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Abstract 

The underlying mechanisms that govern neuronal communication through synaptic 

transmission have been the object of study for decades. Neurotransmission requires 

of a presynaptic bouton where specialized secretory organelles, synaptic vesicles 

(SVs), reside. In the SV secretory pathway, neurotransmitter-filled vesicles are actively 

localized at specialized zones of the presynaptic plasma membrane and subsequently 

primed in a fusion ready state. These ready-to-fuse SVs form the readily releasable 

pool, and their spatial organization is carried out by a set of docking/priming factors 

that spatially couple calcium-channels and SVs. The fusion step of the SVs with the 

plasma membrane is tightly controlled by an exocytotic fusion machinery composed 

by SNARE proteins and a calcium sensor. The neuronal calcium-sensing protein 

Synaptotagmin-1 (SYT1) is responsible for the temporal precision of fast synchronous 

fusion in response to local calcium entry through voltage-gated calcium-channels. 

Upon Ca2+-binding SYT1 reduce the energy barrier between SVs and the plasma 

membrane, coupling calcium-influx with SV fusion. Experiments performed with 

genetically modified neurons suggested that SYT1 might play two additional roles, 

regulating spontaneous neurotransmitter release, clamping the SNARE complex in the 

absence of an action potential, and priming SVs. In this study, we perform 

electrophysiological recordings on primary mouse hippocampal glutamatergic neurons 

to explore how the absence of SYT1 affects neurotransmitter release and how this 

mechanism evolves during the development of synapses. Furthermore, by the 

systematic genetic manipulation using lentiviral vectors and immunocytochemistry 

quantification of SYT1 protein expression levels, we dissect its triple synaptic function, 

gaining insights into their mechanisms. Recently, another isoform of the 

synaptotagmin family, Synaptotagmin-7 (SYT7), has been suggested to be involved 

in neurotransmitter release. Due to the overlapping yet partially independent functions 

of SYT1 and SYT7, the direct contribution of SYT7 to neurotransmission in the absent 

of SYT1 is unclear. We report that SYT1 and SYT7 have both redundant and 

antagonistic roles in different aspects of the SV exocytotic pathway. Finally, this study 

not only deepens in our understanding on how those two presynaptic proteins operate 

but also provides with insights into how presynaptic malfunction could be the 

underlying cause of the cellular pathophysiology of neurodevelopmental disorders. 
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Zusammenfassung 

Die zugrundeliegenden Mechanismen, die die neuronale Kommunikation durch 

synaptische Übertragung steuern, werden seit Jahrzehnten in zahlreichen Studien 

untersucht. Die Neurotransmission erfolgt im präsynaptischen Bouton, in dem sich 

spezialisierte sekretorische Organellen, die synaptischen Vesikel (SVs), befinden. 

Diese Vesikel, welche mit Neurotransmittern gefüllt sind, werden an spezialisierten 

Zonen der präsynaptischen Plasmamembran lokalisiert und anschließend in einen 

fusionsbereiten Zustand gebracht. Diese fusionsbereiten SVs bilden den leicht 

freisetzbaren Pool, und ihre räumliche Organisation erfolgt durch eine Reihe von 

Docking/Priming-Faktoren, wodurch Kalziumkanäle und SVs räumlich gekoppelt 

werden. Der Fusionsschritt der SVs mit der Plasmamembran wird durch eine 

exozytotische Fusionsmaschinerie, bestehend aus SNARE-Proteinen und einem 

Kalziumsensor, genauestens kontrolliert. Das neuronale Kalzium-Sensorprotein 

Synaptotagmin-1 (SYT1) ist für die zeitliche Präzision der schnellen synchronen 

Fusion als Reaktion auf den lokalen Kalziumeinstrom durch spannungsabhängige 

Kalziumkanäle verantwortlich. Nach der Kalziumbindung verringert SYT1 die 

Energiebarriere zwischen SVs und der Plasmamembran und koppelt den 

Kalziumeinstrom mit der SV-Fusion. Experimente mit genetisch veränderten 

Neuronen deuten darauf hin, dass SYT1 zwei weitere Rollen haben könnte: es 

reguliert die spontane Freisetzung von Neurotransmittern, sorgt für die Klemmung des 

SNARE-Komplexes in Abwesenheit eines Aktionspotenzials und kontrolliert das 

"Priming" der SVs. In dieser Studie führen wir elektrophysiologische Ableitungen an 

primären glutamatergen Neuronen des Hippocampus der Maus durch, um zu 

erforschen, wie sich das Fehlen von SYT1 auf die Freisetzung von Neurotransmittern 

auswirkt und wie sich dieser Mechanismus während der Entwicklung von Synapsen 

entwickelt. Durch die systematische genetische Manipulation mit lentiviralen Vektoren 

und die immunzytochemische Quantifizierung der SYT1-Proteinexpression 

untersuchen wir die synaptische Funktion von SYT1 und erhalten so Einblicke in ihre 

Mechanismen. Kürzlich wurde eine weitere Isoform der Synaptotagmin-Familie, 

Synaptotagmin-7 (SYT7), mit der Freisetzung von Neurotransmittern in Verbindung 

gebracht. Aufgrund der sich überschneidenden, aber teilweise unabhängigen 

Funktionen von SYT1 und SYT7 ist der direkte Beitrag von SYT7 zur 

Neurotransmission in Abwesenheit von SYT1 unklar. Wir berichten, dass SYT1 und 
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SYT7 sowohl redundante als auch antagonistische Funktionen in verschiedenen 

Aspekten des exozytotischen Weges der SV haben. Schließlich vertieft unsere Studie 

nicht nur unser Verständnis der Funktionsweise dieser beiden präsynaptischen 

Proteine, sondern liefert auch Erkenntnisse darüber, wie eine präsynaptische 

Fehlfunktion die zugrundeliegende Ursache für die zelluläre Pathophysiologie von 

neurodegenerativen Erkrankungen sein könnte. 
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1. Introduction 

1.1. Synaptic transmission is exquisitely controlled by a presynaptic molecular 
machinery 

Neuronal communication through synaptic transmission is a rapid and highly regulated 

process. It requires an efficient fusion of neurotransmitter (NT)-containing synaptic 

vesicles (SVs) with the presynaptic plasma membrane (PM) (Südhof & Rizo, 2011). 

The fundamental pathway of synaptic transmission starts with the arrival of an action 

potential (AP) at the axon terminal that induces the opening of voltage-gated Ca2+-

channels (Catterall, 2011; Katz, 1969). The influx of calcium ions (Ca2+) into the neuron 

triggers the exocytosis of the SVs, releasing their content to the synaptic cleft. Then, 

neurotransmitters bind to a variety of receptors located at the postsynaptic PM 

producing a postsynaptic signal (Katz, 1969). This Ca2+-triggered pathway happens in 

less than one millisecond (Sabatini & Regehr, 1996). 

Prior to fusion, SVs are actively located near the PM at specialized release sites, 

known as active zones (AZs) (Südhof, 2012), and subsequently docked and primed to 

form the readily releasable pool (RRP) (Kaeser & Regehr, 2017). A SV is considered 

docked when determined in electron micrographs, is attached to the PM (Hammarlund 

et al., 2007; Harris & Sultan, 1995; Schikorski & Stevens, 2001), and primed when, 

functionally assessed, is in a ready-to-fuse state (Rosenmund & Stevens, 1996). The 

Ca2+-channels must be in the proximity to docked SVs for coupling Ca2+’s inward 

current with fast exocytosis. An evolutionarily conserved protein complex, formed by 

RIM (Rab3-interacting molecule), RIM-BP (RIM-binding protein) and Munc13, is 

probably the main molecular organizer of the AZs by mediating the docking/priming of 

SVs, recruiting Ca2+-channels next to release sites and, ultimately, controlling NT-

release (Augustin et al., 1999; Han et al., 2011; Südhof, 2012; Brockmann et al., 2020; 

Zarebidaki et al., 2020; Camacho et al., 2021). The formation of a fusiogenic complex 

integrated by SNARE (soluble N-ethylmaleimide sensitive factor (NSF) attachment 

protein receptor) proteins is essential to overcome the energy barrier that a SV must 

break before it fuse with the PM (Jahn & Scheller, 2006). The trans-SNARE complex 

consists of four long helical bundle that are aligned in a parallel fashion, one α-helix 

contributed by Synaptobrevin (also known as VAMP, vesicle-associated membrane 

protein), one from Syntaxin and two SNAP-25, that during fusion zippers and leads to 

NT-release (Jahn & Scheller, 2006). Importantly, additional layers of control over the 
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fusion process are set by molecules such as Complexin (Trimbuch & Rosenmund, 

2016). 

NT-release occurs synchronously and asynchronously (Kaeser & Regehr, 2014). The 

synaptic vesicular protein Synaptotagmin-1 (SYT1), first identified as p65 in a 

monoclonal antibody screen for synaptic proteins (Matthew et al., 1981), orchestrates 

the fast synchronous release of the NT (Brunger et al., 2018). Functionally, SYT1 is a 

low-affinity Ca2+ sensor that acts in a Ca2+-dependent manner as a phospholipid-

binding machine and interacts with SNAREs leading to synchronous NT-release 

(Fernández-Chacón et al., 2001; Geppert et al., 1994; Zhou et al., 2015, 2017). From 

a structural point of view, the members of the synaptotagmin family are characterized 

by an N-terminal transmembrane region, a variable linker and two C-terminal C2 

domains with strong similarity to the Ca2+-binding C2 domains of Protein Kinase C 

(Perin et al., 1990, 1991; Südhof, 2002; Südhof & Rizo, 1996). The two cytosolic C2 

domains of SYT1, namely C2A and C2B, are composed of eight-stranded β-

sandwiches with three flexible loops emerging on top, where Ca2+ ions bind, and four 

loops at the bottom that interacts with the phospholipids (PL) of the PM (Fernandez et 

al., 2001; Shao et al., 1996, 1998; Sutton et al., 1995). Although the intrinsic Ca2+-

affinity of the protein is low, it is markedly increased by phospholipidic membranes 

(Radhakrishnan et al., 2009). In fact, when the Ca2+ is present, the C2 domains form 

a ternary complex in which Ca2+ is simultaneously ligated by the top loops and the PL 

headgroups (Fernández-Chacón et al., 2001). 

Evidence of SYT1 as the major sensor responsible for synchronous NT-release is 

extensive. For instance, in C. elegans, Drosophila and mammalian synapses in the 

absence of the Syt1 gene, AP-evoked synchronous NT-release is drastically impaired 

(Broadie et al., 1994; Geppert et al., 1994; Maximov & Südhof, 2005; Nishiki & 

Augustine, 2004b, 2004a; Nonet et al., 1993; Xue et al., 2008; Yoshihara & Littleton, 

2002). When a point mutation (R233Q) was introduced into the endogenous syt1 gene 

in mice without affecting its three-dimensional structure, it selectively decreased its 

apparent Ca2+-affinity and caused a corresponding decrease in the Ca2+-sensitivity of 

NT-release (Fernández-Chacón et al., 2001). Therefore, Ca2+-binding to SYT1 directly 

determines Ca2+-dependent exocytosis. Whereas it is universally accepted that SYT1 

regulates synchronous NT-release, it’s under intensive investigation what other 

synaptic functions SYT1 might perform and how they are mechanistically related to 

each other. 
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1.2. Synaptotagmin-1 roles in spontaneous NT-release and docking/priming SVs 

In addition to evoked transmission, synapses spontaneously release neurotransmitter 

quanta at a low frequency (Fatt & Katz, 1952; Kavalali, 2015). Several presynaptic 

proteins are involved in the regulation of this form of NT-release. For instance, 

suppression of Complexin increased spontaneous release (Reim et al. 2001; Xue et 

al. 2007; Jorquera et al. 2012). Likewise, blocking SYT1 or SYT2 isoforms, but not 

SYT7, functions caused an increase in spontaneous release (Maximov & Südhof, 

2005; Pang et al., 2006; Sun et al., 2007; Xu et al., 2009; Lee et al., 2013). In fact, 

structure/function analysis of the SYT1’s C2B domain have suggested that it might act 

as a “clamp” suppressing the spontaneous release of SVs (DiAntonio & Schwarz, 

1994; Littleton et al., 1994; Chicka et al., 2008; Xu et al., 2009; Bacaj et al., 2013). 

Although the specific mechanism by which SYT1 influences spontaneous NT-release 

needs to be elucidated, and some contradictory results from drosophila to mammalian 

preparations have to be resolved (Broadie et al., 1994; Geppert et al., 1994; Okamoto 

et al., 2005; Pang et al., 2006; Yoshihara & Littleton, 2002), it is likely that SYT1 is a 

regulatory element of this mode of release. 
Different studies have suggested that SYT1 might have another role upstream to Ca2+-

triggered exocytosis. By using electron microscopy has been reported a decrease in 

the number of docked vesicles of Syt1 mutants in different preparations (Jorgensen et 

al., 1995; Reist et al., 1998; de Wit et al., 2009; Chang et al., 2018; Chen et al., 2021). 

However, those defects in vesicle docking were suggested to be caused by an overall 

reduction in the total vesicle number at the synapse (Imig et al., 2014). In relation to 

the priming function, electrophysiological recordings of SYT1-lacking synapses have 

reported contradictory results (Bacaj et al., 2015; Geppert et al., 1994; Huson et al., 

2020; Liu et al., 2009; Maximov & Südhof, 2005). Besides culturing conditions (Liu et 

al., 2009), the difficulty in revealing the role of SYT1 in priming SVs also reside in the 

functional redundancy that exists among the distinct synaptotagmin isoforms (Bacaj 

et al., 2015; Chen & Jonas, 2017). 

 

1.3. Synaptotagmin-7 roles in synaptic function 

The mammalian genome encodes 17 synaptotagmin isoforms and their expression is 

regulated in a cell-type-specific manner (Chen & Jonas, 2017). Due to its biochemical 
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properties and cellular localization, SYT7 has been proposed to be the Ca2+-sensor 

for the slow asynchronous release mode in neurons (Bacaj et al., 2013; Chen & Jonas, 

2017; Li et al., 1995). SYT7 shows ~40% sequence identity with SYT1, SYT2 or 

SYT5/9 isoforms (Maximov et al., 2008), and, while SYT1 and SYT2 are on the SV 

membrane, SYT7 is aboundingly expressed and located at the PM (Li et al., 2017). 

This isoform binds Ca2+ with high affinity (Sun et al., 2007; Maximov et al., 2008), has 

the slowest Ca2+-kinetics (Hui et al., 2005), and a stronger membrane affinity than 

SYT1 (Tran et al., 2019). Supporting the role of SYT7 in exocytosis are experiments 

performed on non-neuronal cells where deletion of syt7, or inactivation of Ca2+-binding 

to its C2B domain, impairs Ca2+-induced chromaffin granule exocytosis (Schonn et al., 

2008), or insulin-containing vesicles exocytosis in pancreatic cells (Gustavsson et al., 

2008). At the central nervous system, first experiments performed on inhibitory 

neurons displayed normal synaptic response properties when syt7 gene was deleted, 

arguing against a role in SV exocytosis (Maximov et al., 2008). But a number of recent 

studies have showed that SYT7 could be a regulator of different forms of synaptic 

plasticity (Chen et al., 2017; Fujii et al., 2021; Jackman et al., 2016; Turecek & Regehr, 

2018; Wen et al., 2010). In addition, while experiments blocking SYT7 expression 

didn’t show an effect in spontaneous NT-release, when SYT7 was overexpressed in 

SYT1-lacking neurons, the enhanced spontaneous release phenotype was reduced 

(Bacaj et al., 2013; Liu et al., 2014), remaining unsolved what role SYT7 plays in 

spontaneous NT-release. Interestingly, the double deletion of syt1 and syt7 genes in 

neurons led to a strong reduction in the number of primed vesicles (Bacaj et al., 2015). 

Those results suggest that SYT7 may be able to prime or clamp SVs, although how it 

may perform such functions remain unknown. 

1.4. Research Question 

We aim to clarify whether SYT1 plays a triple role in the SV exocytotic pathway and 

how those roles relate to each other. To dissect SYT1’s functions and better 

understand their underlaying molecular mechanisms we studied the relation of SYT1 

expression levels at the presynaptic terminal and each SYT1 synaptic function. Also, 

we will reconcile contradictory results previously reported by studying how synaptic 

responses of SYT1-lacking neurons during the development of synapses and 

investigate whether the SYT1’s functions are distinctly essential at different culture 

stages. Furthermore, we investigate whether SYT7 is involved in exocytosis, priming 
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and/or clamping of SVs by manipulating its expression levels. In general, we intent to 

understand how the interplay between SYT1 and SYT7 may regulate synaptic function 

and examine whether they have a similar or different roles in NT-release and priming 

of SVs. 
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2. Methods 

2.1. Animal maintenance and mouse lines 

This work used SYT1 knock-out mice line, obtained from Dr. Thomas Südhof (Stanford 

University School of Medicine, USA). Since the Syt1−/− animals die shortly after birth, 

the embryos Syt1+/+, Syt1+/- and Syt1−/− at day 18-19 (E18-19) on C57BL/6 background 

of either sex generated by interbreeding Syt1 heterozygous mice were used for the 

experiments. For the embryonic culture preparation, upon anaesthetization and 

cervical dislocation of the pregnant mice, embryos were extracted via caesarean 

section, genotyped by polymerase chain reaction (PCR), and then sacrificed to 

prepare hippocampal neurons. Also, we used postnatal (P) 0-2 C57BL/6N mice to 

obtain astrocytes for autaptic cultures. Procedures used to maintain and use these 

animals followed all regulations of the Directive 2010/63/EU of the European 

Parliament on the protection of animals used for scientific purposes and approved by 

the Berlin state authorities under the license number G-Project 106/20 and the animal 

welfare committee of Charité – Universitätsmedizin. 

2.2. Lentivirus constructs 

Lentiviruses were generated and produced by the Viral Core Facility of Charité – 

Universitätsmedizin Berlin. To silence targeted gene expression via RNA interference 

(RNAi), we used two different short hairpin RNA (shRNA) molecules. To knock-down 

SYT1 protein levels, we used an shRNA cassette containing a 19bp target 

oligonucleotide sequence of Syt1 (5’AGTCTTCCTGCTGCCCGAC-3’) and, to knock-

down SYT7 protein levels, we used an shRNA cassette containing a 21bp targeting 

sequence KD607 from (Bacaj et al., 2013). Each construct was cloned downstream of 

a U6 promotr expression cassette within a lentivirus that also contained a human 

synapsin1 promoter (for SYT7’s shRNA) or ubiquitin promotor (for SYT1’s shRNA), 

and to monitor neuronal infection, a nuclear RFP expression cassette (NLS-RFP). The 

control groups were infected with a scramble RNA (scRNA) sequence instead of the 

shRNA cassette (Watanabe et al., 2014). For SYT1 or SYT7 rescue and 

overexpression experiments, we used a lentiviral Syt1 construct generated from 

mouse Syt1 cDNA (NCBI reference sequence: NM_001252341) or a lentiviral Syt7 

construct generated from rat Syt7 cDNA (NCBI reference sequence: NM_021659). 

The cDNA was cloned into a lentiviral vector (FUGW) with a human synapsin1 
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promoter and a nuclear localization signal (NLS)-RFP-P2A expression cassette for 

identification of infected cells. A lentivirus expressing only NLS-RFP-P2A controlled 

by the human synapsin1 promoter served as control. We cultured hippocampal 

neurons and calculated the lentiviral titer by quantification of neurons expressing a 

fluorescent marker after DIV 7. 

2.3. Neuronal culture and viral infection 

For both electrophysiology recordings and immunocytochemistry experiments, we 

took advantage of using autaptic cultures. We prepared the neuronal culture as 

previously reported (Bekkers & Stevens, 1991). Briefly, we plated hippocampal 

neurons derived from embryonic (E18-19) or postnatal (P0-2) mice of either sex at a 

density of 300 cells/cm2 on 30 mm coverslips containing single-layer astrocytic 

microislands of a few tens of microns across. Astrocytes were obtained from cerebral 

cortices of postnatal day (P) 0-2 C57BL/6N mice and plated at a density of 5000 

cells/cm2 on the micropattern coverslips 1 week before the preparation of the neurons. 

Neurons were infected with the appropriate lentiviral construct 24–48 h after plating 

and maintained at 37 °C and 5 % CO2. 

2.4. Electrophysiology  

We performed whole-cell patch-clamp recordings in autaptic neurons after 11-21 days 

in vitro (DIV). All electrophysiological recordings were done at room temperature with 

a Multiclamp 700B amplifier (Molecular Devices) controlled by Clampex 10 software 

(Molecular Devices). Data were digitally sampled at 10 kHz and were filtered using a 

low-pass Bessel filter at 3 kHz. Series resistance was compensated up to 70%. 

Neurons were clamped at -70 mV during recordings. Exclusion criteria were 

established for patched cells with a leak current higher than -200 pA. Single APs were 

evoked by a 2 ms depolarization step to 0 mV. The bath solution in which cultures 

were immersed while recording was composed by (in mM): 140 NaCl, 2.4 KCl, 10 

HEPES, 10 glucose, 2 CaCl2 and 4 MgCl2. We filled borosilicate glass patch pipettes 

with a solution containing (in mM): 136 KCl, 17.8 HEPES, 1 EGTA, 4.6 MgCl2, 4 ATP-

Na2, 0.3 GTP-Na2, 12 creatine phosphate, and 50 U/ml phosphocreatine kinase. 

Solutions were adjusted for osmolarity (300 mOsm) and pH (7.4). We used a multistep 

puller (P-1000, Sutter Instruments) to produce pulled glass pipettes and used those 

with an adequate resistance (3-5 MOhms). A series of electrophysiological parameters 
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were measured. We recorded excitatory postsynaptic currents (EPSCs) induced by 2 

ms somatic depolarization from -70 to 0 mV producing an axonal AP, “mini” excitatory 

postsynaptic currents (mEPSCs), the readily releasable pool (RRP) of synaptic 

vesicles and short-term plasticity characteristics by the application a train stimulation 

of 10 APs at 20 Hz or two consecutive pulses at 40Hz. We functionally measured the 

RRP size by the application of external solution for 5 s containing 500 mM sucrose 

(Rosenmund & Stevens, 1996), and we integrated the area of the evoked-sucrose 

current with the steady-state current set as the baseline. Then, we computed the 

vesicular release probability (Pvr) as the ratio between the charge of the EPSC and 

the evoked-sucrose current. To analyze mEPSC, electrophysiological traces were 

filtered at 1 kHz and the range of parameters for inclusion of selected events using a 

conventionally defined template algorithm in Axograph X (Axograph Scientific) were 

5-200 pA, 0.15-1.5 ms rise-time and 0.5-5 ms half-width. False-positive events were 

excluded by subtracting events detected from traces in the presence of the AMPA 

receptor antagonist, NBQX (3μM). The spontaneous release rate was calculated by 

dividing the mEPSC frequency by the number of synaptic vesicles in the RRP. The 

number of synaptic vesicles was calculated by dividing the RRP size by the mEPSC 

charge. We calculated the paired-pulsed ratio (PPR) by dividing the second EPSC 

amplitude (EPSC2) by the first (EPSC1). The synaptic responses from the train of APs 

were normalized to the first EPSC peak amplitude. 

2.5. Immunocytochemistry and confocal imaging  

Neurons were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich) for 10 min at 11-

21DIV and immunostained as previously reported by (Xue et al., 2007). The primary 

antibodies used were monoclonal mouse anti-Synaptotagmin-1 (1:1000; Synaptic 

System), polyclonal guinea pig anti-VGLUT1 (1:4000; Synaptic System), and 

polyclonal rabbit anti-Synaptotagmin-7 (1:500; Synaptic System). The secondary 

antibodies (1:500) conjugated with Alexa Fluor 405, 488, or 647 (Jackson 

ImmunoResearch). Images were acquired by using a Nikon Scanning Confocal 

A1Rsi+ with a 60×, 1.4 NA oil-immersion objective with identical acquisition settings 

for each group. Overexposure and photobleaching were avoided by checking the 

fluorescence signal saturation in synaptic boutons. Z stacks of neurons were set with 

a 0.3 μm inter-stack interval and total z axis range of 5–6 μm, and a sum of intensity 

projection was further used for analyses. Quantification of SYT1 or SYT7 signals over 
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VGLUT1 signals was performed using ImageJ software (US National Institutes of 

Health). Excitatory synapses (region of interest, ROI) were defined as VGLUT1 

positive signals, and the fluorescence intensity of SYT1 or SYT7 was then measured 

in the defined ROI. Approximately the same number of autaptic neurons were 

collected per condition per culture. 

2.6. Data collection and statistical analysis 

We collected approximately the same number of neurons from each experimental 

group each day to reduce data variability. Also, to minimize culture-culture variation, 

we acquired images from at least three independent hippocampal cultures from three 

different litters. For Figure 1 we chose the nonlinear regression model standard Hill 

equation. We did not constrain any parameter of the model to a constant value. We 

performed a global nonlinear regression; we specify that parameters are shared to fit 

all data sets. All data points are weighted equally in the model. To perform all statistical 

analysis and to generate all graphs we used Prism 8 (GraphPad) software. Data were 

tested for normality distribution by the application of a Pearson omnibus K2 normality 

test. Statistical significance was assessed using Two-tailed unpaired t test or one-way 

ANOVA test for normally distributed data and Mann-Whitney test or Kruskal-Wallis 

ANOVA test for non-normally distributed data followed by Tukey-Kramer’s post hoc 

multiple comparison methods where appropriate. The significance and P values for all 

statistical tests are define as: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

No method was used to determine if the data met the assumptions of the statistical 

approach.  
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3. Results 

Here, I present a selection of relevant findings of my PhD project. Data from Figures 

1 and 2 can be found in Bouazza-Arostegui et al. 2022 (attached manuscript). Data 

from Figure 3 has not been published yet. Data from Figures 4 and 5 can be found in 

Bouazza-Arostegui et al. 2022, except data regarding SYT7 overexpression 

experiments in Figures 4 and 5 that have not been published yet. Data from Figure 6 

have not been published yet. Finally, data from Table 1 can be found in Bouazza-

Arostegui et al. 2022. 

3.1. Distinct sensitivity of Synaptotagmin-1’s synaptic functions to its 
expression levels at the presynaptic compartment 

First, we performed a quantitative analysis of the relationship between SYT1 

expression levels at the presynaptic terminal of hippocampal glutamatergic autaptic 

neurons and the measured values of priming and fusion of SVs by applying a dose-

response model (Figure 1). We used our previously obtained values of SYT1 

endogenous expression (from Figure 5 in Bouazza-Arostegui et al. 2022), 

overexpression (from Figure 6 in Bouazza-Arostegui et al. 2022) and knock-down 

(from Figure 7 in Bouazza-Arostegui et al. 2022) experiments performed at DIV15-21 

as source data to apply a nonlinear regression analysis (Figure 1). We found that the 

number of fusion-competent vesicles, as measured by sucrose application 

(Rosenmund & Stevens, 1996), was only significantly reduced when SYT1 was almost 

absent from the synapse, which indicated that the function of SYT1 in synaptic vesicle 

priming was least sensitive to protein loss (Figure 1B). On the other hand, SYT1’s 

function as a regulator of spontaneous NT-release showed a moderate sensitivity to 

protein levels, leading to increased spontaneous release activity when the expression 

levels were reduced by 50% or more. The gradual reduction in SYT1 expression levels 

led to the progressive unclamping of SVs, reaching a ~3-fold increase in the 

spontaneous release rate when SYT1 levels were close to those of Syt1-/- neurons 
(Figure 1C). Ca2+-dependent evoked release displayed the highest sensitivity to SYT1 

expression changes of all synaptic functions (Figure 1D and E). The similarity 

between the fitting-curves that define the EPSC charge (Figure 1D) and Pvr (Figure 
1E) in relation to variations in SYT1 expression was not surprising since both reflect 

SYT1’s role as Ca2+ sensor. Remarkably, in our study of heterozygous neurons for 

SYT1 we examined the sensitivity of SYT1 to the two forms of NT-release and priming. 
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From the analysis of the dose-response functions we elucidated that SYT1 

haploinsufficiency affects the efficiency of the evoked synaptic transmission and the 

spontaneous neurotransmitter release mode, while the RRP size of SVs is similar to 

those neurons with two copies of the Syt1 gene (Figure 1, Table 1). 

Overall, our sensitive manipulation of SYT1 expression revealed that Ca2+-dependent 

and priming functions have distinct sensitivity to SYT1 presence with different 

thresholds. This result suggests that at low concentrations, SYT1 is a rate-limiting 

factor for release efficiency but not for SV priming. These different sensitivities are 

also indicative of at least two different molecular mechanisms of action. Moreover, our 

fittings indicated that genetic modification of SYT1 expression associated with allelic 

loss or gene duplication may lead to a more pronounced impact on evoked NT-release 

compared to SYT1 function in SV priming. 
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Figure 1. Different sensitivity of SYT1’s synaptic functions to its expression at the presynaptic terminal. 

(A) Representative images of VGLUT1 and SYT1 expression at hippocampal glutamatergic autaptic 

synapses from Syt1+/+, Syt1+/-, Syt1-/-, Syt1+/+ with overexpression of SYT1 and Syt1+/+ infected with a 

lentiviral vector expressing an increasing amount of RNA interference (RNAi) targeting Syt1. Plots of 

RRP size (B), spontaneous release rate (C), EPSC charge (D) and Pvr (E) normalized to Syt1+/+ against 
the normalized SYT1/VGLUT1 fluorescence intensity ratios obtained from the titration of SYT1 in 

autaptic neuronal cultures. To calculate SYT1 expression at synapses: Syt1+/+ (black), Syt1+/- (orange), 

and Syt1-/- (burgundy) data (Bouazza-Arostegui et al. 2022: Figure 5) were normalized to Syt1+/+ and 

subtracting the Syt1-/- expression levels in the different experiments. For Syt1+/+ infected with the 

different amounts of Syt1 RNAi (1x dark grey, 2x grey, 4x light grey) and Syt1+/+ + SYT1 (olive drab) 

data (from Bouazza-Arostegui et al. 2022: Figures 6 and 7), SYT1 expression levels were normalized 

to Syt1+/+. All cells used for the model were from DIV15-21. Continuous black-line represent the curve-

fitting of the Hill function. Scale bars: 5 μm. All data shown represent mean +/- SEM. Adapted from 
Bouazza-Arostegui et al. 2022: Figures 5, 6, and 7. Order and layout of graphs are different from the 

paper. 
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Table 1. Values corresponding to Figure 1. All data shown represent mean +/- SEM. Adapted from 

Figure 7-1 Bouazza-Arostegui et al. 2022. 
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3.2. Synaptotagmin-1-lacking neurons phenotype changes over time 

Next, we aim to further clarify the roles of SYT1 in NT-release and priming of SVs and 

analyze whether the phenotype of SYT1’s loss is sensitive to the neuronal culture 

stage. For that, we proceed to voltage-clamp recordings in autaptic hippocampal 

neurons derived from Syt1+/+ or Syt1-/- mice at early (11-12 DIV) and later (15-16 DIV) 

culture stages. Recent works have suggested that SYT7 may have functional 

redundancy in the priming of SVs (Bacaj et al., 2015). Therefore, we also investigated 

whether SYT7 contributes to the phenotype of SYT1 loss by knocking-down SYT7 

protein expression in Syt1-/- neurons at the two time periods (Figure 2). By using the 

VGLUT1 fluorescence signal we defined presynaptic compartments and measured 

SYT1 and SYT7 expression at both stages. We showed that both VGLUT1 and SYT1 

but not SYT7 expression increased overtime at synapses and that our lentiviral 

infection containing shRNA targeting Syt7 induced an average reduction of the 

fluorescence signal of 75% at both culture stages (from Figure 3 in Bouazza-Arostegui 

et al. 2022; (VGLUT1 norm.): Syt1+/+DIV11 1±0.12, n=21/3 and Syt1+/+DIV16 3.2±0.4, 

n=21/3, p<0.0001; Two-tailed unpaired t test; (SYT1 norm.): Syt1+/+DIV11 1±0.10, 

n=21/3 and Syt1+/+DIV16 2.9±0.4, n=21/3, p<0.0001; Two-tailed unpaired t test; (SYT7 

norm.): Syt1+/+DIV11 1±0.14, n=21/3 and Syt1+/+DIV16 1.3±0.2, n=21/3, p=ns; Mann-

Whitney test; (VGLUT1 norm.): Syt1-/-DIV11 1±0.12, n=27/3 and Syt1+/+DIV16 2.3±0.36, 

n=28/3, p<0.001; Mann-Whitney test; (VGLUT1 norm.): Syt1-/-+RNAi(Syt7)DIV11 1±0.14, 

n=21/3 and Syt1-/-+RNAi(Syt7)DIV16 3.5±0.47, n=17/3, p<0.0001; Mann-Whitney test; 

(SYT7DIV11 norm.): Syt1-/- 1±0.21, n=27/3 and Syt1-/-+RNAi(Syt7) 0.30±0.15, n=21/3, 

p<0.001; Mann-Whitney test; (SYT7DIV16 norm.): Syt1-/- 1±0.13, n=28/3 and Syt1-/-

+RNAi(Syt7) 0.34±0.09, n=17/3, p<0.001; Mann-Whitney test). 

While the RRP charge of Syt1+/+ and Syt1-/- autaptic neurons at DIV11-12 was 

indistinguishable, at later culturing stage (DIV15-16) we detected a significant ~40-

50% reduction in the RRP charge in the Syt1-/- group. Also, reduction of SYT7 protein 

expression in Syt1-/- autaptic neurons reduced the RRP size of SVs (Figure 2A; (RRP, 

pC): DIV11-12: Syt1+/+ 165±23, n=48/4, Syt1-/- 170±21, n=40/4, p=ns and Syt1-/-

+RNAi(Syt7) 34±6, n=40/4, p<0.0001/0.0001; DIV15-16: Syt1+/+ 567±69, n=44/4, Syt1-/- 

279±43, n=41/4, p<0.01 and Syt1-/-+RNAi(Syt7) 50±9, n=30/4, p<0.0001/0.0001; Kruskal-

Wallis test).  
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Interestingly, we observed that loss of SYT1 didn’t lead to significant changes in 

spontaneous release rates for the early synaptic responses group, while spontaneous 

release rate was enhanced in the older synaptic responses. Furthermore, reduction of 

SYT7 protein expression in Syt1-/- autaptic neurons increased spontaneous release 

rates at all culture stages (Figure 2B; (Spontaneous release rate, s-1): DIV11-12: 

Syt1+/+ 0.003±0.0004, n=48/4, Syt1-/- 0.0043±0.0005, n=33/4, p=ns and Syt1-/-+RNAi(Syt7) 

0.012±0.0015, n=38/4, p<0.0001/0.01; DIV15-16: Syt1+/+ 0.0016±0.0002, n=44/4, 

Syt1-/- 0.0054±0.0012, n=41/4, p<0.01 and Syt1-/-+RNAi(Syt7) 0.013±0.001, n=24/4, 

p<0.0001/0.01; Kruskal-Wallis test).  
We concluded that the impact of SYT1 loss on spontaneous release, like the impact 

on RRP size, could be dependent on the maturation state of the neuron. Furthermore, 

these results suggest that SYT7 is capable of compensating for the loss of SYT1-

dependent phenotypes in SV priming and clamping SVs (Figure 2A and B). In 

contrast, both the EPSC charge and the Pvr, as calculated by dividing the EPSC 

charge by the RRP charge, were reduced in Syt1-/- neurons regardless of culture age.  

While knocking-down SYT7 expression levels in Syt1-/- neurons had an impact on the 

ESPC charge at both stages, the changes were proportional to the observed RRP 

size, and thus did not impact the Pvr of the Syt1-/- group in any of the stages tested 

(Figure 2C; (EPSC charge, pC): DIV11-12: Syt1+/+ -11.1±1.5, n=47/4, Syt1-/- -3.8±0.5, 

n=43/4, p<0.01 and Syt1-/-+RNAi(Syt7) -1.1±0.2, n=40/4, p<0.0001/0.001; DIV15-16: 

Syt1+/+ -36±5, n=40/4, Syt1-/- -5.3±1, n=44/4, p<0.0001 and Syt1-/-+RNAi(Syt7) -1.4±0.3, 

n=32/4, p<0.0001/0.01; Figure 2D; (Pvr, %): DIV11-12: Syt1+/+ 8.5±1, n=47/4, Syt1-/- 

3.2±0.5, n=40/4, p<0.0001 and Syt1-/-+RNAi(Syt7) 3.3±0.6, n=39/4, p<0.0001/ns; DIV15-

16: Syt1+/+ 7.4±0.8, n=38/4, Syt1-/- 3.5±0.6, n=38/4, p<0.001 and Syt1-/-+RNAi(Syt7) 

2.9±0.8, n=30/4 , p<0.0001/ns; Kruskal-Wallis test). 

These results demonstrated that SYT1 is essential for evoked NT-release at all culture 

stages. In contrast, SYT1’s roles in clamping spontaneous release and priming of SVs 

are essential in more mature hippocampal glutamatergic neurons. Moreover, SYT7 

redundantly with SYT1 promotes priming of SVs and negatively regulates 

spontaneous NT-release, which likely contributes to the differences in the phenotype 

exhibited by SYT1-lacking neurons at different culture stages. 
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Figure 2. Phenotype of Syt1-/- hippocampal glutamatergic neurons at different neuronal stages and 

SYT7 synaptic functions. (A) Representative traces at early (DIV11-12) and intermediate (DIV15-16) 

autaptic neuronal stages (left) and summary bar graphs (right) of the charge of sucrose evoked NT-

release of Syt1+/+ (black), Syt1-/- (burgundy) and Syt1-/- neurons infected with lentivirus containing RNA 

interference (RNAi) for silencing SYT7 (purple). (B) Example traces of spontaneous release events 

(left) and summary bar graphs of spontaneous release rate (right) at the two different neuronal stages. 
(C) Representative EPSC traces (left) and summary bar graphs of total EPSC charge measured over 
an interval of 1s (right). (D) Summary bar graphs of average vesicular release probability (Pvr). Data 

are mean +/- SEM. Statistical significance and p values were estimated by a Kruskal-Wallis test 

(*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, ns = not significant). Adapted from Bouazza-Arostegui et 

al. 2022 (Figure 4). Order and layout of graphs are different from the paper. 
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3.3. Synaptotagmin-1 and Synaptotagmin-7 redundant functions in clamping 
and priming SVs 

To further demonstrate that SYT1 is a priming and clamping factor and to study SYT7 

functional redundancy, we performed rescue experiments on SYT1-lacking neurons 

by infecting them with lentiviral particles containing either SYT1 or SYT7 and 

performed patch-clamp recordings at DIV15-21. First, we showed the restoration of 

SYT1 expression levels at the presynaptic compartment of Syt1-/- neurons (from Figure 

2 in Bouazza-Arostegui et al. 2022; (VGLUT1 norm.): Syt1+/+ 1±0.06, n=29/3, Syt1-/- 

1.07±0.06, n=23/3, p=ns and Syt1-/-+SYT1 0.89±0.04, n=26/3, p=ns/ns; (SYT1/VGLUT1 

norm.): Syt1+/+ 1±0.05, n=29/3, Syt1-/- 0.16±0.01, n=23/3 , p<0.0001 and Syt1-/-+SYT1 

1.02±0.05, n=26/3, p=ns/<0.0001; Kruskal-Wallis test). Next, by introducing SYT7 we 

induced its strong overexpression in both Syt1+/+ and Syt1-/- neurons (Figure 3A-D; 

(VGLUT1 norm.): Syt1+/+ 1±0.06, n=58/3, Syt1+/++SYT7 1.03±0.13, n=22/3, p=ns, Syt1-

/- 1.21±0.15, n=35/3, p=ns and Syt1-/-+SYT7 1.16±0.13, n=20/3, p=ns/ns; 

(SYT1/VGLUT1 norm.): Syt1+/+ 1±0.05, n=58/3, Syt1+/++SYT7 1.06±0.11, n=22/3, 

p<0.0001, Syt1-/- 0.07±0.01, n=35/3, p<0.0001 and Syt1-/-+SYT7 0.07±0.02, n=20/3, 

p<0.0001/<0.0001; (SYT7/VGLUT1 norm.): Syt1+/+ 1.01±0.11, n=58/3, Syt1+/++SYT7 

5.92±0.51, n=22/3, p<0.0001, Syt1-/- 0.89±0.08, n=35/3, p=ns and Syt1-/-+SYT7 

5.51±0.59, n=20/3, p<0.0001/<0.0001; Kruskal-Wallis test).  

We showed that while reintroducing SYT1 in Syt1-/- neurons fully restored SV priming, 

spontaneous and evoked NT-release, exogenous overexpression of SYT7 restored 

the RRP size and repressed spontaneous release to wild-type levels but not evoked 

release, which was significantly reduced (Figure 4A-C; (RRP norm.): Syt1+/+ 1±0.07, 

n=68/6, Syt1-/- 0.43±0.04, n=65/6, p<0.0001, Syt1-/-+SYT1 0.93±0.15, n=29/3, 

p=ns/<0.05 and Syt1-/-+SYT7 0.71±0.08, n=27/3, p=ns/<0.05; (Spontaneous rate norm.): 

Syt1+/+ 1±0.09, n=66/6, Syt1-/- 2.31±0.27, n=62/6, p<0.0001, Syt1-/-+SYT1 0.96±0.12, 

n=26/3, p=ns/<0.05 and Syt1-/-+SYT7 1.03±0.05, n=25/3, p<0.01/ns; (EPSC charge 

norm.): Syt1+/+ 1±0.1, n=74/6, Syt1-/- 0.2±0.02, n=72/3, p<0.0001, Syt1-/-+SYT1 

1.05±0.2, n=29/3, p=ns/<0.0001 and Syt1-/-+SYT7 0.11±0.01, n=29/3, 

p<0.0001/<0.0001; Kruskal-Wallis test). These results indicated that the loss of 

function phenotype of SYT1 was due to the loss of the protein, and, remarkably, we 

provide evidence of SYT7 function as a priming factor as well as proof of its capability 
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to arrest spontaneous NT-release. We also analyzed evoked release efficacy by 

computing the Pvr and by measuring changes in short-term plasticity by applying a 

pair-pulse stimulation at 40Hz. As expected, lentiviral expression of SYT1 rescued the 

Pvr to wild-type levels and, interestingly, overexpressing SYT7 significantly reduced 

the Pvr (Figure 4D; (Pvr norm.): Syt1+/+ 1±0.08, n=66/6, Syt1-/- 0.54±0.07, n=59/6, 

p<0.0001, Syt1-/-+SYT1 1.21±0.15, n=28/3, p=ns/<0.0001 and Syt1-/-+SYT7 0.22±0.03, 

n=27/3, p<0.0001/<0.0001; Kruskal-Wallis test). Short-term plasticity experiments 

showed similar results. Lentiviral infection with SYT1 of Syt1-/- neurons reduced the 

facilitation of the responses to the wild-type group, and overexpression of SYT7 further 

increased the faciliatory phenotype of Syt1-/- neurons (Figure 4E; (PPR 40Hz, norm.): 

Syt1+/+ 1±0.04, n=53/6, Syt1-/- 2.45±0.20, n=57/6, p<0.0001, Syt1-/-+SYT1 0.97±0.07, 

n=24/3, p=ns/<0.0001 and Syt1-/-+SYT7 4.4±0.63, n=23/3, p<0.0001/<0.01; Kruskal-

Wallis test). 

All together, these results further demonstrated that SYT1’s absence is responsible 

for the phenotype displayed by Syt1-/- neurons and that both SYT1 and SYT7 are 

redundantly capable of priming and clamping SVs. Interestingly, these data indicate 

that SYT1 and SYT7 may have opposing roles in evoked NT-release and short-term 

plasticity. 
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Figure 3. Lentiviral overexpression of SYT7 in Syt1+/+ and Syt1-/- neurons. (A) Representative images 

of hippocampal glutamatergic autaptic neurons (DIV15-21) of Syt1+/+ and Syt1-/- infected with a lentivirus 
containing a nuclear RFP vector (-) or Syt7. Summary bar graphs showing VGLUT1 (B), SYT1/VGLUT1 

(C), SYT7/VGLUT1 (D) fluorescence intensity normalized to Syt1+/+. Scale bar: 5 μm.  Data are mean 

+/- SEM. Statistical significance and p values were estimated by a Kruskal-Wallis test (*p≤0.05, 

**p≤0.01, ***p≤0.001, ****p≤0.0001, ns = not significant). Data from this figure were not published 

before. 
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Figure 4. Impact on synaptic properties of lentiviral expression of SYT1 or SYT7 in Syt1-/- neurons. All 

electrophysiological experiments were done on hippocampal glutamatergic autaptic neurons at DIV15-

21. (A) Representative traces (left) and normalized summary bar graphs (right) of the charge of sucrose-

evoked release of Syt1+/+ (black), Syt1-/- (burgundy), and Syt1-/- neurons infected with lentivirus 

containing SYT1 (white) or SYT7 (marine blue). (B) Summary bar plot of spontaneous release rate from 

Syt1-/- neurons rescued with either SYT1 or SYT7 normalized to the Syt1+/+control (black). (C) 

Representative EPSC traces (left) and normalized summary bar graphs of total EPSC charge measured 
over an interval of 1s (right). (D) Normalized summary bar graphs of vesicular release probability of 

evoked release induced by a single AP. (E) Graph of paired-pulse ratio (PPR) at 40Hz (left). Artifacts 

and/or action potentials were blanked and substituted by arrows in C. Data shown represent mean +/- 

SEM. Statistical significance and p values were estimated by a Kruskal-Wallis test (*p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001, ns = not significant). Data for SYT1 rescue experiments were adapted from 

Bouazza-Arostegui et al. 2022 (Figure 2). The order and layout of the graphs are different from the 

paper. 
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3.4. Synaptotagmin-1 and Synaptotagmin-7 functions in NT-release 

Our results from the experiments performed on Syt1-/- neurons suggested that SYT7 

might be involved not only upstream to the Ca2+-dependent release pathway but also 

directly in NT-release. In addition, our evidence describing how SYT1 expression 

levels fundamentally determine release efficacy (Bouazza-Arostegui et al., 2022) led 

us to investigate how the interplay between SYT1 and SYT7 regulates NT-release. 

For this purpose, we extended our analysis to lentiviral overexpression of SYT1 or 

SYT7 in Syt1+/+ neurons (Figure 3) and performed patch-clamp recordings of autaptic 

glutamatergic neurons at DIV15-21 (Figure 5 and 6).  

First, sucrose-induced SVs fusion experiments showed that neither increasing the 

number of SYT1 or SYT7 molecules significantly changed the RRP size of SVs 

(Figure 5A; (RRP norm.): Syt1+/+ 1.00±0.08, n=76/6, Syt1+/++SYT1 0.95±0.09, n=36/3, 

p=ns and Syt1+/++SYT7 0.84±0.08, n=43/3, p=ns; Mann-Whitney test). Similarly, we 

assessed the effect of overexpressing SYT1 or SYT7 in the spontaneous fusion of 

SVs, and we could not detect significant differences between Syt1+/+ and SYT1- or 

SYT7-overexpressing neurons (Figure 5B; (Spontaneous release rate norm.): Syt1+/+ 

1.00±0.13, n=75/6, Syt1+/++SYT1 0.62±0.08, n=36/3, p=ns and Syt1+/++SYT7 0.84±0.13, 

n=43/3, p=ns; Mann-Whitney test). Interestingly, while overexpressing SYT1 in Syt1+/+ 

neurons showed a not significant increase in the EPSC charge or the computed Pvr, 

overexpressing SYT7 significantly decreased both parameters (Figure 5C-D; (EPSC 

charge norm.): Syt1+/+ 1.00±0.1, n=80/6, Syt1+/++SYT1 1.23±0.12, n=35/3, p=ns and 

Syt1+/++SYT7 0.64±0.08, n=49/3, p=ns; (Pvr, %): Syt1+/+ 1.00±0.1, n=76/6, Syt1+/++SYT1 

1.19±0.14, n=35/3, p=0.19 and Syt1+/++SYT7 0.68±0.09, n=43/3, p=ns; Mann-Whitney 

test). To further analyze the SYT1 and SYT7 effect on evoked release, we performed 

paired-pulse experiments at 40Hz. While overexpressing SYT1 induced a significant 

decrease in the pair-pulse ratio, overexpressing SYT7 significantly increased the ratio 

when compared to Syt1+/+ (Figure 5E; (PPR at 40Hz): Syt1+/+ 1.04±0.04, n=42/3, 

Syt1+/++SYT1 0.98±0.04, n=33/3, p=0.000519 and Syt1+/++SYT7 1.40±0.07, n=42/3, p=ns; 

Mann-Whitney test).  

To further explore the role of SYT7 in short-term plasticity, we applied repetitive 

stimulation at 20Hz on Syt1+/+ or Syt1-/- neurons with or without overexpression of 

SYT7 (Figure 3 and 6). We showed that overexpression of SYT7 in wild-type neurons 

led to a facilitatory phenotype (Figure 6A; (EPSC10/EPSC1): Syt1+/+ 0.74±0.05, n=35/3 
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and Syt1+/++SYT7 1.13±0.1, n=39/3, p=0.0008; Mann-Whitney test). and in Syt1-/- 

neurons exacerbated the already strong facilitatory phenotype of the SYT1-lacking 

synaptic responses (Figure 6B; (EPSC10/EPSC1): Syt1+/+ 0.62±0.04, n=27/3, Syt1-/- 

5.63±0.46, n=27/3 p<0.0001 and Syt1-/-+SYT7 9.58±1.51, n=26/3, p<0.0001/ p=0.048; 

Mann-Whitney test). 

All together, these results indicated that neither SYT1 nor SYT7 are a limiting factor 

for the RRP size or the spontaneous release rate of SVs. Importantly, we showed that 

SYT1 is a limiting factor for evoked release efficacy and induces depression of 

synaptic responses during high-frequency stimulation. In contrast, SYT7 may impair 

the overall NT release and is a limiting factor for the facilitation of synaptic responses 

during repetitive stimulation. 
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Figure 5. Impact on synaptic properties of overexpressing SYT1 or SYT7 in Syt1+/+ neurons. All 
electrophysiological experiments were performed on hippocampal glutamatergic autaptic neurons at 

DIV15-21.  (A) Representative sucrose-evoked current traces (left) and normalized summary bar plot 

of the RRP size of SVs (right). (B) Summary bar graph of normalized spontaneous release rate. (C) 
Sample EPSC traces (left) and bar plot of normalized EPSC charge (right). (D) Summary bar graph of 

computed Pvr. (E) Bar graph of paired-pulse ratio (PPR) at 40Hz. Artifacts and/or action potentials were 

blanked and substituted by arrows in C. All data shown represent mean +/- SEM. Statistical analysis 

was applied Mann-Whitney U test (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, ns = not significant). 

Data for SYT1 overexpression experiments was adapted from Bouazza-Arostegui et al. 2022 (Figure 
6). The order and layout of the graphs are different from the paper. 
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Figure 6. SYT1 and SYT7 function in short-term plasticity. All experiments were performed on 

hippocampal glutamatergic autaptic neurons at DIV15-21. Synaptic responses during stimulation of 10 

consecutive APs separated by 50ms. (A) Plots of mean EPSC amplitudes normalized to the first EPSC 

of Syt1+/+ (black), Syt1-/- (burgundy), and Syt1-/- infected with lentivirus containing SYT7 (marine blue) 

during train stimulation. (B) Plots of mean EPSC amplitudes normalized to the first EPSC of Syt1+/+ 

(black) and Syt1+/+ infected with lentivirus containing SYT7 (brown) during train stimulation. All data 
shown represent mean +/- SEM. Statistical significance and p values were estimated by a Kruskal-

Wallis test (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, ns = not significant). Data from this figure were 

not published before. 
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4. Discussion 

In summary, here we demonstrated that SYT1 plays a triple function at the presynaptic 

terminal by performing genetic deletion, knock-down, and rescue experiments. 

Indeed, we showed that the SYT1 knock-out phenotype develops over time in 

excitatory autaptic neurons. Our time-sensitive experiments revealed that SYT1’s role 

in evoked NT-release was essential at all culture stages, while SYT1 functions as a 

clamp of spontaneous SV-release, and priming factor of SVs is just detected in 

autaptic preparations when the synaptic responses are fully developed. Which could 

partly explain seemingly disparate results reported in previous works. Also, we 

provided direct evidence of SYT7 role in SV-priming and clamping of spontaneous 

release by rescuing the phenotype of SYT1-lacking neurons. In general, upstream of 

Ca2+-triggered release SYT1 and SYT7 redundantly contribute to form and maintain 

the RRP of SVs and to clamp their spontaneous release. In contrast, during evoked 

NT-release SYT1 and SYT7 presence have opposite effects, increasing or reducing 

the probability of SV release, respectively. Therefore, in this work we provided with 

novel evidence of how two presynaptic proteins from the same family, by sharing 

similar and disparate roles, set balance in synaptic transmission. Finally, our careful 

titration of SYT1 expression at the presynaptic compartment shed light on the distinct 

sensitivity to STY1 expression of its different synaptic functions, being the priming 

function the least sensitive and the evoked Ca2+-release the most sensitive. 

Importantly, our results from SYT1-deficient synapses demonstrated that changes in 

SYT1 expression could lead to aberrant synaptic function. 

4.1. Interpretation of results in relation to similar works 

As expected, we recapitulated previous results over SYT1’s role as the Ca2+-sensor 

for synchronous NT-release (Geppert et al., 1994; Yoshihara & Littleton, 2002; Bacaj 

et al., 2013; Brunger et al., 2018; Bouazza-Arostegui et al., 2022). Whether its specific 

role was to accelerate and synchronize Ca2+-triggered release or, also, contributed to 

the total amount of exocytosis has been a matter of debate (Chapman, 2008; Liu et 

al., 2009). While some works using autaptic cultures didn’t detect differences in the 

total amount of NT-released (Nishiki & Augustine, 2004b, 2004a; Liu, et al., 2009), 

most studies, including our quantitative experiments, demonstrated that deletion of 

SYT1 not only completely abolished synchronous NT-release but also reduced the 

total amount of NT-released (Bacaj et al., 2013; Bouazza-Arostegui et al., 2022; Liu et 
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al., 2009; Maximov & Südhof, 2005). Moreover, works using cultured neurons have 

also reported conflicting results regarding SYT1 functions regulating spontaneous 

release and priming of SVs. While in some studies SYT1-lacking neurons showed an 

increased spontaneous NT-release (DiAntonio & Schwarz, 1994; Littleton et al., 1994; 

Pang et al., 2006; Chicka et al., 2008; Xu et al., 2009), others didn’t detect those 

differences in mini frequency (Geppert et al., 1994). Similarly, early works of 

experiments performed in cultured SYT1-lacking neurons didn’t detect a reduction in 

the RRP size of SVs (Bacaj et al., 2015; Geppert et al., 1994; Liu et al., 2009; Nagy et 

al., 2006), but more recent studies have shown that SYT1 is likely involved in the 

constitution of the RRP of SVs (Huson et al., 2020; Bouazza-Arostegui et al., 2022). 

Our results confirms that SYT1 functions as a clamp of spontaneous-SV fusion and in 

the formation and maintenance of the RRP of SVs (Bouazza-Arostegui et al., 2022). 

We showed that at early synaptic responses of autaptic neurons the spontaneous 

release mode and the RRP was unaffected, which suggests that those studies that 

didn’t report such increase or decrease, respectively, might be influenced by the time-

point those experiments were performed and/or the pooling of early and late synaptic 

responses. Moreover, redundancy between different SYT isoforms at different 

neuronal types could also account for such discrepancies in the results. Here, similar 

to previous reports (Bacaj et al., 2013, 2015), we showed that SYT7 redundantly with 

SYT1 prime SVs and is involved in NT-release. Remarkably, we showed that SYT7 

not only conditions the phenotype of the SYT1-lacking neurons but corroborates 

(Jackman et al., 2016; Turecek & Regehr, 2018) that modulates synaptic plasticity. 

4.2. Synaptotagmin-1 performs a triple synaptic function 

Classically, mammalian and invertebrate loss-of-function mutants were generated to 

study synaptic function (Deng et al., 2011; Geppert et al., 1994; Schulze et al., 1995). 

However, a more thorough control of protein amount is a powerful approach to uncover 

differences in molecular stoichiometry or signaling pathways. For instance, the titration 

of the SNARE protein Syntaxin-1 (Stx1) expression revealed that is involved in priming 

and vesicle fusion by highly related mechanisms (Arancillo et al., 2013). Similarly, the 

detailed examination of the relation protein expression-priming function for the scaffold 

protein Munc13-1, revealed that a different degree of cooperativity of Munc13 

molecules is needed to perform either docking or priming of SVs (Zarebidaki et al., 

2020). Continuing these works, we showed that exist clear differences in the sensitivity 
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of SYT1’s functions to its presynaptic expression, obtaining a quantitative 

understanding of how SYT1 is differently involved at least in three consecutive and 

independent pathways of synaptic transmission.  

SYT1 mediates fast synchronous NT-release through the interaction of its C2 domains 

with the acidic phospholipids of the PM and SNAREs (Fernández-Chacón et al., 2001; 

Zhou et al., 2015; Brunger et al., 2018). Structural studies of SYT1 indicated that the 

acidic amino acid side chains at the C2A domain bind three Ca2+ ions and two at the 

C2B (Cheng et al., 2004; Fernandez et al., 2001; Ubach et al., 1998). Ca2+-binding 

causes hydrophobic residues at the tips of the Ca2+-binding loops to insert into the 

membrane, generating curvature and triggering fusion of the SV with the PM (Martens 

et al., 2007; Lynch et al., 2008; Hui et al., 2009). SYT1-mediated bending of the PM is 

a fundamental step to facilitate the opening of the initial fusion pore by bringing the 

two membranes into close proximity and initiating lipid exchange between them 

(Chernomordik & Kozlov, 2008; Kozlov et al., 2010; Wu et al., 2021). Furthermore, the 

membrane-bending activity of SYT1 might also contribute to pore expansion (Lynch 

et al., 2008). However, the specific mechanism of how Ca2+-binding to SYT1 leads to 

fusion is still unclear. We showed that the Ca2+-evoked fusion pathway is highly 

sensitive to SYT1 presynaptic expression, where varying its presence affects vesicular 

release probability and short-term plasticity characteristics more than any other 

parameters. We argue that small changes in the number of SYT1 molecules might 

disrupt the formation and stoichiometry of functional SYT1-SNARE complexes 

necessary to overcome the energy barrier. Indeed, disruption of SYT1 function may 

allow another isoform to dominate fusion pore dynamics (Rao et al., 2014; Wu et al., 

2021). 

Besides SYT1 positive role in triggering release, SYT1 serves as a Ca2+-sensitive 

fusion clamp, blocking SNARE-catalyzed fusion until the arrival of a Ca2+ signal 

(Popov & Poo, 1993; Ramakrishnan et al., 2020; Söllner et al., 1993). The supporting 

evidence of the clamp model came from how the disruption of SYT1 function led to 

higher rates of spontaneous SV exocytosis (DiAntonio & Schwarz, 1994; Littleton et 

al., 1994; Chicka et al., 2008; Xu et al., 2009). In a recent model, SYT1 oligomerization 

would provide the molecular basis for SYT1 control of spontaneous release. Upon 

Ca2+ influx, a SYT1 multimeric structure would undergo a conformational change from 

a SV clamping mode to one that induces synchronous release (Bello et al., 2018; 

Tagliatti et al., 2020). SYT1 oligomerization has been proposed to occur either via its 
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N-terminal region (Bai et al., 2000; Brose et al., 1992; Perin et al., 1991) or via its 

cytoplasmatic C2B domain (Chapman et al., 1996; 1998; Hui et al., 2011; Bello et al., 

2018). EM data showing ring-like structures of SYT1 (Wang et al., 2014), that are Ca2+-

sensitive (Bello et al., 2018; Tagliatti et al., 2020; Wang et al., 2014, 2017; Zanetti et 

al., 2016), supported the cytoplasmatic model. In a recent work (Courtney et al., 2021), 

a cluster of lysine residues in the juxtamembrane linker region was shown to govern 

homo-multimerization in an anionic lipid-dependent meaner. Moreover, mutations that 

neutralized the positively charged region not only disrupted SYT1 self-association but 

induced defects in clamping spontaneous SV release and evoked release (Courtney 

et al., 2021). Considering the estimation that SVs contain approximately 15 copies of 

SYT1 (Takamori et al., 2006), which in turn are the number of molecules that may form 

the ring-like structures (Wang et al., 2014), could explain the sensitivity of this SYT1 

function to a moderate decrease in SYT1 expression. Reductions in the number of 

SYT1 copies per SV could result in both defects in the formation of the oligomeric 

clamp and deficiencies of in its clamping function. Interestingly, we showed that 

overexpression of SYT7 rescued the enhanced spontaneous release phenotype that 

SYT1 knock-out neurons exhibit, and when both proteins are missing the phenotype 

is enhanced. This may indicate that SYT7 clamp spontaneous SV fusion 

independently from the formation of the SYT1 multimeric clamp. 

Analysis of Drosophila Syt1 mutants (Reist et al., 1998) and C. elegans Syt1-null 

mutants (Jorgensen et al., 1995) revealed a decrease in the number of SVs docked, 

suggesting also a role for SYT1 in this step of the exocytotic pathway. Similarly, in 

mouse embryonic chromaffin Syt1-null cells a strong docking defect was reported (de 

Wit et al., 2009). It was suggested that SYT1 interactions with the anionic lipids on the 

PM, phosphatidylserine and phosphatidylinositol 4, 5-bisphosphate, mediate the 

docking of vesicles (Honigmann et al., 2013; Parisotto et al., 2012; Park et al., 2012). 

Recent studies that combined high-pressure freezing and EM showed SV-docking 

defects in SYT1-knockout murine synapses and have come to support that pathway 

(Liu et al., 2009; Chang et al., 2018; Chen et al., 2021). Conversely, defects in SV 

docking were suggested to be due to a reduction in the total number of SVs, related 

to developmental defects (Imig et al., 2014). When functionally addressed, some 

studies showed that individual deletion of SYT1 had no detectable effect on the RRP 

size (Bacaj et al., 2015; Geppert et al., 1994; Maximov & Südhof, 2005), while others 

showed a reduction in the number of primed vesicles (Bouazza-Arostegui et al., 2022; 
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Huson et al., 2020). It was proposed that differences in the culture preparation might 

account for differences in the phenotype (Liu et al., 2009), but works using the same 

autaptic system have reported contrary results (Bacaj et al., 2015; Bouazza-Arostegui 

et al., 2022; Geppert et al., 1994; Huson et al., 2020; Liu et al., 2009). Importantly, we 

showed that a reduction in the RRP size only became detectable at mature synapses 

in autaptic cultures (Bouazza-Arostegui et al., 2022). Furthermore, SYT1 priming 

activity was relatively insensitive to changes in SYT1 expression, and the additional 

suppression of SYT7 expression levels drastically reduced the number of primed SVs 

at all stages. Therefore, besides culturing conditions, conflicting results over detecting 

SYT1 function in priming might reside in the functional redundancy between synaptic 

protein isoforms. The fact that SV priming was impaired only after a major drop in 

SYT1 concentration shows that low SYT1 expression was sufficient to preserve 

maximum priming activity, suggests an independent pathway for priming than for 

regulating NT-release. 

4.3. Synaptotagmin-1 synaptic disfunction and neurodevelopmental disorders 

An increasing number of neurodevelopmental disorders are associated with mutations 

in genes encoding synaptic proteins (Claes et al., 2001; McTague et al., 2016; 

Bonnycastle et al., 2020; Alten et al., 2021). The substantial phenotypic heterogeneity 

observed in SYT1-associated disorders (Baker et al., 2015, 2018) suggests that allelic 

expressivity plays an important role in determining disease severity (Bradberry et al., 

2020). Therefore, is relevant to investigate how SYT1 wild-type and mutant alleles 

vary in expression across neuronal subtypes and brain regions in the patient. Although 

the titration of SYT1D304G, SYT1D366E, or SYT1I368T mutants resulted in a ponent 

dominant-negative inhibition of SV exocytosis (Bradberry et al., 2020), a loss-of-

function phenotype is not excluded. At least one of the variants (SYT1M303K) is 

dysfunctional in its level of expression and retention at the nerve terminals (Baker et 

al., 2018). Furthermore, SYT1D304G and SYT1D366E variants failed to re-localize to 

nerve terminals following stimulation, indicative of impairments in endocytic retrieval 

and trafficking of SYT1 (Baker et al., 2018). In our study, we showed that 

haploinsufficiency of SYT1 resulted in an aberrant spontaneous release phenotype 

and decreased release probability with additional consequences in short-term 

plasticity characteristics. If patients with heterozygous SYT1 mutations have 

deficiencies in SYT1 expression/localization could lead to synaptic inefficacy and, 
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ultimately, contribute to network disfunction. While allelic expressivity may not explain 

the whole pathophysiology, it could exacerbate synaptic manifestations of individual 

SYT1 variants (Baker et al., 2018; Bradberry et al., 2020). In fact, a recent article 

showed that an aberrant spontaneous NT-release phenotype, due to SNAP25 

mutations, could result in developmental and epileptic encephalopathies (Alten et al., 

2021). Conversely, our findings indicate that the patient’s pathophysiology that could 

derive from changes in the SYT1 expression levels are unlikely to be related to SYT1’s 

priming activity. 

4.4. Synaptotagmin-7 and Synaptotagmin-1 redundant and antagonistic roles 

SYT7 has similar Ca2+-dependent binding and tilting properties to SYT1, but with a 

lower Ca2+-sensing threshold and stronger membrane binding affinity (Hui et al., 2005; 

Chon et al., 2015; Tran et al., 2019). This isoform has been shown to be involved in 

exocytosis in chromaffin and pancreatic cells (Sugita et al., 2001; Shin et al., 2002; 

Schonn et al., 2008; Bendahmane et al., 2020), suggesting a role in asynchronous 

release; a form of NT-release that is characterized by a variable delay following a 

stimulus (Kaeser & Regehr, 2014). However, initial electrophysiological recordings of 

SYT7-lacking neurons didn’t show changes in this release mode (Maximov et al., 

2008). Posterior studies did describe a role in asynchronous release during high-

frequency (HF) stimulation at the zebrafish neuromuscular junctions (Wen et al., 2010) 

and hippocampal murine neurons (Bacaj et al., 2013). Currently, SYT7 has been 

consistently reported to regulate two forms of plasticity at various types of synapses 

(Huson & Regehr, 2020; Silva et al., 2021). First, it has been implicated in SV-

replenishment in response to HF repetitive stimulation (Chen et al., 2017; Liu et al., 

2014; Vevea et al., 2021). Second, it was shown that Ca2+-binding at its C2A domain 

was required for synaptic facilitation (Jackman et al., 2016), as reported in diverse 

neuronal types (Jackman et al., 2016; Chen et al., 2017; Turecek et al., 2017; Turecek 

& Regehr, 2018; Fujii et al., 2021; Vevea et al., 2021). When we overexpress SYT7 in 

either wild-type or SYT1-null synapses a strong facilitatory phenotype of the synaptic 

responses appeared or was exacerbated, respectively. Which contrasts with SYT1’s 

role in increasing release probability and necessary for depression of synaptic 

responses during repetitive stimulation. Therefore, we interpret that SYT7 antagonizes 

SYT1 function during short-term plasticity. SYT7 may promote facilitation through two 

mechanisms. First, as facilitation may involve enhanced docking, SYT7 could function 
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as a Ca2+-dependent docking factor, similar to Munc13-1 presynaptic protein (Lipstein 

et al., 2021). During repetitive stimulation SYT7 would function as a SV-replenishment 

machine by interacting with PM and vesicle membrane upon binding Ca2+ (Liu et al., 

2014; Silva et al., 2021), so more SVs would be available to be released. Second, 

putative competition between SYT1 and SYT7 may contribute to the modulation of 

NT-release. SYT7 may be interfering with SYT1’s activity during triggered release, 

removing the number of effective SYT1 molecules that bind to SNAREs to form fusion-

competent SYT1-SNARE complexes. In fact, both SYT1 and SYT7 bind to SNARE 

complexes, which is impaired by the top-loop Ca2+-binding sequence mutations of the 

C2-domains (Bacaj et al., 2015). But there are critical differences between their Ca2+-

binding domains since SYT7-C2B domain when transplanted into SYT1 did not rescue 

SYT1 function (Xue et al., 2010). Interestingly, in neurons expressing the SNAP23 

variant SYT7 might regulate asynchronous NT-release (Weber et al., 2014), indicating 

that differential expression of presynaptic protein isoforms across cell-types and 

development stages conditions synaptic function. Interestingly, we found that 

suppressing SYT7 expression in SYT1 knock-out neurons led to a strong increase in 

spontaneous SV-fusion events. In fact, overexpression of any of the synaptotagmin 

isoforms in the SYT1 knock-out neurons reduced spontaneous release to wild-type 

levels, indicating that SYT7 clamping function might be independent of SYT1 

presence. As discussed above, SYT1 might clamp spontaneous release via homo-

multimerization. Whether the redundant clamping function of SYT7 is a secondary 

effect as an overall inhibitor of NT-release or is a putative function needs to be 

resolved. In a compelling model, the SYT1 oligomeric clamp would be augmented by 

the SYT7 C2B domain bound via the “tripartite” site (Zhou et al., 2017), providing an 

extremely tight dual clamp (Rothman et al., 2017; Brunger et al., 2018; Grushin et al., 

2019). Overall, we conclude that the expression strength and the copy number of 

SYT1/7 proteins contribute to determine NT-release properties. 

Like in forebrain neurons (Bacaj et al., 2015), ablation of SYT1 and SYT7 expression 

in hippocampal neurons drastically decreased the RRP size of SVs. Previous works 

showed that for maintaining the RRP size of SVs, SYT1 and SYT7 do not require Ca2+ 

(Bacaj et al., 2015). Our expression- and time-sensitive experiments demonstrated 

that SYT7 redundantly with SYT1 primes SVs at hippocampal synapses. Furthermore, 

we showed that none of them are a limiting factor for the RRP size of SVs, but SYT1 

function becomes essential over time at glutamatergic synapses. Only at initial culture 
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stages SYT7 fully compensate for SYT1 loss, while only partially at more mature 

synapses. Importantly, by overexpressing SYT7 in Syt1-null mature neurons, we 

rescued the RPP size of SVs, suggesting that SYT7 priming activity can be carried-

out mechanistically independent to SYT1. Taking together, whether SYT7 

redundant/antagonistic roles regulating NT-release upon stimulation and clamping 

spontaneous SV-fusion are part of the same mechanism needs to be investigated. In 

contrast, the molecular mechanisms underlying SYT1/7 redundant Ca2+-independent 

priming activity seem to be independent of each other. 

4.5. Strengths and weaknesses of the study and implications for future research 

Properly assessing protein expression levels was critical for our assessments and 

conclusions. Although not fully quantitative, using ratiometric immunocytochemistry  

(ICC) quantification of the protein expression in autaptic neurons has been 

consistently shown to be the most reliable and adequate approach (Xue et al., 2007; 

Weston et al., 2011; Arancillo et al., 2013; Zimmermann et al., 2014; Zarebidaki et al., 

2020; Vardar et al., 2021), and consistent with western blot (WB) quantifications 

(Zarebidaki et al., 2020). ICC has the advantage of quantifying the protein of interest 

in the functionally relevant compartment. Moreover, utilizing SYT1/SYT7-to-VGLUT1 

signal ensures that we do not average expression across glutamatergic and 

GABAergic neurons, which would not be possible when using bulk analysis methods 

like WB or RT-PCR. Future studies using the novel patch-seq technique, which 

combines transcriptome analysis with the electrophysiological and morphological 

characterization of individual neurons (Cadwell et al., 2016; Lipovsek et al., 2021), 

could provide complementary results regarding the relation of molecular composition 

with specific synaptic functions. Indeed, we limited our work to excitatory synapses, 

which opened the door to further studies analyzing whether SYT1/7 protein exhibit a 

similar interplay in other types of chemical synapses. 

Using autaptic neurons gave us full control of synaptic input and output. While this 

system has the advantage to provide mechanistic information about a synaptic 

component, it has the disadvantage of missing its network and homeostatic effects. In 

fact, network connectivity can regulate synapse phenotype, including the frequency of 

spontaneous release events, the kinetics of evoked release and release probability in 

the absence of SYT1 (Liu et al., 2009). Also, our work indicated that future 

assessments of synaptic responses in autaptic neurons should consider their 
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developmental stage. By pooling data from differently develop sets over large time 

windows may lead to missing a phenotypic trait. This work helps others to appreciate 

how differences in the experimental design may contribute to different outcomes. 

From a previous study, it is established that synaptotagmin isoform regulation during 

development is a mechanisms that fine-tunes the speed, reliability, and plasticity of 

transmitter release at the calyx of Held synapse (Kochubey et al., 2016). We have 

further confirmed that SYT1 and SYT7 redundant and antagonistic functions are 

conditioned by their expression levels. Future studies of aberrant forms of neuronal 

communication associated with SYT1 or SYT7 mutations will tackle how the 

SYT1/SYT7 balance changes overtime at different neuronal types. Furthermore, it 

would be interesting to study whether SYT7 affects SYT1 role in vesicle endocytosis 

(Poskanzer et al., 2003; Yao et al., 2012; Liang et al., 2017). Finally, this work has 

thoroughly investigated how the presence SYT1 and SYT7 impacts synaptic function, 

but whether their functional interplay is translated into morphological changes at 

synapses remains to be elucidated. 



 

 34 

5. Conclusions 

• SYT1 is essential for synchronous Ca2+-dependent NT-release and perform at 

least two additional functions upstream to the evoked Ca2+-triggering step, priming 

SVs and clamping spontaneous SV exocytosis. 

• SYT1’s functions have distinct sensitivity to expression levels at the presynaptic 

compartment, being its priming activity the least sensitive and its regulation of 

Ca2+-triggered release the most sensitive. 

• The first-time electrophysiological characterization of Syt1 heterozygous neurons 

phenotype indicated that a deficit in SYT1 expression/localization leads to synaptic 

malfunction. 

• SYT1-laking hippocampal neurons phenotype develops overtime in autaptic 

cultures. While its function as Ca2+ sensor is essential at all stages, the phenotypic 

traits regarding priming and clamping of SVs are only exhibit at later culture stages 

of hippocampal neurons. 

• SYT7 isoform redundantly with SYT1 is well capable of priming SVs and clamping 

spontaneous SV fusion. 

• While SYT1 is sufficient and necessary for the maintenance of the RRP size of 

SVs and clamping spontaneous SV fusion, SYT7 becomes only essential in the 

absence of SYT1. 

• Neither SYT1 nor SYT7 are a limiting factor for the RRP size of SVs or the 

clamping of spontaneous NT-release. 

• SYT7 works as an antagonistic force to SYT1 in NT-release during repetitive 

stimulation. While SYT1 induce depression of the synaptic responses and 

positively regulates release probability of neurons, SYT7 presence promotes a 

facilitatory phenotype and, likely, negatively regulates release probability. 
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