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The general aim of the studies described in this thesis was to increase our understanding of
dynamic processes that underlie synapse development and function. By using genetic and
pharmacological tools to study synaptic proteins and vesicles in intact living cells combined with
analysis routines we addressed several important cell biological questions: 1) What are the
mechanisms that transport release machinery proteins to target sites, 2) How are release
machinery protein levels spatially and temporally regulated at target sites, 3) How are secretory
vesicles spatially and temporally regulated at target sites. This chapter summarizes the main
findings and discusses these findings in light of general principles underlying neuronal and
synaptic functioning.

To study the transport and dynamics of release machinery proteins, we focused on soluble
Munc18-1, a presynaptic protein essential for neurotransmission, and the target SNARE syntaxin-1.
For this, we generated a mouse line expressing endogenous fluorescent Munc18-1. Chapter 2
described the creation and validation of the Munc18-1-Venus knock-in (KI) mouse with regard to
neuronal development and synaptic vesicle release. In addition, we exposed a possible essential
role for a Munc18-1 splice variant in the (auditory) brainstem. In this chapter we concluded that
the Munc18-1-Venus KI mice are a novel and valuable tool to study the function of Munc18-1 in
cultured neurons. In chapter 3 we used these mice to reveal how Munc18-1/syntaxin-1 complexes
are transported in axons and targeted to synapses. We showed that Munc18-1 is rapidly
exchanged at the synapse and that synaptic Munc18-1 levels control synaptic output in a calcium-
and PKC-dependent manner. In chapter 4 we investigated the spatial nature of unprimed vesicles
and their role in vesicle fusion. In chapter 5 we studied syntaxin-1 transport in developing neurons
to understand the transport of Munc18-1/syntaxin-1 complexes in more detail. We developed a
method to visualize vesicular syntaxin-1, and showed that during development syntaxin-1 is
expressed at the plasma membrane and transport vesicles. In addition, we suggested that
transport vesicles en-route to target sites may be differently regulated in rodents compared to
worms.
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6.1 DELIVERY OF PRESYNAPTIC PROTEIN TO NASCENT
SYNAPSES: VESICLES AND DIFFUSION
One essential step in the formation of functional synapses is the local recruitment and
accumulation of synaptic proteins at the nascent presynaptic terminal. Although synaptic
accumulation of presynaptic proteins has been intensively studied, the field still lacks a general
unifying theory on how synaptic proteins are delivered at nascent synapses. One hypothesis holds
that synaptic terminals are assembled by the unitary delivery of active zone (AZ) and AZ-
associated proteins, including syntaxin-1 via Piccolo-Bassoon transport vesicles (PTVs), (Cai et al.,
2007; Shapira et al., 2003; Su et al., 2004; Tao-Cheng, 2007; Zhai et al., 2001). Synaptic vesicles and
associated proteins likely travel via synaptic vesicle protein transport vesicles (STVs) to synaptic
terminals (Kraszewski et al., 1995; Nakata et al., 1998; Sabo and McAllister, 2003; Smith et al., 2000;
Tao-Cheng, 2007). In fact, recent studies suggest that PTVs and STVs may be transported together
as clusters allowing for fast and efficient synapse formation (Bury and Sabo, 2011; Tao-Cheng,
2007; Wu et al., 2013a). In any case, the number of motor and adaptor proteins required for vesicle
transport (van den Berg and Hoogenraad, 2012), the precise control of targeting into axons
(Goldstein et al., 2008) and deposition of synaptic material at nascent synapses (Bury and Sabo,
2011; Wu et al., 2013b) suggest a high order of control in synapse assembly.

In chapter 5 we propose that lateral membrane diffusion of synapse components functions in
addition to vesicular delivery in synapse assembly. We show that vesicular and membrane-bound
syntaxin-1 co-exists early in development. This suggests that syntaxin-1 is already inserted into
the membrane well before synaptogenesis, either via fusion of PTVs or via a membrane insertion
pathway (Prydz et al., 2013) that acts independently of PTVs. Importantly, syntaxin-1 and in fact
most of the release machinery proteins studied so far are widely available throughout the
developing axon. A situation quite similar to mature neurons where SNAP-25, syntaxin-1 and
Munc18-1 accumulate at but are not spatially restricted to synapses. In mature neurons, syntaxin-
1 is mobile and undergoes lateral diffusion between synapses (Ribrault et al., 2011)(chapter 3).
Similarly, in dendrites, diffusible PSD-95 translocates from mature synapses to new post-synaptic
densities (Gray et al., 2006). Hence, long distance active transport may act cooperatively with
passive diffusion of proteins over shorter distances in the formation of new presynaptic contacts.
The method of discriminating vesicular and plasma membrane proteins, described in chapter 5,
offers a tool to study the different transport modes of synaptic membrane proteins.

The role of diffusion, both in the cytosol and in the membrane, of synaptic proteins in presynaptic
development may be a largely overlooked aspect. Diffusion of release machinery components
offers an attractive explanation for several processes that are still not fully understood. One, it
bypasses the need for spatially and temporally controlled delivery of PTVs. Two, it provides
flexibility as it only requires the local nucleation of synaptic proteins by scaffolding proteins to
form synapses. Three, it limits the number of PTVs and STVs required later in development when
sufficient amounts of synaptic proteins are present in the axon. In areas with high density of
synapses, exchange of synaptic proteins may be high, facilitating the formation of new synapses
without the need for PTVs. Four, maturation into functional synapses is not hampered by the
immediate translocation of dynamic proteins, such as Munc18-1 and syntaxin-1, after PTV
insertion. By inserting highly dynamic proteins in abundance before an equilibrium is established
that compensates the translocation. Five, it explains DCV release prior to synapse formation.
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Fusion of DCVs is not strictly bound to synapses (Knobloch et al., 2012; Matsuda et al., 2009; van
de Bospoort et al., 2012), requires SNARE proteins (Xu and Xu, 2008), and starts before the onset of
synaptogenesis (Kolodkin and Tessier-Lavigne, 2011; van de Bospoort et al., 2013a). Hence, DCV
exocytosis requires release machinery to be present from early on along the plasma membrane. In
conclusion, diffusion of membrane and cytosolic proteins is an attractive mechanism to support
efficient synapse development without the need of highly controlled delivery of secretory vesicles
at every nascent synapse.

6.2 PROTEIN LEVELS AND POST-TRANSLATIONAL
MODIFICATIONS CONTROLLING SYNAPTIC STRENGTH
The number and functional status of proteins in the pre- and postsynapse strongly influence the
strength of neurotransmission (Yokoi et al., 2012). Synapses undergo extensive spontaneous and
activity-driven remodeling (Figure 6.1) over a time-scale of minutes (Chapter 3)(Matz et al., 2010),
and hours and days (Fisher-Lavie et al., 2011; Fisher-Lavie and Ziv, 2013; Matz et al., 2010; Minerbi
et al., 2009). Remodeling involves local protein translation and degradation (Cohen et al., 2013;
Ehlers, 2003), axonal transport of proteins translated at the soma (Tsuriel et al., 2006), and local
protein recruitment and translocation. Remodeling likely is an important factor driving the large
structural and functional heterogeneity found in synapses (de Jong et al., 2012). Munc18-1 is
highly dynamic at the synapse, and its protein levels control synaptic output and are remodeled in
an activity-dependent manner (Chapter 3).

6.2.1 MUNC18-1 INTERACTION PARTNERS IN THE SYNAPSE
Munc18-1 transport to and retainment at the synapse is dependent on syntaxin-1 (chapter 3),
which is in line with studies showing direct interaction of Munc18-1 and syntaxin-1 (Garcia et al.,
1994; Hata et al., 1993; Pevsner et al., 1994). However, the activity- and PKC-dependent
redistribution of synaptic Munc18-1 is largely independent of syntaxin-1 (Chapter 3).
Redistribution—dispersion and reclustering—involves the release from a synaptic binding
partner, transient (diffusion-driven) translocation from and to the synapse, and re-binding to a
synaptic binding partner. In the simplest case, Munc18-1 releases and re-binds the same unknown
binding partner. Several binding partners have been identified. Munc18-1 binds the N-terminal
sequence of scaffold proteins Mint1 and Mint2 (Okamoto and Südhof, 1997) in a complex with
CASK and neurexin (Biederer and Südhof, 2000) in a phosphorylation-dependent manner (Park et
al., 2012b). However, this interaction involves syntaxin-1 and it is unknown if abrogated syntaxin-1
binding diminishes Munc18-1 binding to Mint (Park et al., 2012b). The calcium binding protein
DOC2 binds to Munc18-1 via its C2-domain and may compete with syntaxin-1 during calcium
influx (Groffen et al., 2004; Verhage et al., 1997). Dysbindin-1, a protein related to schizophrenia,
binds Munc18-1 in vitro and in brain lysates (Hikita et al., 2009). Similarly, Phospholipase D was
found to interact with Munc18-1 in brain, however its cellular location is unknown (Lee et al.,
2004). Other interaction partners include mSYD1A, a regulator of synaptic vesicle docking
(Wentzel et al., 2013), N-type calcium channel (Chan et al., 2007) and metabotropic glutamate
receptors (mGluRs) (Nakajima et al., 2009; Ramos et al., 2012). mGluR4 binds and releases Munc18-
1 in a calcium-activated calmodulin-dependent manner, regulating short-term facilitation
(Nakajima et al., 2009). The importance of many of these interactions in regulating



159General discussion

neurotransmission has remained largely unclear. Until now, much emphasis has been put on the
interaction of Munc18-1 with syntaxin-1 as both are core constituents of the release machinery.
However, chapter 3 shows that other interaction partners are important for the regulation of the
strength of individual synapses. Based on its presynaptic localization at the active zone, the
protein complex of Mint, CASK and neurexin, is an attractive candidate to regulate Munc18-1
redistribution.

6.2.2 DYNAMICS IN THE AXON: A SUPERPOOL OF SYNAPTIC
PROTEINS
Proteins are not stably attached at the synapse but exchange at specific rates with the axon
(Staras et al., 2013). The mechanisms that determine the rate of exchange are not well understood.
In chapter 3 we show that activity increases the mobile pool of syntaxin-1 and Munc18-1, in line
with activity-dependent dynamics of bassoon and synapsin (Tsuriel et al., 2009; Tsuriel et al.,
2006). In addition, stimulation leads to an even more dramatic change in exchange kinetics of
several other CAZ soluble synaptic proteins, vesicle SNAREs and target SNAREs (Chi et al., 2001;
Denker et al., 2011; Star et al., 2005; Tanaka et al., 2000). Phosphorylation, GTP/GDP binding and
ionic interactions control the rate of some of these dispersion and reclustering reactions. Chapter
3 shows that diffusion is the main mode of transport of Munc18-1/syntaxin-1 complex in the axon
between synapses. In addition, Munc18-1 and syntaxin-1 are rapidly exchanged between the axon
and the synapse. In contrast to shared vesicles, diffusion may be the main mechanisms for sharing
of synaptic proteins as it is a direction-unbiased, energy-efficient and fast method to transport
proteins over relatively short distances. Diffusion may be a powerful and ‘in-expensive’ mechanism
to continuously supply synapses with content, where confinement and assimilation into the
synapse are regulated by post-translational modifications based on demand.

Core constituent of the cytomatrix, such as Liprin-α and bassoon, act as a central hub regulating
exchange and stability of presynaptic proteins and synaptic vesicles (Mukherjee et al., 2010;
Shupliakov et al., 2011; Spangler et al., 2013). Presynaptic dynamics is matched at the postsynapse
(Fisher-Lavie and Ziv, 2013) where the excitatory scaffolding protein, PSD-95, and others are
continuously exchanged (Kuriu et al., 2006). Not surprisingly, proteins that interact with these
scaffolds are exchanged as well at a considerable pace (Renner et al., 2008). Hence, by engaging
many interactions scaffolding proteins may control dynamics of a myriad of synaptic constituents.
In inhibitory synapses the archetypical synaptic adhesion proteins neurexin and neuroligin display
a 100% mobility within 20 minutes (Fu and Huang, 2010), and in vivo single particle tracking
shows that neurexin is highly mobile in axons of brain slices (Biermann et al., 2014). Hence, the
stability of cell adhesion and scaffolding proteins within synapses is limited, and may significantly
contribute to the dynamics of many synaptic constituents.

Basic exchange and activity-induced dispersion and reclustering cycles provide a method to mix
and exchange synaptic protein beyond the local borders of individual synapses (Figure 6.1).
Synaptic sharing is not restricted to soluble proteins (Li and Murthy, 2001) and may be a basic
characteristic of all synaptic proteins that undergo exchange with the axon. In vivo imaging of
fluorescently tagged synaptic proteins has provided direct evidence of protein and vesicle sharing
between synapses in the brain (Gray et al., 2006; Herzog et al., 2011). Hence, many and possibly all
synaptic constituents, such as CAZ proteins, release machinery proteins, and even vesicles are
continuously exchanged and shared between synapses (Figure 6.1A). This provides a mechanism
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for synapses to remodel their protein content on a timescale much faster than dictated by
translation and degradation. Thus, synaptic proteins form, like the superpool of synaptic vesicles, a
diffuse pool of proteins extending multiple synapses.

6.2.3 ROLE OF POST-TRANSLATIONAL MODIFICATIONS IN PROTEIN
DYNAMICS AND RELEASE
Chapter 3 describes the imaging experiments that show that PKC phosphorylates Munc18-1 to
control its levels and vesicle release in individual synapses. These live cell imaging experiments
complement electrophysiological findings (Toonen et al., 2006; Wierda et al., 2007) and show that
at the single synapse level, PKC-dependent modulation of Munc18-1 function controls synaptic
transmission.

One question, however, remains: are PKC-dependent redistribution of Munc18 at the single
synapse level and the effect of PKC-activation on global neuronal output two separate processes?
First, Munc18-1 redistributes in a majority of synapses, but the direction of change is clearly an
individual synaptic behavior resulting in a relatively small increase in average recruitment and
synaptic output. Thus, redistribution likely does not fully explain the ±25% potentiation of
presynaptic release on a global cellular level (Wierda et al., 2007). However, modulation of single
synapse efficacy is likely much more relevant for the in vivo situation where local activation of the
PKC/DAG pathway controls presynaptic output. Second, the potential of DAG analogues to
potentiate release in naïve neurons contrasts the lack of effect of PMA on Munc18-1 dispersion or
recruitment. Hence, potentiation of release is likely mediated by changes in release probability or
willingness independent of changes in synaptic protein levels showing that Munc18-1
phosphorylation also functions to control synapse output independent from dispersion and
recruitment. Third, Munc18-1 dispersion during strong stimulation may be fast enough to explain
the potentiating effect of DAG on vesicle release during activity. Dispersion increases free
Munc18-1 that may be available to bind syntaxin-1 and initiate the formation of new SNARE
complexes (Ma et al., 2012; Pertsinidis et al., 2013) supporting sustained release linking Munc18-1
dynamics and vesicle pool refilling. Finally, syntaxin-1 does not have a direct role in synaptic
dispersion and reclustering of Munc18-1. However, the decreased affinity of phosphorylated
Munc18-1 for syntaxin-1 (Barclay et al., 2003; Fujita et al., 1996) may play a role in the PKC/DAG

Figure 6.1 Synaptic remodeling of protein levels and release probability A, Spontaneous remodeling of
synaptic protein content. Top: synaptic boutons along an axon display heterogeneous release probability (Pr,
thick arrow), synaptic vesicle content (purple circles) and protein levels (dark grey background). Inset: synaptic
proteins (colored entities) are enriched in the synapse, but can diffuse into the axon and being shared among
neighboring synapses. Bottom: Over time the sharing of proteins via diffusion leads to the remodeling of
synaptic protein content and release probability. B, Activity-dependent remodeling of synaptic protein
content. Top: synaptic boutons along an axon display heterogeneous Pr, synaptic vesicle content and protein
levels. Middle: stimuli (---+++, action potentials) cause the influx of calcium and trigger the dispersion of
proteins into the axon. Inset: proteins initially disperse (1) into the axon upon calcium influx. After stimulation,
proteins re-cluster (2) to synapses. Proteins disperse through unbinding of a synaptic binding partner and
diffusion into the axon. Proteins re-cluster through diffusion into the synapse and binding to synaptic binding
partner. Bottom: heterologous reclustering leads to a remodeling of synaptic protein content and release
probability.
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pathway. This discrepancy can be explained by assuming that syntaxin-1 acts downstream of
dispersion and reclustering. Together, Munc18-1 redistribution likely acts in conjunction with
direct effects of Munc18-1 phosphorylation in the PKC/DAG pathway providing local fine-tuning
of the effect. In addition, Munc18-1 dispersion and reclustering may function in the fast Munc18-
1-dependent potentiation and replenishment of vesicle release.

A similar PKC-dependent modulation of release occurs at the Calyx of Held during post-tetanic
potentiation (PTP) (von Gersdorff and Borst, 2002). Recently, it was shown that Munc18-1 is a main
target of PKC during PTP in the Calyx of Held (Genc et al., 2014). Phosphatase activity limited PTP
to ~3 minutes; potentiation may have a similar time course in hippocampal neurons (Alle et al.,
2001), where Munc18-1 is rapidly dephosphorylated (de Vries et al., 2000). Thus, when compared
time wise with synaptic Munc18-1 reclustering, phosphatase activity, not kinase activity, aligns
with PTP. Possibly, Munc18-1 is de-phosphorylated before or after reclustering, or de-
phosphorylation may even be necessary for reclustering. Clearly, it will be essential to develop
tools that visualize the dynamic phosphorylation status of Munc18-1 to better understand the
order of events and the role of phosphorylation.

6.3 MEMBRANE RECRUITMENT OF SYNAPTIC AND
DENSE CORE VESICLES IN NEURONS: A ROLE FOR
ACTIN?
Motion towards the membrane is a crucial aspect of synaptic and dense core vesicle release in
neurons. Until super-resolution imaging allows the precise characterization of vesicle dynamics at
neuronal release sites (see (Peng et al., 2012) and (Park et al., 2012a) for promising developments),
analysis of DCV dynamics near the membrane of chromaffin cells using total internal reflection
(TIRF) microscopy remains a powerful tool to understand secretory vesicle dynamics before
fusion. Chapter 4 shows that a mobile pool of vesicles, at distance from the membrane, supports
sustained secretion in chromaffin cells by undergoing linear motion and fast docking, priming and
fusion at the membrane. The sections below discuss the importance of these findings in relation
to neuronal secretion.

6.3.1 THE ROLE OF ACTIN IN DENSE CORE VESICLE RECRUITMENT
DCVs in chromaffin cells require microtubule (MT)-based transport to reach the cell periphery
(Park et al., 2009). Once arrived, DCVs encounter a dense actin network lining the plasma
membrane. The role of cortical actin is not well understood: it may act as a barrier controlling
availability of DCVs at the cell membrane; it may act as an intermediary linking the MT with the
membrane by transporting DCVs over the actin filaments towards the membrane; or may have a
supporting role in fusion pore expansion (Gutiérrez, 2012; Porat-Shliom et al., 2013). After arrival at
the membrane, DCVs undergo docking, priming, and eventually fusion with the membrane upon
activity triggered calcium influx (Becherer and Rettig, 2006). Similar to chromaffin cells, neuronal
DCVs require MT based transport to target sites, i.e axons and dendrites (Scalettar, 2006). Neuronal
activity releases vesicles from the MT (de Wit et al., 2006). Arrived at the membrane, the
requirement for fusion machinery proteins (van de Bospoort et al., 2013a; van de Bospoort et al.,
2013c), priming factors (van de Bospoort et al., 2012; van de Bospoort et al., 2013b), and calcium
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sensors (van de Bospoort et al., 2013d) has recently been mapped and may be different from
synaptic vesicle fusion. However, what happens at the transition between MTs and membrane is
largely unknown: DCVs may depend on diffusion through the cytoplasm, or may encounter actin
(Hirokawa, 1982) and require actin-based directed motion to reach the membrane (Bittins et al.,
2009a; Silverman et al., 2005). Recently, regularly-spaced actin rings and occasional actin filaments
were found to line the axonal membrane; in dendrites long actin filaments were observed in a
cortical layer underneath the membrane (Xu et al., 2013). Myosin motors, which typically are
associated with transport along actin filaments, have been found to regulate neuronal DCV fusion
(Bittins et al., 2009b; Rudolf et al., 2011). Chapter 4shows that DCVs in chromaffin cells undergo
linear motion, likely resulting from motor proteins moving along cortical actin filaments, before
exocytosis. This suggests that actin not only acts as a barrier but supports DCV recruitment in
neuroendocrine cells. Hence, actin may similarly aid vesicle recruitment to the plasma membrane
in neurons.

6.3.2 A ROLE FOR ACTIN AT THE SYNAPSE IN SYNAPTIC VESICLE
RECRUITMENT
In a typical synapse a cluster of dozens to several hundred synaptic vesicles (SVs) lies proximate to
the AZ, but only a few SVs are morphological docked to the AZ and ready to fuse. EM preparations
of FM-dye uptake after neuronal activity have shown that recycled vesicles are intermixed with
non-recycled vesicles (Harata et al., 2001; Rizzoli and Betz, 2004), suggesting that SVs are mobile
within synaptic clusters, which may be essential to fill vacancies of previously docked and fused
vesicles. Until recently, it was unknown how SVs are spatially and temporally regulated inside the
synapse. Real-time 3D tracking of single SVs in living synapses showed that the initial position and
trajectory of vesicles influences the position and mode of fusion (Park et al., 2012a). A similar study
found that myosin II underlying directed motion may support vesicle mobilization during
neuronal activity (Peng et al., 2012), in line with results from chapter 4. Myosin II is a non-
processive motor protein regulating actin dynamics, but induces contractions that can sustain
movement in vitro (Mizuno et al., 2007). Myosin V, a processsive motor protein, regulates
exocytosis of SVs and may provide linear motion to the membrane (Watanabe et al., 2005). Actin is
found both in the pre- and postsynapse (Bloom et al., 2003; Fifková and Delay, 1982; Hirokawa et
al., 1989; Landis et al., 1988). Long actin filaments may not be present within the synaptic vesicle
cluster, but perhaps only at the cluster perimeter and only have a scaffolding function
(Sankaranarayanan et al., 2003). However, actin was found to be associated with short filaments of
synapsin bound to SVs (Guillaud et al., 2003; Hirokawa et al., 1989; Landis et al., 1988). Actin
disruption did have a significant effect on the spatial and temporal regulation of single SVs (Lee et
al., 2012; Marra et al., 2012) and efficacy of release (Morales et al., 2000). In addition, actin
regulates vesicle recruitment at the Calyx of Held (Sakaba and Neher, 2003). Together, this
suggests that actin or actin-associated filaments are a prime candidate for directed motion of
single synaptic vesicles via cytoskeleton-guided motor proteins underlying vesicle recruitment
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6.4 FUTURE DIRECTIONS
The award of the 2013 Nobel Prize in Physiology or Medicine to James E. Rothman, Randy W.
Schekman and Thomas C. Südhof for their discoveries of machinery regulating vesicle traffic, a
major transport system in our cells (Nobel-Media, 2013), may give the impression that research of
the targeting and release of cargo in neurons has been finalized and mere details have to be filled
in that are of less importance to understand the workings of the brain. The opposite is true, as
Nobel laureate Thomas Südhof argues that the molecules underlying a biological system are not
mere details but are the system (Südhof, 2013). This thesis gains understanding in the dynamic
molecular ‘details’ of the neuron that underlie the regulation of neurotransmitter release. However,
as always with each answer obtained new questions arise.

Do Munc18-1a and b differ in function and what regulates their
alternative splicing?
Alternative splicing of pre-mRNA produces a wealth of protein diversity and function in neurons
(Zheng and Black, 2013). The complementary expression of Munc18-1a and Munc18-1b in
brainstem and hippocampus suggests that Munc18-1 pre-mRNA splicing is tightly regulated.
Splice variants may differ functionally, despite the large resemblance in amino acid sequence, in
auditory brainstem (Genc et al., 2014) and in hippocampal cultures (Meijer, 2013). The disruption
of Munc18-1a expression in Munc18-1-Venus mice suggests that a sequence in the 3’ UTR
regulates Munc18-1a, but not Munc18-1b, mRNA splicing or stability. Munc18-1-Venus mice offer
a tool to study the expression and function of Munc18-1a and aberrant mRNA splicing/stability in
diseases (Fu et al., 2013). Munc18-1-Venus Calyces may act as functional knock-outs for Munc18-1
and thereby provide clues to its function in exocytosis. A detailed analysis of the fate of Munc18-1
pre-mRNA may reveal differences in either the stability of alternative splicing of Munc18-1a and b
mRNA.

How is the interaction between syntaxin-1 and Munc18-1 spatially and
temporally regulated?
Several sequential interaction modes have been described between Munc18-1 and syntaxin-1 in
exocytosis. However, it is unknown if the same Munc18-1 molecule binds syntaxin-1 during
exocytosis or whether several Munc18-1 molecules unbind and bind during binding mode
transitions. In the latter case, the concentration of free Munc18-1 is crucial for the reaction kinetics.
To tackle this problem, it is of crucial importance to develop tools that report Munc18-1/syntaxin-
1 interactions during SNARE complex formation in cellulo at a single molecule level. This will offer
also the possibility to study interactions of Munc18-1 with other proteins spatially within the
synapse.

How are Munc18-1 and syntaxin-1 targeted during development?
What mechanisms are responsible for the transport of syntaxin-1 and Munc18-1 to the membrane
if not the transport vesicles that are associated with synapse formation? And is this pathway
necessary for DCV release and synaptogenesis during development? A functional blockage of
syntaxin-1 PTV adaptor proteins early in development in combination with live cell imaging of
fluorescent syntaxin-1 may reveal an alternative pathway for syntaxin-1 delivery at the membrane.
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Consequently, this would question how syntaxin-1 is sorted at the ER into these different
pathways.

Does PKC phosphorylation of Munc18-1 act both locally and globally
within one pathway?
PKC phosphorylation of Munc18-1 potentiates release at a cellular level and redistributes Munc18-
1 and vesicle release at a synaptic level. Are the local redistribution and the global release
potentiation just different viewpoints of the same PKC-dependent process? As discussed above,
both observations are not easily aligned suggesting that they act on a different timescale and
therefore are different processes, although regulated by the same Munc18-1 phosphorylation
sites. An approach combining local imaging with global neuronal activity will be necessary to
explain these conflicting observations.

How is protein content regulated at the synapse over longer times?
It has become apparent that protein content is dynamic and continuously exchanged with the
axon (Ziv and Fisher-Lavie, 2014) In fact, synapses undergo continuous spontaneous and activity-
induced remodeling of protein content. And yet, synapses can also be remarkably stable over
longer time spans. In the face of continuous replacement of its components it will be important to
determine how a synapse regulates its stability. To understand what effect protein dynamics has
on synapse function and stability, a more panoptic approach, rather than focusing on single
molecules, must be implemented.
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