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1.1 PREFACE
Roller skating alongside the Amstel River one mentally extracts a route from the maze of polders lying
ahead of which its odors tickle the nose and strengthen forming memories, while all the time observing
and evading obstacles like cars and bikers. From the simplest of movements to the smartest of
thoughts, our brain does it fast andmostly without us being conscious of it.

The human brain (Figure 1.1A) is composed of billions of neurons that pass on signals to each
other at trillions of connecting synapses (Figure 1.1B). These synapses are formed by a presynaptic
side at the axon and a postsynaptic side at the dendrite, separated by a narrow cleft (Figure 1.1C).
An action potential electrically depolarizes the presynaptic membrane, allowing calcium to flow in
the synapse, which triggers the fusion of synaptic vesicles with the plasma membrane resulting in
the secretion of neurotransmitter. Neurotransmitters cross the presynaptic cleft and by binding
specific receptors depolarize the postsynaptic membrane, which may trigger another action
potential in the axon. Hence, a synapse transmits information by converting an electrical signal to
a chemical signal and back to an electrical signal. By changing the efficacy of the conversion,
called synaptic plasticity, positive or negative gain can be applied to the electrical signal. Short
and long term changes in synaptic plasticity are thought to underlie information processing and
storage (Kasai et al., 2010a; Kasai et al., 2010b; Yuste and Bonhoeffer, 2001).

A neuron, like any cell, is essentially a bag of water bounded by fluid lipid membranes filled with
highly dynamic ions, molecules and proteins. More than 80 years ago Walter Cannon wondered
that “somehow the unstable stuff of which we are composed has learned the trick of maintaining
stability” (Cannon, 1932). Neurons have acquired this ability in the form of synaptic plasticity,
which is essential for information processing in the brain. Much knowledge has since been gained
about the identity and function of molecules involved in regulation of synapse function. However,
many questions addressing the molecular ‘tricks’ that neurons have ‘learned’ to form, maintain,
and adapt synaptic connections remain open.

This thesis investigates three aspects of the dynamic processes that underlie neuronal function
and carefully balance the stability and plasticity of synapses: the mechanism that transports
synaptic constituents over vast distances, the local behavior of proteins at synapses, and the
movement of vesicles before fusion.
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1.2 NEURON DEVELOPMENT
The construction of the central nervous system, including the brain, starts with the formation of
the neural tube from the ectoderm of a blastocyst, the second major stage in development after
fertilization. During this process pluripotent stem cells from the ectoderm differentiate into neural
precursor cells that will eventually form the different parts of the brain and the spinal cord (Gilbert
and Burian, 2003). Dividing precursor cells give rise to post-mitotic neuroblasts that will
differentiate into several types of neurons, oligodendrocytes and astrocytes, and migrate to their
final positions in the developing brain (Gibson and Ma, 2010). Migration is followed by the
formation of axons and dendrites, the establishment of synaptic contacts, and the formation of
functional neuronal networks.

1.2.1 FORMATION OF DENDRITES AND AXONS
Morphological polarity is a hallmark of neurons. In vitro, dissociated hippocampal neurons start as
un-polarized cells with protrusion from the plasma membrane, which develop into neurites. One
of these will become the axon and the others will form the dendrites. Dendrites are relatively short
and highly branched, while the axon is relatively long and much less branched (Dotti et al., 1988).
Morphological polarity in vivo is generally established before or during migration of neurons in
the developing brain (Gibson and Ma, 2010). In general, elongating axons react to an elaborate set
of molecules that attract and repel the tip of the axon and guide it towards its specific target
(Chilton, 2006). As neurites grow, molecules, proteins, membranes and organelles are transported
throughout axons and dendrites to their specific targets, such as nascent synapses.

1.2.2 FORMATION OF SYNAPSES
The establishment of synaptic contacts can be characterized by several distinct steps. First, initial
contact between the axon and the target cell is established—most synapses in the central
nervous system form ‘en passant’ contacts of an axon with the dendritic arbor via interaction
between adhesion proteins at the pre- and post-synaptic site or diffusible signaling molecules and
receptor binding. Second, pre- and postsynaptic constituents are recruited to nascent contact
sites. At the postsynapse, an array of scaffolding proteins (forming the post-synaptic density, PSD)
cluster to form a seed for other post-synaptic components such as neurotransmitter receptors and
signaling proteins (Sheng and Kim, 2011). At the presynapse, proteins that will form the active
zone—where neurotransmitter secretion will take place—and synaptic vesicles are transported
from the soma to the presynaptic contact site (Chia et al., 2013). Third, these synaptic contacts
may further stabilize or be removed in order to tune the neuronal circuitry (Goda and Davis, 2003).

Active zone formation
An important aspect of synaptogenesis is the assembly of the presynaptic active zone (AZ), the
area that spatially controls the clustering of calcium channels, synaptic vesicles and the fusion
machinery to allow for rapid and precise neurotransmission. The AZ membrane is decorated with
proteins that form the cytoplasmic matrix of the active zone (CAZ) (Schoch and Gundelfinger,
2006). Highly mobile 80-nm sized dense core vesicles transport CAZ molecules Piccolo and
Bassoon (Zhai et al., 2001), ELKS/CAST (Maas et al., 2012) and other AZ molecules such as Munc18,
Munc13, Rab3a/c and RIM (Shapira et al., 2003). These Piccolo/Bassoon transport vesicles (PTVs)
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are transported to sites of contact in unitary numbers: two or three PTVs may be enough to form a
new synapse (Shapira et al., 2003). Synaptic vesicle proteins are mostly found on small clear
precursor synaptic vesicles (SVs) (Tao-Cheng, 2007). In fact, PTVs and precursor SVs may be
transported together in multi-vesicular complexes, which have the potential to quickly form
functional synapses (Garner et al., 2006; Smith et al., 2000; Tao-Cheng, 2007). However, the exact
function of PTVs and precursor SVs in synapse formation in developing and mature networks is
incompletely understood.

1.2.3 SYNAPTIC MAINTENANCE
After the establishment of synaptic contacts, synapse pruning removes many synapses to form
functional and efficient neural networks (Lichtman and Colman, 2000; Masanobu and Kouichi,
2009). The remaining synapses are maintained in the neural networks within they operate. In vivo
imaging studies have shown that synapses in the brain can be stable for days to months
(Grutzendler et al., 2002; Holtmaat et al., 2005; Trachtenberg et al., 2002; Zuo et al., 2005), which
may underlie storage of memories (Yang et al., 2009). Long-term synaptic stability is remarkable in
light of a high degree of variability in synaptic strength and composition (Craig et al., 2001;
Dobrunz and Stevens, 1997), the open nature of synapses and ongoing recycling of membranes
and proteins. On the other hand, synapses have to be able to modulate the strength of their
connections. Synaptic plasticity is considered to underlie learning and memory formation. This
creates a paradoxical situation where synapses have to maintain stability over possibly a lifetime,
but be plastic enough to change within fractions of a second. Hence, synapses must regulate
protein function and content such that stability and plasticity are not at conflict (discussed at
section 1.6). An important aspect of synapse formation and regulation of content is the transport
of its constituents.

Figure 1.1 From brain to synapse A, Schematic representation of the human brain with the distinct folds in
the developed cerebral cortex and the finer folds of the cerebellum at the bottom of the brain. B, Schematic
representation of part of a neuronal network as found in the cerebral cortex. A single axon extending from the
soma of a neuron makes synaptic contact with the dendrites of another neuron forming en-passant boutons
along the axon. C, Schematic representation of a synapse consisting of a pre-synaptic bouton opposed by a
post-synaptic spine and spaced by a synaptic cleft. Synaptic boutons contain vesicles filled with
neurotransmitters. When an action potential arrives at a synaptic bouton voltage gated calcium channels open
and allow the influx of calcium ions from the synaptic cleft into the cytosol. Calcium ions trigger the
membrane merger of primed vesicles with the plasma membrane resulting in the secretion of
neurotransmitters into the synaptic cleft. Neurotransmitters activate receptors at the post-synaptic membrane.
D, Schematic representation of axonal transport by motor proteins. Synaptic constituents are transported
along the microtubule fibers by kinesin motor proteins towards (nascent) synapses. E, Schematic
representation of the key molecular steps leading to neurotransmitter release. Initially, Munc18-1 acts as a
chaperone for closed monomeric syntaxin-1. Opening of syntaxin-1 allows binding of SNAP-25 forming an
acceptor complex for synaptotagmin-1 docking the synaptic vesicle to the plasma membrane. Munc18-1
further assists in the formation of the SNARE complex by binding of synaptobrevin-1 to syntaxin-1/SNAP-25
priming the vesicle for membrane fusion. Whether Munc18-1 has a further role during priming and fusion is
currently debated. Calcium ions bind synaptotagmin-1 triggering the full zippering of the SNARE complex,
which brings the opposing membranes in close proximity resulting in their merger. Through the formed fusion
pore neurotransmitter is released.
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1.3 AXONAL TRANSPORT
Pre-synaptic constituents, such as synaptic vesicles, active zone proteins, and mitochondria, are
produced and assembled at the soma and move through axons to reach (nascent) synapses. Most
constituents are too large or distances are too far to rely on diffusion (Konzack et al., 2007; Mandelkow
et al., 2009) to reach their target. However, diffusion is a basic property affecting all cellular constituents
and is important for local transport. Below, several forms of (axonal) transport are discussed.

1.3.1 ACTIVE TRANSPORT
Transport through axons is mediated by molecular motor proteins that actively deliver cellular
constituents throughout the cell (Figure 1.1C). Motor proteins undergo, at the expense of ATP,
cycles of conformational changes and binding/unbinding of their ‘feet’ to molecular tracts, which
results in the forward motion of the motor protein (Hirokawa et al., 2010). The molecular tract is
composed of actin filaments or microtubules (Figure 1.1D). Three protein families execute most
transport: myosins, dyneins, and kinesins. Myosins use actin filaments as tracts, while kinesins and
dyneins use microtubules (Kapitein and Hoogenraad, 2011). Microtubule proteins form polar
structures with a minus-end and a plus-end. In axons, these structures are aligned with their plus-
end facing the distal part of the axon. Kinesins walk into the plus direction and dyneins into the
minus direction. Therefore, kinesins typically transport axonal cargo in the anterograde direction
towards the synapse and dyneins in the retrograde direction towards the soma. Microtubules in
dendrites do not align into a general direction, which results in a more complex transport picture
(Franker and Hoogenraad, 2013). Since neurons are highly polar entities, specificity of transport is
crucial. Some cargos are transported to axons and dendrites and are then specifically retained at
either axon or dendrites, while other cargos are specifically sorted into axons (Kapitein and
Hoogenraad, 2011). This specificity is provided by the polarity of the microtubules, the density of
the cytoskeleton, binding proteins, post-translational modifications, and adaptor proteins that link
specific cargos with their motor proteins (Kapitein and Hoogenraad, 2011).

Active transport in axons is characterized by fast (~1-5 µm/s) and slow transport [~2-100 nm/s)
(Brown, 2003). Fast transport delivers axonal and synaptic components, such as synaptic precursor
vesicles, mitochondria, and AZ precursors (Cai and Sheng, 2009), while slow transport mainly
delivers cytoskeletal components (Roy, 2013). The average rate of unidirectional movement in slow
transport is likely small due to the infrequent and bidirectional transport behavior, and individual
spurts can reach speeds similar to fast axonal transport (Roy et al., 2000; Roy et al., 2007; Wang and
Brown, 2001; Wang et al., 2000). Recently, evidence was provided that several cytosolic proteins are
transported with an anterograde bias by dynamically assembling into multi-protein complexes
that are directly or indirectly conveyed by motors (Sadananda et al., 2012; Scott et al., 2011; Tang et
al., 2012; Tang et al., 2013). Membrane integral proteins may also move via motor proteins,
although this has only been observed for migrating neurons (Wang et al., 2012). Despite recent
advances, the mechanism of fast and slow axonal transport and how they cooperate to deliver
components of the cell with spatial and temporal precision are incompletely understood.

Molecular motor proteins: kinesin
The kinesin motor protein family comprises about 90 members in mammals. Kinesin proteins are
generally characterized by three functionally different domains: the microtubule binding domain
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that acts as a force generator by a conformational change after ATP hydrolysis, a domain for
dimerization (each protein forms one leg), and a cargo binding domain. Kinesin-1 was the first
motor protein identified (Vale et al., 1985) and consists of three closely related subtypes KIF5A,
KIF5B, and KIF5C that form homo- or heterodimers (Cai and Sheng, 2009). KIF5 motor proteins can
transport the SNARE proteins SNAP25 and syntaxin-1 (Diefenbach et al., 2002; Su et al., 2004).
Deletion of KIF1A leads to reduced numbers of synaptic terminals and a severe decrease of
synaptic vesicles (Yonekawa et al., 1998). Motor proteins can attach to their cargo in several ways
and thereby create cargo specificity (Schlager and Hoogenraad, 2009). The most direct way is to
interact with specific lipids in the membrane of the organelle, e.g. KIF1/kinesin-3 can interact with
PIP2 enriched in synaptic vesicles (Klopfenstein et al., 2002). Motor proteins can also be linked,
directly or indirectly, to integral membrane proteins or receptors, such as amyloid-precursor
protein (APP) on axonal vesicles or syntaxin-1 on PTVs. However, most cargos interact indirectly
with the kinesin cargo domain via one or more adaptor proteins (Schlager and Hoogenraad,
2009).

Adaptor proteins
Adaptor proteins mediate or regulate the binding of cargos with motor proteins. The adaptor
protein Milton/TRAK1 is required for the attachment of KIF5/kinesin-1 to Miro on mitochondria
(Glater et al., 2006) and the specific targeting to and outgrowth of axons (van Spronsen et al.,
2013). Syntabulin functions in transport of mitochondria (Cai et al., 2005), and syntaxin-1
containing PTVs. Syntabulin loss of function inhibits formation of synaptic contacts in developing
neurons (Cai et al., 2007). Another adaptor protein, FEZ1, was identified in a complex with
syntaxin-1, Munc18-1 and kinesin family member KIF5C in rat brain, and colocalized with syntaxin-
1 in growth cones of hippocampal neurons (Chua et al., 2012). Moreover, mutation of FEZ1 in C.
elegans disrupted syntaxin trafficking in ventral nerve cords. Hence, syntaxin-1 transport in
hippocampal neurons may also be regulated by FEZ1.

After transport, cargos must be released at the proper location and time. Kinases may play an
important role in cargo release: in dendrites, scaffolding protein Mint1 can be released from its
motor protein by phosphorylation of the motor protein by calcium/calmodulin-dependent
protein kinase II (CaMKII) (Guillaud et al., 2008). High calcium in synapses activates CaMKII, which
provides an attractive mechanism to target post-synaptic constituents to active synapses. CaMKII
may also have a role pre-synaptically in unloading vesicles (Schlager and Hoogenraad, 2009).
Binding of FEZ1 to kinesin-1 (and Munc18-1) is regulated by phosphorylation of a conserved
serine of FEZ1 and a phosphorylation deficient mutant FEZ1 aggravated syntaxin clustering in C.
elegans. Hence, FEZ1 phosphorylation may be important for unloading of PTVs at synapses (Chua
et al., 2012). However, the precise targeting and unloading of vesicles at (nascent) presynaptic
sites is far from understood and it is currently unknown if FEZ1 phosphorylation is important for
syntaxin-1 transport in vertebrates.

1.3.2 PASSIVE TRANSPORT
Diffusion provides a second transport mechanism, besides active transport, in the cell and
basically affects all cellular components. Intra-cellular diffusion of proteins has, however, long
been neglected as a mechanism that can regulate physiological processes in the neuron. Recently,
it has become clear that diffusional properties of membrane and cytosolic proteins at the post-
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synapse directly influence synaptic plasticity. Diffusion can deliver and remove surface receptors
to/from the PSD and thereby be instrumental for synaptic plasticity (Gerrow and Triller, 2010).
Diffusion also underlies the exchange and redistribution of PSD-95 among synapses in vivo (Gray
et al., 2006). Diffusion of the microtubule associated protein Tau is dependent on ionic strength
and pH, and, interestingly, the C-terminus of tubulin (Hinrichs et al., 2012). Diffusional motility or
microtubule lattice diffusion offers distinct advantages as a transport mechanism of short
distances (< 1 um): speed, bi-directional targeting, and no requirement for ATP (Cooper and
Wordeman, 2009). In contrast to developing neurons (Chua et al., 2012; Su et al., 2004), syntaxin-1
motility in mature neurons appears to be governed by lateral diffusion along the plasma
membrane (Ribrault et al., 2011). Diffusion is a physical property that is difficult to manipulate by
the standard pharmacological, genetic, or biochemical tools of a biologist. Diffusion as a transport
mechanism is therefore often deduced by its lack of transport particles and directionality. Gradual
and bidirectional motion of a fluorescent protein in photo-activation or fluorescence recovery
after photobleaching studies therefore strongly suggest diffusion (Goehring et al., 2010; Staras et
al., 2013). Protein diffusion likely underlies the exchange, sharing and remodeling of synaptic
content and therefore forms the fundament under synaptic stability and plasticity (discussed in
1.6).

1.4 THE SYNAPTIC VESICLE CYCLE
During synaptic transmission, neurotransmitter filled synaptic vesicles are exocytosed and vesicle
membrane and neurotransmitters are locally recycled (Figure 1.2A). The process of local vesicle
recycling may have evolved to avoid the high energetic costs and delay of active transport. During
exocytosis three final steps can be discriminated: vesicles physically attach or dock to the plasma
membrane, are primed for fusion, and fuse upon calcium influx (Südhof and Rizo, 2011) (Figure
1.1E). The synaptic vesicle cycle ensures that vesicle membrane after fusion is locally extracted
from the plasma membrane, decorated with the necessary proteins, and filled with
neurotransmitters so that it again can undergo a round of exocytosis (Figure 1.2A). The last three
steps of exocytosis and its core machinery will be discussed below.

1.4.1 DOCKING
Synaptic vesicles fuse with the membrane within milliseconds of action potential induced calcium
influx into the pre-synaptic terminal. Vesicles undergo a number of maturation steps towards a
fusion-competent state that allows for such a fast response. Docking to the plasma membrane is
considered the first essential step. To understand synaptic vesicle docking, several model systems
are studied, among which the adrenal chromaffin cell (Morgan and Burgoyne, 1997). Chromaffin
cells are derived from the neural crest and share many of the release machinery proteins with
neurons to exocytose large dense-core vesicles (LDCVs, named after their characteristic dark core
in EM preparations) (Morgan and Burgoyne, 1997). In chromaffin cells, LDCVs filled with
catecholamines are eccentrically distributed with a subpopulation morphologically attached or
docked to the membrane (Voets et al., 2001c). These LDCVs appear to selectively fuse upon
stimulation, although the docked vesicle pool is much larger than the number of vesicles released
upon a stimulus (Parsons et al., 1995; Steyer et al., 1997). Hence, not all docked vesicles are fusion
ready. In chromaffin cells, syntaxin-1 (de Wit et al., 2006), Munc18-1 (Voets et al., 2001c), and
SNAP25 together with synaptotagmin-1 form a minimal docking complex for LDCVs (de Wit et al.,
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2009) (Figure 1.1E). In the densely packed synapse it is more difficult to discern docking
phenotypes and analysis is sometimes hampered by early neuronal death of some null mutants
(e.g. Munc18-1 and SNAP25). Novel fixation procedures for electron microscopic analysis are
starting to reveal proteins involved in synaptic vesicle docking in synapses (e.g. RIM1α (Fernández-
Busnadiego et al., 2013)).

1.4.2 PRIMING
Priming renders docked vesicles fusion-ready and is often defined by means of
electrophysiological measurements, as the process that refills the pool of readily-releasable
vesicles during and after vesicle fusion (Verhage and Sørensen, 2008). Priming itself likely consist
of several molecular steps, most important of which is the formation of the trimeric SNARE
complex (see section 1.4) between the vesicular synaptobrevin, and SNAP25 and syntaxin at the
plasma membrane (Becherer and Rettig, 2006) (Figure 1.1E). The trans-SNARE complex, spanning
the vesicle and the plasma membrane, consists of a four α-helices bundle that is highly resistant to
denaturing conditions. The zippering of this bundle is supposed to start at the N-termini and
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Figure 1.2 Synaptic vesicle cycle A, Schematic representation of the synaptic vesicle cycle. 1
Neurotransmitter-filled vesicles dock with and 2 undergo priming at the membrane. 3 Calcium influx triggers
neurotransmitter release and partial or full collapse of the vesicle membrane into the plasma membrane. 4
Vesicular membrane is retrieved via endocytosis and 5 directly recycled or 6 indirectly recycled via an
endosome compartment. 7 Vesicular lumen is re-acidified to facilitate the 8 re-filling with neurotransmitters,
which completes the cycle.
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continues toward the C-termini and the membrane anchors. This brings the vesicle and the
plasma membrane in close proximity. It remains incompletely understood till how far the
zippering continues in the primed state (Jahn and Fasshauer, 2012).

1.4.3 FUSION
Once the vesicular membrane and the plasma membrane have fused, neurotransmitters are free
to diffuse into the synaptic cleft. This step can occur within a millisecond after calcium influx. It is
generally assumed that it is so fast because primed vesicles are in close proximity of calcium
channels and have all the necessary proteins in place. Upon action potential arrival, the
membrane depolarizes, calcium channels open and calcium enters the pre-synaptic terminal. The
calcium sensor synaptotagmin-1 binds calcium and acts upon the metastable primed fusion
machinery, which results in full zippering of the SNARE complex, lipid mixing and fusion pore
opening (Figure 1.1E). The cis-SNARE complexes are then disassembled into separate SNARE
proteins by the ATPase NSF and alpha-SNAP (Söllner et al., 1993) and single SNARE proteins are
available for another round of exocytosis.

1.5 THE SYNAPTIC VESICLE RELEASE MACHINERY
Synaptic vesicle fusion is executed within a millisecond after arrival of an action potential. In
mammals, the multi-subunit SNARE-protein complex and the Sec1p/Munc18 SM protein Munc18-
1, are essential for synaptic vesicle fusion (Figure 1.1E). The formation of the SNARE complex
releases energy that pulls the two opposing membranes closer together until the point that
membranes merge and vesicle content is released. However, how the released energy is
transferred to overcome the rejection of the two opposing membranes is unclear (Rizo and
Südhof, 2012).

1.5.1 SYNTAXIN-1
Syntaxin-1 was originally discovered as a marker for central nerves system (CNS) neuronal
amacrine cells in the adult rat retina (Barnstable et al., 1985). Later it was shown to consist of two
highly identical proteins, syntaxin-1a and syntaxin-1b as components of the plasma membrane at
synaptic sites and implicated in docking of synaptic vesicles to the active zone (Bennett et al.,
1992). Syntaxin-1a and syntaxin-1b are differentially expressed in the CNS and each co-localizes
with specific isoforms of SNAP25 and synaptobrevin (Aguado et al., 1999; Ruiz-Montasell et al.,
1996; Trimble et al., 1990). Selective breakdown of syntaxins and inhibition of neurotransmitter
release by the Clostridium botulinum neurotoxin type C (BoNT/C) revealed that syntaxin is
essential for exocytotic membrane fusion (Blasi et al., 1993). BoNT/C is still used as tool to
selectively disrupt the function of syntaxin and acutely block neurotransmission without
disrupting energy production, membrane potential or ion currents.

Molecular structure and function
Syntaxin-1 is a type 2 transmembrane protein: a single C-terminal transmembrane region serves
as anchor for the N-terminal part that faces the cytoplasm. Syntaxin-1 has three functionally
distinct domains. The first domain, the N-peptide, is located at the extreme N-terminus and is
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characterized by two or three charged residues followed by a hydrophobic residue that binds into
a hydrophobic pocket of domain 1 of Munc18-1. The N-peptide is attached via a linker sequence
to the Habc domain, which consists of 3 helices in a bundle and can fold back, using a linker
sequence, onto the SNARE/H3 domain forming the ‘closed’ form of syntaxin. The SNARE domain
either forms one of the four SNARE coils in a SNARE complex or binds intra-molecularly to the
Habc domain. The SNARE domain and the N-peptide form a minimal complex for Munc18-1
binding and activation (Shen et al., 2010), where the N-peptide acts as initiation factor for the
assembly of the SNARE/Munc18-1 membrane fusion complex (Rathore et al., 2010). The Habc
domain likely serves to place syntaxin in a closed form together with Munc18-1 and protects
syntaxin from forming premature SNARE complexes during transport (Liu et al., 2004; McEwen
and Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001; Rowe et al., 1999).

Transport
Type 2 or C-terminal tail anchored transmembrane proteins are inserted, via a poorly understood
mechanism, into the ER membrane after translation (Kim et al., 1999; Kutay et al., 1995; Steel et al.,
2002), and transported through the Golgi towards target membranes. In developing rat neurons,
syntaxin-1 is transported on vesicles via the kinesin adaptor protein syntabulin (Cai et al., 2007; Su
et al., 2004) and possibly via a second kinesin adaptor protein FEZ1 (Chua et al., 2012). In
invertebrate neurons, phosphorylation of FEZ1 is essential to connect syntaxin/Munc18
complexes at vesicles and kinesin motor proteins on microtubules. It is unknown if FEZ1 provides
transport in vertebrate neurons as well, although FEZ1 and Munc18-1/syntaxin-1 do co-localize at
growth cones of mammalian neurons (Chua et al., 2012). In mature neurons, after insertion into
the plasma membrane, syntaxin-1 is mainly transported via lateral diffusion (Mitchell and Ryan,
2004; Ribrault et al., 2011).

1.5.2 MUNC18-1
Munc18 was first discovered as binding partner of syntaxin in rat brain and shows sequence
homology with Sec1p in S. cerevisiae and UNC-18 in C. elegans (Garcia et al., 1994; Hata et al.,
1993; Pevsner et al., 1994). The research groups that discovered the mammalian homologue of
Sec1 and UNC-18 in rat brains independently named it rat brain Sec1 (rbSec1), neuronal Sec1 (n-
Sec1), or mammalian unc-18 (Munc-18). Null mutations of the Munc18 homologues genes are
responsible for secretion deficient (sec1) yeast cells (Aalto et al., 1991; Novick and Schekman,
1979) and paralyzed or “uncoordinated” (unc-18) worms (Brenner, 1974; Hosono et al., 1992).
Deletion of mammalian, munc18-1, leads to a complete arrest of neurotransmitter release in mice
(Verhage et al., 2000). Hence, Munc18 and its homologues are essential proteins in membrane
fusion reactions. The following sections discuss the structure and function of Munc18-1 in more
detail.

Molecular structure
Munc18-1 can be divided into three domains that form an arch-shaped protein with a central
cavity (Misura et al., 2000). Domain 1 and 3A form a large part of the central cavity and provide
binding surfaces for syntaxin-1a’s Habc and SNARE/H3 domain in the ‘closed’ form. Domain 1 also
binds the N-terminal peptide of syntaxin-1. Domain 3a contains a phosphorylation site for PKC,
S313, near the linker between the Habc and H3 domain of syntaxin-1a. The negative charge of the
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added phosphate disrupts the overall positive charge of domain 3a and repels the negative Habc
domain. Phosphorylation of this site is essential for phorbol ester-induced potentiation of synaptic
vesicle release (see section 1.5.1 and (Wierda et al., 2007).

Post-translational modifications
Munc18-1 is phosphorylated by PKC at serine residues 306 and 313 (S306; S313) (Fujita et al.,
1996), and phosphorylation of these residues by PKC is essential for DAG-induced potentiation of
exocytosis (Wierda et al., 2007). In addition, Munc18-1 can be phosphorylated by a number of
other kinases at amino acids throughout its structure. Phosphorylation of threonine residue 574
(T574) by CDK5 reduces interaction with syntaxin-1 (Liu et al., 2004; Shuang et al., 1998) and
increases release in chromaffin cells (Fletcher et al., 1999) and neurons (Schmitz, 2011b). ERK
phosphorylates Munc18-1 in vivo at serine residue 241, which decreases release and targets
Munc18-1 for degradation (Schmitz, 2011a). Dyrk1A phosphorylates tyrosine residue 479 of
Munc18-1 to increase affinity to syntaxin-1 (Park et al., 2012). N-Src phosphorylates a neighboring
tyrosine (Y473) resulting in reduced synaptic transmission (Meijer, 2013b). Hence, in many cases
Munc18-1 phosphorylation leads to a change in release via altered syntaxin-1 interaction.
However, the exact mechanisms remain elusive.

Munc18-1 isoforms
All Sec1/Munc18 (SM) proteins are essential in membrane trafficking from protein synthesis at the
ER (Sly1) to exocytosis at the plasma membrane (Sec1/Munc18), and endocytosis (Vps45) and
protein degradation (Vps33) (Carr and Rizo, 2010). SM proteins are studied in several model
systems such as yeast S. cerevisiae, fly D. melanogaster, nematode C. elegans, and rat and mouse
(Toonen and Verhage, 2003). Mammals express three different Munc18 genes involved in
exocytosis: Munc18-1, Munc18-2, and Munc18-3 (also called Munc18a, b, c). Munc18-1 is
expressed mostly in the brain and neuroendocrine cells, such as chromaffin cells (Garcia et al.,
1994; Hata et al., 1993; Pevsner et al., 1994). Munc18-2 is expressed in several tissues, such as testis,
kidney and spleen, but expression in brain is very low (Hata and Südhof, 1995; Katagiri et al., 1995;
Riento et al., 1996; Tellam et al., 1995). Munc18-3 is ubiquitously expressed (Tellam et al., 1995).
The Munc18 proteins have different specificity for syntaxin proteins in vitro: Munc18-1 and
Munc18-2 bind to syntaxin-1a and b, syntaxin-2, and syntaxin-3; Munc18-3 binds syntaxin-2 and
syntaxin-4 (Halachmi and Lev, 1996; Hata and Südhof, 1995; Hu et al., 2007; Kauppi et al., 2002;
Latham et al., 2006; Riento et al., 1998; Riento et al., 2000; Tamori et al., 1998; Tellam et al., 1997;
Tellam et al., 1995).

Munc18-1 splice variants
Two different mRNA molecules are expressed by alternative splicing of the transcript from the
munc18-1 locus in human (Swanson et al., 1998), rodents (Garcia et al., 1995), and possibly other
species (Meijer, 2013a). The splice variants, Munc18-1a and b, are highly similar and differ only at
their C-terminus. Munc18-1a may be specific to brain and retina, and Munc18-1b may be more
ubiquitously expressed (Swanson et al., 1998), although contradictory results exist (Gengyo-Ando
et al., 1996). In the brain, Munc18-1b is expressed in the striatum, cerebellum, hippocampus,
olfactory bulb, and cerebral cortex, while Munc18-1a is restricted to the brainstem and cerebellum
(Garcia et al., 1995). Both variants bind syntaxin-1 and are highly similar, but not identical, in
function when expressed in hippocampal neurons (Meijer, 2013a). Interestingly, aberrant
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expression of Munc18-1a (Gil-Pisa et al., 2012; Urigüen et al., 2013) and Munc18-1b (Behan et al.,
2009) is implicated in schizophrenia. So far, it remains unclear whether Munc18-1a and Munc18-
1b have different roles in the brain.

Munc18-1 and disease
Mutations in the munc18-1gene were found in patients with Ohtahara syndrome, which is marked
by severe epilepsy in infants (Milh et al., 2011; Saitsu et al., 2008; Saitsu et al., 2010; Saitsu et al.,
2012), and other related diseases (Hamdan et al., 2009; Mastrangelo et al., 2013; Vatta et al., 2012).
Mutations in munc18-1 have also been linked to mental retardation (Hamdan et al., 2011; Hamdan
et al., 2009; Weckhuysen et al., 2009; Weckhuysen et al., 2013). Decreased interaction of Munc18-1
with syntaxin-1 (Castillo et al., 2010) and altered expression of Munc18-1 in brain has been linked
to schizophrenia (Behan et al., 2009; Gil-Pisa et al., 2012; Urigüen et al., 2013). Altered expression of
Munc18-1 was also found in patients with Alzheimer’s disease (Jacobs et al., 2006). Highlighting
that Munc18-1 is important in normal brain function. Current research is aimed at understanding
the molecular mechanisms that underlie brain dysfunction in patients with Munc18-1 mutations.

Binding modes to syntaxin-1
At least three binding modes of Munc18-1 with syntaxin-1 or the SNARE complex have been
described. In a first binding mode Munc18-1 binds syntaxin with high affinity in a conformation
where the Habc domain is folded back onto the SNARE domain, the so called ‘closed’
conformation, and syntaxin is unable to bind other SNARE proteins (Dulubova et al., 1999; Misura
et al., 2000). In a second binding mode the N-terminal peptide (residues 1-20) of syntaxin-1
interacts with a hydrophobic pocket in domain 1 (Misura et al., 2000). This binding mode appears
to mediate the interaction between Munc18-1 and the SNARE complex (Khvotchev et al., 2007;
Rathore et al., 2010; Rickman et al., 2007; Shen et al., 2007). In a separate binding mode Munc18-1
binds to the four helix bundles of the assembled SNARE complex (Dulubova et al., 2007; Shen et
al., 2007) where it may stimulate fusion (Rodkey et al., 2008; Xu et al., 2010), although the exact
mechanism is not clear (Meijer et al., 2012).

1.5.3 FUNCTION OF MUNC18-1
The importance of Munc18-1 is clearly illustrated by the lack of neurotransmission in munc18-
1null mutant mice (Verhage et al., 2000). SM proteins in general play an essential role in
intracellular membrane fusion (Carr and Rizo, 2010; Rizo and Südhof, 2012). However, the precise
role of SM proteins in membrane fusion remains incompletely understood; a crucial question is
whether they regulate SNARE function or are an intrinsic component of the fusion machinery
similar to the SNARE proteins (Rizo and Südhof, 2012). The following sections discuss the different
functions of Munc18-1.

Molecular chaperone of syntaxin-1
Munc18-1 is arch-shaped with a central cavity that binds syntaxin-1 with high affinity, clamping
syntaxin-1 in a conformation unable to bind other SNARE proteins (Dulubova et al., 1999; Misura
et al., 2000). This seems un-reconcilable with Munc18-1’s essential role in neurotransmission.
However, in vivo binding may be less stringent and can be opened by for example Munc13-1 (Ma
et al., 2011; Ma et al., 2012). The binary Munc18-1/syntaxin-1 complex may function as a co-
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chaperone complex aiding transport and stabilization of both proteins. Indeed, abrogated
Munc18-1 expression results in aberrant targeting of syntaxin-1 in heterologous cells (McEwen
and Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001) and strongly reduced expression levels of
syntaxin-1 (Verhage et al., 2000; Voets et al., 2001b; Zhou et al., 2013). Vice-versa, Munc18-1 levels
are reduced in syntaxin-1 knock down neurons (Zhou et al., 2013). Clearly, both proteins benefit
from each other’s company, but the precise moment of complex formation in neurons is
unknown. In heterologous cells complex formation is necessary for Golgi exit and translocation
towards the plasma membrane (Arunachalam et al., 2008; Han et al., 2009; Liu et al., 2004; Medine
et al., 2007; Pérez-Brangulí et al., 2002; Rowe et al., 2001; Rowe et al., 1999). Similarly, the moment
and location of plasma membrane insertion of the complex is not clear, although it is assumed to
be at growth cones or at release sites (Chua et al., 2012).

Docking of vesicles to the membrane
Munc18-1 plays an essential role in LDCV docking in mouse chromaffin cells (Toonen et al., 2006a;
Voets et al., 2001c) and pituitary cells (Korteweg et al., 2005), and synaptic vesicle docking in C.
elegans neurons (Weimer et al., 2003). However, the role of Munc18-1 in synaptic vesicle docking
in mammals remains controversial (Toonen et al., 2006b; Verhage et al., 2000). The discrepancy
between chromaffin cells and neurons appears to constitute a general difference between
secretion in these two secretion models (Gerber et al., 2008). Munc18-1’s role in docking of
vesicles may be due to its function in guiding and chaperoning syntaxin-1 to and at the
membrane (de Wit et al., 2006; Han et al., 2011), or by regulating the actin cytoskeleton (Toonen et
al., 2006a). Interestingly, syntaxin-1 is also essential for docking of secretory vesicles (de Wit et al.,
2006) and additional evidence suggests that Munc18-1’s role in docking is to facilitate the
opening of closed-form syntaxin (Camoletto et al., 2009; Gerber et al., 2008; Hammarlund et al.,
2007) to form an acceptor complex with SNAP25 for vesicle bound synaptotagmin-1 to stably
dock vesicles at the membrane (de Wit et al., 2009; Toonen et al., 2006a).

Guidance of SNARE complex formation
After a vesicle docks at the membrane, the next step towards fusion is the formation of a trans-
SNARE complex between synaptobrevin/VAMP2 and syntaxin-1 and SNAP25. Initially, Munc18-1
inhibits vesicle fusion by sequestering syntaxin-1 (Ma et al., 2011; Schollmeier et al., 2011), in a way
that is regulated by syntaxin-1 N-peptide (Burkhardt et al., 2008), but see (Schollmeier et al., 2011).
Munc13-1 mediates opening of the syntaxin-1 closed form (Ma et al., 2011) and allows SNARE
assembly (Schollmeier et al., 2011). In vitro liposome fusion assays with reconstituted SNARE
proteins and Munc18-1 show that addition of Munc18-1 accelerates fusion and suggest that
Munc18-1 has a role in neurotransmitter release beyond the docking of vesicles, in a manner that
depends on Munc18-1/SNARE-complex interaction (Deák et al., 2009; Diao et al., 2010; Rodkey et
al., 2008; Shen et al., 2007; Xu et al., 2010).

Synaptic plasticity
Munc18-1 is phosphorylated by several kinases, e.g. ERK, Cdk5, PKC and tyrosine kinases (see
above) that are all involved in short-term plasticity of synaptic output (de Jong and Verhage,
2009). These kinases are activated during action potential induced calcium influx and/or GPCR
activation. Phosphorylation by ERK, n-Src and possibly CaMKII (on Munc18-1a) negatively
regulates synaptic transmission (Schmitz, 2011a). While phosphorylation by PKC and CDK5



23General introduction

increases synaptic strength (Wierda et al., 2007). In addition to the effects of phosphorylation,
varying global Munc18-1 expression levels also results in concomitant changes in number of
docked vesicles, size and refilling of readily releasable pool (RRP), and depression during intense
stimulation (Toonen et al., 2006b). Hence, Munc18-1 is a central molecule to regulate synaptic
output, whether and how Munc18-1 levels are regulated at the synaptic level is unknown.

Neuronal cell survival
Munc18-1 null mutant brains develop normally but lack neurotransmission and null mutant mice
die immediately after birth. At that time, massive cell death due to apoptosis has occurred in some
brain regions (Verhage et al., 2000). Null mutant neurons in primary cultures undergo initial
development up to 4 days in vitro but die soon after (Heeroma et al., 2004). Cell death is cell
autonomous as deletion of munc18-1 from only a subset of neurons in vivo leads to
neurodegeneration of these neurons and premature death of the mice (Dudok et al., 2011). The
cause of neurodegeneration is unknown. It could be a direct effect of lack of Munc18-1 or
decreased levels of syntaxin-1 (Toonen et al., 2005), although syntaxin-1a null mutants are viable
at birth (Gerber et al., 2008), or premature SNARE complex formation (Toonen and Verhage, 2007).
Neuronal cultures of a similar silent mouse, munc13-1/2 null mutants, develop without severe cell
death (Varoqueaux et al., 2002) arguing that lack of neurotransmission is not the main cause of
cell death.

1.5.4 THE CALCIUM SENSORS
The influx of calcium and subsequent detection by calcium sensors is a key determinant for fast
synaptic vesicle release at central synapses and regulated exocytosis in other cell types. Calcium
sensors interact with SNARE complexes and contain C2 domains that bind phospholipids in the
membrane in a calcium-dependent manner thereby triggering SNARE mediated fusion. Whether
calcium sensors trigger vesicle fusion by lowering the energy barrier for membrane fusion or
inhibit fusion at rest, or both is unclear (Walter et al., 2011). In the brain, membrane bound calcium
sensors synaptotagmin-1, -2, -9 and -10, and soluble calcium sensors Doc2a and Doc2b are
differently expressed (Walter et al., 2011). In chromaffin cells, synaptotagmin-1, -7 and Doc2a and
b are the main calcium sensors. Synchronous release, asynchronous and spontaneous release in
neurons may depend differently on these calcium sensors (Kaeser and Regehr, 2014). Similarly, in
chromaffin cells synaptotagmin-1 drives fast release (Nagy et al., 2006; Voets et al., 2001a),
synaptotagmin-7 drives both fast and slow release (Schonn et al., 2008), while Doc2b drives the
overall synchronization of release (Pinheiro et al., 2013). Vesicles in distinct pools release at
different rates (see section 1.3.4), hence the deletion of a specific calcium sensor may be a tool to
study vesicle pools.

1.6 SYNAPTIC PLASTICITY
The ability of the synapse to modify its activity—synaptic plasticity—is critical for the brain to
adapt to (new) experiences. Synaptic plasticity is the use-dependent synaptic modification of
neurotransmission, and covers a wide array of temporal and spatial domains. Synaptic
transmission can be depressed or enhanced for milliseconds, hours, days or longer (Citri and
Malenka, 2008). The efficacy of synaptic transmission, also known as synaptic strength or weight,
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depends on the concerted action of the presynapse and the postsynapse, and is regulated from
both sides of the synapse. Two classical forms of synaptic plasticity, short-term and long-term
plasticity, discriminate between the timescale of endurance and mostly have different
mechanisms of induction. The sections below, in light of this thesis, will be focused on presynaptic
plasticity.

1.6.1 SHORT-TERM PLASTICITY
Short-term plasticity is thought to underlie information processing. For example, a depressing
synapse, with high initial release probability, may effectively block high frequency activity and
pass low frequency, thereby acting as a low pass filter. Vice versa, a facilitating synapse, with initial
low release probability, only reliably transmits a signal at high frequency and acts as a high pass
filter (Abbott and Regehr, 2004). Short-term plasticity is mostly deployed at the presynapse but
can be induced from both sides of the synapse. Repeated stimuli delivered at the synapse can
depress or facilitate synaptic transmission, which generally lasts for milliseconds to seconds.
Tetanic activity can lead to longer facilitation, depending on the length and intensity of the
tetanic activity, lasting for seconds up to minutes long, called post-tetanic potentiation (PTP) or
augmentation.

Depression of release
The release of neurotransmitter is probabilistic: i.e. an action potential arriving at a synapse will
have a certain probability (Pr) of releasing SVs. This probability is dependent on the limited
number of release-competent vesicles (vesicles from RRP) and the vesicular release probability
(Pves). Depletion of the RRP after a stimulus is an important mechanism for short-term depression,
and changes in Pr depend on changes in the RRP and the Pves. Other mechanisms include the
inactivation of release sites by deposition of vesicular membrane proteins in the plasma
membrane and modulation of calcium channels activity (Fioravante and Regehr, 2011).

Facilitation of release
In general, increased presynaptic calcium is responsible for the transient increase in transmitter
release probability until calcium levels drop to pre-stimulus concentrations (Katz and Miledi, 1968;
Regehr, 2012). Longer lasting forms of facilitation, such as PTP, activate secondary mechanisms to
ensure increased release probability over longer times. PTP has been studied extensively in the
Calyx of Held synapse, a synapse central in sound localization, which faithfully needs to transmit
information at high frequencies (Borst and Soria van Hoeve, 2012). Increased calcium in the Calyx
presynapse and an increased RRP size after high frequency stimulation play an important role in
PTP (Habets and Borst, 2005; Habets and Borst, 2007; Korogod et al., 2007; Lee et al., 2008). . An
important effector of PTP is protein kinase C (PKC) (Alle et al., 2001; Brager et al., 2003; Fioravante
et al., 2011), which may increase calcium sensitivity of the release machinery (Korogod et al., 2007;
Lou et al., 2008) and activate Munc13 (Lipstein et al., 2013; Rodríguez-Castañeda et al., 2010),
calmodulin/CaM kinase II, synapsin (Fiumara et al., 2007) and Munc18-1 (Genc et al., 2014).

In hippocampal neurons, an interdependent pathway in a form of short-term plasticity related to
PTP, involves Munc13-1, PKC and Munc18-1 (Wierda et al., 2007). Repetitive stimulation increases
residual calcium, which induces diacyl glycerol (DAG) production and activates PKC. PKC then
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phosphorylates Munc18-1 and in concert with DAG activated Munc13-1 potentiates release.
Potentiation likely relies on increased release efficiency rather than increased RRP size, possibly via
an increase in calcium sensitivity of the vesicle fusion machinery. In addition, the PKC/Munc18-1
pathway also regulates the refilling of the RRP (Wierda et al., 2007).

1.6.2 LONG-TERM PLASTICITY
A classical form of long-term plasticity is long-term potentiation (LTP) and is thought to underlie
lasting memory formation, together with the loss and gain of synapses (Caroni et al., 2012). The
term LTP encompasses a broad array of related plasticity forms and induction mechanisms that
act at many types of synapses in different brain regions from development to adulthood (Bliss and
Collingridge, 2013). LTP was initially investigated as a postsynaptic phenomenon: calcium-
triggered insertion of AMPARs into the membrane of the postsynapse leads to potentiation (Bredt
and Nicoll, 2003), which later may be consolidated via translation and transcription of mRNA
(Abraham and Williams, 2008). Long-term depression (LTD) may counterbalance LTP
postsynaptically by endocytosis of AMPARs (van der Sluijs and Hoogenraad, 2011). Presynaptic
long-term plasticity can be induced at the presynapse or at the postsynapse, which then requires
retrograde signaling to the presynapse. Pathways involved in presynaptically induced LTP and LTD
include activity-dependent and calcium activated cAMP/PKA signaling resulting in
phosphorylation of presynaptic proteins which enhance neurotransmitter release in
hippocampus, cerebellum, and the neocortex (Castillo, 2012). RIM1a is required for presynaptic
LTP and LTD in several types of hippocampal synapses (Kaeser and Sudhof, 2005). In addition, the
interaction with RIM1a and Munc13-1 is also required for LTP in hippocampal mossy fiber
synapses (Castillo, 2012). Interestingly, both RIM1 and Munc13-1 undergo remodeling of their
levels (discussed at section 1.6). Hence, long-term plasticity may be affected by the remodeling of
presynaptic proteins.

1.6.3 HOMEOSTATIC PLASTICITY
Long term strengthening or weakening of synaptic contacts are driven by the correlated activity
at the pre- and postsynapse, which can create a self-reinforced positive feedback loop resulting in
overexcited (epileptic-like) or silenced neural networks with complete loss of synapse specificity
(Turrigiano, 2008). Synapse specificity, to encode information, and proper network excitability, to
allow propagation of signals, are essential for normal brain function. Both require careful setup
and maintenance, especially in the face of constant synaptic adaptations (Turrigiano and Nelson,
2000). Homeostatic plasticity is suggested to maintain network stability by adjusting global
synaptic strength and cellular excitability over periods of hours to days (Turrigiano and Nelson,
2000). Recently, it has become clear that presynaptic mechanisms play roles in homeostatic
plasticity by controlling neurotransmitter release (Lazarevic et al., 2013). In mammalian CNS,
presynaptic homeostatic plasticity can be effected by modulation of the size of releasable vesicle
pools, vesicular filling, and release machinery (Lazarevic et al., 2013). In addition, the size of
releasable vesicle pools may be regulated by a balance of kinase CDK5 and phosphatase
calcineurin B (Kim and Ryan, 2013). Munc18-1 is a target of CDK5 (Fletcher et al., 1999) and
phosphorylation of Munc18-1 by CDK-5 enhances synaptic transmission (Schmitz, 2011b).
Remodeling of the release machinery is induced by changes in protein expression levels and local
synaptic recruitment of CAZ components (Lazarevic et al., 2011; Weyhersmüller et al., 2011).
Recent studies suggest that pre- and postsynaptic homeostatic changes can also be induced
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locally at confined dendritic branches or individual synapses (Branco et al., 2008; Hou et al., 2008;
Jakawich et al., 2010). These studies suggest that strong postsynaptic firing can be counteracted
by weakening presynaptic firing and vice versa, potentially undermining LTP and LTD. It is unclear
what the benefits are on a network level, and other studies have provided opposing results;
nonetheless, local homeostatic plasticity may be another mechanism that shapes individual
synapses (Turrigiano, 2012; Vitureira et al., 2012).

1.7 SYNAPTIC REMODELING OF PROTEIN CONTENT
As pointed out above, alterations in synaptic protein composition and function form a basis for
synaptic plasticity. Protein function is mainly regulated by post-translational modifications (PTMs)
and the most abundant PTM, phosphorylation, will be discussed at a later stage. Remodeling of
synaptic protein composition is regulated by protein expression and degradation, and the active
(see section 1.2) or passive attraction or translocation of constituents.

Protein synthesis and degradation
Protein expression levels are managed via translation and degradation. Both mechanisms play key
roles in plasticity of the synapse (Hamilton and Zito, 2013; Kaang and Choi, 2012; Tai and
Schuman, 2008). The persistence of LTP is initially dependent on local protein synthesis from
existing mRNA (Raymond et al., 2000) and later on transcription of new mRNA (Abraham and
Williams, 2003; Ostroff et al., 2002). The composition of and synaptic signaling via the postsynapse
is regulated via protein degradation of key scaffolding proteins and receptors in an activity-
dependent manner and requires the ubiquitin-proteasome system (UPS) (Colledge et al., 2003;
Ehlers, 2003; Pak and Sheng, 2003). The UPS is required for activity-dependent presynaptic
silencing via Rim1α and Munc13-1 degradation (Jiang et al., 2010), Liprinα2 degradation (Spangler
et al., 2013) and presynaptic inhibition of release via Munc18-1 degradation (Schmitz, 2011a).
Hence, protein expression and degradation are vital components for maintaining LTP and LTD, but
are typically considered as slow processes.

1.7.1 SPATIAL AND TEMPORAL CONTROL OF PROTEIN LEVELS

Synaptic integrity
At the heart of the synapse lie the presynaptic active zone (AZ) juxtaposed by the postsynaptic
density (PSD) and the trans-synaptic adhesion molecules spanning the synaptic cleft (Chia et al.,
2013). The PSD consists of hundreds of different proteins of which scaffolding proteins of the
MAGUK family (including PSD-95, SAP102, PSD93) are of crucial (structural) importance. These
scaffolding proteins are held together by protein-protein interactions and form a complex
structure associated with the membrane (Sheng and Kim, 2011). Many receptors, enzymes, and
adhesion molecules interact with this structure via PDZ binding domains in MAGUK proteins. PSD
bound trans-synaptic cell adhesion molecules (CAMs) form hetero or homodimers with their pre-
synaptic counterparts acting as trans-synaptic signaling molecules and providing structural
integrity (Benson and Huntley, 2012; Siddiqui and Craig, 2011). Likewise, presynaptic adhesion
molecules are held in place at the AZ. The AZ consists of many scaffolding proteins lining the
presynaptic plasma membrane and is interconnected by a matrix of cytoskeletal filaments that
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stretch deep into the synaptic bouton and bind synaptic vesicles (Owald and Sigrist, 2009; Schoch
and Gundelfinger, 2006). This extensive network contains several (multi-domain) proteins,
including Munc13-1, RIM, ELKS/CAST, Liprin-α/Syd-2, bassoon and piccolo that provide integrity to
the cytoskeleton matrix of the AZ (CAZ) (Hida and Ohtsuka, 2010; Ohtsuka, 2013). Hence, the
combined interaction network of pre- and postsynaptic scaffolding and adhesion proteins,
together with the extracellular matrix (not discussed here), confer stability and integrity to the
synapse. The extent of synaptic stability, or tenacity, under physiological circumstances is
discussed below.

Synaptic confinement
Recent experimental evidence has indicated that synaptic vesicles and proteins are shared among
neighboring synapses (further discussed below). This raises the question how proteins are
confined to the synapse, which is thought to be essential for the function and stability of the
synapse. Confinement of proteins to the synaptic compartment has been mostly studied in the
membrane of the post-synapse. Post-synaptic neurotransmitter receptors that, after membrane
insertion, diffuse into the synapse can be confined by interactions with other receptors,
scaffolding proteins or extracellular matrix proteins in a process called diffusion trapping (Heine,
2012). Receptors can further be stabilized to scaffolds by multivalent interactions with auxiliary
subunits (Heine et al., 2008; Mondin et al., 2011). Many receptors are clustered into nanodomains
that may further enable their confinement in the postsynaptic membrane (Gerrow and Triller,
2010). Reversibly trapping and release of receptors (Bard and Groc, 2011; Opazo and Choquet,
2011; Opazo et al., 2012) may underlie several forms of synaptic plasticity (Anggono and Huganir,
2012; Gerrow and Triller, 2010). At the presynapse, syntaxin-1 may be confined by hetero-
interactions with other SNARE proteins (Ribrault et al., 2011) or homo-interactions forming
syntaxin clusters in the plasma membrane (Lang et al., 2002; Sieber et al., 2006; Sieber et al., 2007).
Synaptic vesicles are dynamically confined to the synapse by a network of scaffolding and CAZ
proteins (Bamji et al., 2003; Bogen et al., 2011; Cingolani and Goda, 2008; Fernández-Busnadiego
et al., 2010; Mukherjee et al., 2010; Peng et al., 2012; Takamori et al., 2006; Taylor et al., 2013).
Confinement of soluble proteins at the presynapse is much less studied. But due to the basic
physical properties underlying receptor trapping at post-synapses, diffusion trapping is a
plausible mechanism to also confine presynaptic components.

Synaptic dynamics
Fluorescence recovery after photobleaching (FRAP) and photo-activation studies have shown that
CAZ proteins, SNARE proteins, vesicular bound proteins and synaptic vesicles are continuously
exchanged at synapses, albeit at different rates (Staras, 2007; Staras et al., 2013). Typically, FRAP
studies of synapses, by measuring exchange of protein, identify a pool of relatively fast and a pool
of relatively slow exchanging proteins, and an immobile pool depending on how long exchange is
observed. (C)AZ proteins synapsin-1 and Munc13-1 exchange with a fast component of several
minutes and a slow component around 1-2 hours. AZ protein bassoon is retained much longer
with the majority exchanging slowly during several hours. Bassoon is considered a stable
component of the synapse, indicating that AZs may lie at the basis of presynaptic long-term
stability (tenacity) (Kalla et al., 2006; Schröder et al., 2013; Tsuriel et al., 2009; Tsuriel et al., 2006).
Liprin-α2 and RIM are much more mobile and their presence is necessary for stability of other
CAZs (Spangler et al., 2013), suggesting that not all structural proteins may assist in presynaptic
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tenacity. A limitation with this and other studies lies in the relatively short observation times (in
order of minutes), because immobile pools of protein only become obvious after several hours.
Whether slow exchange of some synaptic proteins means that they underlie synaptic tenacity (Ziv
and Fisher-Lavie, 2014) and how tenacious synapses are is currently under debate. This debate is
further complicated by changes in synaptic content during activity. During neuronal activity,
synapsin rapidly disperses from the membrane and re-clusters within 10 minutes in a
phosphorylation-dependent manner (Chi et al., 2001; Chi et al., 2003). Rab3, actin, and several
proteins involved in endocytosis follow similar dispersion-recruitment patterns (Denker et al.,
2011; Sankaranarayanan et al., 2003; Star et al., 2005). Hence, many constituents of synapses
undergo continuous cycles of loss and confinement. Recently, an attractive idea was proposed to
explain the function of protein dispersion and the function of the reserve pool of synaptic vesicles:
the reserve pool of vesicles may serve as a protein reservoir that releases and makes available
specific proteins in times of need (i.e. during synaptic vesicle cycling) (Denker et al., 2011). Denker
et al. provide evidence for a mechanism where many proteins involved in synaptic vesicle cycling
are bound to vesicles at rest, and due to ionic interactions upon calcium influx release and
become available at the time when they are needed. In that way the cell can suffice with much
lower basal protein concentrations. If validated, this hypothesis would show that dynamics of
proteins within the synapse are regulated and exploited when needed.

Synaptic sharing
Local protein loss at one synapse can be accompanied by protein uptake at a nascent synapse. For
instance, the CAZ proteins Munc13-1 and synapsin exchange and redistribute to other synapses
relatively quickly at timescales of minutes to an hour (Kalla et al., 2006; Tsuriel et al., 2006), while
Bassoon redistributes on timescale of hours in line with its slower local exchange kinetics (Tsuriel
et al., 2009). The sharing and redistribution of synaptic proteins coincides with a continuous
remodeling of synapses (Fisher-Lavie et al., 2011). Recently, it was found that synaptic vesicles also
transit between synapses and are shared among neighboring synapses (Chen et al., 2008; Darcy et
al., 2006; Fernandez-Alfonso and Ryan, 2008; Krueger et al., 2003; Staras et al., 2010) and form a so
called superpool of synaptic vesicles (Staras et al., 2010; Westphal et al., 2008). Similarly,
postsynaptic elements exchange to extrasynaptic sites or redistribute among neighboring sites.
Synapses in adult mice brain exchange all their PSD-95 molecules within a few hours and share a
common pool of PSD-95, mainly via rapid diffusion between synapses (Gray et al., 2006). Is
diffusion the main mode of transport between sharing synapses? Syntaxin-1 diffuses lateral
through the membrane of axons (Ribrault et al., 2011), and it is likely that cytosolic proteins like
Munc13-1, bassoon, and synapsin also diffuse to other synapses similar to PSD-95. However, active
transport cannot be excluded as synapsin is also transported via motor proteins (see section
1.2.1), and synaptic vesicles move at speeds consistent with motor protein transport (Darcy et al.,
2006; Krueger et al., 2003; Westphal et al., 2008).

What are the advantages for synapses to share their constituents? The sharing of synaptic vesicles
has been described in more detail and may give clues to the function of sharing (Staras and
Branco, 2010). Transiting synaptic vesicles from mature synapses can participate in formation of
new synapses (Darcy et al., 2006; Staras et al., 2010). And, shared vesicles are fully functional, i.e.
they participate in neurotransmission at the new destination. Hence, synaptogenesis may favor
from synaptic vesicle sharing as it provides a fast and local resource of vesicles. In addition, a
superpool of vesicles could affect individual synaptic efficacy by adding or withdrawing vesicles
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from the local recycling pool, without affecting neighboring synapses. As synaptic vesicles reside
in heterogenic pools regarding release probability (Alabi and Tsien, 2012), it is conceivable that
vesicle sharing not only transfers numbers but also properties to other synapses: new synapses
can have similar release properties as neighboring sharing synapses (Branco et al., 2008). As
synapsin regulates synaptic vesicle pool mobility in a phosphorylation-dependent manner (Chi et
al., 2003), and is mobile and shared with neighboring synapses, it is tempting to speculate that
individual synaptic properties could also be transmitted to neighboring synapses via sharing of
their post-translationally modified constituents. Hence, sharing of synaptic constituents may
create a dynamic environment where new and existing synapses can rapidly and easily benefit
from to rapidly adapt.

1.7.2 SYNAPTIC REMODELING
How can a synapse with dynamic content remain its integrity over longer periods of time?
Synaptic plasticity is in part driven by long-term changes in synaptic content, but synapses may
be limited in their capacity to hold a stable synaptic content. Long term imaging experiments
have shown that presynaptic boutons, by imaging bassoon, Munc13-1 and synaptic vesicle
content, spontaneously and continuously change independent of activity (i.e. similar changes in
active and silent cultures) (Fisher-Lavie et al., 2011; Fisher-Lavie and Ziv, 2013; Matz et al., 2010;
Zeidan and Ziv, 2012). Periods of activity enhance exchange of synaptic vesicles, but synapses
return to particular set points in terms of synaptic vesicle contents, suggesting that some form of
homeostatic adaptation occurs after activity, possibly dictated by AZ content (Fisher-Lavie et al.,
2011). Synaptic silencing increases synaptotagmin-1, SV2B, a calcium channel and RIM1 levels at
the presynapse while their cellular levels remain stable (Lazarevic et al., 2013; Lazarevic et al.,
2011), and (synaptic) levels of synaptotagmin, calcium channels and RIM1 correlate with synaptic
release (Hoppa et al., 2012; Lazarevic et al., 2011; Nagy et al., 2006), further implicating synaptic
remodeling in homeostatic adaptations. In addition, spontaneous changes in AZ size, occurring
even within minutes, are associated with corresponding changes in release probability (Matz et al.,
2010). Likewise, PSDs are extensively remodeled over periods of hours to days (Fisher-Lavie and
Ziv, 2013; Kaufman et al., 2012; Kuriu et al., 2006; Minerbi et al., 2009; Okabe et al., 2001; Zeidan
and Ziv, 2012). And such structural remodeling appears to be coordinated between the pre- and
postsynapse (Fisher-Lavie and Ziv, 2013). Importantly, spontaneous remodeling has also been
observed in the brain (Cane et al., 2014; Gray et al., 2006; Herzog et al., 2011), showing that
remodeling of synaptic content is not an in vitro culture artifact. Hence, spontaneous and activity
induced synaptic remodeling drives synaptic output. However, the consequences of spontaneous
remodeling for long term synaptic tenacity and plasticity remain incompletely understood (Ziv
and Fisher-Lavie, 2014).

1.7.3 POST-TRANSLATIONAL MODIFICATIONS: PHOSPHORYLATION
The function of a protein can be extensively adapted by the addition or removal of
posttranslational modifications (PTMs). PTMs are chemical groups that are covalently attached to
amino acids after a protein has been translated from mRNA. PTMs vary widely in structure,
function, and time and place of addition. Proteins may acquire several PTMs during their lifetime
and PTMs can occur from just after their syntheses to help folding (glycosylation) or trafficking
(e.g. palmitoylation), to activation (e.g. phosphorylation) or targeting for degradation
(ubiquitination). A single PTM may however have multiple functions. Phosphorylation (the
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addition of a phosphate group) of a serine, threonine or tyrosine is the most experimentally
observed PTM in cells (Khoury et al., 2011), and has an important function in synaptic plasticity
(Sunyer et al., 2008). Protein kinases perform the phosphorylation reaction by interacting with a
protein substrate and transferring a phosphate from ATP to a specific amino acid. Protein
phosphatases remove the phosphate groups. The negative charge of the phosphate group
interacts with other charges nearby in the protein structure or other molecules to alter protein
conformation or interactions (Johnson and Barford, 1993; Xin and Radivojac, 2012). Hereby,
protein kinases and phosphatases regulate a plethora of cellular processes.

Several protein kinases participate in intracellular signaling pathways that regulate
neurotransmitter release (Leenders and Sheng, 2005; Takahashi et al., 2003). In majority,
presynaptic kinases are activated (in)directly by calcium or by presynaptic retrograde signaling
receptors, second messengers and effectors (de Jong and Verhage, 2009). Major candidates of
presynaptic kinases are bassoon and piccolo with 30 and 16 detected phosphorylation sites,
respectively (Collins et al., 2005). Phosphorylation of calcium channels and potassium channels
synergistically increase calcium influx resulting in increased release (de Jong and Verhage, 2009).
In addition, protein kinases regulate exocytosis by phosphorylation of the SNARE proteins and
their accessory proteins (Snyder et al., 2006). For example, PKA regulates the size of the RRP by
phosphorylation of VAMP2, and CK1 phosphorylation of synaptotagmin may alter its affinity to
calcium. Protein kinase C (PKC) has been implicated in several forms of plasticity (Sossin, 2007)
and will be discussed further detail below.

Protein kinase C
PKC is a serine/threonine kinase that consists of several members of a larger PKC family. PKC
isoforms have specific expression profiles within and outside the brain. PKCγ is expressed solely in
neurons, while PKCα and β are expressed in additional tissues besides the brain (Zeng et al., 2012).
These isoforms play distinct roles in plasticity as shown by their KO phenotypes in mice: PKCα KO
mice are deficient in cerebellar LTD and motor tasks, PKCβ KO mice are deficient in fear
conditioning (Weeber et al., 2000), and KO of PKCγ results in deficits in some forms of LTP and LTD
and is normally expressed in hippocampus, cortex and cerebellum (Saito and Shirai, 2002). Likely,
phenotypes are masked by redundant functions of the remaining isoforms.

Neuron specific PKCs are activated by binding to three co-factors: the second messenger DAG, the
lipid phosphatidylserine (PS) and calcium. Calcium binding translocates PKC to the membrane
where it binds PS and is activated by DAG, a metabolite of PIP2. G coupled-protein receptors
(GPCRs) are a major source of kinase regulation, for instance hydrolysis of PIP2 by PLC is initiated
by Gq G-protein/GPCR complex at the membrane (de Jong and Verhage, 2009). PKC affects
multiple stages of neurotransmitter release and has several know substrates within the release
machinery (Morgan et al., 2005). Many presynaptic proteins contain predicted phosphorylation
sites for PKC. However only a number of phosphorylation sites have been confirmed in cellular
preparations, and less have a proven role in regulating exocytosis, including SNAP25,
synaptotagmin and Munc18-1. Phosphorylation of SNAP25 regulates exocytosis in several
preparations (Nagy et al., 2002; Shu et al., 2008; Yang et al., 2007), including sensory-to-motor
synapses in Aplysia (Houeland et al., 2007), but its presynaptic function in vertebrate neurons is
unclear (Finley et al., 2003). Similar ambiguity was found for the role PKC phosphorylation sites of
synaptotagmin-1 in exocytosis (de Jong, 2013; Nagy et al., 2006; Nakhost et al., 2003). Munc18-1
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phosphorylation by PKC potentiates vesicle replenishment during exocytosis in cultured
chromaffin cells (Nili et al., 2006), and is the substrate for short-term plasticity in hippocampal and
Calyx synapses (Genc et al., 2014; Wierda et al., 2007). PKC phosphorylation sites of Munc18-1 may
be important to regulate the binding to syntaxin-1 (Fujita et al., 1996), but the precise mechanisms
of regulation on exocytosis remains incompletely understood.

1.8 AIM AND OUTLINE
In the last decade, the view of the synapse as a static entity operating in relative isolation only
adapting as a result of neural activity has dramatically changed. We now consider synapses highly
dynamic entities where many constituents are continuously exchanged and shared with
neighboring synapses and in which changes in synaptic content drive changes in
neurotransmission. However, the mechanisms that control this dynamic behavior are still
incompletely understood and it is unclear whether a highly dynamic synapse reconciles with or
contradicts the notion that long term tenacity of synaptic properties underlies memory and
behavior (Choquet and Triller, 2013; Ziv and Fisher-Lavie, 2014). Important questions are how a
dynamic synapse can be both stable and plastic, and how dynamics of synaptic proteins affect
neurotransmission.

Great understanding of pre-synaptic vesicle release principles has been inferred from genetic
models by electrophysiological measurements. The role of many proteins is now known to some
or great detail. However, we do not fully understand how the intra-synaptic protein-protein
interactions change to drive synaptic transmission. To investigate this, we need fast and dynamic
measurements of fluorescently labeled synaptic proteins.

The general aim of this thesis is to contribute to our understanding of dynamic processes that
underlie synapse development and function and how these processes form and shape a
landscape in which synaptic transmission can operate and adapt to changes in neuronal activity.
In that light chapters 2 and 3 investigate the dynamics of an essential release machinery protein,
Munc18-1, to test whether Munc18-1 levels are regulated by activity locally at the synapse and
affect neurotransmission. Chapter 4 describes the spatiotemporal nature of an unprimed vesicle
pool and its role in vesicle release. In chapter 5 we use a new method to visualize axonal transport
to assess the role of a post-translational modification of the adaptor protein FEZ-1 in developing
hippocampal neurons.

Chapter 2 describes the validation of a mouse model expressing fluorescent Munc18-1 (Munc18-
1-Venus) from its endogenous locus. First, we show that Munc18-1-Venus is expressed at normal
levels and locations within the mouse brain. Second, we show that cultured neurons from this
mouse develop normally and are indistinguishable from wild-type neurons when fully developed.
Most importantly we show that these neurons are indistinguishable from wild-type neurons
regarding release characteristics. From this we conclude that Munc18-1-Venus is fully functional
and that hippocampal neurons from these mice are an excellent model to study Munc18-1
dynamics in neurons. In addition, we show that the expression of a brainstem and cerebellum
specific Munc18-1 splice variant, Munc18-1a, is severely reduced in Munc18-1-Venus mice. The
fact that these mice do not survive beyond three weeks postnatal suggests that Munc18-1a is
important for life sustaining functions in the brainstem. Additionally, we provide evidence that
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Munc18-1a is the major splice variant in the auditory brainstem. Together, Munc18-1-Venus mice
provide an in vivo model for Munc18-1(b) dynamics in hippocampal neurons and allow
investigation of Munc18-1a function in the brainstem and auditory system.

Chapter 3 utilizes Munc18-1-Venus mice to answer three main questions regarding
spatiotemporal regulation of Munc18-1b in hippocampal neurons. First, we ask how Munc18-1 is
trafficked in axons and targeted to synapses. We perform fluorescence recovery after
photobleaching (FRAP) experiments to show that in mature neurons Munc18-1 transport towards
synapses depends on a fundamentally different form of transport then in developing neurons
(Chua et al., 2012; Su et al., 2004). Second, we probe the exchange of synaptic Munc18-1. Synaptic
Munc18-1 is rapidly exchanged, like several other soluble presynaptic proteins (Staras, 2007;
Staras et al., 2013). Together, these results suggest that diffusion is sufficient to exchange small
constituents between synapses. Finally, we show that Munc18-1 acutely disperses upon strong
stimulation and re-populates the synapse much faster than observed for other proteins. Levels of
re-clustering correlate with synaptic release. In addition, we provide a more detailed mechanism
that is, interestingly, independent of syntaxin-1, but requires PKC phosphorylation of Munc18-1.
We suggest that Munc18-1 levels are controlled by PKC phosphorylation in individual synapses to
adjust the presynaptic output after strong stimulation.

Chapter 4 investigates the mechanisms that refill the releasable vesicle pool during sustained
release. Refilling may occur from vesicles that are already docked at the membrane requiring only
local priming steps or from vesicles located at some distance from the membrane requiring
transport towards the membrane as part of the refilling process. We use dynamic measurements
of LDCVs in mouse chromaffin cells to analyze the behavior of secretory vesicles perpendicular to
the membrane before fusion. In addition, we investigate the phenotype of two null mutants,
synaptotagmin-1 and DOC2AB, that either lack a releasable pool or increased but incomplete
refilling. We find that mobile vesicles support a significant fraction of release and that these
vesicles exhibit linear transport towards the membrane and can rapidly fuse, in support of an
unprimed vesicle pool that refills the RRP at a distance from the membrane.

Chapter 5 investigates the role of (vesicular) trafficking of syntaxin-1 in developing neurons.
Syntaxin-1 may function as anchor protein to link motor proteins and their adaptor proteins to
synaptic transport vesicles (Chua et al., 2012; Su et al., 2004). We developed a novel method to
specifically image vesicular syntaxin-1 and tested the hypothesis that phosphorylation of kinesin-
1 adaptor protein FEZ1 regulates vesicular transport of syntaxin-1 in mammalian neurons.

Chapter 6 summarizes the main experimental findings of this thesis and provides a general
discussion in relation to the existing literature.
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