co-expressed with EGFP- Pclo27 (aa3602-3787), but not with EGFP-Pclo27* (RTLPNPP/ATLANPA) 
or with EGFP alone. Antibodies used for immunodetection on Western blots, position of bands corresponding to proteins 
of interest and size markers are indicated. (B) Co-expression of RBP2 is required to co-precipitate Piccolo fragments 
(aa3602-3792; mRFP-Pclo) enclosing the PxxP motif with Cav2.2 (first two columns) or Cav2.1 (second two columns) 
from HEK293T cell lysates with anti-GFP antibodies. 
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attributed to variations of the RBP2 expression, which depended on the Piccolo-VGCC 

fragments co-IP. 

 

3.1.1.4 Voltage-gated calcium channel levels and function in Piccolo-

mutant neurons 
Ca2+ entering into the nerve terminal through Cav2.1 and Cav2.2 is one of the first events 

responsible for initiating the neurotransmitter release at fast conventional synapses (Oli-

vera et al., 1994; Dunlap et al., 1995). The magnitude of Ca2+ entry correlates with the 

number of Ca2+ channels and SV exocytosis rate (Neher et al., 2008; Zhao et al., 2011; 

Lazarevic et al., 2011; Jeans et al., 2017). Protein-protein interactions are crucial to ade-

quate Ca2+ responses necessary for successful neurotransmission. Considering  the 

decrease of the RBP2 fluorescence intensity levels observed in Piccolo-mutant neurons 

(Figure 9), similar to Bassoon-lacking synapses (Davydova et al., 2014), I hypothesized 

that Piccolo might be involved in the positional priming of Ca2+ channels at the AZ plasma 

membrane. While RIM localizes both subtypes of VGCC (Kaeser et al., 2011), Bassoon 

specifically recruits Cav2.1 (Davydova et al., 2014). Therefore, I sought to find out 

whether Piccolo would localize Cav2.2. To this end, I performed immunostaining using 

antibodies against Cav2.1 and Cav2.2 to see whether the levels of both Ca2+ channels were 

impaired in absence of the presynaptic scaffold Piccolo. Fluorescence intensities were not 

Figure 12: Quantification of presynaptic calcium channel protein levels in hippocampus. (A, C) Examples of 
immunostainings for Cav2.1 and Cav2.2 in WT and Piccolo-mutant hippocampal neurons (18-19DIV). The right im-
ages were overlay with Sphy (cyan), and Cav2.1 and Cav2.2(magenta). Scale bar, 5μm. (B, D) Quantification of the 
immunofluorescence in the proximal part of the dendrites (between the first 10-50 μm). Values from three independent 
experiments (normalized to WT). The number of cells analyzed is indicated within the bars. Bars represents mean 
values; whiskers, SEM. The statistical significance was assessed using a t-test. ns=p>0.05. The Cav 2.2 experiments 
were done in collaboration with Dr. Carolina Montenegro.  
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changed neither for Cav2.1 (Figure 12B; Pclo mut: 105.9 ± 4.5% of the WT) nor Cav2.2 

(Figure 12D; Pclo mut: 106.7 ± 8.1% of the WT). These results suggest that Piccolo, in 

contrast to Bassoon, was not involved in the recruitment of VGCC.  

 Despite Piccolo seems not to be involved in the recruitment of Ca2+ channels at the re-

lease sites, it might regulate channel properties. To address this question, I took advantage 

of the genetically-encoded fluorescent Ca2+ indicator GCaMP5G (based on Akerboom et 

al., 2012). This sensor was fused to the C-terminus of the SV protein synaptophysin 

(sphy) to restrict the expression of it within the presynaptic terminals (referred here as sy-

GCaMP5G) . Neurons infected at 4DIV were imaged at 17 DIV or later to let hippocam-

pal neurons reach the mature state. Then, the responses of this cells as immunofluores-

cence brightness peaks, in response to 5, 10 and 20 pulses at 20Hz stimulation were rec-

orded. Consequent analysis between genotypes revealed that Piccolo did not influence 

the evoked Ca2+ influx in primary hippocampal neurons (Figure 13A, B, C; Pclo mut at 

5AP: 95.54 ± 7.8% 

of the WT; Pclo mut 

at 10AP: 112.4 ± 

7.6% of the WT; 

Pclo mut 20AP: 

115.9 ± 10% of 

the WT). These 

results are in line 

with previously 

Figure 14: No specific sub-type contribution of VGCC in Piccolo-mutant neurons. 
Quantification of WT and Piccolo-mutant hippocampal neurons (18-19DIV) GCaMP5G 
responses upon 5 pulses stimulation before and after AgaTx application for 8min (left) 
and ConoTx for 10min (right). Data was normalized to each control. The bars represent 
average responses ± s.e.m. of the Ca2+ sensor from three individual experiments. Statis-
tical differences were assessed by Student t-test, ***=p<0.001.  
 
 

            
         

             
             
              

               

Figure 13: Piccolo-mutation does not change evoked presynaptic Ca2+ influx. (A) Representative images depicting 
the fluorescence response of mature hippocampal neurons (19DIV) from WT and Piccolo mutant, expressing Sy-
GCaMP5G before stimulation (F0) and upon stimulation with 5 (F5) 10 (F10) and 20 (F20) pulses at 20Hz. Scale bar 
2μm. (B) Representative traces of responses by 5, 10 and 20 pulses of WT (grey) and Piccolo mutant (blue) hippo-
campal neurons. (C) Quantification of the average responses ± s.e.m. of the Ca2+ sensor from ≥ two individual exper-
iments to 5, 10, and 20 pulses of WT and Piccolo mutant neurons. Statistical significance was assessed by Student t-
test, ns=p>0.05. 
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reported unchanged VGCC levels in this thesis, and therefore, opposite to my initial hy-

pothesis. Furthermore, it clarified previous assumptions about Piccolo´s role in the overall 

presynaptic Ca2+ entry at the plasma membrane. However, whether the presynaptic pro-

tein contributes to subtype-specific presynaptic Ca2+ transients remained was unknown. 

To answer this question, I selectively suppressed P/Q-type influx with the spider toxin 

Agatoxin (AgaTx), while the cone snail Conotoxin (ConoTx) was used to inhibit N-type 

contribution. The blockers were bath applied for 8 and 10 min, respectively, after a first 

acquisition to compare treated with non-treated responses to verify the state of the drugs 

(short drug lifetime). AgaTx and ConoTx significantly decreased the Ca2+ entry in either 

in WT or in Piccolo-mutants (Figure 14; Left: AgaTx: WT: 39 ± 4 %; Pclo mut: 36 ± 5.1 

%; Right: ConoTx: WT: 63 ± 3.1%; Pclo mut: 64± 2.9%), supporting previous results in 

the overall Ca2+ responses in Piccolo-mutant presynapses.  Accordingly, I conclude that 

Piccolo neither regulate the localization nor the functional characteristics of VGCC in 

hippocampal neurons. 

 

Figure 15: Reduced SV pool sizes in Piccolo-mutant neurons. (A) Scheme showing the supercliptic SynaptopHluo-
rin construct. The supereclitic GFP-pHluorin is inserted between the third and the fourth transmembrane domain of 
synaptophysin and the dimeric RFP (tdimer2) is fused to the C- terminal part of synaptophysin. (B) Representative 
images of mature WT and Piccolo-mutant neurons at basal state (F0), after 40AP (F40), 900AP (F900) and the NH4Cl 
pulse (FNH4Cl). Scale bar 2μm. (C) Represent traces of the experiments described in B. (D) Quantification of Synapto-
physin-pHluorin signal normalized to NH4Cl signal (mean ± s.e.m.) from two independent experiments. Number of 
analyzed cells indicated within the columns. Student ́s t-test was used for statistics; ns= p>0.05, *=p<0.05. These ex-
periments were performed by Dr Carolina Montenegro.  
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3.1.1.5 Does Piccolo affect the synaptic vesicle cycle? 
The correlation between the Pr and the size of the SV pools has been demonstrated by 

several groups (Dobrunz and Stevens, 1997; Murthy et al., 2001; Thiagarajan et al., 2005; 

Branco et al., 2008; Zhao et al., 2011). Using the Syt1 Ab uptake, I showed the impair-

ment of the presynaptic function in Piccolo-mutant neurons. In order to know whether 

the presynaptic scaffold regulates the SV pool sizes, I took advantage of the genetically-

encoded pH-sensitive probe called Synaptophysin-pHluorin (SynpHy). This tool is a fu-

sion protein made from a pH-sensitive GFP-pHluorin inserted in the intraluminal domain 

of the SV protein Sphy ( Figure 15A; Rose et al., 2013). Due to low pH in the lumen of 

SV (5.5), the SynpHy fluo-

rescence remains quenched. 

Upon stimulation and exocy-

tosis, vesicles fuse with the 

plasma membrane and the 

fluorescence rapidly in-

creases due to exposure to 

the basic extracellular me-

dium (pH 7.4). Subsequent 

endocytosis and vesicle re-

acidification produced a flu-

orescent decay of the signal. To measure the size of the different SVs pools, I employed 

the ‘alkaline trapping’ method using bafilomycin A (BafA). This drug is a reversible in-

hibitor of the vesicular proton pump (V-type ATPase), which was applied to prevent the 

vesicle re-acidification after SV exocytosis (Sankaranarayanan et al., 2001). SVs exocy-

tosis was triggered by continuous stimulation with 40 pulses at 20 Hz to ensure the release 

of the RRP, followed by 900 pulses at 20Hz to ensure the exocytosis of the TRP, with two 

minutes in between for recovery of the cells. At the end of the experiment 60mM NH4Cl 

was applied to the extracellular medium, which alkalinizes the SV lumen and therefore 

de-quenches the entire pHluorin-expressing vesicle pool. The ‘alkaline trapping’ allowed 

us to determine the maximum green fluorescence signal and thereby to correct for differ-

ences in the expression levels between individual synapses (Figure 17B, C). Analyzed 

SV exocytosis revealed a decrease in TRP (Figure 15D; Pclo mut: 82.19 ± 5.2% of the 

WT) in Piccolo-mutant cells, while in the RRP no significant difference was observed 

Figure 16: Sy-GCaMP5G fluorescence decay time constant is not 
change in Piccolo-mutant neurons. (A) Representative peak normalized 
traces fit to one-exponential decay model (grey-WT and blue-Pclo mut 
lines). (B) Decay time constant quantification from 4 independent experi-
ments. Student´s t-test was used to compare the responses. Number of cells 
indicated in the bars. Bars represents mean values; whiskers, SEM; number 
of cell analyzed indicated in the bars. The statistical significance was as-
sessed using a t-test, ns=p>0.05. 
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(Figure 15D; 82.28 ± 9.2 % of the WT), supporting previous results obtained in the Syt1 

Ab uptake assay. Additionally, these results are in line with a recent publication, where 

no changes in the RRP and a decreased TRP were observed upon Piccolo deletion in rats 

(Ackermann et al., 2018). They proposed that via Pra1, Piccolo impairs RAB5 function, 

and consequently the endosome sorting affecting the SV replenishment.  

 

It has been reported that 

upon changes of the Ca2+ 

transients, the SV recy-

cling is modulated (Sanka-

ranayanan and Ryan, 

2001; Dittman and Ryan, 

2009; Wu et al., 2009; 

Wu et al., 2014a; Wu et 

al., 2014b). The mem-

bers of the Syt family 

have been proposed to promote the SV recycling (Haucke et al., 2000; Jarousse and al., 

2003; Yao et al., 2012; Liu et al., 2014; Wang et al., 2016). Since Pclo serves as a low-

affinity Ca2+ sensor within the presynapse (Gerber et al., 2001), it might contribute to the 

vesicle recycling. Thus, I wondered whether the clearance of Ca2+ from the presynaptic 

terminals lacking Pclo could affect SV recycling. I analyzed the fluorescence decay rate 

of the evoked Ca2+ influx responses from Figure 15 and 16. The decays were normalized 

to the maximum value of the peak, and the outcome traces were fitted to a single expo-

nential equation. Comparison between decay constant tau of WT and Piccolo-mutant neu-

rons resulted in no significant difference (Figure 16A, B; WT: 0.3986 ± 0.055 sec; Pclo 

mut: 0.3927 ± 0.049 sec), indicating that the Ca2+ did not play any role in the mechanism 

of SV pool size regulation. Therefore, I used a precise tool to measure the SV endocytosis 

in Piccolo-mutant cultures, the SynpHy. 

Several studies have demonstrated that Piccolo interacts with actin-binding proteins in-

cluding the actin-binding protein 1 (Abp1; Fenster et al., 2003), Profilin2 (Waites et al., 

2011), Daam1 (Wagh et a., 2015) or Trio (Terry-Lorenzo et al., 2016). The interplay with 

Pra1 (Fenster et al., 2000) and/or GIT1 (Kim et al., 2003) supports its role in the SV 

endocytosis. To see whether Piccolo impairs the SV recycling in my model, I used the 

Figure 17: Piccolo deletion has no consequence in SV endocytosis. (A) Nor-
malized fluorescence changes of sy- pHluorin in WT and Pclo mutant hippocam-
pal neurons (19DIV). (B) Decay time constant quantification from 2 independent 
experiments. Bars represents mean values; whiskers, SEM; number of cells ana-
lyzed indicated in the bars. The statistical significance was assessed using a t-test, 
ns=p>0.05.  
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genetically encoded tool SypHy to measure the endocytic rate. Upon 200AP at 20Hz 

stimuli, I evoked the SV exocytosis de-quenching the fluorescence of the pHluorin, while 

consequent endocytosis and vesicle re-acidification causes a decay of the fluorescence.  

 I determined the decay time constant of WT and Piccolo-mutant neurons by fitting the 

normalized decay curves to one exponential function. Comparison of both decay times 

showed no significant differences (Figure 17A, B; Pclo mut: 93.85 ± 8.7% of the WT), 

suggesting that the endocytosis is not affected in my model.  

These results are in line with a recent publication where is it shown that Piccolo deletion 

impairs the formation of early endosomes not affecting the initial steps of the endocytosis 

(Ackermann et al., 2018). 

To test whether my model 

exhibits the same deficits 

in endosome formation, I 

quantified the protein lev-

els of the early endosome 

antigen 1 (EEA1). In my 

analysis, the levels of 

EEA1 were decreased in 

Piccolo-mutant neurons 

(Figure 18B right; Pclo 

mut: 81,79 ± 3.5% of the 

WT). These results support 

the role of Piccolo in SV 

replenishment, as it was 

hypothesized.  

 

3.1.2 Bassoon deletion enhances presynaptic calcium influx in hippo-

campal neurons  
Findings of my group demonstrated differential recruitment of Cav2.1 via RBPs at the 

plasmatic membrane in Bassoon KO hippocampal neurons (here referred to as Bnsgt) 

(Davydova et al., 2014). These neurons show decreased signals in Syt1 Ab uptake assays 

during endogenous network activity, and exhibit an impaired frequency of mEPSCs. I  

Figure 18: Endosome marker levels are decreased in Piccolo-mutant pre-
synapses. (A) Representative images of the proximal segment (the first 10-50 
μm of the neuron branch) of WT and Pclo mut neurons (14DIV) stained with 
early endosome antigen 1 (EEA1). Sphy was used to label presynaptic termi-
nals. The right images were overlayed with Sphy (cyan and EEA1 (magenta). 
Scale bar, 5μm. (B) (Left) Schematic representation depicts when Rab5 and 
EEA1 associate to generate early endosomes. (Right) Quantification of EEA1 
levels as shown in A. Values are normalized to each control, and are averages 
from two independent experiments. The numbers within the columns indicate 
the number of cells analyzed per genotype. Bars represents mean values; 
whiskers, SEM. The statistical significance was assessed using a t-test. ** = 
p<0.01. 
 

         
            

             
        
           

             
            

          
             

           
           

           
         

        
          
              

            
           

          
          

             
           

           
          



Results 

 

 

42 

wondered how Bassoon deletion interfered in the presynaptic function, and in particular 

its role in the regulation of VGCC-mediated Ca2+ entry. First, I reproduced previous data 

showing that Synapsin 1,2 (syn1, 2) positive Bsngt presynapses exhibited an impairment 

of the Syt1 Ab signal under endogenous network-driven conditions (Figure 19A, B; Bsngt: 

68.72 ± 2.7 % of the WT). Additionally, by inducing chemical depolarization, Syt1 Ab 

uptake is also significantly decreased in Bsngt neurons (Figure 19C, D; Bsngt: 67.22 ± 3.2 

% of the WT). These data support previous works showing the importance of Bassoon 

within the presynaptic terminal.  

Second, taking advantage of the genetically encoded Ca2+ sensor sy-GCaMP5G, I wanted 

to see whether the absence of Bsn modulated the presynaptic Ca2+ influx. Measuring Ca2+ 

entry upon 5, 10 and 20 pulses at 20Hz, I observed an increase of the presynaptic Ca2+ in 

Bsngt neurons compared to WT (Figure 20A, B, C; Bsngt at 5AP: 137.8 ± 9.3% of the 

WT; Bsngt at 10AP: 140.6 ± 9.4% of the WT; Bsngt at 20AP: 140.2 ± 9.2% of the WT). 

This data suggests that the deficiency in Syt1 Ab uptake shown in Bsngt synapses is not 

due to VGCC-mediated Ca2+ income, but more likely to the modulation of other steps of 

the SV cycle, e.g. endocytosis, exocytosis or the size of the SV pool sizes. 

Figure 19: Bassoon lacking neurons show impaired presynaptic function. (A) Syt1 Ab uptake assay representative 
images of WT and Bsngt neurons (20DIV) from the proximal part of the dendrite (between 10-50 μm of the neuron 
branch) analyzed under endogenous network activity condition. SyHhy was used to label presynaptic terminals. The 
right images were overlayed with synapsin 1,2 (cyan) and Syt1 Ab (magenta). Scale bar 5μm. (B) Quantification of 
Syt1 Ab uptake assay as shown in A. (C) Representative images under evoked activity conditions. (D) Quantification 
of Syt1 Ab uptake assay as shown in B. Values are averages from ≥ three independent experiments and are normalized 
to control. The numbers within the columns indicate the number of cells analyzed per condition. Bars represent mean 
values; whiskers, SEM. The statistical significance was assessed using t-test. *** = p<0.001. Experiment conducted in 
collaboration with Dr. Carolina Montenegro. 
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Third, it is completely unknown how Bassoon deletion generates the changes in overall 

evoked presynaptic Ca2+ influx. Thus, I dissected the contribution of each VGCC subtype 

in hippocampal neurons. To address this question, AgaTx and ConoTx were bath applied 

to block N-type or P/Q-type Ca2+ income. After AgaTx application a similar reduction 

was observed in both genotypes (Figure 21A (left); WT/AgaTx: 48.11 ± 5.1% of WT; 

Bsngt/AgaTx: 48.11 ± 5.1% of Bsngt). However, while ConoTx application caused a 38% 

reduction in WT neurons , a 49%  was registered in Bsngt neurons (Figure 21A (right); 

WT/ConoTx: 62 ± 2.8% of WT; Bsngt/ConoTx: 51 ± 3.1% of Bsngt). These results may 

explain the changes in the overall presynaptic Ca2+ entry of Bsngt obtained before, and are 

in agreement with previous publications, which showed a relative enhancement of the 

Cav2.2-mediated contribution (Davydova et al., 2014).  

 

Figure 20: Enhanced evoked presynaptic Ca2+ influx in Bsngt neurons. (A) Representatives images depicting the 
fluorescence response of mature hippocampal neurons (18-19DIV) from WT and Bsngt, expressing Sy-GCaMP5G 
before stimulation (F0) and upon stimulation with 5 (F5), 10 (F10) and 20 (F20) pulses at 20Hz. Scale bar 2μm. (B) 
Representative traces of responses by 5, 10 and 20 pulses of WT (grey) and Bsngt (red) hippocampal neurons. (C) 
Quantification of the average responses ± s.e.m. of the calcium sensor from ≥ two individual experiment to 5, 10, and 
20 pulses of WT and Bsngt neurons. Statistics were assessed by Student t-test, **=p<0.01. 

 
 

                 
                
                   

                   
                
                

              
                

                       
                  

                     
   

 

Figure 21: VGCC subtype contribution in Bsngt synapses. (A) Quantification of evoked Ca2+ income of WT and 
Bsngt hippocampal neurons (19-20DIV) upon 5 pulses stimulation, before and after drug application, AgaTx for 8min 
(left), and ConoTx for 10min (right). Data was normalized to each control. (B) Comparison of the relative effect of 
AgaTx and ConoTx in WT and Bsngt neurons. The bars represent average responses ± s.e.m. of the calcium sensor 
from three individual experiments. Statistical differences were assessed by Student t-test for A, and one-way ANOVA 
with Bonferroni ́s posttest for B.  ***=p<0.001; ns= p>0.05.  
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3.1.3 Evoked calcium influx in Bassoon/Piccolo double mutant presyn-

apses 

In parallel to the previous presynaptic Ca2+ imaging experiments shown, I measured the 

evoked presynaptic Ca2+ income in Bassoon/Piccolo double-mutant primary cultures of 

hippocampal neurons (here referred as DKO). Taking advantage of the previously de-

scribed genetically-encoded tool, I observed a significant increase Ca2+ magnitudes in 

DKO presynapses in comparison with WT (Figure 24; Double-KO: 129.9 ± 10.7% of the 

WT). (Figure 22; Double-KO: 129.9 ± 10.7% of the WT). Surprisingly, a 30% increase 

was registered when both scaffolds were deleted, similar increase registered in Bsngt neu-

rons (~37%). Therefore, the fact that Piccolo is missing, in addition to Bassoon, has no 

additive effect. Despite my first hypothesis suggesting a contributory role of Piccolo to 

the regulation of VGCC function, only Bassoon seems to play that role in hippocampus. 

In summary, the absence of either Piccolo or Bassoon has consequences for the neuro-

transmitter release. While Piccolo is more involved in processes regulating the SV cycle, 

Bassoon is postulated as an important piece for the neurotransmission machinery. Besides 

Figure 22: Double-KO enhances evoked presynaptic Ca2+ influx. (A) Representatives images depicting the fluo-
rescence response of mature hippocampal neurons (18DIV) of WT and DKO, expressing Sy-GCaMP5G before stim-
ulation (F0) and upon stimulation with 5 pulses (F5) at 20Hz. (B) Representative traces of responses by 5 pulses of 
WT (grey) and Double-KO (green) hippocampal neurons. (B) Quantification of the average responses ± s.e.m. of the 
calcium sensor from two individual experiment to 5pulses. Statistical was assessed by Student t-test, *=p<0.05 
 

              
                 

               
                

                
              

             
              
                     
                

               

Figure 23: Bassoon deletion impairs presynaptic function upon chronic silencing. (A)Quantification of the Syt1 
Ab uptake assay in WT, WT silenced, Bsngt and Bsngt silenced upon endogenous network activity conditions, and 
(B)chemical depolarization (20-21DIV). Values are normalized to each control. Values are averages from ≥ three 
independent experiments and are normalized to each control. The numbers within the columns indicate the number of 
cells analyzed per condition. Bars represents mean values; whiskers, SEM. The statistical significance was assessed 
using a t-test. *** = p<0.001, ns=p>0.05. Experiment conducted in collaboration with Dr. Carolina Montenegro.  
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its contribution to presynaptic Ca2+ influx, it seems to be important for the SV cycle too. 

I showed that both scaffolds, Bassoon and Piccolo, are important proteins for the well-

functioning of the synapses.  

 

3.2 Bassoon and Piccolo are molecular regulators during homeostatic 

plasticity 

3.2.1 Bassoon is required for presynaptic homeostatic plasticity adap-

tive mechanisms 
Several studies reported that changes in evoked Ca2+ income, specifically through P/Q-

type influx, underlie presynaptic homeostatic adaptations (Zhao et al., 2011; Davis and 

Müller, 2015; Jeans et al., 2017). Although it is not clear whether changes in the number 

or the function regulate the homeostasis. Bsn, the presynaptic scaffold, has been reported 

to contribute to the  recruitment of Cav2.1 to the release sites (Davydova et al., 2014). 

Additionally, in this thesis, it has been shown that it contributes to the presynaptic Ca2+ 

VGCC-mediated entry. Therefore, I was keen to know whether Bsn was a key molecular 

player during homeostatic plasticity mechanisms. To study the role of Bsn during home-

ostatic adaptations, I treated mature hippocampal neurons (20DIV) with 50µM D-APV5 

(NMDA receptor antagonist) and 10µM CNQX (AMPA-receptor antagonist) for 48h in 

order to induce chronic silencing. 

 

Quantification of Syt1 Ab uptake after prolonged blocking excitatory  synaptic activity 

block revealed that APV/CNQX-treated neurons showed a large increase of the fluores-

cence signal, but Bassoon deficient neurons were not able to do so either during basal 

network-driven activity (Figure 23A; WT APV/CNQX: 151.9 ± 8.2% of WT; Bsngt 

APV/CNQX: 111 ± 4.2% of Bsngt) nor upon chemical depolarization (Figure 23B; WT 

APV/CNQX: 138.7 ± 5.5% of WT; Bsngt APV/CNQX: 112 ± 6.3% of Bsngt). This data 

emphasizes the importance of Bassoon in mechanisms of homeostatic adaptation.  

 

In order to face perturbation of neuronal activity, neurons can homeostatically regulate 

excitatory or inhibitory synapses. While inhibitory synapses can undergo homeostatic 

plasticity (reviwed in Turrigiano 2011), excitatory synapses are the most studied model. 

I analyzed whether the importance of Bsn during homeostatis is preserved in excitatory 
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neurons. To test this, I used a conditional Bassoon mutant mice generated in my lab. This 

mouse model selectively loose Bassoon in glutamatergic forebrain neurons. It was gen-

erated by gene ablation through the empty spiracle homebox-1 (Emx1) promoter-driven 

lox-P/Cre recombinase system (referred here as B2E; Annamneedi et al., 2018). In paral-

lel to previous experiments, quantification of Syt1 Ab uptake assay fluorescence intensity 

in vesicular glutamate transporter 1 (VGlut1)-positive presynaptic boutons of B2E com-

pared to WT was done. As previously, analyzed signals showed that neurons lacking Bsn 

were not able to rise the presynaptic function after chronic silencing upon either endoge-

nous network activity nor evoked (Figure 24; Endogenous network activity: WT 

APV/CNQX: 142 ± 7.4% of the WT and Bsngt APV/CNQX: 111 ± 6.3% of the Bsngt; 

Evoked activity: WT APV/CNQX: 134 ±7.1% of the WT and Bsngt APV/CNQX: 114 ± 

7.1% of the Bsngt). This result supports the importance of Bassoon during presynaptic 

homeostatic adaptations, and shows the relevance of Basson in excitatory synapses inde-

pendent of the inhibitory neurons.  

 

Figure 24: Impaired homeostasis in excitatory Bassoon-deleted presynapses. (A) Representative images of  Syt1 
Ab uptake assay under endogenous network activity conditions of WT and B2E hippocampal neurons, silenced 
(APV/CNQX-treated) and not-silenced (20-22DIV). VGlut (green) was used to label glutamatergic presynaptic ter-
minals, where  Syt1 Ab immunofluorescence signal (magenta) was quantified. Scale bar, 5μm. (B) Normalized Syt1 
Ab uptake assay quantification to each non-silenced genotype (left), and comparison between non-silenced WT and 
B2E neurons (right). (C) Representative images of  Syt1 Ab uptake assay after chemical depolarization (D) Quanti-
fication of Syt1 Ab uptake assay immunofluorescence signal under evoked conditions as shown in C (left). Compar-
ison between non-silenced WT and B2E neurons  (right). Values are averages from two independent experiments. 
The normalization is done either to each non-silenced genotype or to the WT. The numbers within the columns indi-
cate the number of cells analyzed per condition. Bars represents mean values; whiskers, SEM. The statistical signifi-
cance was assessed using a t-test. *** = p<0.001, ns=p>0.05. Graphs A and C were provided by Dr. Carolina Mon-
tenegro, while the analysis of the images (B and D) was done in collaboration with Dr. Montenegro.  
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Continuous manipulation of the global network activity leads to changes in the postsyn-

aptic receptor population (Turrigiano et al., 1998; Shi et al., 2001; Matsuzaki et al., 2004; 

Harms et al., 2005; Plant et al., 2006; Ehlers et al., 2007). To explore whether Bsn induced 

changes in the postsynaptic machinery composition, I measured the surface population of 

AMPA receptor. The neurons were immunolabeled with an antibody that recognizes a 

common extracellular epitope for all AMPA isoforms (1-4, named here as panGluA). 

Using the Syt1 Ab uptake assay, the presynaptic function was monitored (Figure 25B; 

WT APV/CNQX: 151 ± 8.2% of the WT; Bsngt APV/CNQX: 111 ± 4.2% of the Bsngt), 

used as control. I confirmed that Bassoon does not impair the surface AMPA receptor 

fraction in silenced neurons (Figure 25C; WT APV/CNQX: 151 ± 11% of the WT; Bsngt 

APV/CNQX: 149 ± 10% of the Bsngt). These results suggest that Bassoon does not elicit 

Figure 25: Bassoon does not affect the surface receptor population on the postsynapse during homeostatic plas-
ticity. (A) Representative images of panGluA and Syt1 Ab uptake assay signals assay in WT and Bsngt, silenced and 
non-silenced hippocampal neurons (20-22DIV). Synapsin1,2 was used to label presynaptic terminals in which the pan-
GluA and Syt1 Ab signals were quantified. The right images represent the overlaid result of panGluA (green), Syt1 Ab 
(red) and the presynaptic marker (blue). Scale bar, 5μm (B) Quantification of the Syt1 Ab uptake immunofluorescence 
signal under endogenous network activity (left). The normalization is done to each non-silenced genotype. Normaliza-
tion of Bsngt  to WT is used as control for the experiment (right). (C) Quantification of the panGluA immunofluores-
cence signal of silenced and non-silenced WT and Bsngt  cells. Values are averages from three independent experiments. 
The numbers within the columns indicate the number of cells analyzed per condition. Bars represent mean values; 
whiskers, SEM. The statistical significance was assessed using a t-test. *** = p<0.001, ns=p>0.05. 
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changes in the postsynaptic receptor population due to chronic changes in network activ-

ity.  

 

Based on the relevance of Bassoon for Ca2+ channel number and function, I wondered 

whether the impairments of the presynaptic homeostatic scaling in Bassoon lacking neu-

rons were due to deficiencies of the Ca2+ income during homeostatic plasticity adapta-

tions. To test this, I took advantage of the genetically encoded Ca2+ sensor sy-GCaMP5G. 

As previously published, chronic silencing induced a significant increase in the presyn-

aptic Ca2+ entry. In contrast, Bsngt neurons were not able to show such enhancement after 

the treatment (Figure 26A; WT APV/CNQX: 144.9 ± 8.9% of the WT; Bsngt 

APV/CNQX: 109.7 ± 5.6% of the Bsngt). For this experiment, the differences between 

WT and Bsngt (Figure 26B; Bsngt: 135.4 ± 7.1% of the WT) were used as quality control. 

Overall, the data accentuate the role of the presynaptic scaffold, not only during neuro-

transmitter release, but during homeostatic plasticity in the presynaptic terminals. Thus, 

my results suggest that Bassoon elicits changes in the SV cycle and presynaptic Ca2+ 

influx not affecting the postsynapse.  

 

3.2.2 Piccolo regulates  synaptic vesicle recycling during homeostatic 

plasticity 
RBP has been reported to stabilize homeostatic plasticity through modulation of presyn-

aptic Ca2+ income and SV pools dynamics (Müller et al., 2015). Since Piccolo-mutant 

neurons showed decreased levels of RBP2, I was keen to know if the presynaptic scaffold 

is important for the presynaptic homeostatic plasticity too. To first explore the role of 

Piccolo during changes of the overall network, I performed Syt1 Ab uptake assays in 

Figure 26: Bassoon is required for presynaptic Ca2+ influx during homeostatic plasticity. (A) Control quantifica-
tion of the average responses ± s.e.m. of the Ca2+  sensor from two individual experiments upon 5 pulses at 20Hz of 
WT and Bsngt hippocampal neurons (20-22DIV), silenced and non-silenced. (B) Responses of non-silenced WT and 
Bsngt Ca2+ wave amplitude used as control (Normalized to WT). (C) Average responses of silenced WT and Bsngt 
neurons (Normalized to WT APV/CNQX). Number of cells analyzed indicated within the bars. Statistical significance 
was assessed by Student t-test, **=p<0.01, ns=p>0.05. 
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silenced neurons. WT neurons significantly increased their uptake upon endogenous net-

work activity, whereas Piccolo-mutant neurons did not (Figure 27B, C; Basal: WT 

APV/CNQX: 146.2 ± 3.8% of the WT, Pclo mut APV/CNQX: 111.7 ± 7% of the Pclo 

mut). To test whether this effect relies on presynaptic modulation mechanisms, I per-

formed Syt1 Ab uptake during a short chemical depolarization. The results confirmed 

previous experiments, showing that Piccolo-mutant neurons were not able to upregulate 

the antibody uptake (Figure 27B, C; WT APV/CNQX: 147.5 ± 6.2% of the WT, Pclo mut 

APV/CNQX: 109 ± 6.1% of the Pclo mut). These results confirm the importance of Pic-

colo during homeostatic adaptations.  

 

Although several studies associated homeostatic adaptations with changes of the SV 

pools sizes (Murthy et al., 2001; Moulder et al., 2006; Müller et al., 2012), others reported 

that the microdomains generated by the VGCC are the key in these processes (Thanawala 

and Regehr, 2013; Jeans et al., 2017). While Piccolo was shown, to bind VGCC through 

Figure 27: Piccolo plays an important role in the SV recycling during homeostasis. (A, D) Representative images 
of WT, Pclo mutant and their respective silenced cells (20-22DIV) of the analyzed Syt1 Ab uptake assay under en-
dogegus network activity conditions (A) and chemical depolarization (D) in the proximal part of the dendrite (first 20-
50). Sphy was used as a presynaptic marker to mask the Syt1 Ab signal. The right images are overlay with sphyt (cyan) 
and Syt1 Ab (magenta). Scale bar, 5μm. (B, C) Quantification of the Syt1 Ab uptake assay in WT, WT silenced, Pclo 
mut and Pclo mut silenced upon basal conditions (B), and chemical depolarization (C). Values are normalized to each 
control. Values are averages from three independent experiments and are normalized to WT. The numbers within the 
columns indicate the number of cell analyzed per condition. Bars represent mean values; whiskers, SEM. The statisti-
cal significance was assessed using a t-test. *** = p<0.001, ns=p>0.05.  
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RBP2, in vitro, no functional consequences were discovered. However, I wondered 

whether the presynaptic proteins is necessary for the well-functioning of VGCC upon 

chronic silencing. Once more, taking advantage of the Ca2+ sensor, I measured the peaks 

of fluorescence after stimulation. The quantification of the ΔF/F0 signal revealed that Pclo 

does not interfere with the presynaptic Ca2+ income during homeostatic plasticity (Figure 

28A; WT APV/CNQX: 158 ± 7.3% of the WT, Pclo mut APV/CNQX: 155.8 ± 7.6% of 

the Pclo mut). Control conditions showed no differences, supporting the veracity of the 

results (Figure 28B; Pclo mut: 104.8 ± 5.9% of the WT). This data demonstrated the 

importance of Piccolo during homeostasis, highlighting the relevance of the scaffold in 

the SV recycling, but  not in the presynaptic Ca2+ influx. 

 

In summary, these results showed, for the first time, two molecular players of the home-

ostatic plasticity in mammals. To date, only RIMs and RBPs have been identified in Dro-

sophila (Müller et al., 2012, 2015). Bassoon seems to be important in multiple homeo-

static mechanisms including SV recycling and VGCC-mediated Ca2+ entry, whereas Pic-

colo is more in volved in the regulation of the SV cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Piccolo does not affect presynaptic Ca2+ 

imaging after chronic silencing. (A) Analyzed aver-
age responses ± s.e.m. of the Ca2+ sensor from three 
individual experiments to 5 pulses at 20Hz of WT, 
Pclo mutant neurons and silenced genotypes (normal-
ized to each non-treated genotype) (20-22DIV). (B) 
Comparison between WT and Pclo mut used as con-
trol (normalized to WT). Number of cells analyzed 
indicated within the bars. Statistical significance was 
assessed by Student t-test, ***=p<0.0001, 
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4 Discussion 
4.1 The contribution of Bassoon and Piccolo to the neurotransmitter 

release 
The correct signal transmission between neurons is the fundamental principle for a 

healthy brain function. The presynaptic active zone, the niche of Bassoon and Piccolo, 

has a major role orchestrating an efficient neurotransmitter release, which is one of the 

crucial steps of the neuronal communication. Understanding the molecular mechanisms 

behind neurotransmission, and those who govern them, underlie the development of new 

strategies to fight brain diseases. Although the role of Piccolo in these processes is not 

fully understood, initial genome-wide association studies have connected Pclo to psychi-

atric and developmental disorders such as depressive and bipolar disorders (Sullivan et 

al., 2009; Choi et al., 2011; Minelli et al., 2012; Woudstra et al., 2013; Giniatullina et al., 

2015). Additionally, a recent study has discovered a non-sense mutation in the Piccolo 

gene in patients with a severe developmental disorder associated with intellectual and 

motor disabilities called pontocerebellar hypoplasia3 (Ahmed et al., 2015). In contrast, 

its paralogous presynaptic protein, Bassoon, has been linked to deafness, epilepsy and 

neurodegeneration (Marquez et al., 2009; Conroy et al., 2014; Wang et al., 2017). More 

recently, the Bassoon gene has been found mutated in patients with familiar and sporadic 

progressive supranuclear palsy-like disorder (Yabe et al., 2018). However, how the two 

presynaptic proteins contribute to the disease development is not known. In this study, I 

focused mainly on the mechanisms that contribute to the neurotransmitter release and 

presynaptic Ca2+ influx regulation. I demonstrated that Piccolo tunes the SV cycling, 

whereas it does not contribute to the presynaptic Ca2+ current modulation. Bassoon, in 

contrast, regulates both processes. My results extend the current knowledge about neuro-

transmission and the players that influence this important mechanism.  

 

4.1.1 Decreased presynaptic performance in Piccolo-mutant synapses 
There are several mechanisms by which neurons can release rapidly and reliably neuro-

transmitter from SV located in the presynapses. Positional priming has been proposed as 

one important process to influence neurotransmission. It is defined as the process that 

localizes Ca2+ channels near "molecularly primed" vesicles (Neher and Sakaba, 2008). 
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This mechanism ensures the rapid and precise release of SV in response to VGCC open-

ing. It modifies the coupling distance between the SV and the Ca2+ nanodomains. RIMs 

and Bassoon have been reported to control the abundance and function of the VGCC in 

mammalian brain presynapses through direct (PDZ domain) or indirect binding via RBPs 

(Kaeser et al., 2011; Davydova et al., 2014). Here, I showed that the specific PxxP motif 

in Piccolo (RTLPNPP) can bind to RBP2 and may serve as a bridge to connect with 

VGCC. A decrease of the RBP2 fluorescence intensity was observed in Piccolo-mutant 

single synapses. In rodents, the deletion of RBPs leads to no major phenotype other than 

unstable synaptic transmission (Acuna et al., 2015, 2016), whereas in flies, it causes a 

severe disfunction of the SV exocytosis (Liu et al., 2011). In the system used here, it 

seems it has no major consequences.  

Functional analysis showed that Piccolo does not influence either the number or the func-

tion of VGCC, which is at odds with the possible implication of Piccolo in the positional 

priming of Ca2+ channels. Thus, I aimed to study the functionality of the RTLPNPP motif 

in Piccolo and its implication in the binding between RBP2 and VGCC. Schneider and 

collaborators, (2015) proposed that within synapses two types of channel populations 

could be found, the mobile and the immobile. While the extrasynaptic region is mostly 

constituted by a mobile fraction, within synapses only 35%-45% of the channels are im-

mobile. Piccolo might contribute to reducing the mobility of certain populations of Ca2+ 

channels. It might limit the movement of the synaptic population avoiding its diffusion 

to the extrasynaptic regions. However, whether Piccolo has an impact in the lateral mo-

bility of VGCC requires further investigation.  

Although no changes were observed in my functional analysis of Picolo-deficient hippo-

campal neurons, I cannot exclude a different outcome in other systems. In central auditory 

synapses lacking Piccolo changes in the levels of certain VGCC-associated CAZ proteins 

were reported (Butola et al., 2017). Specifically, while Bassoon is upregulated, RIMs 

were downregulated, suggesting a possible compensatory effect of Bassoon. Neverthe-

less, Davydova et al., (2014) virtually positioned Bassoon in the first SH3 domain, RIM1 

in the second, and VGCC bound to the third. Thus, it might be that Piccolo binds prefer-

entially to the first RPB domain instead of Bassoon in the auditory system. However, 

Collins et al., (2005) showed that p38 MAPK phosphorylates the serine in position 5 of 

Bassoon´s PxxP motif (RTLPSPP), which might prevent the biding of the scaffold to the 

first SH3 domain. Therefore, the loss of Piccolo might generate a decompensation of the 
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complex and its components. Based on this, it would be interesting to know whether the 

function and/or the levels of VGCC are impaired in Piccolo-lacking central auditory syn-

apses. Recent work proposed that Fife, a Drosophila Piccolo-RIM-related protein, func-

tions as Ca2+ channel anchorage (Bruckner et al., 2017). It organizes the AZ keeping the 

nanometer distance between vesicles and channels for reliable neurotransmission. These 

results might support the idea of the putative role of Pclo in the positional priming of 

VGCC. 

 

4.1.2 Piccolo impairs the synaptic vesicle replenishment 
The data presented in this dissertation suggest a role for Piccolo in the recycling of SVs 

at hippocampal synapses. 

As already outlined in the Introduction, based on ultrastructural properties, biochemical 

characteristics and functional studies, three major pathways have been proposed for SV 

retrieval: clathrin-mediated endocytosis, ‘kiss-and-run’, and bulk endocytosis. Clathrin-

mediated endocytosis is the most studied mechanism, up to date, numerous studies sup-

port the importance of clathrin-mediated endocytosis for the recycling of the SVs. The 

impairment of the function of clathrin leads to a decrease of the endocytosis (Gonzalez-

Gaitan and Jackle, 1997; Granseth et al., 2006; Jockusch et al., 2005; van der Bliek and 

Meyerowitz, 1991). However, the partial or complete loss of clathrin function does not 

block synaptic transmission (Gu et al., 2008; Wu et al., 2014). On the other hand, ‘Kiss-

and-run’ is a precisely and coordinated pathway to recover the vesicles  (Aravanis et al., 

2003; Fesce et al., 1994). It is a faster and less energy-demanding process than its prede-

cessor. This process has been proved to be crucial at fast synapses with a high demand of 

SV needed to maintain high firing rates, like in the Calyx of Held. Bulk endocytosis, 

instead, is a system to retrieve SV through large invaginations of plasma membrane upon 

intense neurotransmission.  

Recent publications on C.elegans and mouse synapses reported a novel mechanism that 

retrieves SVs within 50 to 100 ms after synaptic stimulation referred as “ultrafast endo-

cytosis”. This process follows the same principle as bulk endocytosis, it retrieves SV 

through membrane invaginations with the engagement of actin and dynamin (Watanabe 

et al., 2013a; Watanabe et al., 2013b). 

Based on the pHluorin imaging and Syt1 Ab uptake experiments, I have revealed a major 

deficit in the SV retrieval of Piccolo-mutant neurons, leading to depletion of TRP. With 
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pHluorin imaging I could not show that Piccolo affects negatively SV endocytosis, how-

ever, this does not mean that Piccolo is not involved in other processes. Due to  limited 

temporal resolution, pHluorin imaging is not suitable to study fast modes of SV endocy-

tosis such as ‘kiss and run’ and the recently described ultrafast endocytosis. Thus, addi-

tional methods and further experiments are needed to dig up the role of Piccolo in the 

diverse types of vesicle recycling. Considering the deficits shown by Syt1 Ab uptake in 

Piccolo-mutant neurons, the reported functions of Piccolo during the SV cycle together 

with its role in the activity-dependent assembly of presynaptic F-actin (Leal-Ortiz et al., 

2008; Mukherjee et al, 2010; Waites et al., 2011; Waites et al., 2013; Wagh et al., 2015; 

Butola et al., 2017) and the published interaction with actin-binding proteins, including 

Pra1, Profilin-2, Daam1, Abp1 and Trio, and its role  (Wang et al., 1999; Fenster et al., 

2000; Kim et al., 2003; Waites et al., 2011; Terry-Lorenzo et al., 2016), there are several 

possibilities for its putative role in the reformation of the SVs.  

 

Vesicle sorting, not directly from the plasma membrane, but from endosome structures 

has been suggested to contribute to SV recycling. This process has been strongly impli-

cated in the restoration of the RRP (Hoopmann et al., 2010). Nevertheless, in Piccolo-

mutant neurons no significant reduction in the size of the RRP was observed. Endosome-

like structures have been also implicated in SV recycling during bulk endocytosis. It has 

been shown that bulk endocytosed vesicles might undergo a reexo-/reendocytosis cycle 

after 10-15 min of strong stimulation (Evans and Cousin, 2007), contributing to the re-

plenishment of the RP. Furthermore, while the RRP was unaltered in Piccolo-mutant neu-

rons, I observed a reduction in the size of the RP, suggesting that Piccolo might have a 

role during bulk endocytosis.  

 

RAB proteins, a subgroup of the Ras family of small GTPases, are essential regulators of 

numerous intracellular membrane trafficking events during the SV cycle as molecular 

modulators of the exchange of a GDP-bound ‘off-state’ and a GTP-bound ‘on-state’ (revi-

wed in Barr, 2013; Binotti et al., 2016).  Together, RAB3 and RAB27B are involved in 

SV exocytosis, while RAB27B additionally participates in the  SV recycling. RAB5 has 

a role during SV biogenesis and retrieval. Furthermore, RAB35, together with RAB5, has 

been proposed to contribute to SV replenishment of the SV pools through early endoso-

mal compartments. My preliminary data regarding EEA1 levels suggests that Piccolo 
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might contribute to this SV replenishment mechanism, which goes in line with previous 

reported works about Piccolo´s functionality during SV retrieval (Ackermann et al., 

2018). Through the action of Pra1, Piccolo might influence the function of RAB5, which 

would cause defects in endosome formation, and therefore, in the RP size. The decrease 

of RAB5 activity impairs the maturation of early endosomes, and therefore, affects SV 

replenishment (Wucherpfennig et al., 2003). Although this hypothesis would fit with my 

results, further experiments are needed to prove the contribution of Piccolo to the RAB5 

function in my model. 

 

Another aspect that might be considered is the regulation of the SV mobilization between 

SV pools. It has been shown that posttranslational modification of proteins, such as phos-

phorylation, modulates SV dynamics (Chi et al., 2003; Gelsomino et al., 2013). Synapsin 

phosphorylated at site 1 (Ser9) by PKA, increases the RP size, decreasing the association 

between the vesicle protein to SV and/or F-actin (Hosaka et al., 1999; Menegon et al., 

2006). CaMKI- and IV-mediated phosphorylation at site 1 (Ser9) also modulate the mo-

bilization of SVs (Chi et al., 2003). CDK5 at site 7 (Ser551) generates a decrease in the 

RP size blocking the mobilization of SVs from RtP (Kim and Ryan, 2010; Verstegen et 

al., 2014). CaMKII was identified as a binding partner for synapsin1 on SV (Benfenatti 

et al., 1992), which mediates SV dispersion (Chi et al., 2001). It has been reported that 

the loss of Pclo leads to increase of the SV exocytosis rate through CaMKII-mediated 

synapsin 1 phosphorylation (Leal-Ortiz et al., 2008). As a consequence of this interaction, 

Pclo might deregulate the SV pools sizes. However, the effects of the aforementioned 

presynaptic enzymes cannot be discarded, and should be considered for further research. 

 

4.1.3 Bassoon is necessary for synaptic vesicle recycling 
Several studies demonstrated the importance of Bassoon in neurotransmitter release. 

Many of them reported the relation of the presynaptic scaffold protein with the SV cycle. 

Hallermann et al., (2010) showed that while the spontaneous excitatory currents between 

Bassoon-lacking neurons are not impaired, the protein makes the vesicle reloading at cer-

ebellar mossy fiber-to-granule cell synapses more dynamic. These findings might be sup-

ported by a decreased RRP observed in previous studies (Khimich et al., 2005; Frank et 

al., 2010; Jing et al., 2013). Moreover, evidences suggest that Bassoon plays a role in 

vesicle replenishment at the endbulb synapses of central auditory synapses (Mendoza-



Discussion 

 

 

56 

Schulz et al, 2014), which goes in line with my Stg1 Ab uptake results in hippocampal 

neurons. However, the mechanism which underlies this effect is still unknown. 

Although the deficiency of Bassoon in presynapses could lead to defects in SV endocy-

tosis,  the mobilization of vesicles between SV pools cannot be excluded as a mechanism 

behind the defects shown by the Sty1 Ab uptake assay in Bnsgt synapses. In my lab, we 

observed that CDK5 activity is impaired in this type of neurons (Montenegro-Venegas, 

Pina-Fernández et al., unpublished). CDK5 is an important protein that has been shown 

to participate in neurotransmission, neural development, and postsynaptic signal integra-

tion (Tan et al., 2003; Lagace et al., 2008; Kim and Ryan, 2010; Ou et al., 2010). In nerve 

terminals, this enzyme has been shown to play a role in SV endocytosis, exocytosis, and 

presynaptic Ca2+ influx (Tomizawa et al., 2002; Anggono et al., 2006; Kim and Ryan, 

2010; Su et al., 2012; Kim and Ryan, 2013). Specially, Tomosyn I CDK5-mediated phos-

phorylation has been shown to regulate the RRP and RP size (Cazares et al, 2016). Tomo1 

proteins, which interact with Synapsin 1a/b, mediate via Rab3A-GTP the mobilization 

of vesicles within pools. Furthermore, amphiphysin 1, dynamin 1 and synaptojanin 

are SV recycling -associated proteins reported as substrate of CDK5 (Floyd et al., 

2001; Tomizawa et al., 2003; Tan et al., 2003). Roscovitine, a potent CDK5 antago-

nist, decreases second round of SV endocytosis after stimulation by blocking the 

phosphorylation of dynamin1 on Ser774 and Ser778 (Tan et al., 2003). Moreover, ex-

periments in p35- (CDK5 activator) deficient animals showed that CDK5 activity in-

hibits SV endocytosis, consistent with amphiphysin and dynamin1 CDK5-dependent 

phosphorylation interruption (Tomizawa et al., 2003). Albeit the importance of CDK5 

in the SV cycle  has been largely proved, it is unclear if the kinase displays a major role 

in Bsngt neurons SV cycle. Furthermore, it is not clear whether the SV endocytosis and/or 

SV dynamics cause the defects of vesicle replenishment in Bassoon-deficient presynap-

ses. While the role of Piccolo in vesicle cycling has been explored, less is known about 

Bassoon´s function in this context. Thus, further experiments are needed to dissect the 

defects shown here and the contribution of Bassoon to this mechanism. 

 

4.1.4 The presynaptic calcium influx are influenced by Bassoon 
A recent study reported that the interplay between presynaptic Ca2+ channels and the pre-

synaptic scaffold causes an impairment in neurotransmission (Davydova et al., 2014). 

However, how the presynaptic Ca2+ influx is affected is not known yet. Thus, I studied 
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the presynaptic Ca2+ influx in Bsngt hippocampal neurons. Surprisingly, I found that the 

influx of Ca2+ into the presynaptic terminal is enhanced in Bsngt neurons. I hypothesize 

that this effect might be a neuronal compensatory mechanism triggered to rescue impaired 

neurotransmission in Bsngt neurons.  

While the main source of Ca2+ ions that elicits the neurotransmitter release comes from 

the extracellular pool, those contained in intracellular organelles are also an important 

source that contributes to neuronal excitability (Fitzjohn and Collingridge 2002; Bardo 

et al., 2006; Baker et al., 2013; Segal, 2018; Heine et al., 2019). Despite the mitochon-

dria containing high [Ca2+]i (Rizzuto et al., 2012), the endoplasmatic reticulum is the main 

compartment for intracellular Ca2+ storage (Verheatsky, 2004; Juan-Sanz et al., 2017). A 

critical role of the presynaptic endoplasmatic reticulum in the control of neurotransmis-

sion has been described recently (Juan-Sanz et al., 2017; reviewed in Heine et al., 2019). 

From my results, I cannot exclude the contribution of the endoplasmatic reticulum as a 

net source of AP-driven Ca2+, perhaps via Ca2+-induced calcium release (Verhratsky and 

Shmigol, 1996; Stavermann et al., 2015). Nevertheless, the tight coupling of neurotrans-

mitter release and Ca2+ entry dictates the VGCC-driven character of the exocytosis 

(Llinás et al., 1992; Stanley, 1997). In contrast, distant sources of Ca2+ unlikely contribute 

to this process, but to short-term and long-term plasticity (reviwed in Baker et al., 2013; 

Padamsey et al., 2019). In order to understand how the absence of Bsn affects the presyn-

aptic Ca2+ influx, AgaTx and ConoTx were applied. I observed that the Cav2.2 contribu-

tion was slightly higher, whereas the Cav2.1 was unchanged in spite of the decreased 

immunoreactivity already mentioned. However, a preceding publication demonstrated 

that the loss of Bsn reduces the Cav2.1-driven synaptic transmission and it is compensated 

by a functional recruitment of Cav2.2. This effect is explained by a differential recruit-

ment of Cav2.1 at the release sites by Bassoon (Davydova et al., 2014). Several publica-

tions showed that the accumulation of Cav2.1 in the presynaptic terminal does not alter 

synaptic transmission (Cao and Tsien, 2010; Schneider et al., 2015; Lubbert et al., 2017), 

therefore, the number of channels seems not to be a critical factor for the neurotransmis-

sion but for the regulation of their activity. VGCC function is controlled by multiple 

mechanisms such as the interaction with SNARE proteins or G proteins, and protein phos-

phorylation. Syntaxin1A and SNAP25 through the synprint domain interact with Cav2.2 

regulating its function (Bezprozvanny et al., 1995; Wiser et al., 1996; Catterall et al., 

2008). Phosphorylation of the Cav2.2 synprint domain by PKC or CaMKII has been 
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shown to prevent the negative regulation via SNARE proteins (Yokoyama et al., 1997). 

Furthermore, CaMKII interferes with Cav2.1 function via direct association rather than 

phosphorylation (Jiang et al., 2008). Additionally, as previously mentioned, CDK5 is an 

important enzyme in the synaptic regulation, which also interferes with the VGCC func-

tioning. CDK5 enhances the presynaptic Ca2+ influx through Cav2.2 C-terminal phos-

phorylation (Su et al., 2012), while phosphorylation of the α1 subunit of Cav2.1 leads to 

channel activity down-regulation (Tomizawa et al., 2002). Also, another study indicated 

that the inhibition of CDK5 activity induces large potentiation of Cav2.2 activity and it 

does not affect Cav2.1 (Kim and Ryan, 2013). Therefore, it is evident that CDK5 modu-

lates VGCC function. These studies indicate that many presynaptic SNARE proteins, 

scaffolds, and enzymes regulate the VGCC function and dynamics. However, the func-

tional link between Bsn and the presynaptic Ca2+ channels requires a further investigation.  

Moreover, alternative splicing of Ca2+ channels can generate thousands of combinations 

with differential properties and expression patterns, depending on the requirements of the 

neurons (Maximov and Bezprozvanny, 2002; Liao and Soong, 2010; Lipscombe, 2015; 

Thalhammer et al., 2017). For example, the mutually exclusive alternative splicing of 

exon 37 of Cav2.2, which generates larger or smaller N-type influx based on which exon 

is expressed (Bell et al., 2004). However, this phenomenon is not restricted to the Cav2.2 

subtype. Cav2.1 has been reported to experience the same mechanism in exons 37 and 47 

with similar consequences (Adams et al., 2009; Thalhammer et al., 2017). Thalhammer 

et al., (2017) showed that while Cav2.1[EFa] promotes synaptic depression, Cav2.1[EFb] 

favors synaptic facilitation. Importantly, they described that the colocalization between 

Bassoon and the Cav2.1[EFa] isoform was higher than with Cav2.1[EFb]. It suggests that 

Bassoon might have more affinity for one splice variant than for the other, and therefore, 

this fact might contribute to the channel dynamics and to the release properties of the 

neurons.  

Splicing of exon 47 leads to a shortening of the Cav2.1 α-subunit C-terminus (Krovetz et 

al., 2000; Soong et al., 2002), which contains binding motifs necessary for modulation 

and/or localization of Ca2+ channels, including the SH3 for RBPs binding (Hibbino et al., 

2002), and the motif through which, directly or indirectly, RIM interacts  with the chan-

nels (Hibbino et al., 2002; Kaeser et al., 2011; Davydova et al., 2014). A recent study 

demonstrated that this alternative splicing of Cav2.1 shapes synapse-specific Pr at the 

channel dynamics level, sharpening the distance between vesicles and channels (Heck et 
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al., 2019). While the Cav2.1△47, which lacks the C-terminal, increases the Pr and displays 

more variable channel-vesicle distances, the Cav2.1+47 isoforms enhance synaptic short-

term depression, and preserve the defined distance between the channels and SV. The 

presence of the scaffolding protein Bassoon might contribute to keep the stability within 

nanodomains and maintain the effective channel-vesicle distance in order to ensure the 

fast and precise vesicle release. Instead, when the scaffold is missing, the transition from 

nanodomains to microdomains might happen. Nevertheless, how Bassoon contributes to 

the synapse fine-tuning in Ca2+ channels alternative splicing terms, is yet an intricate 

question to answer. Due to the infinite combinations generated after alternative splicing, 

it would be interesting to see which isoforms are predominant in Bassoon-lacking pre-

synaptic boutons. Although RIM interacts directly with Cav2.1+47 isoforms, which might 

support the defined channel-vesicle distance, the contribution of  Bassoon is not yet cer-

tain. It would be interesting to know whether Bassoon, despite its interplay with Cav2.1+47 

in a non-directly manner, contributes to fix the channels at certain distance of the vesicles. 

Lastly, Piccolo and Bassoon have been involved in the shuttling of the C-terminal binding 

protein1 (CtBP1) (Ivanova et al., 2015), a well-established transcriptional co-repressor in 

neurons (Chinnadurai, 2007; 2009), between synapses and the nucleus. When both pre-

synaptic scaffolds are deleted from synapses, CtBP1 is only present in the nucleus. This 

finding links both large presynaptic proteins with the transcriptional control of genes. I 

hypothesize that the absence of Bassoon causes the shuttling of  CtBP1 into the nucleus 

having an effect on alternative splicing mechanisms of Cavs. Moreover, the expression 

and modulation of VGCC in the plasma membrane in neurons are auxiliary subunit-de-

pendent (reviewed in Buraei and Yang, 2010; Dolphin, 2012, 2016; Bikbaev et al., 2020). 

In Purkinje cells, α2δ2 subunit increases the Ca2+ influx of  the Cav2.1-β4, but not single 

channel conductance (Barclayet al.2001; Brodbecket al., 2002). α2δ1 and α2δ2 contain 

the perfect MIDAS motif, which is required for increasing Ca2+ ions (Cantiet al., 2005; 

Hoppa et al., 2012), and Cav2.2 location on the cell surface (Cassidy et al.2014). Mutation 

of this motif decreases α2δ subunit trafficking itself (Cantiet al., 2005; Cassidyet al., 

2014) with consequences in Ca2+ influx of α2δ1 and α2δ2-coupled Ca2+ channels  (Hoppa 

et al., 2012; Canti et al., 2005). In contrast, α2δ3 and α2δ4, which do not contain perfect 

MIDAS motifs (Whittaker & Hynes, 2002), seem to enhance Ca2+ income  too, but it may 

display a more modest trafficking role (Davies et al., 2010). Bassoon, through CtBP1, 
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might interfere with the alternative splicing of the α2δ auxiliary subunit, which may mod-

ulate the functional properties of Ca2+ channels. 

 

4.1.5 Bassoon and Piccolo deletion does not sum in the dysregulation of 

voltage-gated calcium channels 
I have shown how important these two scaffolds, individually, are for Ca2+ channels’ 

function, but I also wanted to investigate whether the deletion of both proteins is crucial 

for VGCC-diven Ca2+ influx.  In other words, does the deletion of Piccolo, on top of 

Bassoon lack, have additive effects? Previous studies reported opposite results: while 

Mukherjee and collaborators (2010) showed that evoked and spontaneous neurotransmis-

sion were unchanged, Ivanova and colleagues (2015) showed that upon basal network-

driven activity the Syt1 Ab uptake was reduced. The differences between models might 

explain the disparity in the results. While Mukherjee and collaborators used a knock-

down strategy, Ivanova et al. worked with a constitutive mouse model which is mutant 

for both presynaptic proteins. Based on the differences in the Syt1 Ab uptake assay shown 

by Ivanova and colleagues, the same animal model was used in my study. Contrary to 

what was expected, once more, my experiments showed that the double-mutant synapses 

have enhanced AP-evoked presynaptic Ca2+ income. Since the increase seen for Bsngt 

neurons is comparable to the one registered in the double mutant, the contribution of Pclo 

to the VGCC-driven Ca2+ influx could be totally excluded in hippocampal neurons. On 

the other hand, the increase registered in Ca2+-imaging, anew, does not fit with the Stg1 

Ab uptake assay results previously mentioned, suggesting that, most likely, the SV cycle 

is impaired when both scaffolds are missing. The proteasomal activity has been proposed 

as a negative regulator of the neurotransmitter release through the SV recycling (Jiang et 

al, 2010; Ivanova et al, 2016). While acute inhibition of proteasomes increases the Pr, 

prolonged ubiquitin-proteasome system (UPS) blockage enhances the RP size 

(Willeumier et al, 2006; Rinetti & Schweizer, 2010). Since in Bassoon- and Piccolo-mu-

tant synapses the SV clusters are destabilized by the ubiquitination of SV proteins (Waites 

et al., 2013), the UPS might have a key role in these synapses. Indeed, I identified Bas-

soon as a novel interacting partner of PSMB4, a β subunit of 20S core proteasome (Mon-

tenegro-Venegas et al., unpublished). I demonstrated that acute pharmacological inhibi-

tion of proteasome recovered the defect in the size of SV pool sizes. However, future 

experiments are required to disentangle this question in the double mutant. 
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Altogether, until now, my study explored the roles of Piccolo and Bassoon in processes 

governing neurotransmission. In conclusion, my findings revealed new aspects of the reg-

ulation of VGCC and SV cycling, and open new questions about how the two CAZ pro-

teins  regulate these processes (Figure 30). 

 

4.2 Bassoon and Piccolo during homeostatic plasticity 
Learning and memory require the formation of neuronal networks in the brain. A key 

process underlying this mechanism is synaptic plasticity. Synaptic plasticity is a higher-

level process in which the strength of excitatory synapses is altered in response to the 

pattern of activity at the synapse. 

The data presented in the second part of my dissertation contribute to the better under-

standing of how some of the molecular mechanisms underlying presynaptic homeostatic 

plasticity are ruled. I identified Bassoon and Piccolo as two molecular players in the ho-

meostatic plasticity adaptations in mammalian neurons. Bassoon seems to be important 

for SV recycling and presynaptic Ca2+ influx during prolonged network inactivation, 

whereas Piccolo modulates the SV replenishment. 

 

4.2.1 Bassoon is necessary for presynaptic homeostatic plasticity adap-

tations 
As previously described, chronic silencing induces upregulation of the presynaptic func-

tion through the reorganization of the release machinery (Lazarevic et al., 2011), SV re-

cycling (Bacci et al., 2001; Burrone et al., 2002; Thiagarajan et al., 2005; Moulder et al., 

2006; Han and Stevens, 2009; Kim et al., 2010), and changes in the Pr (Murthy et al., 

2001; Zhao et al., 2011). However, at present, no molecular players underlying these ad-

aptations are known in mammals.I identified Bassoon as a crucial protein for adaptive 

homeostatic adjustment of presynaptic efficacy in mice hippocampal neurons. Multiple 

studies highlighted the importance of the SV cycle, the presynaptic Ca2+ influx, and the 

postsynaptic receptor dynamics as key factors by which homeostatic plasticity is sup-

ported (Murthy et al., 2001; Thiagarajan et al., 2005; Branco et al., 2008; Kim and Ryan, 

2010; Lazarevic et al., 2011; Zhao et al., 2011; Jeans et al., 2017; Thalhammer et al., 

2017). I have shown that Bassoon is important for two mechanisms that take place within 

the nerve terminal.  
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Firstly, upon chronic silencing, neurons increase the amplitude of mEPSCs to maintain 

the firing rate (Turrigiano et al., 1998). The AMPA receptor content in spines is adjusted 

to counterbalance the changes in the overall network activity (Watt et al., 2000; Sutton et 

al., 2006; Ibata et al., 2008; Gainey et al., 2009). As expected, Bassoon did not interfere 

with the AMPA receptor dynamics, restricting its range of action to the presynapses. Sec-

ondly, based on Syt1 Ab uptake, Bassoon impairs the SV recycling after chronic silenc-

ing. Mechanistically, homeostatic adaptations comprise modulation of SV pools (mainly 

RRP (Murthy et al., 2001; Moulder et al., 2006). However, dynamic mobilization of ves-

icles from the RtP has been attributed to the activity of CDK5 during homeostasis (Kim 

and Ryan, 2010). The balance between CDK5 and calcineurin B, a protein a phosphatase, 

seems to determine the size of the largest SV pool. Considering the importance of CDK5 

in my model (Montenegro-Venegas, Pina-Fernandez et al., unpublished), I hypothesize 

that the blockage of its activity can rescue the reported presynaptic upscaling. Thirdly, 

changes in the VGCC-driven Ca2+ influx tune homeostatic plasticity.  

 

Several groups proposed that the increase shown after chronic silencing is mainly Cav2.1-

dependent (Zhao et al, 2011; Lazarevic et al., 2011; Jeans et al., 2017; Thalhammer et al., 

2017). Moreover, new publicartions suggest that the enhancement after chronic silencing 

is based on the unitary conductance of individual channels (Jeans et al., 2017; Thalham-

mer et al., 2017) and not in the number of channels (Jarvis and Zamponi, 2007; Lazarevic 

et al., 2011). Thalhammer and collaborators (2017) showed that alternative splicing of 

Cav2.1 exon 47 is a key factor controlling homeostasis. They proposed that the balance 

between isoforms shapes presynaptic plasticity. Increasing the contribution of the 

Cav2.1[EFa] isoform, which displays higher synaptic efficacy, the neurons endure the 

upregulation of the presynaptic Ca2+ influx after chronic silencing. I showed that Bassoon 

was required for a correct upscaling of the Ca2+ income within the presynaptic terminal, 

which might be due to an impairment in the recruitment of Cav2.1 at the release sites. 

Therefore, it might suggest that i) Bassoon specifically anchors Ca2+ channels with certain 

functional properties to favor the development of nanodomains; ii) via CtBP1, Bassoon 

shapes the population and the recruitment of Cav2.1 to the presynapses; iii) CDK5-medi-

ated phosphorylation of Ca2+ channels regulates their intrinsic properties. i) The higher 

co-localization between the presynaptic scaffold and Cav2.1[EFa] suggests that the scaf-

fold might be preferentially bound to this subtype of Cav2.1. Moreover, it might serve the 
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creation of nanodomains that ensure the fast and precise release of neurotransmitters. 

Bassoon absence might deregulate the balance between Ca channel splice isoforms and 

support the transition from nanodomains to microdomains. Alternatively, ii) since Bas-

soon/Piccolo-deficient neurons failed in the CtBP1 shuttling to the nucleus during chronic 

silencing (Ivanova et al., 2015), it might deregulate the expression of any Ca2+ channel 

subunit with consequences in the channel’s dynamics or kinetics, such as α2δ (Cottrell et 

al., 2018; Dahimene et al., 2018). iii) The effects of CDK5 during homeostatic plasticity 

have been already described in this thesis(see page 63). Because this enzyme is important 

for the homeostatic adaptations and for Bsngt neurons, it might influence Ca2+ channels 

properties.  

 

4.2.2 Piccolo is required for correct homeostasis 
My data suggest that Piccolo is crucial for the homeostatic adaptations through the SV 

replenishment, but not for the VGCC-mediated Ca2+ influx. The homeostatic potentiation 

of the presynaptic function during chronic silencing requires an increase of Pr (Murthy et 

al., 2001), supported by an augmented SV recycling (Bacci et al., 2001; Burrone et al., 

2002; Thiagarajan et al., 2005; Moulder et al., 2006; Han and Stevens, 2009). Based on 

Stg1 Ab uptake, I showed that Piccolo maintains the increase of the SV pools contributing 

to the SV replenishment during silencing. Since I reported the decrease of EEA1 levels, 

it can be concluded that the failure of the RAB-dependent SV replenishment is the cause 

of the impairment during homeostatic plasticity in Piccolo-mutant neurons.  

 

At mammalian central synapses, Ca2+ entry regulates the SV pool sizes (Schneggenburger 

et al., 1999; Thanawala and Regehr, 2013). Thus, major changes in the Pr are likely to be 

Ca2+ influx-dependent. Recent work highlights the importance of the microdomain gen-

erated by each Ca2+ channel during homeostatic plasticity (Jeans et al., 2017). Consider-

ing the potential of Piccolo to bind indirectly VGCC, I expected it to have a role in sup-

porting the creation of nanodomains. Nevertheless, Bassoon is placed as the binding part-

ner of the first SH3 domain, while RIM1 and Cavs occupy second and third SH3 domains 

(Wang et al., 2000; Hibino et al., 2002; Davydova et al., 2014). Thus,  I aimed to study 

Piccolo´s location. Based on the structural similarities between Bassoon and Piccolo, I 

would expect Piccolo to bind to the SH3I in RBPs. It seems that besides a competition 
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may exist for the first domain, Bassoon is the presynaptic protein that preferentially oc-

cupied that domain. The RBP-interacting PxxP motifs in Bassoon and Piccolo differ in 

the aa in position 5, which in Bassoon is serine, but asparagine in Piccolo (RTLPSPP vs 

RTLPNPP). Collins et al., (2005) showed in vivo that p38 MAPK could in particular 

phosphorylate this serine of Bassoon (Ser2893). This finding could lead to the idea that 

phosphorylation may regulate which of both scaffolding proteins interacts with RBPs 

during homeostatic plasticity, and could explain why in my analysis Piccolo-mutant neu-

rons do not statistically differ from the WT. This kinase is activated by some forms of 

synaptic plasticity (Imprey et al., 1999), it might get activated during presynaptic home-

ostatic plasticity. However, if the kinase gets activated, the Cav2.2 is inhibited (Wilk-

Blaszczak et al., 1998; Brust et al., 2006), which is not crucial because the enhancement 

of presynaptic Ca2+ influx is Cav2.1-mediated (Lazarevic et al., 2011; Zhao et al., 2011; 

Jeans et al., (2017) 

 

At present, only RIM and RBP have been identified as molecular players during homeo-

static plasticity in Drosophila (Muller et al., 2012; Müller et al., 2016). In this thesis, 

Figure 29: Proposed role of Piccolo and Bassoon in neurotransmission and synaptic plasticity. (A) Bsngt presyn-
apses show higher presynaptic Ca2+ income and decreased SV recycling compared to WT (B). Cav2.2-mediated Ca2+ 
entry is enhanced, while the Cav2.1 are comparable to control. CDK5 activity and alternative splicing could be the 
mechanisms behind these processes. (C) Piccolo-mutant terminals do not exert changes in either number or function 
of VGCC, the SV replenishment is impaired, and most likely, RAB proteins can be the cause of the dysfunction. 
(Down row) Homeostatic plasticity adaptations in Bsngt, WT and Piccolo-mutant neurons. While the chronic silencing 
treatment increases evoked presynaptic Ca2+ influx and SV recycling in WT presynapses (E), Bsngt neurons (D) may 
have post the potential to recruit more Ca2+ channels after silencing, and therefore, lack the ability for hemostatic 
adaptation. Instead, Piccolo-mutant presynapses (F) the VGCC function is not impaired, but the SV recycling is, 
whether the RAB proteins are involved is not yet clear. 
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Piccolo and Bassoon have been shown for the first time to be crucial for homeostatic 

plasticity adaptations in vertebrates. Both scaffolds play similar and/or unique roles in the 

Pr increase after prolonged network silencing. Overall, Piccolo and Bassoon modulate 

the SV recycling, whereas only Bassoon is crucial for AP-evoked Ca2+ influx during ho-

meostasis (see the model in Figure 30). The mechanisms underlying these findings are 

still not fully understood, therefore future work is required to unravel the unknown.  
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5 Abbreviations 
Aa Amino acid 

Abp1 Actin-binding protein 1 

AgaTX ω-Agatoxin IVA 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP Action potential 

APS  Ammonium persulfate 

APV D-2-amino-5-phosphonovalerate 

Ara C Cytosine β-D-Arabinofuranoside 

ATP Adenosine triphosphate 

AZ Active zone 

BafA Bafilomycin A  

BSA  Bovine serum albumin 

Bsn Bassoon  

Bsngt Bassoon gene trap 

CaMK Calcium/calmodulin-dependent protein kinase 

cAMP-GEFII  cAMP- guanidine nucleotide exchange factor II 

CAST cytomatrix at the active zone-associated structural protein  

CAZ Cytomatrix at the active zone 

CDK Cyclin-dependent kinase 

CME Clathrin-mediated endocytosis 

CNQX 6-Cyano-7-nitroquinoxaline-2,3 dione disodium 

co-IP Co-immunoprecipitate 

ConoTX ω-Conotoxin GVIA 

D-APV5 D-(-)-2-Amino-5- phosphonopentanoic acid 

D-PLL Poly-D-lysine 

dH2O Distilled water 

DIV Days in vitro 

DMEM Dulbecco´s modified eagle medium 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease 

dNTP Deoxynucleotide 

EDTA Ethylenediaminetetraacetic acid  
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EEA1 Early endosome antigen 1 

EGFP enhanced green fluorescent protein 

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

EMCCD  Electron- multiplying CCDs 

Emx1 empty spiracle homebox-1  

ET  Emission transmission 

FCS Fetal calf serum 

GABA gamma-aminobutyric acid 

GFP Green fluorescent protein 

Gα Gs protein alpha subunit 

HBSS Hanks Balanced Salt solution  

HEK293-T Human embryonic kidney cells  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

KO Knockout 

L-PLL Poly-L-Lysine 

mEPSC Miniature excitatory postsynaptic currents 

mRFP Red fluorescent protein 

P0 Postnatal day 0 

PBH Piccolo-Bassoon homology 

PBS Phosphate-buffered saline 

PBS-T Phosphate-buffered saline-tween 

Pclo Piccolo 

Pclo mut. Piccolo mutant 

PCR Polymerase chain reaction  

PDZ Post synaptic density protein (PSD95), Drosophila disc large tumor 

suppressor, (Dlg1) and zonula occludens-1 protein (zo-1)  

PFA Paraformaldehyde 

PKA Protein Kinase A 

Pr Release probability 

PRA1  Rab acceptor protein 1  

PSD95 Postsynaptic density protein 95 

RBP   RIM-binding protein 

RIM Rab3-interacting molecule 
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ROI Region of interest 

RP Recycling pool 

Rpm Revolutions per minute 

RRP Readily releasable pool 

RtP Resting pool 

S.e.m. Standard error of the mean 

SDS  Sodium Dodecyl Sulfate 

SNAP25 Synaptosomal-associated protein 25 

SNARE Soluble NSF attachment protein receptor 

SNR Signal to noise ratio 

Sphy Synaptophysin  

SV Synaptic vesicle 

sy-GCaMP5G Synaptophysin- GCaMP5G 

Syn1, 2  Synapsin 1,2 

Synprint Synaptic protein interaction site 

SynpHy Synaptophysin-pHluorin  

Syt1 ab Synaptotagmin 1 antibody 

TAE  Tris-acetate- ethylenediaminetetraacetic acid 

TEMED Tetramethylethylenediamine 

Tris-HCl Tris-hydrochloride 

TRP Total recycling pool 

TTX Tetrodotoxin 

U Unit 

VGAT Vesicular GABA Transporter 

VGCC Voltage-gated calcium channel 

VGluT1 Vesicular glutamate transporter 1 

WT  Wild-type  

ΔF/F0 Delta fluorescent/initial brightness 
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