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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-



16

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

pre- synapse

H+H+

NT

NT

endosome

1

2
3
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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



20

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
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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



32

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.

REFERENCES
Aalto, M.K., L. Ruohonen, K. Hosono, and S. Keränen. 1991. Cloning and sequencing of the yeast

Saccharomyces cerevisiae SEC1 gene localized on chromosome IV. Yeast. 7:643-650.
Abbott, L.F., and W.G. Regehr. 2004. Synaptic computation. Nature. 431:796-803.
Abraham, W.C., and J.M. Williams. 2003. Properties and Mechanisms of LTP Maintenance. The Neuroscientist.

9:463-474.
Abraham, W.C., and J.M. Williams. 2008. LTP maintenance and its protein synthesis-dependence. Neurobiology



33General introduction

of Learning and Memory. 89:260-268.
Aguado, F., G. Majó, B. Ruiz-Montasell, J. Llorens, J. Marsal, and J. Blasi. 1999. Syntaxin 1A and 1B display distinct

distribution patterns in the rat peripheral nervous system. Neuroscience. 88:437-446.
Alabi, A.A., and R.W. Tsien. 2012. Synaptic Vesicle Pools and Dynamics. Cold Spring Harbor Perspectives in

Biology. 4:a013680-a013680.
Alle, H., P. Jonas, and J.R.P. Geiger. 2001. PTP and LTP at a hippocampal mossy fiber-interneuron synapse.

Proceedings of the National Academy of Sciences. 98:14708-14713.
Anggono, V., and R.L. Huganir. 2012. Regulation of AMPA receptor trafficking and synaptic plasticity. Curr Opin

Neurobiol. 22:461-469.
Arunachalam, L., L. Han, N.G. Tassew, Y. He, L. Wang, L. Xie, Y. Fujita, E. Kwan, B. Davletov, P.P. Monnier, H.Y.

Gaisano, and S. Sugita. 2008. Munc18-1 is critical for plasma membrane localization of syntaxin1 but not of
SNAP-25 in PC12 cells. Mol Biol Cell. 19:722-734.

Bamji, S.X., K. Shimazu, N. Kimes, J. Huelsken, W. Birchmeier, B. Lu, and L.F. Reichardt. 2003. Role of beta-catenin
in synaptic vesicle localization and presynaptic assembly. Neuron. 40:719-731.

Bard, L., and L. Groc. 2011. Glutamate receptor dynamics and protein interaction: lessons from the NMDA
receptor. Mol Cell Neurosci. 48:298-307.

Barnstable, C.J., R. Hofstein, and K. Akagawa. 1985. A marker of early amacrine cell development in rat retina.
Brain Res. 352:286-290.

Becherer, U., and J. Rettig. 2006. Vesicle pools, docking, priming, and release. Cell Tissue Res. 326:393-407.
Behan, A., C. Byrne, M. Dunn, G. Cagney, and D. Cotter. 2009. Proteomic analysis of membrane microdomain-

associated proteins in the dorsolateral prefrontal cortex in schizophrenia and bipolar disorder reveals
alterations in LAMP, STXBP1 and BASP1 protein expression. Molecular psychiatry. 14:601-613.

Bennett, M., N. Calakos, and R. Scheller. 1992. Syntaxin: a synaptic protein implicated in docking of synaptic
vesicles at presynaptic active zones. Science (New York, N.Y.). 257:255-259.

Benson, D.L., and G.W. Huntley. 2012. Synapse adhesion: a dynamic equilibrium conferring stability and
flexibility. Curr Opin Neurobiol. 22:397-404.

Blasi, J., E. Chapman, S. Yamasaki, T. Binz, H. Niemann, and R. Jahn. 1993. Botulinum neurotoxin C1 blocks
neurotransmitter release by means of cleaving HPC-1/syntaxin. The EMBO journal. 12:4821-4828.

Bliss, T.V., and G.L. Collingridge. 2013. Expression of NMDA receptor-dependent LTP in the hippocampus:
bridging the divide. Mol Brain. 6:5.

Bogen, I.L., V. Jensen, Ø. Hvalby, and S.I. Walaas. 2011. Glutamatergic neurotransmission in the synapsin I and II
double knock-out mouse. Semin Cell Dev Biol. 22:400-407.

Borst, J.G., and J. Soria van Hoeve. 2012. The calyx of held synapse: from model synapse to auditory relay. Annu
Rev Physiol. 74:199-224.

Brager, D., X. Cai, and S. Thompson. 2003. Activity-dependent activation of presynaptic protein kinase C
mediates post-tetanic potentiation. Nature neuroscience. 6:551-552.

Branco, T., K. Staras, K. Darcy, and Y. Goda. 2008. Local dendritic activity sets release probability at hippocampal
synapses. Neuron. 59:475-485.

Bredt, D.S., and R.A. Nicoll. 2003. AMPA receptor trafficking at excitatory synapses. Neuron. 40:361-379.
Brenner, S. 1974. The genetics of Caenorhabditis elegans. Genetics. 77:71-94.
Brown, A. 2003. Axonal transport of membranous and nonmembranous cargoes: a unified perspective. The

Journal of cell biology. 160:817-821.
Burkhardt, P., D. Hattendorf, W. Weis, and D. Fasshauer. 2008. Munc18a controls SNARE assembly through its

interaction with the syntaxin N-peptide. The EMBO journal. 27:923-933.
Cai, Q., C. Gerwin, and Z.-H. Sheng. 2005. Syntabulin-mediated anterograde transport of mitochondria along

neuronal processes. The Journal of cell biology. 170:959-969.
Cai, Q., P.-Y. Pan, and Z.-H. Sheng. 2007. Syntabulin-kinesin-1 family member 5B-mediated axonal transport

contributes to activity-dependent presynaptic assembly. The Journal of neuroscience : the official journal of
the Society for Neuroscience. 27:7284-7296.

Cai, Q., and Z.-H. Sheng. 2009. Molecular motors and synaptic assembly. The Neuroscientist : a review journal
bringing neurobiology, neurology and psychiatry. 15:78-89.

Camoletto, P., H. Vara, L. Morando, E. Connell, F. Marletto, M. Giustetto, M. Sassoè-Pognetto, P. Van Veldhoven,
and M. Ledesma. 2009. Synaptic vesicle docking: sphingosine regulates syntaxin1 interaction with Munc18.
PloS one. 4.

Cane, M., B. Maco, G. Knott, and A. Holtmaat. 2014. The Relationship between PSD-95 Clustering and Spine
Stability In Vivo. Journal of Neuroscience.



34

Cannon, W.B. 1932. The wisdom of the body.
Caroni, P., F. Donato, and D. Muller. 2012. Structural plasticity upon learning: regulation and functions. Nat Rev

Neurosci. 13:478-490.
Carr, C., and J. Rizo. 2010. At the junction of SNARE and SM protein function. Current opinion in cell biology.

22:488-495.
Castillo, M., S. Ghose, C. Tamminga, and P. Ulery-Reynolds. 2010. Deficits in syntaxin 1 phosphorylation in

schizophrenia prefrontal cortex. Biological psychiatry. 67:208-216.
Castillo, P. 2012. Presynaptic LTP and LTD of excitatory and inhibitory synapses. Cold Spring Harbor

perspectives in biology. 4.
Chen, X., S. Barg, and W. Almers. 2008. Release of the Styryl Dyes from Single Synaptic Vesicles in Hippocampal

Neurons. Journal of Neuroscience. 28:1894-1903.
Chi, P., P. Greengard, and T. Ryan. 2001. Synapsin dispersion and reclustering during synaptic activity. Nature

neuroscience. 4:1187-1193.
Chi, P., P. Greengard, and T. Ryan. 2003. Synaptic vesicle mobilization is regulated by distinct synapsin I

phosphorylation pathways at different frequencies. Neuron. 38:69-78.
Chia, P.H., P. Li, and K. Shen. 2013. Cellular and molecular mechanisms underlying presynapse formation. The

Journal of cell biology.
Chilton, J.K. 2006. Molecular mechanisms of axon guidance. Developmental biology.
Choquet, D., and A. Triller. 2013. The Dynamic Synapse. Neuron. 80:691-703.
Chua, J., E. Butkevich, J. Worseck, M. Kittelmann, M. Grønborg, E. Behrmann, U. Stelzl, N. Pavlos, M. Lalowski, S.

Eimer, E. Wanker, D. Klopfenstein, and R. Jahn. 2012. Phosphorylation-regulated axonal dependent transport
of syntaxin 1 is mediated by a Kinesin-1 adapter. Proceedings of the National Academy of Sciences of the
United States of America. 109:5862-5867.

Cingolani, L.A., and Y. Goda. 2008. Actin in action: the interplay between the actin cytoskeleton and synaptic
efficacy. Nature reviews. Neuroscience. 9:344-356.

Citri, A., and R.C. Malenka. 2008. Synaptic plasticity: multiple forms, functions, and mechanisms.
Neuropsychopharmacology. 33:18-41.

Colledge, M., E.M. Snyder, R.A. Crozier, J.A. Soderling, Y. Jin, L.K. Langeberg, H. Lu, M.F. Bear, and J.D. Scott. 2003.
Ubiquitination regulates PSD-95 degradation and AMPA receptor surface expression. Neuron. 40:595-607.

Collins, M.O., L. Yu, M.P. Coba, H. Husi, I. Campuzano, W.P. Blackstock, J.S. Choudhary, and S.G. Grant. 2005.
Proteomic analysis of in vivo phosphorylated synaptic proteins. J Biol Chem. 280:5972-5982.

Cooper, J., and L. Wordeman. 2009. The diffusive interaction of microtubule binding proteins. Current opinion
in cell biology. 21:68-73.

Craig, A.M., H, [eacute], l, [egrave], and n. Boudin. 2001. Molecular heterogeneity of central synapses: afferent
and target regulation. Nature Neuroscience. 4:569-578.

Darcy, K., K. Staras, L. Collinson, and Y. Goda. 2006. Constitutive sharing of recycling synaptic vesicles between
presynaptic boutons. Nature neuroscience. 9:315-321.

de Jong, A., and M. Verhage. 2009. Presynaptic signal transduction pathways that modulate synaptic
transmission. Current opinion in neurobiology. 19:245-253.

de Jong, A.T., R.F.G.; Sorensen, J.B.; Verhage, M. 2013. Phosphorylation of synaptotagmin-1 is essential for
phorbol ester-induced potentiation of synaptic vesicle release.

de Wit, H., L. Cornelisse, R. Toonen, and M. Verhage. 2006. Docking of secretory vesicles is syntaxin dependent.
PloS one. 1.

de Wit, H., A. Walter, I. Milosevic, A. Gulyás-Kovács, D. Riedel, J. Sørensen, and M. Verhage. 2009.
Synaptotagmin-1 docks secretory vesicles to syntaxin-1/SNAP-25 acceptor complexes. Cell. 138:935-946.

Deák, F., Y. Xu, W.-P. Chang, I. Dulubova, M. Khvotchev, X. Liu, T. Südhof, and J. Rizo. 2009. Munc18-1 binding to
the neuronal SNARE complex controls synaptic vesicle priming. The Journal of cell biology. 184:751-764.

Denker, A., K. Kröhnert, J. Bückers, E. Neher, and S. Rizzoli. 2011. The reserve pool of synaptic vesicles acts as a
buffer for proteins involved in synaptic vesicle recycling. Proceedings of the National Academy of Sciences
of the United States of America. 108:17183-17188.

Diao, J., Z. Su, X. Lu, T.-Y. Yoon, Y.-K. Shin, and T. Ha. 2010. Single-Vesicle Fusion Assay Reveals Munc18-1 Binding
to the SNARE Core Is Sufficient for Stimulating Membrane Fusion. ACS chemical neuroscience. 1:168-174.

Diefenbach, R., E. Diefenbach, M. Douglas, and A. Cunningham. 2002. The heavy chain of conventional kinesin
interacts with the SNARE proteins SNAP25 and SNAP23. Biochemistry. 41:14906-14915.

Dobrunz, L.E., and C.F. Stevens. 1997. Heterogeneity of release probability, facilitation, and depletion at central
synapses. Neuron. 18:995-1008.



35General introduction

Dotti, C., C. Sullivan, and G. Banker. 1988. The establishment of polarity by hippocampal neurons in culture. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 8:1454-1468.

Dudok, J., A. Groffen, R. Toonen, and M. Verhage. 2011. Deletion of Munc18-1 in 5-HT neurons results in rapid
degeneration of the 5-HT system and early postnatal lethality. PloS one. 6.

Dulubova, I., M. Khvotchev, S. Liu, I. Huryeva, T. Südhof, and J. Rizo. 2007. Munc18-1 binds directly to the
neuronal SNARE complex. Proceedings of the National Academy of Sciences of the United States of America.
104:2697-2702.

Dulubova, I., S. Sugita, S. Hill, M. Hosaka, I. Fernandez, T. Südhof, and J. Rizo. 1999. A conformational switch in
syntaxin during exocytosis: role of munc18. The EMBO journal. 18:4372-4382.

Ehlers, M.D. 2003. Activity level controls postsynaptic composition and signaling via the ubiquitin-proteasome
system. Nat Neurosci. 6:231-242.

Fernandez-Alfonso, T., and T.A. Ryan. 2008. A heterogeneous “resting” pool of synaptic vesicles that is
dynamically interchanged across boutons in mammalian CNS synapses. Brain Cell Biology. 36:87-100.

Fernández-Busnadiego, R., S. Asano, A.M. Oprisoreanu, E. Sakata, M. Doengi, Z. Kochovski, M. Zürner, V. Stein, S.
Schoch, W. Baumeister, and V. Lucić. 2013. Cryo-electron tomography reveals a critical role of RIM1α in
synaptic vesicle tethering. J Cell Biol. 201:725-740.

Fernández-Busnadiego, R., B. Zuber, U.E. Maurer, M. Cyrklaff, W. Baumeister, and V. Lucic. 2010. Quantitative
analysis of the native presynaptic cytomatrix by cryoelectron tomography. The Journal of cell biology.
188:145-156.

Finley, M.F., R.H. Scheller, and D.V. Madison. 2003. SNAP-25 Ser187 does not mediate phorbol ester
enhancement of hippocampal synaptic transmission. Neuropharmacology. 45:857-862.

Fioravante, D., Y. Chu, M. Myoga, M. Leitges, and W. Regehr. 2011. Calcium-dependent isoforms of protein
kinase C mediate posttetanic potentiation at the calyx of Held. Neuron. 70:1005-1019.

Fioravante, D., and W. Regehr. 2011. Short-term forms of presynaptic plasticity. Current opinion in
neurobiology. 21:269-274.

Fisher-Lavie, A., A. Zeidan, M. Stern, C. Garner, and N. Ziv. 2011. Use dependence of presynaptic tenacity. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 31:16770-16780.

Fisher-Lavie, A., and N.E. Ziv. 2013. Matching dynamics of presynaptic and postsynaptic scaffolds. The Journal
of Neuroscience. 33:13094-13100.

Fiumara, F., C. Milanese, A. Corradi, S. Giovedì, G. Leitinger, A. Menegon, P.G. Montarolo, F. Benfenati, and M.
Ghirardi. 2007. Phosphorylation of synapsin domain A is required for post-tetanic potentiation. J Cell Sci.
120:3228-3237.

Fletcher, A., R. Shuang, D. Giovannucci, L. Zhang, M. Bittner, and E. Stuenkel. 1999. Regulation of exocytosis by
cyclin-dependent kinase 5 via phosphorylation of Munc18. The Journal of biological chemistry. 274:4027-
4035.

Franker, M., and C. Hoogenraad. 2013. Microtubule-based transport - basic mechanisms, traffic rules and role in
neurological pathogenesis. Journal of cell science. 126:2319-2329.

Fujita, Y., T. Sasaki, K. Fukui, H. Kotani, T. Kimura, Y. Hata, T. Südhof, R. Scheller, and Y. Takai. 1996.
Phosphorylation of Munc-18/n-Sec1/rbSec1 by protein kinase C: its implication in regulating the interaction
of Munc-18/n-Sec1/rbSec1 with syntaxin. The Journal of biological chemistry. 271:7265-7268.

Garcia, E., E. Gatti, M. Butler, J. Burton, and P. De Camilli. 1994. A rat brain Sec1 homologue related to Rop and
UNC18 interacts with syntaxin. Proceedings of the National Academy of Sciences of the United States of
America. 91:2003-2007.

Garcia, E., P. McPherson, T. Chilcote, K. Takei, and P. De Camilli. 1995. rbSec1A and B colocalize with syntaxin 1
and SNAP-25 throughout the axon, but are not in a stable complex with syntaxin. The Journal of cell biology.
129:105-120.

Garner, C., C. Waites, and N. Ziv. 2006. Synapse development: still looking for the forest, still lost in the trees.
Cell and tissue research. 326:249-262.

Genc, O., O. Kochubey, R.F. Toonen, M. Verhage, and R. Schneggenburger. 2014. Munc18-1 is a dynamically
regulated PKC target during short-term enhancement of transmitter release. eLife. 3:e01715-e01715.

Gengyo-Ando, K., H. Kitayama, M. Mukaida, and Y. Ikawa. 1996. A murine neural-specific homolog corrects
cholinergic defects in Caenorhabditis elegans unc-18 mutants. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 16:6695-6702.

Gerber, S., J.-C. Rah, S.-W. Min, X. Liu, H. de Wit, I. Dulubova, A. Meyer, J. Rizo, M. Arancillo, R. Hammer, M.
Verhage, C. Rosenmund, and T. Südhof. 2008. Conformational switch of syntaxin-1 controls synaptic vesicle
fusion. Science (New York, N.Y.). 321:1507-1510.



36

Gerrow, K., and A. Triller. 2010. Synaptic stability and plasticity in a floating world. Current opinion in
neurobiology. 20:631-639.

Gibson, D.A., and L. Ma. 2010. Developmental regulation of axon branching in the vertebrate nervous system.
Development. 138:183-195.

Gil-Pisa, I., E. Munarriz-Cuezva, A. Ramos-Miguel, L. Urigüen, J. Meana, and J. García-Sevilla. 2012. Regulation of
munc18-1 and syntaxin-1A interactive partners in schizophrenia prefrontal cortex: down-regulation of
munc18-1a isoform and 75 kDa SNARE complex after antipsychotic treatment. The international journal of
neuropsychopharmacology / official scientific journal of the Collegium Internationale
Neuropsychopharmacologicum (CINP). 15:573-588.

Gilbert, S.F., and R.M. Burian. 2003. Development, evolution, and evolutionary developmental biology.
Cambridge, MA: Harvard University Press.

Glater, E., E., L. Megeath, J., R.S. Stowers, and M.K. Schwarz. 2006. Axonal transport of mitochondria requires
milton to recruit kinesin heavy chain and is light chain independent. The Journal of cell biology.

Goda, Y., and G.W. Davis. 2003. Mechanisms of synapse assembly and disassembly. Neuron. 40:243-264.
Goehring, N., D. Chowdhury, A. Hyman, and S. Grill. 2010. FRAP analysis of membrane-associated proteins:

lateral diffusion and membrane-cytoplasmic exchange. Biophysical journal. 99:2443-2452.
Gray, N.W., R.M. Weimer, I. Bureau, and K. Svoboda. 2006. Rapid redistribution of synaptic PSD-95 in the

neocortex in vivo. PLoS biology. 4.
Grutzendler, J., N. Kasthuri, and W.-B. Gan. 2002. Long-term dendritic spine stability in the adult cortex. Nature.

420:812-816.
Guillaud, L., R. Wong, and N. Hirokawa. 2008. Disruption of KIF17-Mint1 interaction by CaMKII-dependent

phosphorylation: a molecular model of kinesin-cargo release. Nat Cell Biol. 10:19-29.
Habets, R.L., and J.G. Borst. 2005. Post-tetanic potentiation in the rat calyx of Held synapse. J Physiol. 564:173-

187.
Habets, R.L., and J.G. Borst. 2007. Dynamics of the readily releasable pool during post-tetanic potentiation in

the rat calyx of Held synapse. J Physiol. 581:467-478.
Halachmi, N., and Z. Lev. 1996. The Sec1 family: a novel family of proteins involved in synaptic transmission and

general secretion. Journal of neurochemistry. 66:889-897.
Hamdan, F., J. Gauthier, S. Dobrzeniecka, A. Lortie, L. Mottron, M. Vanasse, G. D'Anjou, J. Lacaille, G. Rouleau,

and J. Michaud. 2011. Intellectual disability without epilepsy associated with STXBP1 disruption. European
journal of human genetics : EJHG. 19:607-609.

Hamdan, F., A. Piton, J. Gauthier, A. Lortie, F. Dubeau, S. Dobrzeniecka, D. Spiegelman, A. Noreau, S. Pellerin, M.
Côté, E. Henrion, E. Fombonne, L. Mottron, C. Marineau, P. Drapeau, R. Lafrenière, J. Lacaille, G. Rouleau, and
J. Michaud. 2009. De novo STXBP1 mutations in mental retardation and nonsyndromic epilepsy. Annals of
neurology. 65:748-753.

Hamilton, A.M., and K. Zito. 2013. Breaking it down: the ubiquitin proteasome system in neuronal
morphogenesis. Neural plasticity. 2013:196848.

Hammarlund, M., M. Palfreyman, S. Watanabe, S. Olsen, and E. Jorgensen. 2007. Open syntaxin docks synaptic
vesicles. PLoS biology. 5.

Han, G., N. Malintan, N. Saw, L. Li, L. Han, F. Meunier, B. Collins, and S. Sugita. 2011. Munc18-1 domain-1 controls
vesicle docking and secretion by interacting with syntaxin-1 and chaperoning it to the plasma membrane.
Molecular biology of the cell. 22:4134-4149.

Han, L., T. Jiang, G. Han, N. Malintan, L. Xie, L. Wang, F. Tse, H. Gaisano, B. Collins, F. Meunier, and S. Sugita. 2009.
Rescue of Munc18-1 and -2 double knockdown reveals the essential functions of interaction between
Munc18 and closed syntaxin in PC12 cells. Molecular biology of the cell. 20:4962-4975.

Hata, Y., C. Slaughter, and T. Südhof. 1993. Synaptic vesicle fusion complex contains unc-18 homologue bound
to syntaxin. Nature. 366:347-351.

Hata, Y., and T. Südhof. 1995. A novel ubiquitous form of Munc-18 interacts with multiple syntaxins. Use of the
yeast two-hybrid system to study interactions between proteins involved in membrane traffic. The Journal
of biological chemistry. 270:13022-13028.

Heeroma, J., M. Roelandse, K. Wierda, K. van Aerde, R. Toonen, R. Hensbroek, A. Brussaard, A. Matus, and M.
Verhage. 2004. Trophic support delays but does not prevent cell-intrinsic degeneration of neurons deficient
for munc18-1. The European journal of neuroscience. 20:623-634.

Heine, M. 2012. Surface traffic in synaptic membranes. Advances in experimental medicine and biology.
970:197-219.

Heine, M., O. Thoumine, M. Mondin, B. Tessier, G. Giannone, and D. Choquet. 2008. Activity-independent and



37General introduction

subunit-specific recruitment of functional AMPA receptors at neurexin/neuroligin contacts. Proc Natl Acad
Sci U S A. 105:20947-20952.

Herzog, E., F. Nadrigny, K. Silm, C. Biesemann, I. Helling, T. Bersot, H. Steffens, R. Schwartzmann, U. Nägerl, S. El
Mestikawy, J. Rhee, F. Kirchhoff, and N. Brose. 2011. In vivo imaging of intersynaptic vesicle exchange using
VGLUT1 Venus knock-in mice. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 31:15544-15559.

Hida, Y., and T. Ohtsuka. 2010. CAST and ELKS proteins: structural and functional determinants of the
presynaptic active zone. Journal of Biochemistry. 148:131-137.

Hinrichs, M., A. Jalal, B. Brenner, E. Mandelkow, S. Kumar, and T. Scholz. 2012. Tau protein diffuses along the
microtubule lattice. The Journal of biological chemistry. 287:38559-38568.

Hirokawa, N., S. Niwa, and Y. Tanaka. 2010. Molecular motors in neurons: transport mechanisms and roles in
brain function, development, and disease. Neuron. 68:610-638.

Holtmaat, A., J. Trachtenberg, L. Wilbrecht, G. Shepherd, X. Zhang, G. Knott, and K. Svoboda. 2005. Transient
and persistent dendritic spines in the neocortex in vivo. Neuron. 45:279-291.

Hoppa, M.B., B. Lana, W. Margas, A.C. Dolphin, and T.A. Ryan. 2012. α2δ expression sets presynaptic calcium
channel abundance and release probability. Nature. 486:122-125.

Hosono, R., S. Hekimi, Y. Kamiya, T. Sassa, S. Murakami, K. Nishiwaki, J. Miwa, A. Taketo, and K. Kodaira. 1992. The
unc-18 gene encodes a novel protein affecting the kinetics of acetylcholine metabolism in the nematode
Caenorhabditis elegans. Journal of neurochemistry. 58:1517-1525.

Hou, Q., D. Zhang, L. Jarzylo, R.L. Huganir, and H.-Y. Man. 2008. Homeostatic regulation of AMPA receptor
expression at single hippocampal synapses. Proceedings of the National Academy of Sciences of the United
States of America.

Houeland, G., A. Nakhost, W.S. Sossin, and V.F. Castellucci. 2007. PKC modulation of transmitter release by
SNAP-25 at sensory-to-motor synapses in aplysia. J Neurophysiol. 97:134-143.

Hu, S.-H., C. Latham, C. Gee, D. James, and J. Martin. 2007. Structure of the Munc18c/Syntaxin4 N-peptide
complex defines universal features of the N-peptide binding mode of Sec1/Munc18 proteins. Proceedings
of the National Academy of Sciences of the United States of America. 104:8773-8778.

Jacobs, E., R. Williams, and P. Francis. 2006. Cyclin-dependent kinase 5, Munc18a and Munc18-interacting
protein 1/X11alpha protein up-regulation in Alzheimer's disease. Neuroscience. 138:511-522.

Jahn, R., and D. Fasshauer. 2012. Molecular machines governing exocytosis of synaptic vesicles. Nature.
490:201-207.

Jakawich, S.K., H.B. Nasser, M.J. Strong, A.J. McCartney, A.S. Perez, N. Rakesh, C.J.L. Carruthers, and M.A. Sutton.
2010. Local Presynaptic Activity Gates Homeostatic Changes in Presynaptic Function Driven by Dendritic
BDNF Synthesis. Neuron.

Jiang, X., P.E. Litkowski, A.A. Taylor, Y. Lin, B.J. Snider, and K.L. Moulder. 2010. A role for the ubiquitin-
proteasome system in activity-dependent presynaptic silencing. J Neurosci. 30:1798-1809.

Johnson, L.N., and D. Barford. 1993. The effects of phosphorylation on the structure and function of proteins.
Annual review of biophysics and biomolecular structure. 22:199-232.

Kaang, B.-K.K., and J.-H.H. Choi. 2012. Synaptic protein degradation in memory reorganization. Advances in
experimental medicine and biology. 970:221-240.

Kaeser, P.S., and W.G. Regehr. 2014. Molecular Mechanisms for Synchronous, Asynchronous, and Spontaneous
Neurotransmitter Release. http://dx.doi.org/10.1146/annurev-physiol-021113-170338.

Kaeser, P.S., and T.C. Sudhof. 2005. RIM function in short- and long-term synaptic plasticity. Biochem Soc Trans.
33:1345-1349.

Kalla, S., M. Stern, J. Basu, F. Varoqueaux, K. Reim, C. Rosenmund, N. Ziv, and N. Brose. 2006. Molecular dynamics
of a presynaptic active zone protein studied in Munc13-1-enhanced yellow fluorescent protein knock-in
mutant mice. The Journal of neuroscience : the official journal of the Society for Neuroscience. 26:13054-
13066.

Kapitein, L., and C. Hoogenraad. 2011. Which way to go? Cytoskeletal organization and polarized transport in
neurons. Molecular and cellular neurosciences. 46:9-20.

Kasai, H., M. Fukuda, S. Watanabe, A. Hayashi-Takagi, and J. Noguchi. 2010a. Structural dynamics of dendritic
spines in memory and cognition. Trends Neurosci. 33:121-129.

Kasai, H., T. Hayama, M. Ishikawa, S. Watanabe, S. Yagishita, and J. Noguchi. 2010b. Learning rules and
persistence of dendritic spines. Eur J Neurosci. 32:241-249.

Katagiri, H., J. Terasaki, T. Murata, H. Ishihara, T. Ogihara, K. Inukai, Y. Fukushima, M. Anai, M. Kikuchi, and J.
Miyazaki. 1995. A novel isoform of syntaxin-binding protein homologous to yeast Sec1 expressed



38

ubiquitously in mammalian cells. The Journal of biological chemistry. 270:4963-4966.
Katz, B., and R. Miledi. 1968. The role of calcium in neuromuscular facilitation. J Physiol. 195:481-492.
Kaufman, M., M.A. Corner, and N.E. Ziv. 2012. Long-term Relationships between Cholinergic Tone, Synchronous

Bursting and Synaptic Remodeling. PLoS ONE. 7:e40980.
Kauppi, M., G. Wohlfahrt, and V. Olkkonen. 2002. Analysis of the Munc18b-syntaxin binding interface. Use of a

mutant Munc18b to dissect the functions of syntaxins 2 and 3. The Journal of biological chemistry.
277:43973-43979.

Khoury, G.A., R.C. Baliban, and C.A. Floudas. 2011. Proteome-wide post-translational modification statistics:
frequency analysis and curation of the swiss-prot database. Scientific Reports. 1.

Khvotchev, M., I. Dulubova, J. Sun, H. Dai, J. Rizo, and T. Südhof. 2007. Dual modes of Munc18-1/SNARE
interactions are coupled by functionally critical binding to syntaxin-1 N terminus. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 27:12147-12155.

Kim, P., C. Hollerbach, W. Trimble, B. Leber, and D. Andrews. 1999. Identification of the endoplasmic reticulum
targeting signal in vesicle-associated membrane proteins. The Journal of biological chemistry. 274:36876-
36882.

Kim, S.H., and T.A. Ryan. 2013. Balance of calcineurin Aα and CDK5 activities sets release probability at nerve
terminals. The Journal of neuroscience : the official journal of the Society for Neuroscience. 33:8937-8950.

Klopfenstein, D., M. Tomishige, N. Stuurman, and R. Vale. 2002. Role of phosphatidylinositol(4,5)bisphosphate
organization in membrane transport by the Unc104 kinesin motor. Cell. 109:347-358.

Konzack, S., E. Thies, A. Marx, E.-M. Mandelkow, and E. Mandelkow. 2007. Swimming against the tide: mobility
of the microtubule-associated protein tau in neurons. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 27:9916-9927.

Korogod, N., X. Lou, and R. Schneggenburger. 2007. Posttetanic potentiation critically depends on an
enhanced Ca(2+) sensitivity of vesicle fusion mediated by presynaptic PKC. Proc Natl Acad Sci U S A.
104:15923-15928.

Korteweg, N., A. Maia, B. Thompson, E. Roubos, J. Burbach, and M. Verhage. 2005. The role of Munc18-1 in
docking and exocytosis of peptide hormone vesicles in the anterior pituitary. Biology of the cell / under the
auspices of the European Cell Biology Organization. 97:445-455.

Krueger, S., A. Kolar, and R. Fitzsimonds. 2003. The presynaptic release apparatus is functional in the absence of
dendritic contact and highly mobile within isolated axons. Neuron. 40:945-957.

Kuriu, T., A. Inoue, H. Bito, K. Sobue, and S. Okabe. 2006. Differential control of postsynaptic density scaffolds
via actin-dependent and -independent mechanisms. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 26:7693-7706.

Kutay, U., G. Ahnert-Hilger, E. Hartmann, B. Wiedenmann, and T. Rapoport. 1995. Transport route for
synaptobrevin via a novel pathway of insertion into the endoplasmic reticulum membrane. The EMBO
journal. 14:217-223.

Lang, T., M. Margittai, H. Hölzler, and R. Jahn. 2002. SNAREs in native plasma membranes are active and readily
form core complexes with endogenous and exogenous SNAREs. The Journal of cell biology. 158:751-760.

Latham, C., J. Lopez, S.-H. Hu, C. Gee, E. Westbury, D. Blair, C. Armishaw, P. Alewood, N. Bryant, D. James, and J.
Martin. 2006. Molecular dissection of the Munc18c/syntaxin4 interaction: implications for regulation of
membrane trafficking. Traffic (Copenhagen, Denmark). 7:1408-1419.

Lazarevic, V., S. Pothula, M. Andres-Alonso, and A. Fejtova. 2013. Molecular mechanisms driving homeostatic
plasticity of neurotransmitter release. Frontiers in Cellular Neuroscience. 7.

Lazarevic, V., C. Schöne, M. Heine, E. Gundelfinger, and A. Fejtova. 2011. Extensive remodeling of the
presynaptic cytomatrix upon homeostatic adaptation to network activity silencing. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 31:10189-10200.

Lee, J.S., M.H. Kim, W.K. Ho, and S.H. Lee. 2008. Presynaptic release probability and readily releasable pool size
are regulated by two independent mechanisms during posttetanic potentiation at the calyx of Held
synapse. J Neurosci. 28:7945-7953.

Leenders, A.G., and Z.H. Sheng. 2005. Modulation of neurotransmitter release by the second messenger-
activated protein kinases: implications for presynaptic plasticity. Pharmacology & therapeutics. 105:69-84.

Lichtman, J.W., and H. Colman. 2000. Synapse elimination and indelible memory. Neuron.
Lipstein, N., T. Sakaba, B.H. Cooper, K.H. Lin, N. Strenzke, U. Ashery, J.S. Rhee, H. Taschenberger, E. Neher, and N.

Brose. 2013. Dynamic control of synaptic vesicle replenishment and short-term plasticity by Ca(2+)-
calmodulin-Munc13-1 signaling. Neuron. 79:82-96.

Liu, J., S. Ernst, S. Gladycheva, Y. Lee, S. Lentz, C. Ho, Q. Li, and E. Stuenkel. 2004. Fluorescence resonance energy



39General introduction

transfer reports properties of syntaxin1a interaction with Munc18-1 in vivo. The Journal of biological
chemistry. 279:55924-55936.

Lou, X., N. Korogod, N. Brose, and R. Schneggenburger. 2008. Phorbol esters modulate spontaneous and Ca2+-
evoked transmitter release via acting on both Munc13 and protein kinase C. J Neurosci. 28:8257-8267.

Ma, C., W. Li, Y. Xu, and J. Rizo. 2011. Munc13 mediates the transition from the closed syntaxin-Munc18
complex to the SNARE complex. Nature structural & molecular biology. 18:542-549.

Ma, C., L. Su, A.B. Seven, Y. Xu, and J. Rizo. 2012. Reconstitution of the Vital Functions of Munc18 and Munc13 in
Neurotransmitter Release. Science. 339:421-425.

Maas, C., V.I. Torres, W.D. Altrock, S. Leal-Ortiz, D. Wagh, R.T. Terry-Lorenzo, A. Fejtova, E.D. Gundelfinger, N.E. Ziv,
and C.C. Garner. 2012. Formation of Golgi-Derived Active Zone Precursor Vesicles. Journal of Neuroscience.

Mandelkow, E., E. Thies, S. Konzack, and E. Mandelkow. 2009. Tau and Intracellular Transport in Neurons.
Springer. 59-70 pp.

Masanobu, K., and H. Kouichi. 2009. Synapse elimination in the central nervous system. Current opinion in
neurobiology.

Mastrangelo, M., A. Peron, L. Spaccini, and F. Novara…. 2013. Neonatal suppression-burst without epileptic
seizures: expanding the electroclinical phenotype of STXBP1-related, early-onset encephalopathy. Epileptic
Disorders.

Matz, J., A. Gilyan, A. Kolar, T. McCarvill, and S. Krueger. 2010. Rapid structural alterations of the active zone lead
to sustained changes in neurotransmitter release. Proceedings of the National Academy of Sciences of the
United States of America. 107:8836-8841.

McEwen, J., and J. Kaplan. 2008. UNC-18 promotes both the anterograde trafficking and synaptic function of
syntaxin. Molecular biology of the cell. 19:3836-3846.

Medine, C., C. Rickman, L. Chamberlain, and R. Duncan. 2007. Munc18-1 prevents the formation of ectopic
SNARE complexes in living cells. Journal of cell science. 120:4407-4415.

Meijer, M., P. Burkhardt, H. de Wit, R. Toonen, D. Fasshauer, and M. Verhage. 2012. Munc18-1 mutations that
strongly impair SNARE-complex binding support normal synaptic transmission. The EMBO journal. 31:2156-
2168.

Meijer, M.T., Ruud F.; Verhage, Matthijs. 2013a. Alternative splicing of Munc18-1 regulates short-term synaptic
depression.

Meijer, M.T., Ruud F.; Verhage, Matthijs. 2013b. Tyrosine phosphorylation of Munc18-1 determines synaptic
strength.

Milh, M., N. Villeneuve, M. Chouchane, A. Kaminska, C. Laroche, M. Barthez, C. Gitiaux, C. Bartoli, A. Borges-
Correia, P. Cacciagli, C. Mignon-Ravix, H. Cuberos, B. Chabrol, and L. Villard. 2011. Epileptic and nonepileptic
features in patients with early onset epileptic encephalopathy and STXBP1 mutations. Epilepsia. 52:1828-
1834.

Minerbi, A., R. Kahana, L. Goldfeld, M. Kaufman, S. Marom, and N.E. Ziv. 2009. Long-term relationships between
synaptic tenacity, synaptic remodeling, and network activity. PLoS biology. 7.

Misura, K., R. Scheller, and W. Weis. 2000. Three-dimensional structure of the neuronal-Sec1-syntaxin 1a
complex. Nature. 404:355-362.

Mitchell, S., and T. Ryan. 2004. Syntaxin-1A is excluded from recycling synaptic vesicles at nerve terminals. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 24:4884-4888.

Mondin, M., V. Labrousse, E. Hosy, M. Heine, B. Tessier, F. Levet, C. Poujol, C. Blanchet, D. Choquet, and O.
Thoumine. 2011. Neurexin-neuroligin adhesions capture surface-diffusing AMPA receptors through PSD-95
scaffolds. J Neurosci. 31:13500-13515.

Morgan, A., and R. Burgoyne. 1997. Common mechanisms for regulated exocytosis in the chromaffin cell and
the synapse. Seminars in cell & developmental biology. 8:141-149.

Morgan, A., R. Burgoyne, J. Barclay, T. Craig, G. Prescott, L. Ciufo, G. Evans, and M. Graham. 2005. Regulation of
exocytosis by protein kinase C. Biochemical Society transactions. 33:1341-1344.

Mukherjee, K., X. Yang, S.H. Gerber, H.B. Kwon, A. Ho, P.E. Castillo, X. Liu, and T.C. Südhof. 2010. Piccolo and
bassoon maintain synaptic vesicle clustering without directly participating in vesicle exocytosis. Proc Natl
Acad Sci U S A. 107:6504-6509.

Nagy, G., J.H. Kim, Z.P. Pang, U. Matti, J. Rettig, T.C. Südhof, and J.B. Sørensen. 2006. Different effects on fast
exocytosis induced by synaptotagmin 1 and 2 isoforms and abundance but not by phosphorylation. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 26:632-643.

Nagy, G., U. Matti, R.B. Nehring, T. Binz, J. Rettig, E. Neher, and J.B. Sorensen. 2002. Protein kinase C-dependent
phosphorylation of synaptosome-associated protein of 25 kDa at Ser187 potentiates vesicle recruitment. J



40

Neurosci. 22:9278-9286.
Nakhost, A., G. Houeland, V.F. Castellucci, and W.S. Sossin. 2003. Differential regulation of transmitter release by

alternatively spliced forms of synaptotagmin I. J Neurosci. 23:6238-6244.
Nili, U., H. de Wit, A. Gulyas-Kovacs, R. Toonen, J. Sørensen, M. Verhage, and U. Ashery. 2006. Munc18-1

phosphorylation by protein kinase C potentiates vesicle pool replenishment in bovine chromaffin cells.
Neuroscience. 143:487-500.

Novick, P., and R. Schekman. 1979. Secretion and cell-surface growth are blocked in a temperature-sensitive
mutant of Saccharomyces cerevisiae. Proceedings of the National Academy of Sciences of the United States
of America. 76:1858-1862.

Ohtsuka, T. 2013. CAST: Functional scaffold for the integrity of the presynaptic active zone. Neuroscience
Research. 76:10-15.

Okabe, S., T. Urushido, D. Konno, H. Okado, and K. Sobue. 2001. Rapid redistribution of the postsynaptic density
protein PSD-Zip45 (Homer 1c) and its differential regulation by NMDA receptors and calcium channels. The
Journal of neuroscience : the official journal of the Society for Neuroscience. 21:9561-9571.

Opazo, P., and D. Choquet. 2011. A three-step model for the synaptic recruitment of AMPA receptors. Mol Cell
Neurosci. 46:1-8.

Opazo, P., M. Sainlos, and D. Choquet. 2012. Regulation of AMPA receptor surface diffusion by PSD-95 slots.
Curr Opin Neurobiol. 22:453-460.

Ostroff, L.E., J.C. Fiala, B. Allwardt, and K.M. Harris. 2002. Polyribosomes redistribute from dendritic shafts into
spines with enlarged synapses during LTP in developing rat hippocampal slices. Neuron. 35:535-545.

Owald, D., and S. Sigrist. 2009. Assembling the presynaptic active zone. Current opinion in neurobiology.
19:311-318.

Pak, D.T., and M. Sheng. 2003. Targeted protein degradation and synapse remodeling by an inducible protein
kinase. Science (New York, N.Y.). 302:1368-1373.

Park, J.-H., M.-S. Jung, Y.-S. Kim, W.-J. Song, and S.-H. Chung. 2012. Phosphorylation of Munc18-1 by Dyrk1A
regulates its interaction with Syntaxin 1 and X11α. Journal of neurochemistry. 122:1081-1091.

Parsons, T., J. Coorssen, H. Horstmann, and W. Almers. 1995. Docked granules, the exocytic burst, and the need
for ATP hydrolysis in endocrine cells. Neuron. 15:1085-1096.

Peng, A., Z. Rotman, P.-Y.Y. Deng, and V.A. Klyachko. 2012. Differential motion dynamics of synaptic vesicles
undergoing spontaneous and activity-evoked endocytosis. Neuron. 73:1108-1115.

Pérez-Brangulí, F., A. Muhaisen, and J. Blasi. 2002. Munc 18a binding to syntaxin 1A and 1B isoforms defines its
localization at the plasma membrane and blocks SNARE assembly in a three-hybrid system assay. Molecular
and cellular neurosciences. 20:169-180.

Pevsner, J., S. Hsu, and R. Scheller. 1994. n-Sec1: a neural-specific syntaxin-binding protein. Proceedings of the
National Academy of Sciences of the United States of America. 91:1445-1449.

Pinheiro, P., H. de Wit, A. Walter, A. Groffen, M. Verhage, and J. Sørensen. 2013. Doc2b synchronizes secretion
from chromaffin cells by stimulating fast and inhibiting sustained release. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 33:16459-16470.

Rathore, S., E. Bend, H. Yu, M. Hammarlund, E. Jorgensen, and J. Shen. 2010. Syntaxin N-terminal peptide motif
is an initiation factor for the assembly of the SNARE-Sec1/Munc18 membrane fusion complex. Proceedings
of the National Academy of Sciences of the United States of America. 107:22399-22406.

Raymond, C.R., V.L. Thompson, W.P. Tate, and W.C. Abraham. 2000. Metabotropic glutamate receptors trigger
homosynaptic protein synthesis to prolong long-term potentiation. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 20:969-976.

Regehr, W. 2012. Short-term presynaptic plasticity. Cold Spring Harbor perspectives in biology. 4.
Ribrault, C., J. Reingruber, M. Petković, T. Galli, N. Ziv, D. Holcman, and A. Triller. 2011. Syntaxin1A lateral

diffusion reveals transient and local SNARE interactions. The Journal of neuroscience : the official journal of
the Society for Neuroscience. 31:17590-17602.

Rickman, C., C. Medine, A. Bergmann, and R. Duncan. 2007. Functionally and spatially distinct modes of
munc18-syntaxin 1 interaction. The Journal of biological chemistry. 282:12097-12103.

Riento, K., T. Galli, S. Jansson, C. Ehnholm, E. Lehtonen, and V. Olkkonen. 1998. Interaction of Munc-18-2 with
syntaxin 3 controls the association of apical SNAREs in epithelial cells. Journal of cell science. 111 ( Pt
17):2681-2688.

Riento, K., J. Jäntti, S. Jansson, S. Hielm, E. Lehtonen, C. Ehnholm, S. Keränen, and V. Olkkonen. 1996. A sec1-
related vesicle-transport protein that is expressed predominantly in epithelial cells. European journal of
biochemistry / FEBS. 239:638-646.



41General introduction

Riento, K., M. Kauppi, S. Keranen, and V. Olkkonen. 2000. Munc18-2, a functional partner of syntaxin 3, controls
apical membrane trafficking in epithelial cells. The Journal of biological chemistry. 275:13476-13483.

Rizo, J., and T. Südhof. 2012. The membrane fusion enigma: SNAREs, Sec1/Munc18 proteins, and their
accomplices--guilty as charged? Annual review of cell and developmental biology. 28:279-308.

Rodkey, T., S. Liu, M. Barry, and J. McNew. 2008. Munc18a scaffolds SNARE assembly to promote membrane
fusion. Molecular biology of the cell. 19:5422-5434.

Rodríguez-Castañeda, F., M. Maestre-Martínez, N. Coudevylle, K. Dimova, H. Junge, N. Lipstein, D. Lee, S. Becker,
N. Brose, O. Jahn, T. Carlomagno, and C. Griesinger. 2010. Modular architecture of Munc13/calmodulin
complexes: dual regulation by Ca2+ and possible function in short-term synaptic plasticity. EMBO J. 29:680-
691.

Rowe, J., F. Calegari, E. Taverna, R. Longhi, and P. Rosa. 2001. Syntaxin 1A is delivered to the apical and
basolateral domains of epithelial cells: the role of munc-18 proteins. Journal of cell science. 114:3323-3332.

Rowe, J., N. Corradi, M. Malosio, E. Taverna, P. Halban, J. Meldolesi, and P. Rosa. 1999. Blockade of membrane
transport and disassembly of the Golgi complex by expression of syntaxin 1A in neurosecretion-
incompetent cells: prevention by rbSEC1. Journal of cell science. 112 ( Pt 12):1865-1877.

Roy, S. 2013. Seeing the Unseen: The Hidden World of Slow Axonal Transport. The Neuroscientist.
Roy, S., P. Coffee, G. Smith, R. Liem, S. Brady, and M. Black. 2000. Neurofilaments are transported rapidly but

intermittently in axons: implications for slow axonal transport. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 20:6849-6861.

Roy, S., M.J. Winton, M.M. Black, J.Q. Trojanowski, and V.M.Y. Lee. 2007. Rapid and Intermittent Cotransport of
Slow Component-b Proteins. Journal of Neuroscience.

Ruiz-Montasell, B., F. Aguado, G. Majó, E. Chapman, J. Canals, J. Marsal, and J. Blasi. 1996. Differential
distribution of syntaxin isoforms 1A and 1B in the rat central nervous system. The European journal of
neuroscience. 8:2544-2552.

Sadananda, A., R. Hamid, H. Doodhi, D. Ghosal, M. Girotra, S. Jana, and K. Ray. 2012. Interaction with a kinesin-2
tail propels choline acetyltransferase flow towards synapse. Traffic (Copenhagen, Denmark). 13:979-991.

Saito, N., and Y. Shirai. 2002. Protein kinase C gamma (PKC gamma): function of neuron specific isotype. Journal
of biochemistry. 132:683-687.

Saitsu, H., M. Kato, T. Mizuguchi, K. Hamada, H. Osaka, J. Tohyama, K. Uruno, S. Kumada, K. Nishiyama, A.
Nishimura, I. Okada, Y. Yoshimura, S.-i. Hirai, T. Kumada, K. Hayasaka, A. Fukuda, K. Ogata, and N. Matsumoto.
2008. De novo mutations in the gene encoding STXBP1 (MUNC18-1) cause early infantile epileptic
encephalopathy. Nature genetics. 40:782-788.

Saitsu, H., M. Kato, I. Okada, K. Orii, T. Higuchi, H. Hoshino, M. Kubota, H. Arai, T. Tagawa, S. Kimura, A. Sudo, S.
Miyama, Y. Takami, T. Watanabe, A. Nishimura, K. Nishiyama, N. Miyake, T. Wada, H. Osaka, N. Kondo, K.
Hayasaka, and N. Matsumoto. 2010. STXBP1 mutations in early infantile epileptic encephalopathy with
suppression-burst pattern. Epilepsia. 51:2397-2405.

Saitsu, H., M. Kato, M. Shimono, A. Senju, S. Tanabe, T. Kimura, K. Nishiyama, Y. Yoneda, Y. Kondo, Y. Tsurusaki, H.
Doi, N. Miyake, K. Hayasaka, and N. Matsumoto. 2012. Association of genomic deletions in the STXBP1 gene
with Ohtahara syndrome. Clinical genetics. 81:399-402.

Sankaranarayanan, S., P. Atluri, and T. Ryan. 2003. Actin has a molecular scaffolding, not propulsive, role in
presynaptic function. Nature neuroscience. 6:127-135.

Schlager, M., and C. Hoogenraad. 2009. Basic mechanisms for recognition and transport of synaptic cargos.
Molecular brain. 2:25.

Schmitz, S.K.K., C.; Saarloos, I.; Kevenaar, J.; de Wit, H.; Stiedl, O.; Li, K. W.; Smit, A. B.; Verhage, M.; Toonen, R. F.
2011a. ERK-dependent recruitment of Fbxo41 degrades Munc18-1 and controls synaptic strength

Schmitz, S.K.V., M.; Toonen, R. F. 2011b. Cdk5 phosphorylation of Munc18-1 enhances synaptic transmission.
Schoch, S., and E. Gundelfinger. 2006. Molecular organization of the presynaptic active zone. Cell and tissue

research. 326:379-391.
Schollmeier, Y., J. Krause, S. Kreye, J. Malsam, and T. Söllner. 2011. Resolving the function of distinct Munc18-

1/SNARE protein interaction modes in a reconstituted membrane fusion assay. The Journal of biological
chemistry. 286:30582-30590.

Schonn, J.-S., A. Maximov, Y. Lao, T. Südhof, and J. Sørensen. 2008. Synaptotagmin-1 and -7 are functionally
overlapping Ca2+ sensors for exocytosis in adrenal chromaffin cells. Proceedings of the National Academy
of Sciences of the United States of America. 105:3998-4003.

Schröder, M., A. Stellmacher, S. Romorini, C. Marini, C. Montenegro-Venegas, W. Altrock, E. Gundelfinger, and A.
Fejtova. 2013. Regulation of presynaptic anchoring of the scaffold protein Bassoon by phosphorylation-



42

dependent interaction with 14-3-3 adaptor proteins. PloS one. 8.
Scott, D., U. Das, Y. Tang, and S. Roy. 2011. Mechanistic logic underlying the axonal transport of cytosolic

proteins. Neuron. 70:441-454.
Shapira, M., R. Zhai, T. Dresbach, T. Bresler, V. Torres, E. Gundelfinger, N. Ziv, and C. Garner. 2003. Unitary

assembly of presynaptic active zones from Piccolo-Bassoon transport vesicles. Neuron. 38:237-252.
Shen, J., S. Rathore, L. Khandan, and J. Rothman. 2010. SNARE bundle and syntaxin N-peptide constitute a

minimal complement for Munc18-1 activation of membrane fusion. The Journal of cell biology. 190:55-63.
Shen, J., D. Tareste, F. Paumet, J. Rothman, and T. Melia. 2007. Selective activation of cognate SNAREpins by

Sec1/Munc18 proteins. Cell. 128:183-195.
Sheng, M., and E. Kim. 2011. The Postsynaptic Organization of Synapses. Cold Spring Harbor Perspectives in

Biology. 3:a005678-a005678.
Shu, Y., X. Liu, Y. Yang, M. Takahashi, and K.D. Gillis. 2008. Phosphorylation of SNAP-25 at Ser187 mediates

enhancement of exocytosis by a phorbol ester in INS-1 cells. J Neurosci. 28:21-30.
Shuang, R., L. Zhang, A. Fletcher, G. Groblewski, J. Pevsner, and E. Stuenkel. 1998. Regulation of Munc-

18/syntaxin 1A interaction by cyclin-dependent kinase 5 in nerve endings. The Journal of biological
chemistry. 273:4957-4966.

Siddiqui, T.J., and A.M. Craig. 2011. Synaptic organizing complexes. Curr Opin Neurobiol. 21:132-143.
Sieber, J., K. Willig, R. Heintzmann, S. Hell, and T. Lang. 2006. The SNARE motif is essential for the formation of

syntaxin clusters in the plasma membrane. Biophysical journal. 90:2843-2851.
Sieber, J., K. Willig, C. Kutzner, C. Gerding-Reimers, B. Harke, G. Donnert, B. Rammner, C. Eggeling, S. Hell, H.

Grubmüller, and T. Lang. 2007. Anatomy and dynamics of a supramolecular membrane protein cluster.
Science (New York, N.Y.). 317:1072-1076.

Smith, S.J., S.E. Ahmari, and J. Buchanan. 2000. Assembly of presynaptic active zones from cytoplasmic
transport packets. Nature Neuroscience. 3:445-451.

Snyder, D., M. Kelly, and D. Woodbury. 2006. SNARE complex regulation by phosphorylation. Cell biochemistry
and biophysics. 45:111-123.

Söllner, T., M. Bennett, S. Whiteheart, R. Scheller, and J. Rothman. 1993. A protein assembly-disassembly
pathway in vitro that may correspond to sequential steps of synaptic vesicle docking, activation, and fusion.
Cell. 75:409-418.

Sossin, W.S. 2007. Isoform specificity of protein kinase Cs in synaptic plasticity. Learning & memory (Cold
Spring Harbor, N.Y.). 14:236-246.

Spangler, S., S. Schmitz, J. Kevenaar, E. de Graaff, H. de Wit, J. Demmers, R. Toonen, and C. Hoogenraad. 2013.
Liprin-α2 promotes the presynaptic recruitment and turnover of RIM1/CASK to facilitate synaptic
transmission. The Journal of cell biology. 201:915-928.

Star, E., A. Newton, and V. Murthy. 2005. Real-time imaging of Rab3a and Rab5a reveals differential roles in
presynaptic function. The Journal of physiology. 569:103-117.

Staras, K. 2007. Share and share alike: trading of presynaptic elements between central synapses. Trends in
neurosciences. 30:292-298.

Staras, K., and T. Branco. 2010. Sharing vesicles between central presynaptic terminals: implications for synaptic
function. Frontiers in synaptic neuroscience. 2:20.

Staras, K., T. Branco, J. Burden, K. Pozo, K. Darcy, V. Marra, A. Ratnayaka, and Y. Goda. 2010. A vesicle superpool
spans multiple presynaptic terminals in hippocampal neurons. Neuron. 66:37-44.

Staras, K., D. Mikulincer, and D. Gitler. 2013. Monitoring and quantifying dynamic physiological processes in live
neurons using fluorescence recovery after photobleaching. Journal of neurochemistry.

Steel, G., J. Brownsword, and C. Stirling. 2002. Tail-anchored protein insertion into yeast ER requires a novel
posttranslational mechanism which is independent of the SEC machinery. Biochemistry. 41:11914-11920.

Steyer, J., H. Horstmann, and W. Almers. 1997. Transport, docking and exocytosis of single secretory granules in
live chromaffin cells. Nature. 388:474-478.

Su, Q., Q. Cai, C. Gerwin, C. Smith, and Z.-H. Sheng. 2004. Syntabulin is a microtubule-associated protein
implicated in syntaxin transport in neurons. Nature cell biology. 6:941-953.

Südhof, T., and J. Rizo. 2011. Synaptic vesicle exocytosis. Cold Spring Harbor perspectives in biology. 3.
Sunyer, B., W. Diao, and G. Lubec. 2008. The role of post-translational modifications for learning and memory

formation. Electrophoresis. 29:2593-2602.
Swanson, D., J. Steel, and D. Valle. 1998. Identification and characterization of the human ortholog of rat

STXBP1, a protein implicated in vesicle trafficking and neurotransmitter release. Genomics. 48:373-376.
Tai, H.-C.C., and E.M. Schuman. 2008. Ubiquitin, the proteasome and protein degradation in neuronal function



43General introduction

and dysfunction. Nature reviews. Neuroscience. 9:826-838.
Takahashi, M., M. Itakura, and M. Kataoka. 2003. New aspects of neurotransmitter release and exocytosis:

regulation of neurotransmitter release by phosphorylation. Journal of pharmacological sciences. 93:41-45.
Takamori, S., M. Holt, K. Stenius, E. Lemke, M. Grønborg, D. Riedel, H. Urlaub, S. Schenck, B. Brügger, P. Ringler, S.

Müller, B. Rammner, F. Gräter, J. Hub, B. De Groot, G. Mieskes, Y. Moriyama, J. Klingauf, H. Grubmüller, J.
Heuser, F. Wieland, and R. Jahn. 2006. Molecular anatomy of a trafficking organelle. Cell. 127:831-846.

Tamori, Y., M. Kawanishi, T. Niki, H. Shinoda, S. Araki, H. Okazawa, and M. Kasuga. 1998. Inhibition of insulin-
induced GLUT4 translocation by Munc18c through interaction with syntaxin4 in 3T3-L1 adipocytes. The
Journal of biological chemistry. 273:19740-19746.

Tang, Y., U. Das, D. Scott, and S. Roy. 2012. The slow axonal transport of alpha-synuclein--mechanistic
commonalities amongst diverse cytosolic cargoes. Cytoskeleton (Hoboken, N.J.). 69:506-513.

Tang, Y., D. Scott, U. Das, and D. Gitler…. 2013. Fast Vesicle Transport Is Required for the Slow Axonal Transport
of Synapsin. The Journal of ….

Tao-Cheng, J.H. 2007. Ultrastructural localization of active zone and synaptic vesicle proteins in a
preassembled multi-vesicle transport aggregate. Neuroscience. 150:575-584.

Taylor, A.M., J. Wu, H.-C.C. Tai, and E.M. Schuman. 2013. Axonal translation of β-catenin regulates synaptic
vesicle dynamics. The Journal of neuroscience : the official journal of the Society for Neuroscience. 33:5584-
5589.

Tellam, J., S. Macaulay, S. McIntosh, D. Hewish, C. Ward, and D. James. 1997. Characterization of Munc-18c and
syntaxin-4 in 3T3-L1 adipocytes. Putative role in insulin-dependent movement of GLUT-4. The Journal of
biological chemistry. 272:6179-6186.

Tellam, J., S. McIntosh, and D. James. 1995. Molecular identification of two novel Munc-18 isoforms expressed
in non-neuronal tissues. The Journal of biological chemistry. 270:5857-5863.

Toonen, R., K. de Vries, R. Zalm, T. Südhof, and M. Verhage. 2005. Munc18-1 stabilizes syntaxin 1, but is not
essential for syntaxin 1 targeting and SNARE complex formation. Journal of neurochemistry. 93:1393-1400.

Toonen, R., O. Kochubey, H. de Wit, A. Gulyas-Kovacs, B. Konijnenburg, J. Sørensen, J. Klingauf, and M. Verhage.
2006a. Dissecting docking and tethering of secretory vesicles at the target membrane. The EMBO journal.
25:3725-3737.

Toonen, R., and M. Verhage. 2003. Vesicle trafficking: pleasure and pain from SM genes. Trends in cell biology.
13:177-186.

Toonen, R., and M. Verhage. 2007. Munc18-1 in secretion: lonely Munc joins SNARE team and takes control.
Trends in neurosciences. 30:564-572.

Toonen, R., K. Wierda, M. Sons, H. de Wit, L. Cornelisse, A. Brussaard, J. Plomp, and M. Verhage. 2006b. Munc18-1
expression levels control synapse recovery by regulating readily releasable pool size. Proceedings of the
National Academy of Sciences of the United States of America. 103:18332-18337.

Trachtenberg, J., B. Chen, G. Knott, G. Feng, J. Sanes, E. Welker, and K. Svoboda. 2002. Long-term in vivo
imaging of experience-dependent synaptic plasticity in adult cortex. Nature. 420:788-794.

Trimble, W., T. Gray, L. Elferink, M. Wilson, and R. Scheller. 1990. Distinct patterns of expression of two VAMP
genes within the rat brain. The Journal of neuroscience : the official journal of the Society for Neuroscience.
10:1380-1387.

Tsuriel, S., A. Fisher, N. Wittenmayer, T. Dresbach, C. Garner, and N. Ziv. 2009. Exchange and redistribution
dynamics of the cytoskeleton of the active zone molecule bassoon. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 29:351-358.

Tsuriel, S., R. Geva, P. Zamorano, T. Dresbach, T. Boeckers, E. Gundelfinger, C. Garner, and N. Ziv. 2006. Local
sharing as a predominant determinant of synaptic matrix molecular dynamics. PLoS biology. 4.

Turrigiano, G. 2012. Homeostatic synaptic plasticity: local and global mechanisms for stabilizing neuronal
function. Cold Spring Harbor perspectives in biology. 4.

Turrigiano, G., and S. Nelson. 2000. Hebb and homeostasis in neuronal plasticity. Current opinion in
neurobiology. 10:358-364.

Turrigiano, G.G. 2008. The Self-Tuning Neuron: Synaptic Scaling of Excitatory Synapses. Cell. 135:422-435.
Urigüen, L., I. Gil-Pisa, E. Munarriz-Cuezva, E. Berrocoso, J. Pascau, M. Soto-Montenegro, A. Gutiérrez-Adán, B.

Pintado, J. Madrigal, E. Castro, P. Sánchez-Blázquez, J. Ortega, M. Guerrero, M. Ferrer-Alcon, J. García-Sevilla, J.
Micó, M. Desco, J. Leza, A. Pazos, J. Garzón, and J. Meana. 2013. Behavioral, neurochemical and
morphological changes induced by the overexpression of munc18-1a in brain of mice: relevance to
schizophrenia. Translational psychiatry. 3.

Vale, R., T. Reese, and M. Sheetz. 1985. Identification of a novel force-generating protein, kinesin, involved in



44

microtubule-based motility. Cell. 42:39-50.
van der Sluijs, P., and C.C. Hoogenraad. 2011. New insights in endosomal dynamics and AMPA receptor

trafficking. Semin Cell Dev Biol. 22:499-505.
van Spronsen, M., M. Mikhaylova, J. Lipka, M. Schlager, D. van den Heuvel, M. Kuijpers, P. Wulf, N. Keijzer, J.

Demmers, L. Kapitein, D. Jaarsma, H. Gerritsen, A. Akhmanova, and C. Hoogenraad. 2013. TRAK/Milton
motor-adaptor proteins steer mitochondrial trafficking to axons and dendrites. Neuron. 77:485-502.

Varoqueaux, F., A. Sigler, J.-S. Rhee, N. Brose, C. Enk, K. Reim, and C. Rosenmund. 2002. Total arrest of
spontaneous and evoked synaptic transmission but normal synaptogenesis in the absence of Munc13-
mediated vesicle priming. Proceedings of the National Academy of Sciences of the United States of America.
99:9037-9042.

Vatta, M., M. Tennison, A. Aylsworth, C. Turcott, M. Guerra, C. Eng, and Y. Yang. 2012. A novel STXBP1 mutation
causes focal seizures with neonatal onset. Journal of child neurology. 27:811-814.

Verhage, M., A. Maia, J. Plomp, A. Brussaard, J. Heeroma, H. Vermeer, R. Toonen, R. Hammer, T. van den Berg, M.
Missler, H. Geuze, and T. Südhof. 2000. Synaptic assembly of the brain in the absence of neurotransmitter
secretion. Science (New York, N.Y.). 287:864-869.

Verhage, M., and J. Sørensen. 2008. Vesicle docking in regulated exocytosis. Traffic (Copenhagen, Denmark).
9:1414-1424.

Vitureira, N., M. Letellier, and Y. Goda. 2012. Homeostatic synaptic plasticity: from single synapses to neural
circuits. Current opinion in neurobiology. 22:516-521.

Voets, T., T. Moser, P. Lund, R. Chow, M. Geppert, T. Südhof, and E. Neher. 2001a. Intracellular calcium
dependence of large dense-core vesicle exocytosis in the absence of synaptotagmin I. Proceedings of the
National Academy of Sciences of the United States of America. 98:11680-11685.

Voets, T., R. Toonen, E. Brian, H. de, and T. Moser…. 2001b. Munc18-1 promotes large dense-core vesicle
docking. Neuron.

Voets, T., R. Toonen, E. Brian, H. de Wit, T. Moser, J. Rettig, T. Südhof, E. Neher, and M. Verhage. 2001c. Munc18-1
promotes large dense-core vesicle docking. Neuron. 31:581-591.

Walter, A.M., A.J. Groffen, J.B. Sorensen, and M. Verhage. 2011. Multiple Ca2+ sensors in secretion: teammates,
competitors or autocrats? Trends Neurosci. 34:487-497.

Wang, D., L. She, Y.-n. Sui, X.-b. Yuan, Y. Wen, and M.-m. Poo. 2012. Forward transport of proteins in the plasma
membrane of migrating cerebellar granule cells. Proceedings of the National Academy of Sciences of the
United States of America. 109:67.

Wang, L., and A. Brown. 2001. Rapid intermittent movement of axonal neurofilaments observed by
fluorescence photobleaching. Molecular biology of the cell. 12:3257-3267.

Wang, L., C. Ho, D. Sun, R. Liem, and A. Brown. 2000. Rapid movement of axonal neurofilaments interrupted by
prolonged pauses. Nature cell biology. 2:137-141.

Weckhuysen, S., L. Deprez, P. Holmgren, and K. Verhaert…. 2009. Stxbp1 mutation screening in a cohort of
patients with early onset epileptic encephalopathies. ….

Weckhuysen, S., P. Holmgren, R. Hendrickx, A. Jansen, D. Hasaerts, C. Dielman, J. de Bellescize, N. Boutry-Kryza,
G. Lesca, S. Von Spiczak, I. Helbig, D. Gill, S. Yendle, R. Møller, L. Klitten, C. Korff, C. Godfraind, K. Van
Rijckevorsel, P. De Jonghe, H. Hjalgrim, I. Scheffer, and A. Suls. 2013. Reduction of seizure frequency after
epilepsy surgery in a patient with STXBP1 encephalopathy and clinical description of six novel mutation
carriers. Epilepsia. 54:80.

Weeber, E.J., C.M. Atkins, J.C. Selcher, A.W. Varga, B. Mirnikjoo, R. Paylor, M. Leitges, and J.D. Sweatt. 2000. A role
for the beta isoform of protein kinase C in fear conditioning. The Journal of neuroscience : the official journal
of the Society for Neuroscience. 20:5906-5914.

Weimer, R., J. Richmond, W. Davis, G. Hadwiger, M. Nonet, and E. Jorgensen. 2003. Defects in synaptic vesicle
docking in unc-18 mutants. Nature neuroscience. 6:1023-1030.

Westphal, V., S.O. Rizzoli, M.A. Lauterbach, D. Kamin, R. Jahn, and S.W. Hell. 2008. Video-Rate Far-Field Optical
Nanoscopy Dissects Synaptic Vesicle Movement. Science.

Weyhersmüller, A., S. Hallermann, N. Wagner, and J. Eilers. 2011. Rapid active zone remodeling during synaptic
plasticity. The Journal of neuroscience : the official journal of the Society for Neuroscience. 31:6041-6052.

Wierda, K., R. Toonen, H. de Wit, A. Brussaard, and M. Verhage. 2007. Interdependence of PKC-dependent and
PKC-independent pathways for presynaptic plasticity. Neuron. 54:275-290.

Xin, F., and P. Radivojac. 2012. Post-translational modifications induce significant yet not extreme changes to
protein structure. Bioinformatics (Oxford, England). 28:2905-2913.

Xu, Y., L. Su, and J. Rizo. 2010. Binding of Munc18-1 to synaptobrevin and to the SNARE four-helix bundle.



45General introduction

Biochemistry. 49:1568-1576.
Yang, G., F. Pan, and W.-B. Gan. 2009. Stably maintained dendritic spines are associated with lifelong memories.

Nature. 462:920-924.
Yang, Y., T.J. Craig, X. Chen, L.F. Ciufo, M. Takahashi, A. Morgan, and K.D. Gillis. 2007. Phosphomimetic mutation

of Ser-187 of SNAP-25 increases both syntaxin binding and highly Ca2+-sensitive exocytosis. J Gen Physiol.
129:233-244.

Yonekawa, Y., A. Harada, Y. Okada, T. Funakoshi, Y. Kanai, Y. Takei, S. Terada, T. Noda, and N. Hirokawa. 1998.
Defect in synaptic vesicle precursor transport and neuronal cell death in KIF1A motor protein-deficient
mice. The Journal of cell biology. 141:431-441.

Yuste, R., and T. Bonhoeffer. 2001. Morphological changes in dendritic spines associated with long-term
synaptic plasticity. Annu Rev Neurosci. 24:1071-1089.

Zeidan, A., and N.E. Ziv. 2012. Neuroligin-1 loss is associated with reduced tenacity of excitatory synapses. PloS
one. 7.

Zeng, L., S. Webster, and P. Newton. 2012. The biology of protein kinase C. Advances in experimental medicine
and biology. 740:639-661.

Zhai, R., H. Vardinon-Friedman, C. Cases-Langhoff, B. Becker, E. Gundelfinger, N. Ziv, and C. Garner. 2001.
Assembling the presynaptic active zone: a characterization of an active one precursor vesicle. Neuron.
29:131-143.

Zhou, P., Z. Pang, X. Yang, Y. Zhang, C. Rosenmund, T. Bacaj, and T. Südhof. 2013. Syntaxin-1 N-peptide and
H(abc)-domain perform distinct essential functions in synaptic vesicle fusion. The EMBO journal. 32:159-171.

Ziv, N.E., and A. Fisher-Lavie. 2014. Presynaptic and Postsynaptic Scaffolds Dynamics Fast and Slow. The
Neuroscientist.

Zuo, Y., A. Lin, P. Chang, and W.-B. Gan. 2005. Development of long-term dendritic spine stability in diverse
regions of cerebral cortex. Neuron. 46:181-189.



Munc18-1-Venus knock-in mice:
 a �uorescent mouse model

 for endogenous Munc18-1b



Munc18-1-Venus knock-in mice:
 a �uorescent mouse model

 for endogenous Munc18-1b



48

ABSTRACT
Munc18-1 is essential for secretion of neurotransmitters and neuropeptides. Munc18-1 is a soluble
cytosolic protein and interacts with the membrane protein syntaxin-1 during transport and fusion
of vesicles with the plasma membrane. However, the temporal and spatial regulation of Munc18-1
in highly compartmentalized neurons remains poorly understood. We generated knock-in mice
that express fluorescently tagged Munc18-1b, the major Munc18-1 isoform in brain, (Munc18-1-
Venus) from the endogenous munc18-1 locus to study the dynamic behavior of Munc18-1b in
neurons. Munc18-1-Venus is expressed at wild-type levels in the brain, and development and
neurotransmitter release is similar to wild-type neurons. Munc18-1b is strongly expressed in axons
and synapses in the hippocampus, thalamus and substantia nigra. We show that a second splice
variant, Munc18-1a, is mainly expressed in specific nuclei in the brainstem and Calyx of Held that
do not express Munc18-1b. Munc18-1a expression in these nuclei is strongly impaired in Munc18-
1-Venus knock-in mice, which may explain the postnatal lethality. We conclude that Munc18-1-
Venus knock-in mice serve as faithful model to study endogenous Munc18-1b dynamics, and may
be used to assess Munc18-1a function in brainstem and the Calyx of Held.

Tony Cijsouw, Torben Hager, JensWeber, Matthijs Verhage & Ruud F. Toonen

Parts of this chapter were published together with chapter 3 in Journal of Cell Biology 204 (5): 759-775
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2.1 INTRODUCTION
Members of the Sec1/Munc18 (SM) protein family play crucial roles in the cycling of membranes
from the endoplasmic reticulum to the plasma membrane. The exocytosis of neuropeptides and
neurotransmitters in neurons, and neuropeptides and catecholamines in adrenal chromaffin cells
is executed by the SM protein Munc18-1 together with the multi-subunit SNARE-protein complex
of synaptobrevin-2/VAMP2, syntaxin-1 and SNAP25 (Jahn and Fasshauer, 2012; Jahn and Scheller,
2006; Rizo and Südhof, 2012; Südhof and Rothman, 2009; Toonen and Verhage, 2007). Munc18-1 is
essential for synaptic vesicle fusion; deletion of munc18-1completely arrests release of
neurotransmitters (Verhage et al., 2000). Munc18-1 is also critically involved in the release of
hormones from the anterior pituitary and pancreatic islet β-cells (Korteweg et al., 2005; Oh et al.,
2012). Genetic mutations in munc18-1 are found in patients suffering from epilepsy and
intellectual disability, and dysregulation of Munc18-1 is implicated in Alzheimer’s disease and
schizophrenia (Hamdan et al., 2009; Jacobs et al., 2006; Mastrangelo et al., 2013; Milh et al., 2011;
Saitsu et al., 2008; Urigüen et al., 2013; Vatta et al., 2012). Hence, Munc18-1 is required for normal
function of the brain and other secretory organs. However, the molecular mechanisms that
control its transport and localization to sites of secretion remain largely unknown.

Munc18-1 is a soluble cytosolic protein initially found as interacting partner of the SNARE protein
syntaxin-1 (Garcia et al., 1994; Hata et al., 1993; Pevsner et al., 1994). Munc18-1 binds syntaxin-1
with high affinity, clamping syntaxin-1 in a closed conformation that is unable to bind other
SNAREs to form the SNARE complex essential for fusion (Dulubova et al., 1999; Misura et al., 2000).
This closed-form interaction may prevent premature SNARE complex formation and support
proper transport of the syntaxin/Munc18 dimer to the plasma membrane. Indeed, abrogated
Munc18-1 expression results in aberrant targeting (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., 2001; Zhou et al., 2013); vice-versa, Munc18-1 levels are strongly reduced in neurons devoid
of syntaxin-1 (Zhou et al., 2013). Hence, the syntaxin-1/Munc18 dimer may function as a co-
chaperone complex aiding the transport and preventing the premature breakdown of its
constituents. Once this complex arrives at the target site for fusion, the Syntaxin/Munc18 dimer
may function as the starting point for SNARE complex formation (Jahn and Fasshauer, 2012; Ma et
al., 2012; Rizo and Südhof, 2012). During this process, Munc18-1 binds the N-terminal peptide of
syntaxin-1 (Khvotchev et al., 2007; Shen et al., 2007) with micro molar affinity (Xu et al., 2010),
which could lead to temporary dissociation and diffusion of Munc18-1 into the cytoplasm (Zilly et
al., 2006). It is debated if Munc18-1 is required in later steps of fusion (Meijer et al., 2012; Zhou et
al., 2013), but it is assumed that after fusion and cis-SNARE disassembly Munc18-1 quickly re-
associates with syntaxin-1 most likely in the closed-formation (Chen et al., 2008Ma et al., 2012;
Rizo and Südhof, 2012). Hence, despite a large body of work on function of Munc18-1 in vesicle
fusion and its interaction with syntaxin-1 the dynamics of Munc18-1 at sites of secretion are
poorly understood.

Type II transmembrane proteins, like syntaxin-1, are inserted into the endoplasmic reticulum (ER)
after translation on free ribosomes (Kim et al., 1999; Kutay et al., 1995; Steel et al., 2002) (Reviewed
in (Borgese and Fasana, 2011; Burri and Lithgow, 2004; Wattenberg and Lithgow, 2001) and
transported through the Golgi apparatus towards target membranes. Although direct evince is
lacking, Munc18-1 may bind Syntaxin1 directly after translation allowing undisturbed trafficking
of syntaxin-1 through the Golgi and to the plasma membrane (Liu et al., 2004; McEwen and
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Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001; Rowe et al., 1999). In developing neurons,
syntaxin-1 is transported on vesicles via kinesin adaptor proteins syntabulin- (Su et al., 2004) and
FEZ1- (Chua et al., 2012) dependent pathways. Other than Munc18-1’s presence in
Syntaxin/FEZ1/Kinesin transport complexes (Chua et al., 2012) it is largely unknown whether
Munc18-1 depends on syntaxin-1 mediated transport for proper targeting to fusion sites.

To investigate the dynamics of endogenous Munc18-1 in neurons and other secretory cells such
as chromaffin cells we created mice expressing fluorescently tagged Munc18-1b, the major
Munc18-1 isoform in brain, from the endogenous munc18-1 locus. We confirm proper expression
and targeting of Munc18-1b in brain, show that cultured neurons develop normally, and that
synaptic transmission is normal. Hence, Munc18-1-Venus functions as wild-type Munc18-1b. We
characterized expression of the two splice variants of Munc18-1 in more detail and show that
Munc18-1a is the main Munc18-1 isoform expressed in specific brainstem nuclei, and in the Calyx
of Held. In addition, we show that expression of Munc18-1a is impaired in Munc18-1-Venus mice.
This provides a plausible explanation for the postnatal death of homozygous Munc18-1-Venus
mice. We conclude that Munc18-1-Venus knock-in mice serve as faithful model to study
endogenous Munc18-1b dynamics, and may serve as a model to study Munc18-1a function in
brainstem and the Calyx of Held.

Figure 2.1 Generation and confirmation of Munc18-1-Venus KI mouse A, Generation of Munc18-1-Venus
(M18V) knock-in gene. Diagrams indicate the wild-type (WT) munc18-1 gene, targeting vector, M18V-neo-
knock-in gene, and Cre-recombined M18V gene. Exons are indicated by grey boxes and numbered. The black
and grey horizontal bars indicate the probe used for Southern Blot analysis and PCR products used for
genotyping, respectively. A 5 kbp section is not shown (arrowhead). Other features are indicates as: LoxP, Cre
recombinase recognition loxP sites; Venus, Venus cDNA; AvrII, restriction enzyme site; NEO, neomycin
resistance gene; TK, thymidine kinase promoter; pGEM-T Easy, targeting vector. B, Southern Blot analysis of
mouse tail DNA from heterozygous (+/m) and wild type (+/+) mice. DNA was AvrII-digested (see A). m, M18V-
neo-knock-in gene (8.2 kbp); +, munc18-1 gene (6.3 kbp). C, Agarose gel of PCR products (see A) from WT
(+/+), heterozygous (+/m) and homozygous (m/m) mouse tail DNA. M18V, munc18-1-Venus gene PCR
product, 449 bp; M18, munc18-1 gene PCR product, 195 bp. D, Western Blot of brain lysate of +/+, +/m, and
m/m mice with staining against M18(V). Tubulin as loading control. E, Quantification of M18(V) expression
levels in +/+ and m/m brain lysate. Homogenates from +/+ and m/m brains were analyzed by SDS-PAGE (10 µg
of protein per lane) and Western blotting with Munc18-1 antibodies. M18(V) protein levels were normalized to
VCP protein levels for each mouse (N = 6). F, Western Blot of brain region lysate of m/m and +/+ mice at E18
with staining against M18(V). VCP as loading control. G, Hippocampal localization of Munc18-1-Venus KI
fluorescence in m/m (M18V homozygote) brain slice (left) and of antibody stained Munc18-1 in WT (+/+) mice
(right) compared with synaptic marker VAMP and dendritic marker MAP2 (in zoomed panels). CA3,
hippocampal CA region; Str, striatum; arrowhead, mossy fiber terminals of the stratum lucidum. Scale bar, 100
µm in overview images and 25 µm in zoomed panels.
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Figure 2.2 Morphology of Munc18-1-Venus KI hippocampal autapse cultures Characterization of neuron
morphology of wild-type (WT, grey) and Munc18-1-Venus KI (M18V, green) hippocampal autapse cultures. A,
Dendrite length measured using MAP2 staining at 1-2 days in vitro (DIV), 3-4 DIV, and 7-8 DIV (Mann-Whitney
(M-W) test: WT 1-2 DIV n = 26 cells, M18V 1-2 DIV n = 44 cells, p = 0.049; WT 3-4 DIV n = 27 cells, M18V 3-4 DIV
27 cells, p > 0.05; WT 7-8 DIV n = 26 cells, M18V 7-8 DIV 32 cells, p > 0.05). B, Axon length measured using a
cocktail of AnkyrinG and Smi-321 antibodies at 1-2 DIV, 3-4 DIV, and 7-8 (M-W: WT 1-2 DIV n = 26 cells, M18V 1-
2 DIV n = 44 cells, p > 0.05; WT 3-4 DIV n = 27 cells, M18V 3-4 DIV n = 27 cells, p > 0.05; WT 7-8 DIV n = 26 cells,
M18V 7-8 DIV n = 32 cells, p > 0.05). C, Dendrite length measured using MAP2 staining at DIV 14 (M-W test: WT
n = 32 cells, M18V n = 27 cells, p > 0.05). D, Synapse number per cell measured using synapsin staining at 14
DIV (unpaired t-test: WT n = 13 cells, M18V n = 13 cells, p > 0.05). E, Typical example images of hippocampal
m/m neurons at DIV 3 stained for dendrites (MAP2) and axon (Smi-312). Bar, 10 µm. F, Typical example images
of hippocampal m/m neurons at DIV 14 stained for MAP2 and Smi-321. Bar, 20 µm. G, Typical example images
of hippocampal m/m neurons at DIV 14 stained for MAP2 and Synapsin. Bar, 20 µm.

2.2 RESULTS

2.2.1 MUNC18-1-VENUS MICE AS REPORTERS OF ENDOGENOUS
MUNC18-1
Munc18-1-Venus knock-in (KI) mice were generated with Venus cDNA replacing the stop codon of
exon 20 of munc18-1 (Figure 2.1A) by homologous recombination in embryonic stem cells (Figure
2.1B). Wild-type (+/+), Munc18-1-Venus heterozygous (+/m) and homozygous (m/m) genotypes
were detected by PCR (Figure 2.1C). Total brain protein levels of Munc18-1-Venus in m/m mice
were indistinguishable from Munc18-1 in +/+ littermates (Figure 2.1D-F). Munc18-1-Venus levels
were lower than wild-type, untagged, Munc18-1 in +/m littermates as was found for Munc13-1-
EYFP mice (Figure 2.1D) (Kalla et al., 2006), and comparable to Munc18-1-Venus expression levels
in -/m littermates (Figure S2.1). Munc18-1-Venus expression in the hippocampus of m/m mice was
comparable with Munc18-1 in brain of +/+ mice, Munc18-1 expression was high in axonal fibers of
the corpus callosum and in mossy fiber terminals of the stratum lucidum in the hippocampus
(Figure 2.1G).

The function of Munc18-1 is important for neurite outgrowth in culture (Broeke et al., 2010).
Developing dendrites (MAP2 antibody staining, Figure 2.2A and E) and axons (SMI-312 antibody
staining, Figure 2.2B and E) of Munc18-1-Venus KI hippocampal neurons at 2, 4, and 8 days in vitro
(2, 4, 8 DIV) were indistinguishable from wild-type (WT) littermates. Also, dendrite length (Figure
2.2C and F) and total synapse number (Figure 2.2D and G) of fully developed neurons at 14 DIV
were similar in WT and Munc18-1-Venus KI. To confirm that mature Munc18-1-Venus KI neurons
were fully functional, we performed whole-cell patch clamp electrophysiology on autaptic
hippocampal neurons at 14 DIV comparing WT and Munc18-1-Venus KI littermates. EPSC
amplitudes (Figure 2.3A), short-term plasticity (STP, Figure 2.3B and F), spontaneous miniature
EPSC frequency and amplitude (Figure 2.3C and G), the size of the readily release vesicle pool (RRP
size, Figure 2.3D) and RRP recovery (Figure 2.3E and G) of Munc18-1-Venus KI autaptic
hippocampal cultures were indistinguishable from WT. Together these results demonstrate that
the Venus tag does not interfere with neuron morphology and synaptic transmission.
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To better understand the function of Munc18-1 we characterized the fluorescence pattern of
sagittal sections of P14 Munc18-1-Venus KI mice. Munc18-1-Venus was present throughout the
brain, but fluorescence expression levels varied from region to region (Figure 2.4A). Munc18-1-
Venus expression was relatively high in the basal ganglia (BG, Figure 2.4A), hippocampus (H,
Figure 2.4A, B and E), substantia nigra reticular part (SNr, Figure 2.4A, B), thalamus (Th, Figure 2.4A,
B), and axonal fibers from the molecular layer of the cerebellar cortex (Figure 2.4A, B and D), layer
1 of the neocortex (Co, Figure 2.4B), and the corpus callosum (cc, Figure 2.4E). Munc18-1-Venus
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expression was relatively low at the internal granular layer of cerebellar cortex (Gr, Figure 2.4D),
and specific nuclei in the brainstem (Figure 2.4B and C). In the hippocampus, Munc18-1 was
strongly expressed at the infrapyramidal (IMF) and suprapyramidal (SMF) mossy fibers of the
stratum lucidum (Figure 2.4E). This area is characterized by innervations, the mossy fibers, from
the dentate gyrus granular cells that synapse onto the thorny excrescences and spiny dendrites of
the CA3 pyramidal neuron (Hobert, 2009), and plays an important role in short-term memory of
new spatial information (Kesner, 2013). Many of the structures rich in Munc18-1-Venus are also
rich in axonal fibers, in line with the axonal expression of Munc18-1 in cultured cells (Figure 2.2E,
G) and (Garcia et al., 1995). Together, these results show that Munc18-1 is highly expressed in most
brain areas and preferentially resides in axons.

2.2.2 HOMOZYGOUS MUNC18-1-VENUS KI MICE LACK MUNC18-1A
IN SPECIFIC NUCLEI IN THE BRAIN STEM
We have shown that Munc18-1-Venus is expressed at WT levels in brain and the Venus tag does
not interfere with the function of Munc18-1 in cultured hippocampal neurons. Hence, Munc18-1-
Venus is a genuine reporter of endogenous Munc18-1. However, some specific nuclei in the
brainstem did not show Munc18-Venus expression.

Munc18-1 is expressed as two splice variants: Munc18-1a and Munc18-1b (Figure 2.5A)(Garcia et
al., 1995). The Munc18-1a mRNA transcript contains all twenty exons of the gene, however exon
19 contains a stop codon that places the remainder of exon 19 and full exon 20 into the 3’
untranslated region (3’ UTR). Through alternative splicing of the pre-mRNA Munc18-1 transcript,
the Munc18-1b mRNA transcript looses exon 19 (and its stop codon) and exon 20, with its own
stop codon, becomes part of the translated mRNA. In Munc18-1-Venus KI mice, the Venus
sequence replaced the stop codon of exon 20. Hence, Venus is expressed fused to Munc18-1b and
because it is part of the 3’ UTR of Munc18-1a it does not tag Munc18-1a. We established that
Munc18-1(b)-Venus is the major isoform expressed in brain and fully functional (Figure 2.2-4).
Since the 3’ UTR of mammalian genes contain many regulatory sequences for RNA stability,
splicing and translation (Barrett et al., 2012; Jia et al., 2013; Michalova et al., 2013), we investigated
the expression of Munc18-1a in developing mouse brain. We observed that Munc18-1a is mainly
expressed in brainstem and cerebellum (Figure 2.5B), in line with previous results (Garcia et al.,
1995). Munc18-1a protein expression levels in these areas of homozygous Munc18-1-Venus mice
were severely reduced (Figure 2.5B). To investigate the endogenous expression of Munc18-1a, we
stained the brainstem of WT mice for Munc18-1a. We found that Munc18-1a is mainly expressed in
specific nuclei of the brainstem: the lateral reticular nucleus (LRN), the facial nucleus (VII), and the
superior olivary complex (SOC) (Figure 2.5C and E). Interestingly, these areas, specifically the LRN
and the SOC, were mostly devoid of Munc18-1-Venus, the Munc18-1b splice variant (Figure 2.5D
and F). More importantly, in Munc18-1-Venus mice, Munc18-1a expression was severely reduced
in these nuclei (compare Figure 2.5E and G). Hence, in Munc18-1-Venus mice, these nuclei are
devoid of any Munc18-1 isoform and as a consequence not able to release neurotransmitters. The
LRN and SOC nuclei are major centers controlling movement (LRN) and hearing (SOC), which may
be affected in Munc18-1-Venus mice.

Homozygous Munc18-1-Venus mice did not reach the adult stage. Offspring of timed matings of
+/m mice were genotyped using standard PCR protocols (Figure 2.1C). At birth (E18 or P1), when
embryos were sacrificed and brains used for hippocampal cell culture, the distribution of offspring
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Figure 2.3 Morphology and synaptic transmission of Munc18-1-Venus KI hippocampal neurons is
indistinguishable from wild-type neurons Characterization of electrophysiology of wild-type (WT, grey) and
Munc18-1-Venus KI (M18V, green) hippocampal autapse cultures. A, Single evoked EPSC amplitudes (WT 6.4 ±
0.9 nA, n = 22; M18V 6.8 ± 1.0 nA, n = 24; M-W test p > 0.05). B, Normalized short-term plasticity (STP) curves
with 5 EPSCs in 1 Hz (left), 10 Hz (middle) and 50 Hz (right) Inter-Stimulus Interval (ISI). Insets: paired-pulse-
ratios (PPRs; WT 1 Hz 0.9180 ± 0.025, n = 14, M18V 1 Hz 0.921 ± 0.017, n = 18; WT 10 Hz 0.769 ± 0.049, n = 12,
M18V 10 Hz 0.804 ± 0.041, n = 19; WT 50 Hz 0.557 ± 0.044, n = 15, M18V 50 Hz 0.514 ± 0.046, n = 19; M-W test p
> 0.05 for all). C, Frequency (left) and amplitude (right) of spontaneous miniature events (mEPSC; WT
frequency 13.1 ± 2.1 Hz, n = 19, M18V frequency 13.5 ± 2.2 Hz, n = 20; WT amplitude 27.4 ± 1.6 pA, M18V
amplitude 28.9 ± 1.4 pA; M-W test p > 0.05). D, Cumulative EPSC amplitudes in a 100 AP, 40 Hz train with
readily-releasable pool size estimation via steady-state back extrapolation (Inset, pool size in WT 41.9 ± 0.1 nA,
n = 13; M18V 42.1 ± 0.2 nA, n = 14; M-W test p > 0.05). E, RRP recovery after train depletion (using 100 AP at 40
Hz) and a test pulse with varying Inter-Stimulus Intervals (ISIs) (Recovery tau: WT 665 ms n = 20; M18V 659 ms
n = 15; M-W test p > 0.05). F, Example traces for STP experiments at 50 (upper) and 1 Hz (lower). G, Example
traces for spontaneous miniature EPSCs (upper) and 100 AP, 40 Hz stimulus train with a recovery test pulse (ISI
400 ms) (lower). Data plotted as means ± SEM (error bars).
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showed a deviation from Mendelian frequency: 15% of siblings were homozygous for Munc18-1-
Venus (Table 2.1). This percentage remained stable until the moment (P14) that siblings from
routine breedings were weaned and genotyped for further breeding. From that moment on,
homozygous Munc18-1-Venus mice were progressively smaller than siblings, displayed abnormal
movements and occasionally had seizure-like behaviors. In addition, their capability to grab and
climb was reduced and motor coordination was affected. Before three weeks of age, all
homozygous mice had died or had to be euthanized according to institutional and Dutch
governmental guidelines for animal welfare.

Together, these results show that Munc18-1a is a brainstem specific isoform that is no longer
expressed in Munc18-1-Venus mice resulting in postnatal lethality of Munc18-1-Venus mice.

2.2.3 MOTOR ACTIVITY OF MUNC18-1-VENUS MICE IS NORMAL
To further characterize the phenotype of young Munc18-1-Venus mice, we turned to behavioral
testing that would ideally probe the areas involved in locomotion and where Munc18-1a is lacking
in Munc18-1-Venus mice. We were limited in the choice of tests since the mice were relatively
young and smaller than siblings. We assessed locomotor activity by a photo beam detection
system controlled by a fear conditioning system. Two different surfaces of floor plates were used.
The floor of setup A consisted of a plain plastic plate, which was replaced by a stainless steel grid
(4 mm diameter, 9 mm spacing) in setup B. The detected activity consisted of locomotor activity
but also included local body movements. Locomotor activity of mice was monitored for 8 minutes
in each of the twosetups on three consecutive days.Overall, during all sessions and on all surfaces,
no significant difference in locomotor activity could be observed between Munc18-Venus-KI and
WT mice (rmANOVA: F2,68=0.523, P=0.594; Figure 2.6). Separate tests for each surface also did not
reveal significant differences in locomotor activity as an effect of the genotype (rmANOVA: Plain:
F2,68=0.498, P=0.610; Grid: F2,68=0.655, P=0.523; Figure 2.6). Additionally, throughout all sessions
and on all surfaces, no effect of gender on locomotor activity could be observed (rmANOVA:
F1,34=1.172, P=0.2808; Data not shown). Consequently, neither the interaction genotype*gender,
genotype*surface nor genotype*gender*surface showed significant effects. The surface of the
floor had a significant effect on locomotor activity,within and across sessions, in both genotypes

Figure 2.4 Characterization of Munc18-1-Venus expression in mouse brain A, Munc18-1-Venus (M18V)
expression in sagittal brain sections (P14). Cortex (Co), hippocampus (H), cerebellum (Ce), brainstem (BS),
substantia nigra, reticular part (SNr), thalamus (Th), and basal ganglia (BS) are indicated. B, Zoomed section of
A, showing M18V expression in the brainstem (left panel), cerebellum (middle panel), and part of the cortex,
hippocampus and thalamus (right panel). In the brainstem the dorsal cochlear nucleus (DCO), spinal nucleus of
the trigeminal, caudal part (SPVC), lateral reticular nucleus (LRN), facial motor nucleus (VII), superior olivary
complex (SOC), and pontine gray (PG) are indicated. C, Zoomed section of the brainstem in B, showing M18V
(left panel) expression, VAMP (middle panel) expression, and a composite (right panel), in the VII and SOC
region. D, Zoomed section of the cerebellum in B, showing M18V (left panel) expression, VAMP (middle panel)
expression, and a composite (right panel), in the molecular (Mol) and granular (Gr) layer of the cerebellum. E,
Zoomed section of the hippocampus in B, showing M18V (top panel) expression, VAMP (bottom panel)
expression, and a composite (right panel) of the hippocampus. Stratum oriens (so), pyramidal cell layer stratum
radiatum (sr), stratum lacunosum moleculaire (slm), molecular layer of the dendate gyrus (ml), granule cell
layer of the dendate gyrus (gcl), polymorphic layer (pl), thalamus (th), infrapyramidal (IMF) and suprapyramidal
(SMF) mossy fibers (stratum lucidum), alveus (al), corpus callosum (cc), and cerebral cortex (co).
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Figure 2.5 Munc18-1a expression in brainstem is impaired in premature dying Munc18-1-Venus KI mice
A, Genomic structure of munc18-1-Venus and munc18-1a and munc18-1b-Venus mRNA splice variants.
Dashed rectangle indicates recombinant Venus sequence, which is only expressed to protein in the Munc18-
1b splice variant (yellow) and is part of the 3’ untranslated region (3’ UTR) in Munc18-1a splice variant. B,
Munc18-1a is mainly expressed in brainstem and cerebellum. Note that Munc18-1a expression in homozygous
Munc18-1-Venus KI (m/m) brain, specifically brainstem, is severely reduced (arrow) compared to heterozygous
Munc18-1-Venus KI (+/m). C, Munc18-1a immunostaining shows specific Munc18-1a expression in the
Superior olivary complex (SOC), Facial motor nucleus (VII), and Lateral reticular nucleus (LRN) of the brainstem
of wild-type (WT: C, E) mice. Scale bar 200 µm (D, F). D, Munc18-1b-Venus is not expressed in nuclei of the
brainstem (SOC: Superior olivary complex; LRN: Lateral reticular nucleus; VII: Facial motor nucleus) of
homozygous Munc18-1-Venus knock-in (M18V KI: C, E, G) mice. E and F, Higher magnification of indicated
regions in C and D, respectively, shows that Munc18-1a is highly expressed in the SOC, which lacks Munc18-
1b-Venus expression. Scale bar 100 µm (D, E, F). G, Munc18-1a in SOC of homozygous Munc18-1-Venus KI mice
is strongly reduced compared to Munc18-1a expression in WT mice (E).

and a significant increase in locomotor activity can be observed in mice placed on the grid floor
(rmANOVA: across session: F1,68=162.632, P<0.0001; within session: Day 1: F1,68=9.344, P=0.0052,
Day 2: F1,68=18.122, P<0.0001, Day 3: F1,68=59.506, P<0.0001; Figure 2.6). Also, a significant effect
of the session on locomotor activity could be observed on both surfaces, i.e. both, on the plain as
well as on the grid floor locomotor activity increased significantly across sessions (rmANOVA: plain
Day 1 vs. Day 2: F1,68=15.317, P=0.0002; plain Day 2 vs. Day 3: F1,68=19.480, P<0.0001; grid Day 1
vs. Day 2: F1,68=13.485, P=0.0005; grid Day 2 vs. Day 3: F1,68=38.509, P<0.0001; Figure 2.6).
Consequently, the overall effect of the session on locomotor activity (rmANOVA: F1,68=68.594,
P<0.0001) as well as the interaction session*surface (rmANOVA: F1,68=17.247, P<0.0001) reveal
significant differences. These results show that Munc18-1-Venus mice have similar locomotor
activity in a standardized behavioural environment as their siblings. This suggests that motor
coordination, not activity, is affected in Munc18-1-Venus mice.

2.2.4 MUNC18-1A IS EXPRESSED IN THE CALYX OF HELD
The Calyx of Held is a well-studied central nervous system synapse located in the mammalian
auditory brainstem (Borst and Soria van Hoeve, 2012; Schneggenburger and Forsythe, 2006). The
Calyx of Held consists of a presynaptic terminal that engulfs its postsynaptic target, the soma of a
principal neuron of the medial nucleus of the trapezoid body (MNTB), located in the superior
olivary complex (SOC). Since we identified Munc18-1a as the main isoform expressed in the SOC,
we tested whether Munc18-1a is also the main isoform in the Calyx of Held in wild-type mice.
Indeed, we found that Munc18-1a is highly expressed in the MNTB and lateral superior olive (LSO)
of the SOC (Figure 2.7B), while Munc18-1b expression is relatively low/absent in these regions
(Figure 2.7C). Munc18-1a and Munc18-1b showed complementary expression in the SOC (Figure
2.7D), in line with earlier results (Figure 2.4 and 2.5). Confocal image slices of the MNTB revealed
high expression of Munc18-1a surrounding the large somas of principal neurons (Figure 2.7E) with
a typical Calyx of Held morphology (Lipstein et al., 2013; Xiao et al., 2010; Xiao et al., 2013). In
addition, Munc18-1a expression was also observed in the cytoplasm of principal cells that project
to the LSO (Figure 2.7E), in line with expression in the LSO (Figure 2.7B). Hence, Munc18-1a is
strongly expressed in the Calyx of Held and appears to be the main Munc18-1 splice variant in the
auditory brainstem.
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2.3 DISCUSSION
Munc18-1 is an essential component of the vesicle fusion machinery and global Munc18-1 levels
correlate with synaptic release. However, how local Munc18-1 levels are regulated and how
Munc18-1 is transported in the highly compartmentalized neuron remains to be tested. To this
end, we generated a mouse model that expresses fluorescently tagged Munc18-1b, the major
Munc18 isoform in brain, from its endogenous locus. We show that Munc18-1-Venus is expressed
at normal levels in the brain, localizes to similar brain structures as wild-type Munc18-1 and
functions identical to wild-type Munc18-1 in hippocampal cultures. In addition, we report that the
minor isoform Munc18-1a is expressed in specific nuclei in the brainstem and in the Calyx of held.
Finally, in Munc18-1-Venus knock-in mice expression of Munc18-1a is strongly reduced, which
may explain the postnatal death of these mice. Hence, Munc18-1-Venus KI mice provide a unique
model system to study dynamics of Munc18-1b in cortical and hippocampal neurons, and may be
a valuable tool to study the function of Munc18-1a in brainstem nuclei and the Calyx of Held.

2.3.1 MUNC18-1-VENUS IS A FULLY FUNCTIONAL, FLUORESCENT
MARKER FOR ENDOGENOUS MUNC18-1
We generated mice in which Munc18-1-Venus is expressed from the endogenous munc18-1locus.
As gene expression is controlled by genomic regulatory elements of which identity and location is
hard to predict, this strategy ensures that knocked-in fluorescent proteins are under control of all
genomic regulatory elements and temporarily and spatially expressed at the same level as their
wild-type versions (Chiu et al., 2002; Herzog et al., 2011; Kalla et al., 2006) in contrast to other
methods such as viral transduction of cDNA. Indeed, Munc18-1-Venus was expressed at normal
levels in the brain and spatial expression in the brain was indistinguishable from wild-type. Hence,
this approach prevents over-expression artifacts that may create imbalance in protein
stoichiometry, for example with Munc18’s major binding partner syntaxin-1. However, the Venus
tag adds a significant portion to Munc18-1 that could sterically hinder interactions with binding
partners and affect its function in vesicle fusion. We did not find evidence that suggests that the
Venus tag interferes with the function of Munc18-1. We confirmed that development, morphology
and neurotransmission of hippocampal neurons was normal in Munc18-1-Venus knock-in mice.
Therefore, we conclude that Munc18-1-Venus is a fully functional, fluorescent marker for Munc18-
1. In addition, the fluorescent signal from Venus resulted in a better contrast than
immunohistochemical staining of wild-type Munc18-1.

2.3.2 MUNC18-1 IS HIGHLY EXPRESSED IN AXONS AND SYNAPSES
OF THE MAMMALIAN BRAIN
Munc18-1 is required for neurotransmitter release at the synapse in the central and peripheral
nervous system (Verhage et al., 2000), and expressed at the axons (Garcia et al., 1995) and
synapses (Toonen and Verhage, 2007) of cultured neurons. In line with those observations we
found that Munc18-1 was expressed at areas rich in axonal fibers and synapses, such as layer 1 of
the cortex and the molecular layer of the cerebral cortex, and in areas that contain primarily
axonal projections such as the corpus callosum. In the hippocampus, the infrapyramidal mossy
fiber tract is relatively high in VAMP fluorescence compared to the suprapyramidal mossy fiber
(SMF) projections, while this is reversed for Munc18-1-Venus.
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Genotype:

Age: +/+ +/m m/m

E18 25% 60% 15%

P14 29% 53% 17%

Table 2.1 Survival of Munc18-1-Venus KI mice Genotype analysis of
offspring from heterozygous Munc18-1-Venus KI (+/m) parents at embryonic
day 18 (E18) and post-natal day 14 (P14).
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Figure 2.6 Locomotor activity of Munc18-1-Venus KI mice Mean locomotor activity of WT-, HZ-, and KI-mice
during 8 minutes (photobeam system detection rate: 0.1 Hz) either on a plain surface or a stainless steel grid. A
significant difference in locomotor activity as an effect of the genotype cannot be found on both surfaces and
during all sessions. The effects of surface and session both show significant differences within session as well
as across sessions. Vertical dashed lines define daily sessions. Error bars show S.E.M.
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Munc18-1 is expressed as two splice variants in the brain (Garcia et al., 1995). Munc18-1b is the major
variant expressed in the hippocampus and cortex of the mammalian brain and has been studied
extensively, while Munc18-1a is expressed in the brainstem and cerebellum, and is mostly absent
from the hippocampus and neocortex. Munc18-1a is functionally redundant to Munc18-1b when
expressed in hippocampal cultures, although it contains a unique CAMKII phosphorylation site (M.
Meijer, unpublished). No functional studies have addressed Munc18-1a’s role in synaptic
transmission in brainstem or cerebellum. A few studies suggest a role for Munc18-1a in
schizophrenia (Gil-Pisa et al., 2012; Urigüen et al., 2013). Munc18-1a and Munc18-1b show
complementary expression in the brainstem, which may suggest specific functions for both splice
variants. The Calyx of Held may be a good model system to study the function of Munc18-1a. We find
that in the Calyx of Held, Munc18-1a is the main splice variant expressed, not the canonical Munc18-
1b variant (Khvotchev et al., 2007). Recently, it was found that the Calyx of Held expressed different
isoforms of calcium sensors compared to hippocampal synapses (Chen et al., 2013; Xiao et al., 2010),
which may be a general characteristic of the neurotransmission machinery in the Calyx of Held
(Kochubey et al., 2011).

2.3.3 MUNC18-1A DEFICIENCY AND POSTNATAL DEATH OF
MUNC18-1-VENUS MICE
Homozygous Munc18-1-Venus mice at three weeks after birth were smaller, had uncoordinated
behavior, and died prematurely. Earlier studies reported successful knock-in of tagged versions and
expression in brain of different receptors (Lu et al., 2009; Scherrer et al., 2006; Usuku et al., 2005),
neurotransmitter transporters (Chiu et al., 2002; Herzog et al., 2011; Rao et al., 2012) and an active
zone protein (Kalla et al., 2006) without detrimental effects on mouse survival. We did not find defects
in the expression or function of the Munc18-1(b)-Venus protein. Instead, we observed that the splice
variant Munc18-1a, expressed in brainstem and cerebellum, was severely reduced in expression. The
Venus tag is not expressed in this variant, so we could rule out possible detrimental effects of the
Venus tag on the Munc18-1a protein. RNA transcription may also be normal since Munc18-1(b)-Venus
expression is unaffected. Most likely a defect exists at the Munc18-1a mRNA level; mRNA splicing,
stability or translation are controlled by regulatory elements in the 3’-UTR (the site of the inserted
Venus tag). Can a severe reduction of Munc18-1a in the brainstem and cerebellum result in the death
of the organism? Deletion of munc18-1 leads to complete arrest of neurotransmission,
neurodegeneration of affected neurons, and ultimately death of the affected mice (Dudok et al., 2011;
Verhage et al., 2000). A well-established role for the cerebellum is motor coordination, and it may also
play a role in higher cognitive functions (Reeber et al., 2013). The brainstem is vital for relaying
information from and to the sensory organs, e.g. coordinating motor control signals sent from the
brain to the body (Purves et al., 2001a; Purves et al., 2001b), and is involved in basal functions such as
blood pressure, breathing and heartbeat (Smith et al., 2013; Smith et al., 2009; Spyer and Gourine,
2009). It is likely that a malfunction in these areas leads to disruption of these functions and explains
the observed motor coordination problems and death. We show that locomotor activity is not altered;
therefore the observed locomotor problems may be caused by a problem in motor coordination and
not locomotor activity per se. Although we were not able to objectively determine that brainstem
nuclei were affected in Munc18-1-Venus mice, Munc18-1a appears to be exclusively expressed in
these nuclei that support basic life functions. As Munc18-1a expression is severely reduced in
Munc18-1-Venus mice, a robust effect on neurotransmission and neuronal survival in these areas is to
be expected. The globular bushy cells in the anteroventral cochlear nucleus and their Calyx of Held
synapses at the MNTB principal cells provides for a good system to test these hypotheses.
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Hence, in addition to the fact that Munc18-1-Venus mice provide an excellent model system to
answer important questions regarding spatial and temporal regulation of Munc18-1 transport and
targeting to sites of secretion in neurons and neurosecretory cells, Munc18-1-Venus KI mice could
prove an important mouse model to test Munc18-1a function in brainstem and Calyx of Held.

2.4 EXPERIMENTAL PROCEDURES

2.4.1 GENERATION OF MUNC18-1-VENUS KNOCK-IN MICE
A Venus cDNA fragment from pVenus-N1 (Nagai et al., 2002) was subcloned using restriction
enzymes (SmaI/NotI and SmaI, respectively) into pUC21 (Vieira and Messing, 1991), resulting in
pUC21VENUS. A loxNEOlox cassette (containing neomycin resistance gene and thymidine kinase
promoter flanked by two LoxP sites) was subcloned using SalI/ XbaI into pUC21VENUS in an
antisense orientation 3’ of the Venus STOP codon. The left cloning arm, a genomic sequence 5’ of,
and including, exon 20 of the munc18-1 gene from 129/Sv embryonic stem (ES) cell DNA, was
subcloned using PCR into pGEM-T Easy (Promega, Fitchburg, WI), resulting in pGEM-T Easy-Left-

Figure 2.7 Munc18-1 splice variant 1a (non-canonical) is expressed in the MNTB of mice A. Bright field
(bf ) image of a coronal section of P21 wild-type mouse brain (all images from same section), showing part of
the brainstem including MNTB (white oval) and and LSO. B. Fluorescence image of immunostaining against
Munc18-1a (M18-1a), showing relative high expression in the MNTB and LSO. C. Fluorescence image of
immunostaining against Munc18-1b (M18-1b), showing relative low expression in the MNTB and LSO. D.
Composite image of A, B, C showing non-complementary expression of Munc18-1a (red) and Munc18-1b
(green). E and F. Zoom, from image in B, of the MNTB region showing Munc18-1a expression in presynaptic
Calyces (arrowheads) and post-synaptic principal cells (*). In contrast, expression of Munc18-1b (F) is punctate
but unspecific for Calyces.
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Arm. The right cloning arm, a genomic sequence 3’ of exon 20 of the munc18-1 gene from 129/Sv
ES cell DNA, was subcloned using PCR into pGEM-T Easy, resulting in pGEM-T Easy-Right-Arm. The
right cloning arm was subcloned into pGEM-T Easy-Left-Arm using KpNI/AvrII and KpNI/SpeI.
Venus and the loxNEOlox cassette from pUC21VENUS were subcloned in between the left and
right arm, Venus replacing the STOP codon of exon 20 in-frame, creating the targeting vector
(Figure 2.1A). Mice carrying the munc18-1-venus-neo gene were generated by homologous
recombination in ES cells and identified by Southern blot (Figure 2.1B) or PCR (Figure 2.1C).
Heterozygous mice (+/m) were crossed with EIIa-cre mice, which express Cre recombinase in early
embryonic stages (Lakso et al., 1996), to remove the neomycin resistance cassette. All imaging
experiments were conducted on hippocampal neurons of +/m times +/m crosses. All animals
were housed and bred according to the institutional and Dutch governmental guidelines for
animal welfare.

For genotyping of the mice, DNA was isolated from mouse tails. This was done by lysing the tails in
lysis buffer, consisting of 100 mM NaH2PO4, 10 mM Tris (pH 8.0), 100mM NaCl, and 100 µg/ml
proteinase K, in a waterbath at 55°C. Isopropanol was added and the precipitated DNA was fished
out, washed in 70% ethanol, and dissolved in water, again in a water bath at 55°C. PCR was
performed using Taq polymerase. Primers used were rt27, rz197, and mav451, which were
engineered at the lab and produced by Sigma. Amplified DNA was separated using 1% w/v
agarose gels and stained with ethidium bromide and visualized using UV light and a camera. The
sequences that were amplified using PCR are indicated in Figure 2.1A by grey bars. The wild-type
Munc18-1 gene results after amplification with engineered primers and separation in a band of
approximately 200 basepairs (bp). Amplification of the Munc18-1-Venus fusion gene results in a
band of approximately 500 bp (Figure 2.1C).

2.4.2 NEURONAL CULTURES
Dissociated hippocampal cultures were obtained from E18 m/m mice as described previously
(Meijer et al., 2012). In brief, hippocampi were dissected in HEPES buffered HBBS (Invitrogen) and
digested with 0.25% trypsin (Invitrogen) at 37° C for 20 min. After washing and trituration, cells
were plated at a density of 2,000 cells/well on microislands of rat glia as described previously
(Meijer et al., 2012). Cultures were kept in Neurobasal medium (containing 2 % B27, 18 mM HEPES,
0.5 mM GlutaMAX, and penicillin/streptomycin; all obtained from Invitrogen), and half the
medium was replaced once every week in low density cultures. Neurons were used for
experiments at 14-21 days in vitro(DIV).

2.4.3 ELECTROPHYSIOLOGICAL RECORDINGS
Electrophysiological recordings were performed on autaptic glutamatergic hippocampal neurons
at room temperature (± 21°C) as described earlier (Weber et al., 2010). Isolated hippocampal
neurons were plated on astrocyte micro islands (Bekkers and Stevens, 1991) in Neurobasal
medium (Invitrogen, Carlsbad, CA) supplemented with B-27 (Invitrogen), 17.3 mM HEPES, 1%
GlutaMax-I (Invitrogen), 1% penicillin/streptomycin (Invitrogen). Autaptic cells between 10 and 14
DIV were used for experiments. The patch-pipette solution included 135 mM K-gluconate, 10 mM
HEPES, 1 mM EGTA, 4.6 mM MgCl2, 4 mM Na-ATP, 15 mM creatine phosphate and 50 U/ml
phosphocreatine kinase, 300 mOsm, pH 7.3. The standard extracellular medium consisted of 140
mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM glucose, 4 mM CaCl2and 4 mM MgCl2, 300 mOsm, pH
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7.3. Cells were whole-cell voltage clamped at −70 mV with an EPC-9 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany) under control of Pulse 8.80 software (HEKA Elektronik). Currents were
low-pass filtered at 1 or 5 kHz and stored at either 10 or 20 kHz. Pipette resistance ranged from 4
to 6 MΩ. The series resistance was compensated for 75%. Only cells with series resistances below
20 MΩ were analyzed. EPSCs were evoked by depolarizing the cell from −70 to 0 mV for 2 ms.

2.4.4 IMMUNOCHEMISTRY
Cultured neurons from 1 to 14 DIV were fixed in 3.7 % formaldehyde in PBS, pH 7.4, for 20 minutes
at room temperature (RT). Neurons were washed three times in PBS, permeabilized in 0.5 % Triton
X-100 (Sigma-Aldrich) in PBS for 5 minutes and incubated with blocking solution (PBS containing
2 % normal goat serum, 2 % bovine serum albumin and 0.1 % Triton X-100) for 30 minutes at RT.
Neurons were then incubated with primary antibodies in blocking solution for 1 h at RT, washed 3
times with PBS, and incubated with secondary antibodies conjugated to Alexa Fluor in blocking
solution for 1 hour at RT (1:1000, Invitrogen). Primary antibodies used were chicken polyclonal
MAP2 (1:20,000; Abcam), mouse monoclonals AnkyrinG (1:1000; Santa Cruz (SC-12719) and Smi-
312 (1:500; Covance), and rabbit polyclonal synapsin (1:2000; SySy). Finally, cells were washed
three times in PBS and coverslips were mounted in Mowiol on glass slides. Images were acquired
on a confocal microscope (LSM 510 Meta, Zeiss) with a 63x oil objective, NA 1.4 and analyzed in
Matlab using SynD (Schmitz et al., 2011).

For labeling of brain slices, P14-P21 WT and Munc18-1-Venus KI mice were perfused transcardially
with 4% PFA in PBS, brains were removed and post-fixed in 4% PFA in PBS overnight.
Subsequently, brains were submerged in 30% sucrose in PBS for 3 days prior to cryo-sectioning.
Before incubation in blocking solution (5% normal goat serum, 2.5% BSA, 0.2% Triton X-100 in
PBS) for 1 h, 35 µm cyrosections were incubated in 1% H2O2 for 30 min and rinsed with PBS.
Sections were incubated with primary antibody in blocking solution overnight at 4˚ C on a shaker.
Primary antibodies used were rabbit polyclonal Munc18-1b (1:200, SySy), chicken polyclonal MAP2
(1:200; Abcam) and mouse monoclonal VAMP-2 (1:500, SySy). Cryosections were then washed 4
times in PBS and incubated with secondary antibody (Alexa Fluor, Invitrogen) diluted in blocking
solution for 2 h on a shaker. Finally, cryosections were mounted in 2.5% DABCO (Invitrogen) in
Mowiol on glass slides. All steps were performed at RT, unless otherwise stated. Images were
acquired on a confocal microscope (LSM 510 Meta, Zeiss) with either a 10x air objective and 0.7x
mechanical zoom (Figure 2.1G, top) or a 40x objective (1.3 NA) and 0.7x mechanical zoom (Figure
2.1G, bottom).

To characterize protein expression levels of Munc18-1(-Venus) in brain tissue, whole or sections of
mouse brains were homogenized and dissolved in Laemmli sample buffer consisting of 2% w/v
sodium dodecyl sulfate (SDS), 10 % v/v Glycerol, 0.26 M β-mercaptoethanol, 60 mM Tris-HCl pH
6.8, and 0.01% w/v Bromophenolblue. Samples were separated on 10% acrylamide gels using the
standard SDS-PAGE technique. Proteins were transferred to PVDF membranes using the standard
Western blot technique (1 hour at 350 mA). Blots were incubated in 2% powdered milk and 0.5%
bovine serum albumin (BSA) in PBS containing 0.01% Tween-20 (PBS-tween) for 1 hr at 4°C, and
incubated with primary antibody in PBS-tween for 1 hr at 4°C. After washing three times for 5
minutes with PBS-tween, blots were incubated with anti-rabbit or anti-mouse alkaline
phosphatase (Sigma) in PBS-tween for 1 hr at 4°C, and washed three times for 10 min in PBS-
tween. Blots were incubated with ECF substrate for 5 minutes at room temperature (RT) and
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scanned on a Fuji FLA-5000 scanner (Fuji Photo Film Co., Ltd., Japan) using a 473 nm laser and an
LPG green emission filter. Primary antibodies used were polyclonal rabbit anti-Munc18-1b(2701;
in-house, (de Wit et al., 2006)) and monoclonal mouse anti-tubulin (Synaptic Systems, Goettingen,
Germany),polyclonal rabbit anti-VCP (K331; (Sugita and Südhof, 2000)), monoclonal mouse anti-
Actin (Chemicon) and polyclonal goat anti-Munc18-1a (EB06140, Everest Biotech). Images of
western blots were loaded into ImageJ (NIH, USA) and protein expression was quantification by
integration of all grey values in a protein band.

2.4.5 BEHAVIORAL TESTING
Mice (P14-P16) were individually housed in standard Macrolon cages (type 2: 22x16x13 cm)
together with their littermates and their mother with free access to food and water at a constant
ambient temperature of 21 ± 1°C and 55 ± 5% humidity. The experiments were performed during
the light phase of a 12-h dark/light cycle with lights switched on at 7 a.m. under the same ambient
conditions as described above. For behavioral testing, they were transferred from their home-cage
into the behavioral setup. Two setups were used, which differed exclusively in the surface of their
floor plate. The floor in setup A consisted of a plain plastic plate (21 x 36 cm), while this plate was
replaced by a stainless steel grid (21 x 36 cm, 4 mm diameter, 9 mm spacing) in setup B.

Locomotor activity was assessed by a photo beam detection system (10 Hz detection rate),
controlled by a fear conditioning system (TSE, 303410, Bad Homburg, Germany). Minimum grid
area covered by photo beams was 1.3 x 2.5 cm. The detected activity consisted of locomotor
activity but also included local body movements. Locomotor activity of mice was monitored for 8
minutes in each of the both setups. The setups were thoroughly cleaned after each session with
70% ethanol solution. Mice were tested on three consecutive days, with a randomized sequence
of testing (animal x setup).

2.4.6 STATISTICS
Differences between two groups were tested for significance using a Student’s t test for unpaired
data when data passed a normality test (Kolmogorov-Smirnov) and a Mann-Whitney (M-W) test
when not. Differences were regarded significant when p < 0.05. Statistics were performed in SPSS
(IBM). All data plotted as mean ± SEM (error bars or shaded area) in arbitrary units.
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Figure S2.1 Decreased Munc18-1b-Venus expression is independent
of Munc18-1b A. Western blot of brain lysate of +/+, +/m, and -/m mice
stained for M18V. Tubulin was used as a loading control. B. Quantification
of M18V expression levels in +/m and -/m brain lysate. Homogenates were
analyzed by SDS-PAGE (10 µg of protein per lane) and Western blotting
with Munc18-1 antibodies. M18V protein levels were corrected for loading
and normalized to wild-type Munc18-1 in +/+ mice (n = 3 mice per
genotype from three independent litters). Error bars indicate mean ± SEM.
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ABSTRACT
Munc18-1 is a soluble protein essential for synaptic transmission. To investigate the dynamics of
endogenous Munc18-1 in neurons, we made use of a mouse model expressing fluorescently
tagged Munc18-1 from the endogenous munc18-1 locus. We show using fluorescence recovery
after photobleaching in hippocampal neurons that the majority of Munc18-1 trafficked through
axons and targeted to synapses via lateral diffusion together with syntaxin-1. Munc18-1 was
strongly expressed at presynaptic terminals, with individual synapses showing a large variation in
expression. Axon-synapse exchange rates of Munc18-1 were high: during stimulation, Munc18-1
rapidly dispersed from synapses and re-clustered within minutes. Munc18-1 re-clustering was
independent of syntaxin-1, but required calcium influx and protein kinase C (PKC) activity.
Importantly, a PKC-insensitive Munc18-1 mutant did not re-cluster. We show that synaptic
Munc18-1 levels correlate with synaptic strength and synapses that recruit more Munc18-1 after
stimulation have a larger releasable vesicle pool. Hence, PKC-dependent dynamic control of
Munc18-1 levels enables individual synapses to tune their output during periods of activity.

Tony Cijsouw, Jens P. Weber, Jurjen H. Broeke, Jantine A.C. Broek, Desiree Schut, Tim Kroon,
Ingrid Saarloos, Matthijs Verhage & Ruud F. Toonen

Parts of this chapter were published together with chapter 2 in Journal of Cell Biology 204 (5): 759-775
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3.1 INTRODUCTION
Synaptic vesicle fusion is executed by SM (Sec1/Munc18) proteins and the multi-subunit SNARE-
protein complex of synaptobrevin-2/VAMP2, syntaxin-1 and SNAP25 (Jahn and Fasshauer, 2012;
Jahn and Scheller, 2006; Rizo and Südhof, 2012). The SM protein Munc18-1 is a soluble protein
initially found as interacting partner of syntaxin-1 (Garcia et al., 1994; Hata et al., 1993; Pevsner et
al., 1994). Deletion of munc18-1completely arrests synaptic transmission (Verhage et al., 2000),
while increased Munc18-1 levels result in a larger readily releasable vesicle pool (RRP) and
increased synaptic efficacy (Toonen et al., 2006b). Mutations in munc18-1 are found in patients
with epilepsy and intellectual disability and Munc18-1 dysregulation is implicated in Alzheimer’s
disease and schizophrenia (Hamdan et al., 2009; Jacobs et al., 2006; Mastrangelo et al., 2013; Milh
et al., 2011; Saitsu et al., 2008; Urigüen et al., 2013; Vatta et al., 2012). Hence, Munc18-1 is required
for normal brain function and its global expression levels scale with synaptic strength. However,
the molecular mechanisms that control its synaptic levels are largely unknown.

Munc18-1 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 interaction may
stabilize both proteins and support their trafficking as 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 reduced expression levels of syntaxin-1 in neurons (Verhage et al.,
2000; Voets et al., 2001; Zhou et al., 2013). Vice-versa, Munc18-1 levels are reduced in syntaxin-1
knock down neurons (Zhou et al., 2013).

In developing neurons, syntaxin-1 is transported on vesicles via kinesin adaptor proteins
syntabulin- (Su et al., 2004) and FEZ1- (Chua et al., 2012) dependent pathways. Munc18-1 is
present in syntaxin/FEZ1/kinesin transport complexes (Chua et al., 2012). At this stage, the
syntaxin-1/Munc18-1 dimer may function as a co-chaperone complex aiding transport and
preventing premature breakdown of its constituents. However, in mature neurons syntaxin-1 is
mainly transported via lateral diffusion along the plasma membrane (Mitchell and Ryan, 2004;
Ribrault et al., 2011) and it is unknown whether at this stage, Munc18-1 depends on syntaxin-1 for
targeting to fusion sites.

To investigate the dynamics of endogenous Munc18-1 in neurons we made use of mice
expressing fluorescently tagged Munc18-1 from the endogenous munc18-1 locus. We
characterized Munc18-1 dynamics using fluorescence recovery after photobleaching (FRAP) in
cultured hippocampal neurons at rest, during stimulation and upon application of several active
compounds. Munc18-1 trafficked through axons and to synapses with membrane bound
syntaxin-1. During stimulation, synaptic Munc18-1 rapidly dispersed from synapses and re-
clustered within minutes. This was independent of syntaxin-1 and synaptic vesicle fusion but
required calcium-influx and PKC activity. Hence, the presence of Munc18-1 in synapses is tightly
regulated; during periods of activity Munc18-1 becomes more dynamic and re-clusters at
synapses in a phosphorylation-dependent way. Finally, we show that increased Munc18-1
recruitment correlates with increased strength of individual synapses.
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3.2 RESULTS

3.2.1 MUNC18-1 TRANSPORT IN AXONS DEPENDS ON SYNTAXIN-1
In cultured neurons, membrane-bound syntaxin-1 diffuses laterally through the axon (Ribrault et
al., 2011). Munc18-1 co-localizes with syntaxin-1 throughout the axon and both proteins may be
transported as a binary complex (Garcia et al., 1995; Ribrault et al., 2011). To test this, we imaged
hippocampal neurons of M18V mice at 14 DIV when synaptic contacts are functional, and
compared Munc18-1-Venus dynamics in axons with soluble GFP and membrane bound syntaxin-
1-EYFP (Stx-YFP) using FRAP analysis. We bleached extended regions of single axons (Figure 3.1A-
C) to discriminate fast recovery of freely diffusing GFP (Figure 3.1A) from relatively slow recovery
typical for membrane-bound molecules like Stx-YFP (Figure 3.1B). Fluorescence recovery of Stx-
YFP was gradual and bidirectional, but markedly different in speed and extent to soluble GFP
(Figure 3.1A-B, E). Bleaching of axonal Munc18-1-Venus resulted in similar bidirectional and
gradual recovery (Figure 3.1C-D). Average Munc18-1-Venus recovery was similar to Stx-YFP and
significantly slower than GFP (Figure 3.1E). In developing neurons Munc18-1 is bound to transport
vesicles (Chua et al., 2012). We observed Munc18-1-Venus puncta entering the bleached area in
only 16 % of M18V axons (Figure S3.1) with minimal effect on total fluorescence recovery. Hence,
the majority of Munc18-1 in axons of 14 DIV neurons, in contrast to developing neurons, does not
bind transport vesicles. Munc18-1 also does not diffuse freely like GFP, but may move through
axons by interacting with slowly diffusing proteins, like syntaxin-1.

To test this, we expressed Botulinum Neurotoxin C light chain (BoNT/C) in M18V neurons 6-12
hours before FRAP experiments. BoNT/C cleaves syntaxin-1 at the C-terminus just above the
transmembrane region (Blasi et al., 1993; Schiavo et al., 1995) detaching the remaining protein
from the membrane and arresting synaptic vesicle fusion (de Wit et al., 2006). Fluorescence
recovery of axonal Munc18-1-Venus in cells expressing BoNT/C was significantly faster than
control cells (Figure 3.1F). BoNT/C expression does not affect electrical properties of neurons or

Figure 3.1 Munc18-1-Venus dynamics in axons depend on syntaxin-1 A, Distal axon of WT neuron
expressing GFP (green) used in FRAP experiments. Inverted greyscale images show time points before (pre)
and immediately after photobleaching (t = 0 s), and during fluorescence recovery (post t = 2 s, post t = 34 s
and post t = 158 s). Arrowheads indicate region of photobleaching. B, Fluorescence image (green) and
inverted greyscale images (same time points as in A) showing FRAP of distal axon of WT neuron expressing
syntaxin-1-EYFP (Stx-YFP). Note the difference in speed and extent of recovery between soluble GFP and
membrane bound Stx-YFP. C, Distal axon from a Munc18-1-Venus (M18V) neuron shown in DIC (greyscale),
fluorescence image (green) and combined image (composite). Inverted greyscale images show time points
before (pre) and immediately after bleaching (t = 0 s), and during fluorescence recovery (post t = 34 s and post
t = 158 s). D, Kymograph (top) and FRAP analysis (bottom) of axon in C. Kymograph shows fluorescence
recovery from both sides of unbleached area. Fluorescence intensity was measured in the middle of the
bleached area (dashed lines) and normalized to pre-bleach and t = 0 s (see Materials and methods). E, FRAP
analysis of axonal M18V, Stx-YFP and GFP. No statistical significant differences between M18V and Stx-YFP at t
= 10s, 30 s and 160 s (M-W test with FDR (6) corrections: M18V N = 7 cells, n = 15 axons, bleach length = 23.7 ±
1.3 µm; Stx-YFP N = 16 field-of-views, n = 16 axons, bleach length = 25.2 ± 1.0 µm; GFP N = 9 field-of-views, n =
9 axons, bleach length = 40.4 ± 2.9 µm). F, FRAP analysis of axonal M18V (see E) and M18V + BoNT/C. Inset:
statistical significance (M-W test with FDR (6) corrections: ***, p < 0.001; **, p < 0.01; M18V + BoNT/C N = 7
cells, n = 19 axons, bleach length = 25.7 ± 1.1 µm). Scale bars 5 µm.
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neuronal morphology at the ultra-structural level (de Wit et al., 2006) making it unlikely that
indirect effects of syntaxin-1 cleavage contributed to the observed Munc18-1 transport
phenotype. Together, these results show that the majority of Munc18-1 does not diffuse freely but
binds to syntaxin-1 for transport through the axon via lateral diffusion in the membrane.

3.2.2 SYNAPTIC MUNC18-1 DYNAMICS ARE ONLY PARTIALLY
SYNTAXIN-1-DEPENDENT
Munc18-1 is expressed in synapses (Toonen and Verhage, 2007). Munc18-1-Venus fluorescence
was high in presynaptic terminals identified by synapsin-mCherry (Figure 3.2A). The synapse-to-
axon ratio of Munc18-1-Venus was significantly higher than a membrane-targeted Venus protein
(mVenus, Figure 3.2B and C), suggesting that Munc18-1-Venus is retained at synapses. To test this,
we used FRAP of Munc18-1-Venus, Stx-YFP and GFP on single synapses (Figure 3.2D). A focused
laser spot aimed at a single synapsin-mCherry punctum (Figure 3.2E, open arrow) bleached the
synaptic region and fluorescence recovery was followed over time (Figure 3.2E). The initial (at 10
and 30 s) recovery of synaptic Munc18-1-Venus was markedly slower than GFP and not
significantly different from Stx-YFP although the mobile fraction of Munc18-1-Venus was slightly
smaller than Stx-YFP (Figure 3.2F). We then compared FRAP of Munc18-1-Venus in the presence or
absence of BoNT/C. Average fluorescence recovery of synaptic Munc18-1-Venus in BoNT/C
expressing cells was significantly larger than in control cells (Figure 3.2G) and resulted in increased
mobile fraction of Munc18-1-Venus (Figure 3.2H). Hence, deletion of syntaxin-1 increases the
dynamics of synaptic Munc18-1-Venus, which indicates that synaptic retainment of Munc18-1 is
largely dependent on syntaxin-1. A small immobile Munc18-1-Venus pool remained upon BoNT/C
treatment (Figure 3.2H), suggesting that this pool is retained by interactions with other synaptic
proteins.

Figure 3.2 Syntaxin-1 binding is the major determinant of an immobile Munc18-1 pool at synapses A,
M18V axon expressing synapsin-mCherry. Overlay of M18V and synapsin-mCherry fluorescence (Composite)
shows Munc18-1-Venus expression at presynaptic sites. Scale bar 4 µm. B, Normalized fluorescence intensities
of Stx-YFP and membrane-targeted Venus (mVenus) in WT neurons and M18V measured from center of
synapsin-mCherry positive puncta till 4 µm into the axon (left, see scale bar in A). Intensity was normalized to
axon intensity at 4 µm. C, Synapse (0 µm) to axon ratio (4 µm) of M18V, Stx-YFP and mVenus (K-W test: ***, p <
0.001; n.s., p > 0.05; M18V N = 10 field-of-views, n = 72 synapses; Stx-YFP N = 15 field-of-views, n = 58 synapses;
mVenus N = 12 field-of-views, n = 52 synapses). D, Cartoon illustrating FRAP experiments shown in D-G. M18V
neurons (green) expressing synapsin-mCherry as synapse marker (not shown) were cultured together with WT
neurons (grey) in a 1:50 ratio. Fluorescence in synapses was photobleached (arrowhead and box) at t = 0 s and
fluorescence recovery was followed over time (FRAP, right panel). E, M18V axon with three synapses
(arrowheads) identified by synapsin-mCherry. Inverted greyscale images show time points before (pre),
immediately after photobleaching (bleach, open arrowhead), and during fluorescence recovery (post t = 22 s
and post t = 123 s). Scale bar 5 µm. Right bottom, normalized intensity of bleached synapse over time. F, FRAP
analysis of synaptic M18V, GFP and Stx-YFP. Inset: statistical significance (M-W test with FDR (6) corrections: n.s.,
p > 0.05; *, p < 0.05; M18V N = 14 field-of-views, n = 37 synapses; Stx-YFP N = 9 field-of-views, n = 23 synapses;
GFP N = 9 field-of-views, n = 28 synapses). Dashed line indicates bi-exponential fit of M18V recovery with a fast
mobile fraction of 0.32 and a tau of 4.6 s, and a slow mobile fraction of 0.36 and a tau of 59.8 s. G, FRAP analysis
of synaptic M18V (see E) and M18V + BoNT/C. Inset: statistical significance (M-W test with FDR (6) corrections:
**, p < 0.01; *, p < 0.05; M18V + BoNT/C: N = 6 cells, n = 16 synapses). H, Mobile fraction of synaptic M18V
compared with M18V + BoNT/C calculated from F at t = 180 s (M-W test: ***, p < 0.001).
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3.2.3 SYNAPTIC MUNC18-1 DYNAMICS AND LEVELS CHANGE UPON
NEURONAL ACTIVITY
Next, we tested whether Munc18-1 dynamics are modulated by activity by stimulating M18V
neurons, while bleaching synaptic fluorescence during stimulation. Initial Munc18-1-Venus
fluorescence recovery (after 10 and 30 s) in synapses stimulated with 600 action potentials (AP) at
20 Hertz (Hz) was indistinguishable from control synapses (Figure 3.3A). However, the mobile
fraction (measured at 160 s) was significantly larger in stimulated neurons (Figure 3.3A and B). We
also probed Stx-YFP mobility using FRAP and found, in line with (Ribrault et al., 2011), that initial
recovery of Stx-YFP fluorescence was not affected by stimulation (Figure 3.3C). However, the
mobile fraction (measured at 160 s) was increased (Figure 3.3C and D), similar to Munc18-1-Venus
(Figure 3.3A and B). Thus, strong stimulation increases synaptic Munc18-1 and syntaxin-1
dynamics in hippocampal neurons.

Stimulation causes dispersion of several soluble synaptic proteins (Chi et al., 2001; Denker et al.,
2011; Sankaranarayanan et al., 2003; Star et al., 2005), vesicle SNAREs (Fernández-Alfonso et al.,
2006; Li and Murthy, 2001) and target SNAREs (Degtyar et al., 2013). To test whether Munc18-1
disperses from the synapse during stimulation, we measured intensity changes upon stimulation
in M18V neurons. Munc18-1-Venus was enriched in synapses identified by synapsin-mCherry
before stimulation (Figure 3.4A). During stimulation, fluorescence of Munc18-1-Venus and
synapsin-mCherry at synapses decreased (Figure 3.4A): Munc18-1-Venus fluorescence dispersed
from start of stimulation (Figure 3.4B), similar to synapsin-mCherry (Chi et al., 2001)(Figure 3.4B,
inset). The intensity changes represented Munc18-1-Venus movement and not changes in Venus
fluorescence due to proton induced quenching (Nagai et al., 2002) as fluorescence decrease of a
membrane-targeted Venus protein (mVenus) was 9 times (p < 0.001) lower than the decrease in
Munc18-1-Venus fluorescence (Figure 3.4C). Stx-YFP also dispersed from synapses (Figure 3.4B),
although significantly less than Munc18-1-Venus (Figure 3.4C). Dispersion of Munc18-1-Venus and
synapsin-mCherry required calcium influx and was impaired by superfusion of P/Q, L and N-type
calcium channel blockers (Figure S3.4). To test whether Munc18-1 dispersion required active
vesicle release and syntaxin-1, we expressed BoNT/C. This did not affect Munc18-1-Venus
dispersion (Figure 3.4D and E). Thus, stimulation-induced calcium influx triggers the dispersion of
a fraction of synaptic Munc18-1-Venus into the axon. This dispersion is largely independent of
syntaxin-1 and does not require synaptic vesicle release.

3.2.4 MUNC18-1 RE-CLUSTERS AT SYNAPSES AFTER SYNAPTIC
ACTIVITY
Synapsin-1a fully re-clusters to synapses within ten minutes after synaptic activity (Chi et al.,
2001). To test whether Munc18-1-Venus also re-clusters at synapses, we followed synaptic
Munc18-1-Venus fluorescence after stimulation. We observed a large variation in synaptic
Munc18-1-Venus intensity changes (Figure 3.5A and B) that did not correlate with initial Munc18-
1-Venus levels (Figure S3.3). However, the mean response of all synapses showed dispersion
during the stimulus leading to a net increase in Munc18-1-Venus levels at t = 160 s (Figure 3.5C).
This re-clustering was much faster than synapsin-mCherry and was not observed for membrane-
targeted Venus (Figure S3.2). We defined 2 sets of synapses, one with initial dispersion (∆F/F0 < 0
at t = 10 s) followed by a net increase of fluorescence (∆F/F0 > 0 at t = 160 s, called ∆+) and one
with initial dispersion (∆F/F0 < 0 at t = 10 s) followed by a net decrease of fluorescence (∆F/F0 < 0
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at t = 160 s, called ∆-). Nearly half of all synapses fell in the ∆+ subset and over one-third in the ∆-
subset (Figure 3.5C). Unlike the increase observed for Munc18-1-Venus, Stx-YFP mean
fluorescence remained below initial levels following dispersion with less than 25% ∆+ synapses
(Figure 7D). Re-clustering was also slower than Munc18-1-Venus (Figure 3.5D). This suggests that
Munc18-1-Venus re-clusters faster than syntaxin-1 (and synapsin-mCherry) and independently of
syntaxin-1. Indeed, synaptic Munc18-1-Venus fluorescence increased faster upon BoNT/C
expression (Figure 3.5E, F) and resulted in higher levels at t = 160 s than in control neurons. Also,
the percentage of ∆+ synapses was higher upon BoNT/C (Figure 3.5E). Hence, re-clustering of
synaptic Munc18-1 does not require syntaxin-1, and is even enhanced in the absence of syntaxin-
1. Munc18-1 re-clustering was absent in neurons incubated with calcium channel blockers (Figure
3.5G and H and S2.4A-C). Hence, calcium influx as a result of synaptic activity increases Munc18-1
mobility and redistributes synaptic Munc18-1 levels such that on average synapses contain more
Munc18-1 after a strong stimulus.

A B

DC

Figure 3.3 Activity increases Munc18-1 and Syntaxin-1 mobility at synapses A, FRAP analysis of M18V in
control synapses and synapses stimulated with 600 AP at 20 Hz starting at t = -15 s (black bar). Inset: statistical
significance (M-W test with FDR (3) corrections: n.s., p > 0.05; *, p < 0.05; M18V N = 8 field-of-views, n = 19
synapses; M18V + stimulation N = 8 field-of-views, n = 16 synapses). B, Mobile fraction of synaptic M18V,
control compared with stimulation calculated from A at t = 160 s (M-W test: **, p < 0.01). C, FRAP analysis of
Stx-YFP in control synapses and synapses stimulated with 600 AP at 20 Hz starting at t = -15 s (black bar). Inset:
statistical significance (M-W test with FDR (3) corrections: n.s., p > 0.05; Stx-YFP N = 6 field-of-views, n = 16
synapses; Stx-YFP + stimulation N = 6 field-of-views, n = 13 synapses). D, Mobile fraction of synaptic Stx-YFP,
control compared with stimulation calculated from C at t = 160 s (M-W test: *, p < 0.05).
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3.2.5 PKC-DEPENDENT PHOSPHORYLATION OF MUNC18-1 IS
NECESSARY FOR SYNAPTIC MUNC18-1 RE-CLUSTERING
PKC-dependent phosphorylation of Munc18-1 is essential for diacyl-glycerol (DAG)-induced
potentiation of synaptic transmission (Wierda et al., 2007) and vesicle pool replenishment in
chromaffin cells (Nili et al., 2006). To test if PKC activity modulates synaptic Munc18-1 dynamics,
we applied the DAG analog phorbol 12-myristate 13-acetate (PMA) to naïve M18V neurons. This
did not significantly affect synaptic Munc18-1 levels (Figure 3.6A and B). PMA application during
electrical stimulation did not further increase Munc18-1 recruitment after stimulation (Figure 3.6C
and D) or its dynamics (Figure S3.4). Hence, PMA application does not have an additive effect
when PKC activity is triggered by calcium influx. However, application of the specific PKC inhibitor
Ro 31-8220 (Davis et al., 1989) resulted in significantly less dispersion during stimulation and an
almost complete block of Munc18-1-Venus re-clustering after stimulation (Figure 3.6E and F). Ro
31-8220 application significantly reduced the number of synapses and mean recruitment in the
∆+ subset (Figure S3.5). Hence, PKC activity is required for re-clustering of Munc18-1 after strong
stimulation. Finally, to test whether PKC-dependent phosphorylation of Munc18-1 itself is
required for its re-clustering we expressed a fully functional but PKC-insensitive mutant (PKCi) of
Munc18-1-EGFP (Wierda et al., 2007) in munc18-1 null mutant neurons and compared its
dynamics with wild-type Munc18-1-EGFP on the same null mutant background. In contrast to
wild-type Munc18-1-EGFP, which behaved like Munc18-1-Venus, the PKC-insensitive mutant did
not show re-clustering after electrical stimulation (Figure 3.6G-H and S2.5). This shows that
activity-dependent PKC-phosphorylation of Munc18-1 is essential to recruit Munc18-1 to synapses
after neuronal stimulation.

3.2.6 MUNC18-1 LEVELS CORRELATE WITH SYNAPTIC STRENGTH
Munc18-1 expression levels in neurons control synaptic strength by modulating the number of
release-ready vesicles (Toonen et al., 2006b). To determine whether activity-dependent
modulation of synaptic Munc18-1 levels affects presynaptic strength on a synapse level we
probed vesicle release using FM4-64 uptake during 30 AP at 1 Hz, before and after high frequency
stimulation (Figure 3.7A). Individual synapses in naïve neurons showed a large variation in
Munc18-1-Venus levels and FM4-64 levels (Figure 3.7B). Interestingly, and in line with our previous
results in Munc18-1 overexpressing neurons (Toonen et al., 2006b), synaptic Munc18-1-Venus

Figure 3.4 Synaptic Munc18-1-Venus acutely disperses upon stimulation A, Fluorescence and greyscale
images of a M18V axon (right) expressing synapsin-mCherry (left). Greyscale images show same axon before
(pre) and during stimulation (stim) with 600 AP at 20 Hz. A linescan (bottom) along the axon compares
fluorescence intensity of synapsin-mCherry before (pre, black dashed line) with during (stim, red solid line)
stimulation and intensity of M18V before (pre, black dashed line) with during (stim, green solid line)
stimulation. Scale bar 5 um. B, Relative intensity changes (∆F/F0) of M18V, Stx-YFP, mVenus and synapsin-
mCherry (inset) at synapses during stimulation starting at t = 0 s (20 Hz, black bar). (M18V and synapsin-
mCherry N = 38 field-of-views, n = 929 synapses; Stx-YFP N = 17 field-of-views, n = 202 synapses; mVenus N =
20 field-of-views, n = 305 synapses). C, Relative intensity changes at t = 10 s of M18V, Stx-YFP and mVenus
calculated from B (K-W test: ***, p < 0.001). D, Relative intensity changes (∆F/F0) of M18V, M18V + BoNT/C and
synapsin-mCherry (inset) in synapses during stimulation starting at t = 0 s (20 Hz, black bar) (M18V and
synapsin-mCherry N = 15 cells, n = 533 synapses; M18V + BoNT/C N = 8 cells, n = 290 synapses). E, Relative
intensity changes of M18V and M18V + BoNT/C at t = 4 s calculated from D (M-W test: n.s., p > 0.05).
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levels showed a significant correlation with FM4-64 loading (Spearman’s correlation rs = .27, p <
0.001, Figure 3.7C), but not with synapse size (Figure S3.3). Next, we tested whether a change in
synaptic Munc18-1-Venus levels after high frequency stimulation correlated with concomitant
modulation in synaptic strength. We compared the change in FM4-64 uptake before and after 600
AP high frequency stimulation between synapses with a net positive re-clustering of Munc18-1-
Venus and synapses with a net negative re-clustering. Synapses with positive re-clustering had
significantly more FM4-64 uptake compared with synapses having a net negative re-clustering
after high frequency stimulation (20 Hz, Figure 3.7D). Synapses that were stimulated at low
frequency (2 Hz, Figure 3.7D) did not show such a correlation. Together, these results show that
synaptic Munc18-1-Venus levels scale with release efficiency and changes in levels after high
frequency stimulation correlate with increased synaptic strength.

3.3 DISCUSSION
Here, we investigated the distribution and dynamics of endogenous Munc18-1 in axons and
synapses using Munc18-1-Venus knock in mice. In line with its essential role in exocytosis, we
found that Munc18-1 is highly expressed in synapses. The majority of Munc18-1 traffics through
axons via lateral diffusion together with syntaxin-1. Exchange rates of Munc18-1 at individual
synapses are high compared to active zone components Bassoon and Munc13-1 (Kalla et al., 2006;
Tsuriel et al., 2009). During periods of synaptic activity, Munc18-1 becomes even more dynamic
and rapidly disperses and subsequently re-clusters at synapses. This requires calcium influx and
PKC-dependent phosphorylation of Munc18-1, but is independent of syntaxin-1 interaction.
Importantly, synaptic Munc18-1 levels scale with release efficiency and higher Munc18-1 levels
after stimulation increase synaptic strength.

Figure 3.5 Synaptic activity increases Munc18-1-Venus mobility and recruits Munc18-1 to synapses
independent of syntaxin-1 A, Fluorescence and greyscale images of M18V axons expressing synapsin-
mCherry. Greyscale images show same axon before (pre), during (t = 12 s), and after stimulation (t = 198 s,
M18V only) with 600 AP at 20 Hz (start t = 0 s). Scale bar 5 µm. B, Relative M18V intensity changes (∆F/F0) in
synapses marked by arrowheads in A. Black bar indicates period of stimulation. Some synapses, after initial
dispersion during stimulation, increase fluorescence above initial levels (dashed line) while others remain low
after initial dispersion or do not change during measurement. C, Relative M18V intensity changes of all
synapses (green line, N = 23 field-of-views, n = 510 synapses) compared with subsets (grey lines) of synapses
with net positive change (∆+: 46.3% of all synapses) and synapses with net negative change (∆- : 37.8%) at t =
160 s. D, Relative Stx-YFP intensity changes of all synapses (blue line, N = 10 field-of-views, n = 125 synapses)
and of subsets (grey line) of synapses with net positive change (∆+: 22.4% of all synapses) or a net negative
change (∆-: 36.0%) at t = 160 s. E, Relative M18V intensity changes of all synapses (green, N = 5 cells, n = 553
synapses) and M18V ± BoNT/C synapses (yellow, N = 5 cells, n = 290 synapses). Inset: percentage of synapses
with net positive change (38.6% and 44.1%, resp.) and synapses with net negative change (31.8% and 19.3%,
resp.) at t=160 s (Pearson Chi-Square test: ***, p < 0.001). F, Relative M18V intensity change at t = 10 s (left) and
t = 160 s (right) at control synapses (green) and synapses expressing BoNT/C (yellow) calculated from E (M-W
test with FDR (2) corrections: ***, p < 0.001). G, Relative M18V and synapsin-mCherry (inset) intensity changes
of control synapses (green, N = 6 cells, n = 250 synapses) and synapses superfused with calcium channel
blockers to prevent calcium influx (brown, N = 6 cells, n = 252 synapses). (Synapsin-mCherry intensity at t = 30
s, control vs calcium channel blockers, M-W test: ***, p < 0.001). H, Relative M18V intensity change at t = 10 s
(left) and t = 160 s (right) at control synapses (green) and synapses superfused with calcium channel blockers
(brown) calculated from G (M-W test with FDR (2) corrections: n.s., p > 0.05; ***, p < 0.001).
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3.3.1 MUNC18-1 AXONAL TRANSPORT IN MATURE NEURONS IS
LARGELY SYNTAXIN-1-DEPENDENT
During neuronal development, Munc18-1/syntaxin-1 and syntaxin-1 are transported by
FEZ1/KIF5C (Chua et al., 2012) and syntabulin/KIF5B (Cai et al., 2007; Su et al., 2004) transport
complexes. Our FRAP experiments in axons (Figure 3.1) showed identical recovery of Munc18-1-
Venus and Stx-YFP and increased Munc18-1-Venus recovery after cleavage of syntaxin-1 indicating
that lateral diffusion via membrane bound syntaxin-1 rather than active transport of organelles, is
the main mode of delivering Munc18-1 to release sites in mature neurons. This is in line with a
study on syntaxin-1 dynamics in mature rat neurons (Ribrault et al., 2011) underscoring the notion
that after initial membrane delivery via fusion of transport vesicles, Munc18-1/syntaxin-1
complexes diffuse through the axonal membrane. Only rarely were moving Munc18-1-Venus
puncta observed suggesting that vesicular transport of Munc18-1/syntaxin-1 complexes does
continue in mature neurons but that diffusion dominates. Hence, during neuronal maturation the
mode of syntaxin/Munc18 transport switches from predominantly vesicular transport (Cai et al.,
2007; Chua et al., 2012) to lateral diffusion.

3.3.2 MUNC18-1 IS HIGHLY DYNAMIC AT INDIVIDUAL SYNAPSES
Munc18-1-Venus showed a strong synaptic preference (Figure 3.2). Our FRAP measurements
revealed that synaptic Munc18-1 is very mobile. Munc18-1-Venus exchange was best described by
a fast (τ = 4.6 s) and a slow component (τ = 60 s), comparable to syntaxin-1 (Ribrault et al., 2011),
while Bassoon (Schröder et al., 2013; Tsuriel et al., 2009), Munc13-1 (Kalla et al., 2006), liprin-α2
(Spangler et al., 2013) and synapsin-1 (Tsuriel et al., 2006) turnover at synapses is much slower
with exchange rates in the order of minutes to hour(s). Exchange rates of the total synaptic vesicle
pool are even slower (Orenbuch et al., 2012b) although individual synaptic vesicle exchange
between boutons is relatively fast (Darcy et al., 2006; Herzog et al., 2011; Staras et al., 2010).
Synaptic activity increased the mobility of Munc18-1-Venus and Stx-YFP (Figure 3.3), in line with
increased mobility of synapsin (Chi et al., 2001; Tsuriel et al., 2006) and Rab3 (Star et al., 2005). In

Figure 3.6 PKC phosphorylation of Munc18-1 is necessary for synaptic recruitment A, Relative M18V
intensity changes (∆F/F0) at control synapses (green, N = 9 field-of-views, n = 57 synapses) and synapses
superfused with 1 µM PMA (blue, N = 6 field-of-views, n = 52 synapses) for 30 s at t = 0 s (black bar). B, Relative
M18V intensity change at t = 10 s (left) and t = 160 s (right) at control synapses and synapses with PMA
calculated from A (M-W test with FDR (2) corrections: n.s., p > 0.05). C, Relative M18V intensity changes after
stimulation with 600 AP at 20 Hz starting at t = 0 s (black bar) at control synapses (green, N = 2 field-of-views, n
= 43 synapses) and synapses with 1 µM PMA (blue, N = 7 field-of-views, n = 112 synapses) for > 2 minutes
(bath application). D, Relative M18V intensity change at t = 10 s (left) and t = 160 s (right) at control synapses
and synapses with PMA calculated from C (M-W test with FDR (2) corrections: n.s., p > 0.05; *, p < 0.05). E,
Relative M18V intensity changes after stimulation with 600 AP at 20 Hz starting at t = 0 s (black bar) at control
synapses (green, N = 17 field-of-views, n = 465 synapses) and synapses with 1 µM Ro 31-8220 (purple, N = 11
field-of-views, n = 181 synapses). F, Relative M18V intensity change at t = 10 s (left) and t = 160 s (right) at
control synapses (green) and synapses with Ro 31-8220 (purple) calculated from E (M-W test with FDR (2)
corrections: ***, p < 0.001). G, Relative M18-GFP (green, N = 5 cells, n = 140 synapses) and M18PKCi-GFP
(orange, N = 3 cells, n = 84 synapses) intensity changes at synapses. H, Relative M18-GFP and M18PKCi-GFP
intensity change at t = 10 s (left) and t = 160 s (right) at synapses calculated from G (M-W test with FDR (2)
corrections: n.s., p > 0.05; **, p < 0.01).
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contrast, Munc13-1 and Bassoon mobility is not affected by acute stimulation (Kalla et al., 2006;
Tsuriel et al., 2009). Hence, synapses exchange their components at different speeds. Proteins of
the secretory machinery are more mobile than active zone scaffolding proteins and become even
more dynamic during increased activity. The scaffolding proteins may therefore provide synapses
with stability to maintain synapse integrity (Tsuriel et al., 2009), while inter-synaptic exchange of
presynaptic molecules and vesicles provides plasticity during increased network activity.

At synapses, approximately 40% of Munc18-1-Venus resided in an immobile fraction. Cleavage of
syntaxin-1 resulted in a larger mobile Munc18-1-Venus fraction, but did not fully abolish the
immobile fraction. This suggests that Munc18-1 also interacts with other binding partners at the
synapse. Here, Munc18-1 may be released when syntaxin-1 interacts with other SNAREs, which
lowers the binding affinity of Munc18-1 for syntaxin-1 (Xu et al., 2010). Strong interaction between
Munc18-1 and syntaxin-1 in the axon may ensure proper delivery of Munc18-1 to synapses and
protect syntaxin-1 from non-specific interactions. A more dynamic interaction at the synapse
provides plasticity to modulate SNARE complex formation and interactions of Munc18-1 with
other proteins.

3.3.3 SYNAPTIC ACTIVITY ACUTELY REORGANIZES SYNAPTIC
MUNC18-1 LEVELS
Synaptic activity triggers synapsin dispersion from synapses (Chi et al., 2001) and Figure 3.4). In
the same synapses, we observed significant Munc18-1-Venus dispersion during stimulation. Stx-
YFP also dispersed, although to a smaller extent, which is in line with recent results (Degtyar et al.,
2013). Dispersion of Munc18-1-Venus was not affected by BoNT/C expression (Figure 3.4). Thus,
calcium influx triggers dispersion irrespective of vesicle fusion thereby increasing the
concentration of soluble and dynamic Munc18-1.

Munc18-1 re-populated the synapse within 2 minutes after stimulation, much faster than synapsin
(Chi et al., 2001; Orenbuch et al., 2012a) and Rab3a (Star et al., 2005) and re-clustering already
started during the stimulation train. On average, synapses contained more Munc18-1 after
stimulation. Interestingly, post-stimulation changes in Munc18-1-Venus levels were highly
variable: some synapses showed a ~20% increase in fluorescence while others a ~10% net
decrease (Figure 3.5). Such distinct and acute changes in synaptic levels have not been reported
before. As Munc18-1 expression levels correlate with synaptic strength and stamina (Toonen et al.,
2006b), this provides a mechanism that helps individual synapses to quickly tune their output and
maintain vesicle release during periods of high demand. The wide range in initial synaptic
Munc18-1-Venus levels is in line with the notion that individual synapses can have very different
release probabilities (Ariel et al., 2012; Matz et al., 2010; Murthy et al., 1997; Rosenmund et al.,
1993). This presynaptic mechanism adds to other well-known factors that tune synaptic output
like post-synaptic target identity (Reyes et al., 1998; Sylwestrak and Ghosh, 2012) and synaptic
position on the dendrite (de Jong et al., 2012) and may partly underlie the effects of neuronal
activity (Branco et al., 2008) and calcium influx (Ermolyuk et al., 2012) on synaptic output.
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Figure 3.7 Dynamic Munc18-1-Venus levels correlate with release of synaptic vesicles A, Experimental
design to probe synaptic release before and after stimulation that induces synaptic M18V dispersion and re-
clustering. 1) Baseline M18V fluorescence in synapses of naive M18V neurons. 2) First FM4-64 loading using 30
AP at 1 Hz in same synapses. Stim: 600 AP at 20 Hz (high frequency) or 2 Hz (low frequency, does not induce
M18V dispersion). 3) FM4-64 unloading and M18V reclustering after 600 AP at 20 Hz. 4) Second FM4-64
loading using 30 AP at 1 Hz. Synapses were followed over time using synapsin-CFP (not shown). B, Greyscale
and fluorescence images showing 4 stages of experiment to probe synaptic release (see A) with FM4-64
loading (middle) in a M18V neuron (top). Composite (bottom) shows co-localization of M18V with FM4-64
puncta (arrowheads). Scale bar 5 µm. C, Initial M18V fluorescence (see A, point 1) plotted against first FM4-64
loading (see A, point 2) of individual synapses (Spearman’s correlation rs = 0.27, p < 0.001, dashed line; N = 11
field-of-views, n = 232 synapses). D, Change in FM4-64 loading (between 1st and 2nd load) in synapses with a
net positive and a net negative reclustering of Munc18-1-Venus after 600 AP at 2 Hz or 20 Hz stimulation (t-
test: n.s., p > 0.05; **, p = 0.006; 2 Hz N = 4 field-of-views, n = 146 synapses; 20 Hz N = 7 field-of-views, n = 195
synapses).
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3.3.4 RECLUSTERING OF MUNC18-1-VENUS IS PKC-DEPENDENT AND
CORRELATES WITH SYNAPTIC STRENGTH
Activation of the DAG/PKC pathway potentiates synaptic transmission (Malenka et al., 1986;
Shapira et al., 1987) and is essential for post-tetanic potentiation (Brager et al., 2003; Fioravante et
al., 2011) Furthermore, we have shown that DAG/PKC-dependent synaptic potentiation requires
Munc18-1 phosphorylation and Munc18-1 phosphorylation is essential for maintaining synaptic
release during repetitive stimulation and for synaptic recovery after stimulation (de Vries et al.,
2000; Wierda et al., 2007). Here we show that Munc18-1-Venus re-clustering after stimulation is
calcium-dependent and almost absent after PKC inhibition. Moreover, a PKC-insensitive mutant
Munc18-1 showed strongly impaired re-clustering after intense stimulation. Thus, PKC-dependent
phosphorylation of Munc18-1 is required for its re-clustering and consequent changes in synaptic
levels. Together, this provides a plausible mechanism for the fact that efficacy of synaptic vesicle
release depends on Munc18-1 expression levels (Toonen et al., 2006b) and PKC activity (Francis et
al., 2002; Majewski and Iannazzo, 1998; Stevens and Sullivan, 1998). We have previously shown
that the PKC/Munc18-1 pathway translocates synaptic vesicles to the active zone (Wierda et al.,
2007) and Munc18-1 overexpression promotes membrane delivery of secretory vesicles in
chromaffin cells (Toonen et al., 2006a). Hence, PKC-dependent recruitment of Munc18-1
temporarily increases its synaptic levels thereby facilitating synaptic vesicle recruitment.
Importantly, FM4-64 loading correlated with Munc18-1-Venus expression levels in individual
synapses (Figure 3.7). Moreover, synapses that recruited more Munc18-1 after high frequency
stimulation had a larger releasable vesicle pool. Hence, at the single synapse Munc18-1 expression
levels correlate with synaptic strength.

Together, our data supports a model in which soluble Munc18-1 is dependent on plasma
membrane bound syntaxin-1 for delivery to the synapse at rest (Figure 3.8, point 1). At the
synapse, Munc18-1 resides with syntaxin-1 and SNAP25 in micro-domains at the plasma

Axon

Figure 3.8 Munc18-1 transport to and behavior in the synapse In mature neurons, Munc18-1 (shown in
green) is transported to synapses via lateral diffusion with membrane-bound syntaxin-1 (shown in light grey,
1). At the synapse, Munc18-1 interacts with syntaxin-1 (individually or in microdomains) or dissociates and
interacts with other binding partners (X, 2). Calcium influx triggers dissociation from binding partners (3) and
temporarily increases free Munc18-1 concentrations in the synapse (4). After stimulation, PKC controls re-
clustering of Munc18-1 (5).
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membrane (Lang et al., 2002; Pertsinidis et al., 2013; Sieber et al., 2006). Munc18-1 also interacts
with other binding partners, and a fraction of Munc18-1 may transfer from syntaxin-1 (Figure 3.8,
point 2) to these partners at some point after arrival in the synapse. Calcium influx temporarily
increases Munc18-1 dynamics, which is independent of vesicle release or syntaxin-1 binding
(Figure 3.8, point 3). Soluble Munc18-1 can disperse or may bind syntaxin-1 (Figure 3.8, point 4).
After stimulation, PKC controls re-clustering by phosphorylation of Munc18-1 (Figure 3.8, point 5).
PKC-dependent re-clustering of Munc18-1 temporarily increases the release of the synaptic
vesicle pool.

3.4 EXPERIMENTAL PROCEDURES

3.4.1 MICE
Munc18-1-Venus KI mice have been described in Chapter 1. All imaging experiments were
conducted on hippocampal m/m neurons of +/m times +/m crosses.Munc18-1 wild-type and null
mutant mice (deleting exon 2-6) have been described before (Verhage et al., 2000). All animals
were housed and bred according to the institutional and Dutch governmental guidelines for
animal welfare.

3.4.2 NEURONAL CULTURES AND TRANSFECTION
Dissociated hippocampal cultures were obtained from E18 m/m mice as described previously
(Meijer et al., 2012). In brief, hippocampi were dissected in HEPES buffered HBBS (Invitrogen) and
digested with 0.25 % trypsin (Invitrogen) at 37° C for 20 min. After washing and trituration, cells
were plated at a density of 25,000 cells/well for low-density cultures on top of a pre-grown rat glia
feeder layer on 18 mm coverslips. For autaptic cell cultures, cells were plated at a density of 2,000
cells/well on micro islands of rat glia as described previously (Meijer et al., 2012). Micro islands
were made by stamping 200 µm diameter Poly-D-lysin (0.15 mg/ml, Sigma)/ rat-tail collagen (3.66
mg/ml, BD Biosciences) dots on 18 mm coverslips pre-treated with 0.15 % agarose (Type II-a).
Cultures were kept in Neurobasal medium (containing 2 % B27, 18 mM HEPES, 0.5 mM GlutaMAX,
and penicillin/streptomycin; all obtained from Invitrogen), and half the medium was replaced
once every week in low-density cultures. Where applicable, Munc18-1-Venus neurons were
cultured together with wild-type neurons in a 1:50 ratio to image single fluorescent neurons.
Neurons were used for experiments at 14-21 days in vitro (DIV).

For imaging experiments on wild-type neurons, syntaxin-1-EYFP, GFP, mVenus and synapsin-
mCherry were transfected using calcium phosphate precipitate at 6-10 DIV as described
previously (Köhrmann et al., 1999). For FM4-64 loading experiments in Munc18-1-Venus neurons,
synapsin-ECFP was transfected using calcium phosphate precipitate at 6-10 DIV. For all other
imaging experiments on Munc18-1-Venus neurons, synapsin-mCherry was expressed by adding
lentiviral particles before plating. After trituration, lentiviral particles were added and cells were
incubated at 37° C/ 5 % CO2 incubator for 2 hours. After 3 washes with Neurobasal medium
supplemented with 10 % fetal bovine serum to inactivate the lentiviral particles, cells were plated
on glia feeder layers as described above. BoNT/C-ECFP was expressed using Semliki viral particles
6-12 hours before imaging in autaptic cultures. ECFP signal in the soma of a single neuron on a
micro island ensured BoNT/C expression in the imaged synapses.
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For imaging of Munc18-1-EGFP and PKC-insensitive Munc18-1-EGFP on munc18-1null mutant
neurons (Verhage et al., 2000), E18 embryos were obtained from timed munc18-1 heterozygous
null mutant matings and processed as described above for wild-type neurons. Dissociated null
mutant neurons were infected in solution prior to plating on glia micro islands with lentiviral
particles expressing Munc18-1-EGFP wildtype or PKC-insensitive mutant together with synapsin-
mCherry particles and placed in a cell culture incubator for 1.5 hrs. After two washing steps in
MEM with 10% FCS, neurons were counted and plated at a density of 2.000 cells/18mm coverslip
as described above.

3.4.3 CONSTRUCTS
Syntaxin-1-EYFP has been described before (Toonen et al., 2005) and is full length rat Syntaxin1a
in pEYFP-N1 (CMV promoter, Clontech). Expression plasmid pCMV BoNT/C light chain was a kind
gift from T. Galli (INSERM, Paris, France). Synapsin-mCherry (pcDNA3.1) was a kind gift from A.
Jeromin (Allen Brain Institute, Seattle, WA). Synapsin-ECFP was generated by replacing mCherry in
Synapsin-mCherry with ECFP. Membrane-targeted Venus (mVenus) was generated by addition of
the last 20 amino acids (KMSKDGKKKKKKSKTKCVIM) of K-Ras2B representing a canonical
palmitoylation signal (Welman et al., 2000). Synapsin-mCherry was subcloned into pLenti vectors,
and viral particles were produced as described before (Naldini et al., 1996). Munc18-1-EGFP wild-
type and PKC-insensitive mutant Munc18-1-GFP (Munc18PKCi: S306A, S312A, S313A) (Wierda et al.,
2007) were cloned into pLenti vectors and used to rescue munc18-1 null mutant neurons.

3.4.4 LIVE IMAGING
All live imaging experiments, except FM4-64 synapse labeling (Figure 9), were conducted on a
custom-built Tandem Illumination Microscope (TIM, Olympus) consisting of an inverted imaging
microscope (IX81) and an upright laser scanning microscope. The inverted microscope part was
used for imaging fluorescence, using an MT20 light source (Olympus), appropriate filter sets
(Semrock) and a 60x oil objective (NA 1.49) with or without a 1.6x additional magnification, on a
Hamamatsu EM-CCD camera (C9100-02; Hamamatsu City, Japan). Xcellence RT imaging software
(Olympus) was used for controlling the microscope and recording the images.

Fluorescence Recovery After Photobleaching. The upright microscope part (TIM, Olympus) guided
and focused a 473 nm laser (FWHM ~1 µm) used for fluorescence bleaching through a 60x water
immersion objective (NA 0.90) on the plane of focus of the inverted microscope. For bleaching,
one or multiple positions were selected and prepared in the Xcellence RT imaging software and a
TTL pulse in between two imaging frames triggered the solid-state laser (Rapp OptoElectronic)
and laser scanner (UGA40, Rapp OptoElectronic). Laser intensity and pulse duration for bleaching
were optimized to reach > 60% fluorescence decrease. Fluorescence recovery was monitored by
time-lapse acquisitions at 1-2 Hz for first 30 s and 0.25-0.5 Hz for remaining time.

FM4-64 synapse labeling. Experiments were conducted on a Axio Observer Z (Zeiss) for imaging
fluorescence, using an illumination unit (Polychrome V, Till Photonics), appropriate filter sets
(Chroma and Semrock), and a 40x oil objective (NA 1.30) equipped with automated focus
adjustment (Definite Focus, Zeiss), on a Hamamatsu EM-CCD camera (C9100-02; Hamamatsu City,
Japan). Synaptic vesicle pools were labeled by field stimulation for 30 s at 1 Hz in the presence of
10 µM FM4-64 (Invitrogen). FM4-64, dissolved in imaging solution, was applied locally using a
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barrel pipette 30 s before, during, and 1 minute after stimulation to ensure complete labeling of
all recycling vesicles. The cells were subsequently washed by applying dye-free imaging solution
for 15 minutes via the barrel pipette. The FM4-64 labeling experiments consisted of 7 sequential
steps: a baseline of 10 frames each (Synapsin-ECFP, M18V, FM4-64); FM4-64 synapse labeling and
wash with 1 frame each every 2 minutes; baseline of 10 frames each; 30 s 600 AP at 20 Hz, or 600
AP at 2 Hz with 30 s 0.2 Hz imaging + 5 minutes 1 frame every 30 seconds following M18V re-
clustering; baseline of 10 frames each; FM4-64 synapse labeling and wash with 1 frame each every
2 minutes; baseline of 10 frames each; 30 s 600 AP at 20 Hz; baseline of 10 frames each.

Coverslips were placed in an imaging chamber and perfused with imaging solution (Tyrode’s: 2
mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 20 mM glucose, and 25 mM Hepes, pH 7.4).
Electrical field stimulation by parallel platinum electrodes was applied by a Master-8 system
(A.M.P.I.), a stimulus isolator (A385RC; World Precision Instruments) delivering 30 mA, 1 ms pulses,
and in the presence of 50 µM (2R)-amino-5-phosphonovaleric acid (AP5, Tocris Bioscience) and 10
µM 6,7-dinitroquinoxaline-2,3-dione (DNQX, Tocris Bioscience) to block network activity by
inhibiting glutamatergic transmission. Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) was
bath applied for long incubations (≥ 2 min) or barrel applied for short incubations (30 s). Ro 31-
8220 (Calbiochem) was bath applied. All imaging experiments were performed at RT (21-24° C).

3.4.5 IMAGE ANALYSIS
Image stacks from time-lapse recordings were loaded into ImageJ (National Institutes of Health)
and multiple regions of interest were placed: 6 pixel diameter circles in middle of bleached areas
and/or unbleached synapses, background regions devoid of any cells, and a control region for
acquisition bleaching. Raw traces were extracted and loaded into Excel (Microsoft) for further
analysis. All raw traces were corrected for background with F(t) = Fraw(t)-Fb(t), where Fraw(t) and Fb(t)
are the intensity of a raw trace and the background trace, respectively, at time t and subsequently
corrected for ongoing photobleaching by multiplying with Fcntrl(0)/Fcntrl(t), where Fcntrl(0) is the
background corrected intensity of the control trace at time 0. For synaptic levels analysis, the
corrected traces were normalized to the fluorescence at start of the experiment with the
following: ∆F/F0 = (F(t)-F(0))/F(0). For fluorescence recovery (Frec(t)), the corrected traces of
bleached regions were normalized to the fluorescence before (F (tpre-bleach)) and immediately after
bleaching (F (tbleach)) (Siggia et al., 2000) with:

A fit of the average Munc18-1-Venus recovery trace was made according to a bi-exponential
function:

where Mf and Msare the mobile fraction of the fast and slow component, respectively, and τf and τs

are the recovery time constants for the fast and slow component, respectively. The
NonlinearLeastSquares function implemented in Matlab (Mathworks) was used to calculate the
best fit. For synapse-to-axon ratio analysis, a linescan (width 3 pixels) from middle of synapse
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(identified by Synapsin-mCherry) up to 4 µm into the axon (without passing other synapses) was
extracted from an image loaded into ImageJ and trace was background corrected and normalized
to intensity at indicated lengths with Fnorm(x) = F(x)/F(xa), where F(x) is the background corrected
fluorescence along the linescan and F(xa) the background corrected fluorescence at a specified
point in the axon (xa: 3-4 µm from synapse center). For kymographs, a line (width 3 pixels) was
placed over an axon in an image loaded into ImageJ and the kymograph function was used
accordingly.

3.4.6 CHEMICALS
Nimopedine, omega-agatoxin and omega-conotoxin were obtained from Tocris. Ro-31-8220 from
Sigma. AP-V and DNQX were from Ascent.

3.4.7 STATISTICS
Differences between two groups were tested for significance using a Student’s t test for unpaired
data when data passed a normality test (Kolmogorov-Smirnov) and a Mann-Whitney (M-W) test
when not. Differences between more than two groups were tested for significance using a
Kruskal-Wallis (K-W) test, and pairwise comparisons using M-W tests were used where applicable.
P-values were adjusted using a False Discovery Rate (FDR) correction (Benjamini and Hochberg,
1995) for number (#) of multiple comparisons, in short FDR (#) corrections. For testing significant
differences in amount of synapses per group under different conditions the Pearson’s chi-square
test was used. Correlation between two variables was tested for significance with Spearman rank
correlation. Differences were regarded significant when p < 0.05. Statistics were performed in
SPSS (IBM). All data plotted as mean ± SEM (error bars or shaded area) in arbitrary units.
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SUPPLEMENTAL FIGURES

A B

C

Figure S3.1 Munc18-1-Venus moving puncta in minority of bleached areas A, Three kymographs of
bleached axons from FRAP experiments that display gradual and bidirectional recovery. B, Three kymographs
of bleached axons that also display moving puncta (open arrowheads) in the bleached area. Bar, 1.5 µm. C,
Number (and percentage) of bleached axons that had no and one or more vesicles inside the bleached area (N
= 41 field-of-views, n = 45 axons).
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Figure S3.2 Membrane-targeted Venus remains stable in the synapse during activity A, Relative intensity
changes (∆F/F0) of membrane-targeted Venus (mVenus, grey) and Synapsin-mCherry (red) at wild-type
synapses with synaptic Munc18-1-Venus (M18V, green) from Figure 3.5C placed in the background. Neurons
were stimulated with 600 AP at 20 Hz starting at t = 0 s (black bar). Horizontal dashed line indicates no change.
(mVenus and Synapsin-mCherry: N = 7 field-of-views, n = 125 synapses) B, Focused view on relative intensity
changes over time of mVenus (see dashed box in A). Horizontal dashed line indicates no change.
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Figure S3.3 Synaptic Munc18-1-Venus levels rapidly change upon stimulation A, Initial M18V fluorescence
(F0) of individual synapses (N = 13 field-of-views, n = 104 synapses) plotted against M18V fluorescence 160
seconds later (F1). Diagonal line indicates identical F0 and F1 (no change). B, Initial M18V fluorescence (F0) of
individual synapses (N = 23 field-of-views, n = 510 synapses) plotted against M18V fluorescence 160 seconds
after start of 30 s stimulation protocol (600 AP at 20 Hz). Diagonal line indicates identical F0 and F1 (no
change). C, Normalized frequency distribution of relative intensity changes (∆F/F0) of synaptic M18V in control
compared with stimulated (600 AP at 20 Hz) neurons at t = 160 s. Arrow indicates the difference in stimulated
distribution compared with control. D, Time course of normalized frequency distributions from data in C.
Arrows indicate the difference in stimulated distribution compared with control. E, Initial M18V fluorescence
significantly correlates (R = 0.858, p < 0.001, Spearman’s correlation) with first FM4-64 loading in individual
synapses (excluded FM4-64 loading < 50 a.u.) in field-of-view #273 (n = 17 synapses). F, Initial M18V
fluorescence does not correlate (R = -0.052, p = 0.843, Spearman’s correlation) with synapse size in same field-
of-view as E.
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ABSTRACT
The readily releasable pool (RRP) of secretory vesicles primed for fusion is limited and requires
refilling from an unprimed pool to sustain exocytosis. While primed vesicles are physically docked
to the membrane, the location of unprimed vesicles is less clear. Unprimed vesicles may be
located at a distance from the membrane requiring translocation before priming steps can occur.
Here, we show that mobile vesicles support almost 40 % of high-potassium triggered exocytosis in
wild-type (WT) cells. We found similar results in synaptotagmin-1 (Syt-1)and DOC2AB null mutant
mouse lines with reduced RRP sizes. This supports the hypothesis that high-potassium triggered
vesicle fusion from the unprimed pool requires transport towards the membrane before fusion. In
addition we found that Syt-1 null mutant cells have more mobile vesicles located at greater
distance from the membrane than WT cells underscoring its role as major vesicle docking protein.

Tony Cijsouw, Matthijs Verhage & Ruud F. Toonen



109DCV dynamics and fusion in chroma�n cells

4.1 INTRODUCTION
Exocytosis of neuropeptide containing vesicles in neuroendocrine cells is highly regulated and
triggered by depolarization-induced Ca2+ influx. Vesicles follow sequential, but reversible,
biochemical maturation steps prior to fusion with the membrane. Vesicles arrive at the cell
periphery, dock with the target plasma membrane, and undergo priming to become fusion
competent. Docking requires the interaction of vesicle-bound synaptotagmin with a SNAP-
25/syntaxin-1 complex, the target SNARE (t-SNARE) acceptor complex, and Munc18-1 (de Wit et
al., 2009). Several priming proteins (Munc13-1, CAPS1-2) (Becherer and Rettig, 2006) facilitate the
interaction of the vesicle SNARE (v-SNARE), synaptobrevin, with the t-SNARE acceptor complex
forming a trans-SNARE complex between the vesicle and the plasma membrane that executes
membrane fusion upon calcium influx (Walter et al., 2010).

Based on their release probability, secretory vesicles populate separate vesicle pools. Vesicles can
exchange between pools with distinct kinetics (Becherer and Rettig, 2006; Stevens et al., 2011).
Calcium influx triggers acute release that consists of two distinct phases and uses docked and
primed vesicles from two releasable pools: a readily releasable pool (RRP) and a slowly releasable
pool (SRP). When calcium levels remain sufficiently high, vesicles from an unprimed pool (UPP) or
reserve pool undergo continuous priming into the releasable pool(s) and fuse forming the
sustained phase of release (Sorensen, 2004; Stevens et al., 2011; Voets et al., 1999). The RRP and
the SRP only comprise a fraction of the docked vesicles (Parsons et al., 1995; Steyer et al., 1997). It
remains unclear if vesicles in the UPP are also docked at the membrane, or are located at distance
from the membrane (Alvarez and Marengo, 2011; Voets et al., 1999). Release of such distant
vesicles would, in addition to docking and priming, require vesicle transport to the membrane.

To gain better understanding of vesicle behavior near the membrane, optical techniques and
quantitative analysis have been developed to directly study motion of single vesicles. Using wide
field, confocal, and total internal reflection fluorescence microscopy (TIRFM) dynamics of
fluorescently labeled secretory vesicles in insulin-secreting beta cells (Ohara-Imaizumi et al., 2002),
PC12 cells (Zhang et al., 2008), and chromaffin cells (Oheim et al., 1998a; Oheim and Stuhmer,
2000) have been analyzed. These analyses identified a variety of types of motions prior to vesicle
release in the different neuroendocrine cells. For example, release of neuropeptides from PC12
growth cones is mediated by the speed of vesicle diffusion of mobile cytoplasmic vesicles (Burke
et al., 1997; Han et al., 1999), while TIRFM analysis of vesicle behavior in bovine chromaffin cells
showed that vesicles become more restricted in motion towards the plasma membrane and do
not display free diffusion (Johns et al., 2001; Oheim and Stuhmer, 2000).

TIRF imaging has been instrumental to study vesicle behavior near the plasma membrane. TIR of
an excitation beam on a glass-aqueous interface generates an evanescent wave (EW) that
propagates perpendicular into the aqueous phase and decays exponentially within 100-300 nm
(Axelrod, 1981) providing excellent signal-to-noise of events occurring at the plasma membrane.
Initial studies found that many vesicles in the EW were almost completely immobile (Johns et al.,
2001; Oheim et al., 1998a; Oheim and Stuhmer, 2000; Steyer et al., 1997), and provided evidence
that docked and immobile vesicles form the initial pool of vesicles undergo exocytosis upon
stimulation (Oheim et al., 1998b). Recent studies confirmed these findings, but also showed that
new vesicles in the EW comprise a part of the fusion events during stimulation (Allersma et al.,
2004). Improved analysis additionally showed that vesicles display significant lateral motion
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immediately preceding fusion (Allersma et al., 2006; Degtyar et al., 2007) or in axial direction
(Karatekin et al., 2008). Moreover, molecular states of vesicles were characterized by their mobility:
primed vesicles were nearly immobile, docked vesicles displayed confined motion and undocked
vesicles showed directed motion (Nofal et al., 2007). Increased priming was correlated with an
increased immobilization from new vesicles arriving at the membrane (López et al., 2009; Yizhar
and Ashery, 2008; Zhang et al., 2008). This suggests that the UPP is located at a distance from the
membrane and that mobile vesicles refill the releasable pools during stimulation.

Here, we studied dense core vesicle (DCV) dynamics and fusion in mouse embryonic chromaffin
cells to understand the role of vesicle motion in exocytosis. We hypothesized that the UPP
constitutes a pool of vesicles at distance from the membrane and that refilling of releasable pools
from the UPP requires vesicle transport towards the membrane. We used two null mutant mouse

Figure 4.1 Dense core vesicle dynamics in docking deficient chromaffin cells. A, Schematic representation
of a reporter for DCV dynamics. A dense core vesicles (DCV) expressing NPY-Venus increases in fluorescence
when entering the evanescent wave (blue gradient) caused by total internal reflection of the excitation light
(not shown). Maximum fluorescence intensity is reached nearest to the point of origin of the evanescent wave,
here the membrane of the cell (footprint) that is attached to the glass coverslip. Changes in intensity (right
panel, green line) are used to calculate relative changes in axial distance (right panel, black line). B, TIRF
imaging reveals fluorescent DCVs (open arrowheads show examples) in the footprint (dashed line) of a
chromaffin cell. A time-lapse recording reveals stationary (open arrowheads) and mobile (closed arrowheads)
vesicles. Vesicles were tracked using custom written software and extracted coordinates (bottom panel, +)
were overlaid on footprint image (bottom panel). Zoomed region with overlaid coordinates (+) shows 6 initial
(t = 0s) detected vesicles during a fraction of the time-lapse recording. Detection routine fails to detect dim
vesicles (2, t = 9.3 s) or nearby vesicles (6, t = 9.3 s). A new vesicle is counted when the vesicle is detected again
(8, t = 33.3 s). When a vesicle gets dim it is possible the detection routine erroneously counts a nearby
appeared vesicle as an old vesicle having moved (8, t = 33.9 s). Scale bar top panel 2.5 µm, Scale bar bottom
panel 1 µm. C, Intensity of vesicle #4 in B over time shows overall decrease due to imaging bleaching of NPY-
Venus and variations among that downward trend due to vertical movement. If detection of a puncta was lost
and moments later regained the routine reported a new vesicle. The detection routine has split up this vesicle
erroneously into 6 separate traces (shades of grey) and one time tracked the wrong vesicle (dashed rectangle).
D, Left panel: scatter plot of Syt1, WT and KO chromaffin cells footprint size and number of detected NPY-
Venus vesicles within the footprint illuminated by the evanescent wave. Right panel: Vesicle density and
footprint area (inset) of Syt1WT and KO chromaffin cells during first second of image acquisition. Per cell the
vesicle density (detected vesicles per footprint area) was averaged over first 1 s (34 frames). (Mann-Whitney
test: * p < 0.05; Syt1 WT: d = 0.0663 +- 0.0108 vesicles/µm2 N = 18 cells; Syt1 KO: d = 0.128 +- 0.0146
vesicles/µm2, N = 26 cells). E, Distance distribution of vesicles near the membrane of Syt1 WT and KO
chromaffin cells during first second of image acquisition. Per cell the intensity of each detected vesicles was
averaged over first 1 s (33 frames) and the distance determined relative to the brightest vesicle (set to 0 nm,
see M&M). Inset: cumulative plot of relative frequency distributions (Kolmogorov-Smirnov two-sample test: ***
p < 0.001; Syt1 WT N = 18 cells, n = 470 vesicles; Syt1 KO N = 26 cells, n = 740 vesicles). F, Residency time
distribution of vesicles in the evanescent wave during stimulated exocytosis. Stimulated exocytosis is defined
as period of membrane depolarization (t = 10 s to 40 s) by 60 mM KCl application and succeeding 60 s (t = 40 s
to 100 s). Lifetime frequencies are normalized to footprint area and total observation time in Syt1 WT and KO
chromaffin cells. (Syt1 WT N = 18 cells, n = 2613 vesicles; Syt1 KO N = 26 cells, n = 3361 vesicles). Arrows point
to sub-populations in the distribution. G, Residency time distribution of vesicles in the evanescent wave after
stimulated exocytosis (t = 100 s to 190 s). Lifetime frequencies are normalized to footprint area and total
observation time in Syt1 WT and KO chromaffin cells. (Syt1 WT N = 18 cells, n = 1932 vesicles; Syt1 KO N = 26
cells, n = 2841 vesicles). Arrows point to sub-populations in the distribution.

Figure 4.1 and legend continue on next pages >>>
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lines with altered vesicle pools and/or refilling rates to test this hypothesis. Synaptotagmin-1 (Syt-
1) null mutants have a reduced number of docked vesicles (de Wit et al., 2009) and a smaller RRP
but a normal SRP (Voets et al., 2001). DOC2 null mutants also have a smaller RRP and release is
shifted towards the sustained phase due to increased but incomplete refilling (Pinheiro et al.,
2013). We show that mobile vesicles support ~ 40 % of exocytosis in wild-type (WT) cells .We
found similar results for Syt-1 null mutants, where mobile DCV reside at a distance from the
membrane and for DOC2AB null mutants where release is more synchronized with stimulation.
Hence, mobile vesicles undergo stimulated exocytosis independent of calcium sensors Syt-1 and
DOC2AB in embryonic chromaffin cells.

4.2 RESULTS

4.2.1 VESICLE LOCALIZATION AND DYNAMICS IN ABSENCE OF
DOCKING FACTOR SYNAPTOTAGMIN-1
To investigate the role of Syt-1 in DCV behavior in living cells, we used TIRF imaging of DCVs
labeled with neuropeptide Y fused to Venus (NPY-Venus; (Nagai et al., 2002) in Syt-1 wild-type and
null mutant embryonic chromaffin cells. The fluorescence intensity of NPY-Venus labeled DCVs
increases when vesicles move towards the plasma membrane (Figure 4.1A). Within the cellular

>>> H, Average vesicle abundance at any given time (snapshot) during stimulated exocytosis. Inset: vesicle
abundances at any given time were grouped into un-retained visitors (residency time < 1 s), short-retained (1 –
10 s), and long-retained (> 10 s) vesicles (Mann-Whitney tests with FDR correction: *, p < 0.05; Syt1 WT N = 18
cells, n = 2613 vesicles; Syt1 KO N = 26 cells, n = 3361 vesicles). I, Average vesicle abundance at any given time
(snapshot) after stimulated exocytosis. Inset: vesicle abundances at any given time were grouped into un-
retained visitors (residency time < 1 s), short-retained (1 – 10 s), and long-retained (> 10 s) vesicles (Mann-
Whitney tests with FDR correction: *, p < 0.05; Syt1 WT N = 18 cells, n = 1932 vesicles; Syt1 KO N = 26 cells, n =
2841 vesicles). J, Distance distribution of vesicles, grouped into un-retained visitors (residency time < 1 s),
short-retained (1 – 10 s), and long-retained (> 10 s), near the membrane of Syt1 WT chromaffin cells during first
second of image acquisition. Inset: cumulative plot of relative frequency distributions (Kolmogorov-Smirnov
two-sample test with FDR(9) correction: *** p < 0.001 for long-retained against short-retained and un-retained
visitors; others not significant). Note: FDR correction for total 9 comparisons in Figure J, K, L. K, Distance
distribution of vesicles, grouped into un-retained visitors (residency time < 1 s), short-retained (1 – 10 s), and
long-retained (> 10 s), near the membrane of Syt1 KO chromaffin cells during first second of image acquisition.
Inset: cumulative plot of relative frequency distributions (Kolmogorov-Smirnov two-sample test with FDR(9)
correction: *** p < 0.001 for long-retained against short-retained and un-retained visitors; others not
significant). ). Note: FDR correction for total 9 comparisons in Figure J, K, L. L, Distance distribution of visitors
(left top), short-retained (right top), and long-retained (left bottom) vesicles near the membrane of WT
compared with Syt1 KO chromaffin cells (data from J and K). Inset: cumulative plot of relative frequency
distributions (Kolmogorov-Smirnov two-sample test with FDR(9) correction: *** p < 0.001). ). Note: FDR
correction for total 9 comparisons in Figure J, K, L. M, Lifetime characterization of brightest vesicles. Lifetime
status, visitors (<2.5 s), short-retained (2.5 s – 10 s), long-retained (> 10 s), of the brightest vesicle in each cell.
Median lifetime of long-retained vesicles is included.¶ A significant association between genotype and lifetime
status (visitors, short-retained, long-retained) was observed p < 0.05 Fisher’s Exact test. The odds of finding a
brightest vesicle in the long-retained group were 5.5 times higher for Syt-1 null mutant cells than for wild-type
cells. † Lifetime of long-retained vesicles in Syt-1 null mutant was not significantly different from WT according
to Mann-Whitney U = 92.0, p > 0.05. Data plotted as means ± SEM.
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footprint illuminated by the evanescent wave (d1/e = 120 nm, (Toonen et al., 2006) several dynamic
fluorescent puncta representing DCVs were observed over time (Figure 4.1B, top row). We used an
automated software routine to detect these puncta and determine their coordinates (Figure 4.1B,
bottom row) and fluorescence intensity (Figure 4.1C) over time. We previously found that fewer
DCVs were docked at the membrane in electron microscopy preparations of fixed Syt-1 null
mutant chromaffin cells compared with wild-type (de Wit et al., 2009). To test this in living cells, we
measured the number of fluorescent vesicles per footprint in single frames (Figure 4.1D). We
found significantly more fluorescent vesicles close to the plasma membrane per unit area of
footprint (Figure 4.1D) in Syt-1 null mutant cells. In addition, Syt-1 null footprints were smaller
than wild-type (WT) cells (Figure 4.1D). To determine the DCV density distribution we calculated
the axial position of each individual punctum relative to the brightest vesicle at the footprint
(assumed closest to or at the membrane). The average intensity of the brightest vesicles was
similar in WT and Syt-1 null mutant cells (WT: 2715 a.u +- 533.8 SEM; Syt-1 KO 3303 a.u. +- 391.9
SEM; p>0.05 t-test). We found that the relative distance of DCVs was significantly increased in Syt-1
null compared with WT cells (Figure 4.1E). This suggests that, in absence of Syt-1, more DCVs
populate the area illuminated by the EW, but on average reside further away from the membrane.

To analyze the dynamic behavior of vesicles during and after stimulation, we acquired TIRF images
with 0.3 s interval for 190 seconds, and applied 60 mM K+ for 30 s (at t = 10 s) to depolarize the
membrane. We measured the number of DCVs that appeared at the footprint and how long they
resided during periods of the recording. To show all residency times in one histogram, residency
times were sorted in logarithmically increasing bin sizes (Figure 4.1F and G). Distinct peaks in
logarithmic distributions indicate different states with specific residency times (Sigworth and Sine,
1987; Toonen et al., 2006). We analyzed residency times during the period of membrane
depolarization and the subsequent 60 s and found several peaks for stimulated Syt-1 null and WT
cells (Figure 4.1F, arrows). The first state, with a life time shorter than 2.5 s most likely represents
vesicles that move in and out of the evanescent wave without or with brief membrane interaction
(visitors). One or two states could be observed between 2.5 s and 10 s and possibly indicate a form
of minimal retention of these vesicles at their target: short-retained, or weak tethering (Toonen et
al., 2006). A pronounced tail in the residency time distribution (> 10 s in Figure 4.1F) suggests that
one or more long-retained states exist. Similar results were found for un-stimulated WT and
munc18-1null mutants (Toonen et al., 2006). This suggests that these states are independent of

Figure 4.2 Dense core vesicle fusion in chromaffin cells A, Schematic representation of a reporter for DCV
exocytosis. NPY-pHluorin expressed in acidic DCV is quenched by protons and therefore not visible while
approaching the membrane (1, 2, 3). Exocytosis causes efflux of protons (4) fluorescence of pHluorin sharply
rises (4). B, Three footprints (dashed areas) of chromaffin cells imaged using TIRF microscopy show two fusion
events (open arrowheads), upon membrane depolarization, during a time-lapse recording. Scale bar 5 µm. C, A
time series of the fusion events in B. Fusion event II is completely shown, while fusion event I shows beginning,
one middle frame and end. Scale bar 1 µm. D, Fluorescence intensity analysis of fusion events in C. Automated
detection of start of fusion event is marked by blue square. Membrane depolarization by superfusion of 60
mM K+ is indicated by grey area. 32% showed intensity profile similar to I (discharge) and 65% showed a
profile similar to II (display) (N = 31 cells, n = 95 vesicles). E, Frequency distribution (left axis) and cumulative
frequency distribution (right axis) of fusion events measured using NPY-pHluorin in chromaffin cells. Grey area
indicates time of 60 mM K+ superfusion. Inset: Cumulative frequency distribution of display and discharge
fusion events Kolmogorov-Smirnov two-sample test: n.s. p > 0.05). Note: spontaneous fusion events were not
included in cumulative distributions.
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depolarization-induced calcium influx. Indeed, similar peaks in distribution of residency times
were observed during a period when calcium levels were back to base-line —60 s to 150 s after
end of stimulation (Figure 4.1G, t = 100 – 190 s). The residency time distribution of Syt-1 null cells
showed more pronounced peaks than control cells at residency times > 2.5 s (Figure 4.1F and G, >
2.5 s) suggesting that DCVs that enter the EW are longer retained in absence of Syt-1.

To understand the vesicle distribution with respect to their residency times at any given moment,
we averaged the total residency time within a vesicle bin over the total time of that period (Figure
4.1H and I, both 90 s). Hence, we acquired an estimate of the abundance of a residency time in a
cell at any time point (snapshot), comparable with the snapshot in time of vesicle density in Figure
4.1D and electron microscopical analysis of fixed cells (de Wit et al., 2009). Electron micrographs of
Syt-1 null cells show a decrease in docked vesicles (de Wit et al., 2009). Our snapshot analysis
suggests that, irrespective of secretion, retained vesicles (residency times > 2.5 s) dominate in Syt-
1 null mutant cells (Figure 4.1H and I). Based on the hit rate histogram (Figure 4.1F and G), vesicles
were grouped into three classes (Figure 4.1H and I, inset: visiting vesicles with residency times
smaller than 2.5 s; short-retained vesicles, between 1 and 10 s; and long-retained > 10 s). Indeed,
the long-retained vesicles were significantly more abundant in Syt-1 null mutant cells (Figure 4.1H
and I, inset). Long-retained vesicles in WT and Syt-1 null mutant cells were significantly closer to
the brightest vesicle (Figure 4.1J and K) than short-retained and visitor vesicles. All visitor and
retained vesicles were located significantly further away from the brightest vesicle in Syt-1 null
mutant cells (Figure 4.1L). Additionally, we found that the brightest vesicle at start of the
experiment was 5.5 times more likely to be long-retained in absence of Syt-1 (Figure 4.1M).
Together, these results suggest that two spatial pools exist: stable vesicles close to the membrane
and mobile vesicles at distance from the membrane. In absence of Syt-1 these pools reside further
from the membrane and more DCVs reside in a stable pool compared to WT cells. The size of this
pool does not depend on calcium influx.

Figure 4.3 A fluorescent marker for simultaneous detection of vesicle dynamics and fusion A, Schematic
representation of a reporter for DCV movement and fusion. DCV’s containing NPY-mCherry-pHluorin are red
fluorescent (mCherry) while traversing through the evanescent wave and become green fluorescent
(pHluorin) during fusion with the membrane. B, Top panel: A TIRFM image time series of a chromaffin cell
expressing NPY-mCherry-pHluorin in DCV. Multiple pHluorin puncta (top row, arrowheads) appear during the
time lapse recording and while simultaneously the vesicles can be detected using mCherry (bottom row,
arrowheads). Scale bar 2.5 µm. Bottom panel: Fluorescence images of an 800 ms time series (33 ms interval)
before a fusion event shown in top panel (open arrowhead). The green and red square in the time series
indicate the pHluorin and mCherry fluorescence images, respectively, and indicate the region used for
intensity analysis in C. The blue rectangle indicates moment of pHluorin intensity increase. Scale bar 500 nm.
C, Fluorescence intensity analysis of mCherry (red) and pHluorin (green) of 4 fusion events in B. Time of
membrane depolarization by superfusion with 60 mM K+ is indicated by grey area and automated detection
of fusion time is indicated by a blue square. Note that mCherry fluorescence also increases during a fusion
event (bottom panel, inset). D, Frequency distribution (left axis) and cumulative frequency distribution (right
axis) of fusion events measured using NPY-mCherry-pHluorin in chromaffin cells. Grey area indicates time of 60
mM K+ superfusion. Inset: Cumulative frequency distribution of fusion events recorded using NPY-pHluorin
and NPY-mCherry-pHluorin (pHl-mCh). Kolmogorov-Smirnov two-sample test: n.s. p > 0.05).
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4.2.2 A METHOD TO CHARACTERIZE PRE-FUSION DYNAMICS OF
DCVS IN CHROMAFFIN CELLS
To analyze the dynamics of DCVs prior to their secretion we developed an optical probe that
reports vesicle movement and fusion. The sensitivity of many fluorescent proteins to protons can
be used to detect vesicle fusion with the plasma membrane (Miesenböck et al., 1998). Due to the
acidic vesicle lumen, cargo labeled with the pH sensitive EGFP variant pHluorin is quenched until
fusion pore opening when the vesicular pH sharply rises due to the efflux of protons into the
extracellular fluid (Figure 4.2A). First, we investigated the properties of DCVs labeled with such a
secretion reporter, NPY fused to pHluorin (NPY-pHluorin) (Figure 4.2A). Using high frequency TIRF
imaging (50 Hz), we observed relatively long lasting fusion events (display events) and short
fusion events (discharge events) upon membrane depolarization with a high K+ buffer (Figure
4.2B and C) (Perrais et al., 2004) with very few events before (5.3%) and after (21.1%) stimulation.
Display events were characterized by several seconds of approximately constant fluorescence
intensity (Figure 4.2D, event I), while discharge events displayed an initial rise followed by an
immediate decrease in fluorescence (Figure 4.2D, event II), often accompanied by a ‘cloud’ of
fluorescence that radially dispersed (Figure 4.2B and C). The majority (68%) of all fusion events
were display events (Figure 4.2E), in contrast to adult bovine chromaffin cells (Perrais et al., 2004).
Both types of events occurred with a similar time-lag after membrane depolarization and had
similar fusion time distributions (Figure 4.2E), in line with previous results (Perrais et al., 2004).
Hence, NPY-pHluorin is a reporter of stimulated exocytosis in embryonic chromaffin cells.

To investigate pre-fusion dynamics of secretory DCVs, we fused mCherry to NPY-pHluorin (NPY-
pHluorin-mCherry or NPY-mCherry-pHluorin). DCVs labeled with NPY-mCherry-pHluorin moving
towards the membrane show an increase in mCherry fluorescence intensity, which can be
transformed to relative axial distance up to the moment of vesicle fusion (Figure 4.3A). We
observed extracellular pHluorin puncta on naïve chromaffin cells expressing NPY-mCherry-

Figure 4.4 Stationary and mobile DCV fuse with the membrane A, Top panel: Fluorescence images of a
time series show a DCV identified by mCherry (bottom row) undergoing fusion (blue rectangle) identified by
pHluorin (top row). Bottom left panel: Background corrected intensity analysis of pHluorin (green square in
top panel) and mCherry (red square in top panel) are used to identify moment of fusion (blue square and blue
dashed line) and to determine vertical movement of the DCV up to one second before fusion (Large dashed
rectangle), respectively. Time since start of stimulation in seconds. Small dashed rectangle indicates a zoom
around the moment of fusion depicted on the right side. Bottom right panel: mCherry intensity in large
dashed rectangle (bottom left panel) is transformed to changes in vertical distance relative to last frame before
fusion (t = 0 ms, black dashed line in bottom left panel). Time to last frame before fusion in milliseconds.
Regression analysis of vertical distance of last 29 time points before t = 0 ms indicates no significant
movement (slope = 8 nm/s, p = 0.417). B, Fluorescence time series (top panel), intensity analysis (bottom left
panel), and vertical distance analysis (bottom right panel) of a fusing DCV. Regression analysis of axial distance
indicates significant movement towards the membrane (slope = -91 nm/s, p = 0.005). C, Fluorescence time
series (top panel), intensity analysis (bottom left panel), and vertical distance analysis (bottom right panel) of a
fusing DCV. Regression analysis of axial distance indicates significant movement away from the membrane
(slope = 73 nm/s, p < 0.001). D, Fluorescence time series (top panel), intensity analysis (bottom left panel), and
axial distance analysis (bottom right panel) of a fusing DCV. Regression analysis of vertical distance indicates
no significant movement (slope = 29 nm/s, p > 0.05) during 29 time points before t = 0 ms. Analysis of all z-
distances in the 1 s before fusion indicates that these are different from the last z-distance measured at t = 0
ms (i.e. 0 nm, p = 0.007; single last distance: 147 nm).
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pHluorin (Figure 4.3B, left column). This suggested that the DCV cargo after spontaneous fusion
events had not dissolved into the extracellular buffer. Indeed, also during stimulated fusion events
(Figure 4.3B, middle and left column), post fusion intensities of pHluorin remained high for
extended periods (Figure 4.3C). However, the onset and distribution of vesicle fusion events
reported by NPY-mCherry-pHluorin were identical to those reported by NPY-pHluorin (Figure
4.3D). This shows that NPY-mCherry-pHluorin does not affect vesicle fusion probability and timing,
and that, despite post-fusion accumulation, NPY-mCherry-pHluorin can be used to study pre-
fusion dynamics of DCVs.

4.2.3 STATIONARY AND MOBILE VESICLES FUSE WITH THE
MEMBRANE
Next, we determined axial movement of NPY-pHluorin-mCherry labeled DCVs before exocytosis
by analyzing changes in mCherry fluorescence up to 1 second before fusion using TIRF imaging.
Variations in mCherry fluorescence were observed (Figure 4.4A-D, top panel) and analyzed (Figure
4.4A-D, bottom left panel) up to the moment of a sharp rise in pHluorin fluorescence (Figure 4.4,
blue box and line). A sharp rise in pHluorin fluorescence was often accompanied by a similar,
although often smaller, rise in mCherry fluorescence (Figure 4.4 A-C, bottom left panel), likely due
to the pH sensitivity of mCherry (pKa <4.5, (Shaner et al., 2004). Therefore, mCherry intensities
were transformed to distances relative to the last frame before fusion and linear regression
analysis was used to determine changes in distance up to 1 s prior to fusion (Figure 4.4A-D,
bottom right panel). Linear regression analysis determines if changes in distance over time can be
described by linear motion, which may correspond to the assumed constant speed of motor
proteins (Bier, 2003; Hill et al., 2004; Kolomeisky and Fisher, 2003; Uhde et al., 2004) responsible for
DCV delivery to the plasma membrane (Chan et al., 2010; Trifaró et al., 2008). A significant slope
defines a moving vesicle, a non-significant slope a stationary vesicle (Figure 4.3F). Several different
mCherry intensity changes prior to fusion were observed: 1) 62% of the fusion events in WT cells
(Table 1) did not show a significant change in mCherry fluorescence 1 s prior to fusion (Figure
4.4A). 2) Almost one third of the DCVs (Table 1) showed a significant slope prior to fusion (Figure
4.4B and C), with the majority showing a positive slope. 3) A small minority of DCVs revealed a
relatively large step in mCherry fluorescence, in between the last and single last frame prior to
fusion. Their intensity, and hence their calculated z-distance at t = 0 s was significantly different
than the preceding 29 values (Table 1 and Figure 4.4D). Together, this shows that both stationary
and mobile vesicles fuse with the membrane upon stimulation and that almost 40 % of all DCVs
are mobile in the second prior to fusion.

Figure 4.5 DCV fusion in wild-type, Syt-1 and DOC2AB null mutant chromaffin cells A, Cumulative
frequency distribution (right axis) of all fusion events (WT: N=15 cells, n=49 vesicles; Syt-1 KO: N=18 cells, n=44
vesicles; DOC2AB KO: N=15 cells, n=44 vesicles) and a frequency distribution (left axis) specified per type of
vesicle (stationary, moving up, moving down, or step before fusion) of wild-type (top left panel), Syt1 KO
(bottom left panel), and DOC2AB KO (top right panel) cells. A cumulative frequency distribution (bottom right
panel), weighted for the summed footprint area of all analyzed cells (WT, 1276 µm2; Syt1 KO, 1387 µm2;
DOC2AB, 874 µm2), compares WT exocytosis with Syt1 KO and DOC2AB KO. Grey area indicates time of 60 mM
K+ superfusion. Inset: Average vesicle fusion per cell during experiment (0 – 60 s), weighted for footprint area
(Mann-Whitney tests, with FDR (6) correction, to test for significance against wild-type: n.s., p > 0.05. FDR
correction for 6 comparisons together with Figure 4.5B). Note: spontaneous fusion events were not >>>
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4.2.4 DCV DYNAMICS AND FUSION IN CHROMAFFIN CELLS WITH
ALTERED POOL DYNAMICS
Experiments combining flash photolysis of caged Ca2+ with patch-clamp measurements of
membrane capacitance have identified various vesicle pools with different fusion readiness
(Stevens et al., 2011). The almost instantaneous increase in cytosolic Ca2+ after photolysis triggers
an exocytotic burst followed by a sustained phase of exocytosis. The slower sustained phase may
be composed of vesicles that are unprimed and possibly undocked from the membrane. To test
this, we analyzed DCV fusion and pre-fusion dynamics after membrane depolarization with 60
mM K+ in WT chromaffin cells and cells that, in absence of Syt-1, only have a sustained phase of
DCV release (Voets et al., 2001), and in DOC2AB null mutant cells where release is shifted towards
the sustained phase (Pinheiro et al., 2013). We found that the total number of fusion events per
footprint area in Syt-1 and DOC2AB null mutant cells was similar to WT, but fusion in DOC2AB null
mutants appeared more synchronized with stimulation (Figure 4.5A). Indeed, DCV release onset
time was significantly faster when DOC2AB was absent (Table 4.1) and approximately 2 times
more fusion events occurred during membrane depolarization compared with WT and Syt-1 null
mutant cells (Figure 4.5B). Hence, release in DOC2AB null mutant cells was more synchronized
with membrane depolarization (Figure 4.5A and B).
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Table 4.1 Characterization of DCV dynamics and fusion
Vesicle behavior preceding fusion characterized for number of vesicles
observed, median time of fusion onset, and median displacement (slope
or step) for each genotype.

¶ No significant association between genotype and behavior (stationary
or moving) χ2 (2) = 3.682, p > 0.05.
† Fusion time of DOC2AB KO was significantly different from WT
according to Mann-Whitney U = 861.5, p < 0.05 (Bonferroni corrected)).
Fusion events where no vesicle could be detected before or after fusion
using mCherry fluorescence were excluded from mobility analysis.
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To test if release after refilling corresponds with release from a mobile pool we analyzed vesicle
mobility before fusion. The ratio of stationary and moving DCVs was not different between WT,
Syt-1 and DOC2AB KO chromaffin cells (Table 4.1; χ2 (2) = 0.754, p > 0.05). Also, the distribution of
fusion events from mobile and stationary vesicles was rather broad in all genotypes with no
specific correlation of vesicle movement to onset time of fusion (Figure 4.5A). These results
suggest that mobile DCVs support all phases of exocytosis triggered by 60 mM K+.

4.3 DISCUSSION
DCVs are actively transported to the cell membrane where they dock and prime before fusion
with the plasma membrane. Docking, priming and fusion mechanisms have been extensively
studied and a general understanding of the last steps of exocytosis has emerged (Alvarez and
Marengo, 2011; Mohrmann and Sorensen, 2012; Stevens et al., 2011). Likewise, active transport
towards the membrane is highly investigated (Park et al., 2009). However, what happens at the
interface of these two processes and the role of vesicle movement prior to exocytosis is
incompletely understood (Kogel et al., 2010). Here, we investigated the role of vesicle motion in
the last steps of exocytosis in WT chromaffin cells compared to null mutant chromaffin cells with
decreased secretion from docked vesicles, and null mutant chromaffin cells with increased refilling
of primed vesicles. We find that mobile vesicles support a large fraction of secretion in all
genotypes. This supports a model in which high-potassium triggered release requires vesicle
translocation to the membrane prior to fusion.

4.3.1 A MEMBRANE DISTAL VESICLE POOL IN CHROMAFFIN CELLS
LACKING BURST SECRETION
With TIRF imaging we found that in absence of Syt-1, secretory vesicles in living cells reside at
greater distance from the membrane (Figure 4.1E). This result complements findings from EM
preparations that show that Syt-1 is necessary to morphologically dock vesicles to the membrane
(de Wit et al., 2009) and supports the hypothesis that Syt-1 is a docking factor for DCVs in living
chromaffin cells.

In addition, we found that Syt-1 deficient chromaffin cells have more fluorescently labeled vesicles
at a distance from the membrane (Figure 4.1D) and more long retained vesicles (Figure 4.1F-I). The
increased DCV density appears to be largely resulting from the larger contribution of long-
retained vesicles. DCVs with long residency times may be docked to the membrane (Allersma et
al., 2004; Toonen et al., 2006) or tethered at some distance from the membrane. Because Syt-1
deficiency impairs vesicle docking it is likely that these long-retained vesicles are tethered to
structures at a distance from the membrane, which is in agreement with the increased separation
of long-retained vesicles in absence of Syt-1 (Figure 4.1L). However, in absence of Syt-1 most of
the brightest vesicles are highly stable (Figure 4.1M), even throughout stimulation. These vesicles
may be “dead-end” docked vesicles (Hugo et al., 2013) , which suggests that Syt-1 has a role in the
formation of productive SNARE complexes. The structures where long-retained vesicles may be
tethered to may be the cortical F-actin, which contains open cage-like structures that restrict
vesicle dynamics (Giner et al., 2007; Giner et al., 2005). Some synaptotagmin like proteins have
been associated with actin modulation (Pilot et al., 2006) or myosin based transport (Roux et al.,
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2009) and even Syt-1 may directly modulate actin dynamics (Johnsson and Karlsson, 2012).
However, we did not find an effect of K+-stimulation, which modulates the F-actin ring (Burgoyne
and Cheek, 1987; Cheek and Burgoyne, 1986), on the number of long-retained vesicles (Figure
4.1F and G).

We also found a smaller footprint in Syt-1 KO cells (Figure 4.1D). Cell morphology and total
number of vesicles were not grossly affected in EM preparations of Syt-1 KO chromaffin cells (de
Wit et al., 2009) and other secretion deficient chromaffin cells have normal footprint size (Toonen
et al., 2006). Hence, this appears to be a Syt-1 specific effect on footprint size that cannot be
explained by decreased release of DCVs. Syt-1 deletion may affect secretion of extracellular matrix
proteins or their receptors via exosomes or lysosomes (Février and Raposo, 2004; Martinez et al.,
2000), causing decreased cell adhesion to the substrate. Syt-1 deletion may also alter clustering of
PIP2 at the plasma membrane and affect actin polymerization (Johnsson and Karlsson, 2012).
However, both possibilities will require further testing.

The RRP in Syt-1 null mutants is almost absent, in line with a dramatically reduced number of
docked vesicles (de Wit et al., 2009; Voets et al., 2001). However, the SRP is mostly intact (Voets et
al., 2001). If indeed the SRP comprises undocked vesicles that require transport and priming prior
to fusion, the larger distant vesicle pool in Syt-1 null mutant cells has a lower vesicular release
probability than in WT cells. Hence, our data support a model in which Syt-1 controls the number
of docked DCVs at the plasma membrane and is rate-limiting for the final approach of DCVs from
the SRP towards the membrane.

4.3.2 A POOL OF VESICLES UNDERGOING MEMBRANE
TRANSLOCATION AND FAST FUSION SUPPORTS SUSTAINED
SECRETION
We found that almost 40% of vesicles displayed significant displacement in the 1 second before
fusion (Table 1). The majority of mobile vesicles we observed could be described by a linear
function, in line with directed vesicle motion near the membrane reported before (Duncan et al.,
2003; Karatekin et al., 2008; Oheim and Stuhmer, 2000; Steyer and Almers, 1999; Steyer et al.,
1997). The majority of mobile vesicles moved distances larger than the 12 to 24 nm length of a
partially-zippered trans-SNARE complex bridging a vesicle and target membrane (Sutton et al.,
1998) and larger than the 20 nm step towards the membrane observed for SNARE-complex-
tethered vesicles just before fusion (Karatekin et al., 2008). Hence, docking and priming had to
occur within fractions of a second prior to fusion. Electrophysiological measurements of
chromaffin cells suggest that priming can take up to 10 s (Xu et al., 1998) and typical dwell times
before fusion in human carcinoid cells are similar (Karatekin et al., 2008). However, insulin filled
vesicles fuse within 50 ms upon reaching the plasma membrane (Ohara-Imaizumi et al., 2007;
Ohara-Imaizumi et al., 2004) and Allersma et al. (Allersma et al., 2006) concluded that the
interaction of the vesicle with the t-SNAREs leading to fusion occurs within 100 ms of fusion.
Hence, docking and fusion can occur relatively fast. In conclusion, our findings are in line with the
notion that a mobile pool of vesicles supports a significant fraction of exocytosis triggered by K+
mediated membrane depolarization. The timescale of our measurements (1 sec) leaves sufficient
time for docking, priming and fusion of dynamic vesicles in chromaffin cells.
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Release upon a high K+ stimulation in absence of Syt-1 was similar to WT (Figure 4.5). This does
not seem to be in agreement with earlier findings using Ca2+ uncaging where deletion of Syt-1
strongly reduces the RRP (Voets et al., 2001). However, high K+ application causes a sustained,
relatively low elevation in intracellular Ca2+ compared to flash photolysis (O'Sullivan et al., 1989).
Simulations using a kinetic model for secretion of DCV in chromaffin cells, suggest that during
prolonged elevated Ca2+ the majority of exocytosis occurs via the SRP and deficits of the RRP may
not be visible (Sorensen, 2004). Our results show that high K+ application in majority probes
release from the SRP. Indeed, the SRP in Syt-1 null mutants is similar to wild-type (Voets et al.,
2001). In DOC2AB null mutants vesicle fusion was more synchronized with the high K+
stimulation, which is in line with earlier results in which deletion of DOC2A resulted in enhanced
refilling of the SRP (Pinheiro et al., 2013). Syt-1 null mutants and DOC2AB null mutants had similar
percentages of mobile vesicles as control. This supports the conclusion that high K+ stimulation
probes secretion via the SRP. Short depolarizations that produce short lasting [Ca2+] jumps may
probe mostly the RRP and would be a suitable paradigm to test if vesicles fusing from the RRP are
stationary vesicles (Sorensen, 2004). In conclusion, our results support a model where vesicles
from an unprimed pool at a distance from the membrane continuously exchange with releasable
vesicles at the membrane and prime within moments of arrival at the membrane.

4.4 EXPERIMENTAL PROCEDURES

4.4.1 CHROMAFFIN CELL CULTURE
Dissociated chromaffin cell cultures were obtained from the adrenal glands of E18 mice as
described previously (Toonen et al., 2006). In brief, isolated adrenal glands were placed in Locke’s
solution (containing in mM: NaCl: 154; KCl; 5.6; NaH2PO4; 0.85; Na2HPO4: 2.15; Glucose: 10; pH 7.4)
and cleared from connective tissue. Adrenals were incubated in enzyme solution (DMEM
containing 1 mM CaCl2, 0.5 mM EDTA, 0.1 mM L–Cysteine, 20-25 units/ml papain and 5 µg/ml
DNAse) for 45 minutes at 37˚ C. Inhibitor solution (20% FCS, albumin trypsin-inhibitor and 5 µg/ml
DNAse) was added to the enzyme solution and incubated for 10 minutes at 37° C. The adrenals
were triturated in enriched DMEM (DMEM containing 1% insulin-transferrin-selenium and 0.1%
Pen/Strep) containing 5 µg/ml DNAse. The cell suspension was centrifuged for 5 minutes at room
temperature and resuspended in pre-warmed enriched DMEM. Cells were plated on rat tail
collagen-coated coverslips at 50 µl/cover slip and placed for 30-60 minutes in the incubator (37°C
and 10% CO2) to allow cell attachment. Finally, 1 ml of enriched DMEM was added per coverslip.

4.4.2 LIVE CELL IMAGING: TOTAL INTERNAL REFLECTION
MICROSCOPY
Experiments for Figure 4.1 and 4.2 were performed on an inverted Zeiss microscope equipped
with a TIRF condenser (TILL Photonics) to view footprints of chromaffin cells under TIRF
illumination. Excitation light at 473 nm was provided by an argon laser (National Laser Company)
coupled into a single fiber-optic cable that was connected to the TIRF condenser. The laser was
focused into the back focal plane of a high-numerical-aperture lens (X100; numerical aperture =
1.46) designated for TIRFM imaging (Zeiss). The characteristic 1/e depth d for the evanescent field
was measured at ~120 nm (Toonen et al., 2006). The microscope was equipped with appropriate
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filter set for GFP imaging, and a 1.6x relay lens. Time-lapse live imaging was captured using a
Roper Scientific Cascade EMCCD camera controlled by MetaMorph software (Universal Imaging).

Experiments for Figure 4.3 to 4.5 were performed on a custom-built Tandem Illumination
Microscope (TIM, Olympus) equipped for dual color TIRF imaging. We used the inverted part for
guidance of a 488 nm solid-state laser, and a 561 nm solid-state laser (Olympus) where applicable,
through a 60× oil immersion TIRF objective (NA 1.49) to obtained TIRF illumination, with an
additional 1.6× magnification. The characteristic 1/e depth d for the evanescent field was
measured at 488 nm and adjusted at 561 nm to ~145 nm. We used an additional dual-color beam
splitter (Dual View, Optical Insights) before a Hamamatsu EM–CCD camera (Hamamatsu City,
Japan) to allow simultaneous imaging of mCherry and pHluorin where applicable. Time-lapse live
imaging was controlled by Excellence software (Olympus).

4.4.3 CONSTRUCTS AND TRANSFECTION
Chromaffin cells in primary culture were infected with Semliki Forest Virus infectious particles
(Ashery et al., 1999) encoding NPY-Venus (Nagai et al., 2002), NPY-pHluorin (Venus replaced with
pHluorin, (Miesenböck et al., 1998)), NPY-pHluorin-mCherry (mCherry (Shaner et al., 2004) fused in
frame to pHluorin) or NPY-mCherry-pHluorin. Experiments were performed 8–16 h after infection.

4.4.4 ANALYSIS
For quantification in Figure 4.1, TIFF images were loaded into IGOR Pro v5.0.5A to automatically
detect and track vesicles over time, and analyze movement and intensity by a home-written
macros (vesicle detection v1.81) (Friedrich et al., 2008). Occasionally, a single vesicle was
erroneously registered as multiple short traces, resulting in a slight overestimation of the number
of retained vesicles and underestimation of their residency time (Figure 4.1C). Footprint size was
measured by manually drawing a perimeter in IGOR Pro. Relative distance (Z) of a vesicle (vesi) to
the brightest vesicle in the cell were calculated according to

With Ibrightestthe background corrected mCherry intensity of brightest vesicle per chromaffin cell,
I(vesi) the background corrected intensity of a vesicle, and d the characteristic 1/e depth for the
evanescent field. The transformation of intensity to distance leads to a skewed representation of
relative vesicle position, because DCV brightness is also a function of vesicle diameter, dye
content, and cellular environment (Johns et al., 2001; Oheim and Stuhmer, 2000). Hence, the
observed distribution presents a general relative change in vesicle position. Hitrate and snapshot
residency times were calculated according to (Toonen et al., 2006).

For quantification in Figure 4.2 to 4.5 vesicle intensities were measured in ImageJ (NIH) by placing
a rectangular ROI around a vesicle (and besides the vesicle for background measure). Distance of a
vesicle, in each frame up to one second before fusion, relative to the membrane was calculated
according to

𝑍(𝑣𝑒𝑠𝑖) = −𝑑 ∗ ln(
𝐼(𝑣𝑒𝑠𝑖)

𝐼𝑏𝑟𝑖𝑔ℎ𝑡𝑒𝑠𝑡
) 

𝑍(𝑡𝑖) =  −𝑑 ∗ ln(
𝐼(𝑡𝑖)

𝐼0
) 
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With I0 the background corrected mCherry intensity of a vesicle one frame before fusion. Intensity
traces were corrected for background by subtracting the average background intensity over the 1
s before fusion. No significant change in mCherry fluorescence prior to fusion indicates that
vesicles had no significant change in axial distance prior to fusion (Oheim and Stuhmer, 2000); a
significant negative slope suggests that vesicles move towards the glass-water interface before
fusion (Karatekin et al., 2008), while a significant positive slope suggest that vesicles move away
from the glass-water interface; a significant step-like change suggest a sudden move towards or
away from the glass-water interface (Ohara-Imaizumi et al., 2004). Moment of fusion was
automatically detected in an intensity time series using custom written routines in MS Excel when
background corrected pHluorin intensity was, for 3 consecutive frames, above 2 x the standard
deviation of 50 previous frames. Cells were excluded from analysis when no fusion event was
detected. Vesicles were excluded from distance analysis when no mCherry fluorescence was
detected after background correction.

Differences between two groups were tested for significance using a Student’s t test for unpaired
data when data passed a normality test (Kolmogorov-Smirnov) and a Mann-Whitney (M-W) test
when not. For testing significant differences in amount of vesicles per group under different
conditions the Pearson’s chi-square test or Fisher’s Exact test was used. Distributions were tested
for significance using Kolmogorov-Smirnov two-sample test. P-values were adjusted using a False
Discovery Rate (FDR) correction (Benjamini and Hochberg, 1995) for number (#) of multiple
comparisons, in short FDR (#) corrections. Differences were regarded significant when p < 0.05.
Statistics were performed in SPSS (IBM). All data plotted as mean ± SEM (error bars or shaded area)
in arbitrary units.

REFERENCES
Allersma, M.W., M.A. Bittner, D. Axelrod, and R.W. Holz. 2006. Motion matters: secretory granule motion

adjacent to the plasma membrane and exocytosis. Mol Biol Cell. 17:2424-2438.
Allersma, M.W., L. Wang, D. Axelrod, and R.W. Holz. 2004. Visualization of regulated exocytosis with a granule-

membrane probe using total internal reflection microscopy. Mol Biol Cell. 15:4658-4668.
Alvarez, Y.D., and F.D. Marengo. 2011. The immediately releasable vesicle pool: highly coupled secretion in

chromaffin and other neuroendocrine cells. J Neurochem. 116:155-163.
Ashery, U., A. Betz, T. Xu, N. Brose, and J. Rettig. 1999. An efficient method for infection of adrenal chromaffin

cells using the Semliki Forest virus gene expression system. Eur J Cell Biol. 78:525-532.
Axelrod, D. 1981. Cell-substrate contacts illuminated by total internal reflection fluorescence. J Cell Biol.

89:141-145.
Becherer, U., and J. Rettig. 2006. Vesicle pools, docking, priming, and release. Cell Tissue Res. 326:393-407.
Benjamini, Y., and Y. Hochberg. 1995. Controlling the False Discovery Rate - a Practical and Powerful Approach

to Multiple Testing. J Roy Stat Soc B Met. 57:289-300.
Bier, M. 2003. Processive motor protein as an overdamped brownian stepper. Physical review letters.

91:148104.
Burgoyne, R.D., and T.R. Cheek. 1987. Reorganisation of peripheral actin filaments as a prelude to exocytosis.

Bioscience reports. 7:281-288.
Burke, N.V., W. Han, D. Li, K. Takimoto, S.C. Watkins, and E.S. Levitan. 1997. Neuronal peptide release is limited

by secretory granule mobility. Neuron. 19:1095-1102.
Chan, S.A., B. Doreian, and C. Smith. 2010. Dynamin and myosin regulate differential exocytosis from mouse

adrenal chromaffin cells. Cell Mol Neurobiol. 30:1351-1357.
Cheek, T.R., and R.D. Burgoyne. 1986. Nicotine-evoked disassembly of cortical actin filaments in adrenal

chromaffin cells. FEBS letters. 207:110-114.
de Wit, H., A. Walter, I. Milosevic, A. Gulyás-Kovács, D. Riedel, J. Sørensen, and M. Verhage. 2009.



128

Synaptotagmin-1 docks secretory vesicles to syntaxin-1/SNAP-25 acceptor complexes. Cell. 138:935-946.
Degtyar, V., M. Allersma, D. Axelrod, and R. Holz. 2007. Increased motion and travel, rather than stable docking,

characterize the last moments before secretory granule fusion. Proceedings of the National Academy of
Sciences of the United States of America. 104:15929-15934.

Duncan, R., J. Greaves, U. Wiegand, I. Matskevich, G. Bodammer, D. Apps, M. Shipston, and R. Chow. 2003.
Functional and spatial segregation of secretory vesicle pools according to vesicle age. Nature. 422:176-180.

Février, B., and G. Raposo. 2004. Exosomes: endosomal-derived vesicles shipping extracellular messages. Curr
Opin Cell Biol. 16:415-421.

Friedrich, R., A. Groffen, E. Connell, J. van Weering, O. Gutman, Y. Henis, B. Davletov, and U. Ashery. 2008. DOC2B
acts as a calcium switch and enhances vesicle fusion. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 28:6794-6806.

Giner, D., I. López, J. Villanueva, V. Torres, S. Viniegra, and L. Gutiérrez. 2007. Vesicle movements are governed by
the size and dynamics of F-actin cytoskeletal structures in bovine chromaffin cells. Neuroscience. 146:659-
669.

Giner, D., P. Neco, M. Francés, I. López, S. Viniegra, and L. Gutiérrez. 2005. Real-time dynamics of the F-actin
cytoskeleton during secretion from chromaffin cells. Journal of cell science. 118:2871-2880.

Han, W., Y.K. Ng, D. Axelrod, and E.S. Levitan. 1999. Neuropeptide release by efficient recruitment of diffusing
cytoplasmic secretory vesicles. Proc Natl Acad Sci U S A. 96:14577-14582.

Hill, D.B., M.J. Plaza, K. Bonin, and G. Holzwarth. 2004. Fast vesicle transport in PC12 neurites: velocities and
forces. Eur Biophys J. 33:623-632.

Hugo, S., E. Dembla, M. Halimani, U. Matti, J. Rettig, and U. Becherer. 2013. Deciphering Dead-End Docking of
Large Dense Core Vesicles in Bovine Chromaffin Cells. Journal of Neuroscience. 33.

Johns, L., E. Levitan, E. Shelden, R. Holz, and D. Axelrod. 2001. Restriction of secretory granule motion near the
plasma membrane of chromaffin cells. The Journal of cell biology. 153:177-190.

Johnsson, A.K., and R. Karlsson. 2012. Synaptotagmin 1 causes phosphatidyl inositol lipid-dependent actin
remodeling in cultured non-neuronal and neuronal cells. Exp Cell Res. 318:114-126.

Karatekin, E., V. Tran, S. Huet, I. Fanget, S. Cribier, and J.-P. Henry. 2008. A 20-nm step toward the cell membrane
preceding exocytosis may correspond to docking of tethered granules. Biophysical journal. 94:2891-2905.

Kogel, T., C.M. Bittins, R. Rudolf, and H.H. Gerdes. 2010. Versatile roles for myosin Va in dense core vesicle
biogenesis and function. Biochem Soc Trans. 38:199-204.

Kolomeisky, A.B., and M.E. Fisher. 2003. A simple kinetic model describes the processivity of myosin-v. Biophys
J. 84:1642-1650.

López, I., J. Ortiz, J. Villanueva, V. Torres, C. Torregrosa-Hetland, M. del Mar Francés, S. Viniegra, and L. Gutiérrez.
2009. Vesicle motion and fusion are altered in chromaffin cells with increased SNARE cluster dynamics.
Traffic (Copenhagen, Denmark). 10:172-185.

Martinez, I., S. Chakrabarti, T. Hellevik, J. Morehead, K. Fowler, and N.W. Andrews. 2000. Synaptotagmin VII
regulates Ca(2+)-dependent exocytosis of lysosomes in fibroblasts. J Cell Biol. 148:1141-1149.

Miesenböck, G., D. De Angelis, and J. Rothman. 1998. Visualizing secretion and synaptic transmission with pH-
sensitive green fluorescent proteins. Nature. 394:192-195.

Mohrmann, R., and J.B. Sorensen. 2012. SNARE requirements en route to exocytosis: from many to few. J Mol
Neurosci. 48:387-394.

Nagai, T., K. Ibata, E. Park, M. Kubota, K. Mikoshiba, and A. Miyawaki. 2002. A variant of yellow fluorescent
protein with fast and efficient maturation for cell-biological applications. Nature biotechnology. 20:87-90.

Nofal, S., U. Becherer, D. Hof, U. Matti, and J. Rettig. 2007. Primed vesicles can be distinguished from docked
vesicles by analyzing their mobility. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 27:1386-1395.

O'Sullivan, A.J., T.R. Cheek, R.B. Moreton, M.J. Berridge, and R.D. Burgoyne. 1989. Localization and
heterogeneity of agonist-induced changes in cytosolic calcium concentration in single bovine adrenal
chromaffin cells from video imaging of fura-2. EMBO J. 8:401-411.

Ohara-Imaizumi, M., T. Fujiwara, Y. Nakamichi, T. Okamura, Y. Akimoto, J. Kawai, S. Matsushima, H. Kawakami, T.
Watanabe, K. Akagawa, and S. Nagamatsu. 2007. Imaging analysis reveals mechanistic differences between
first- and second-phase insulin exocytosis. The Journal of cell biology. 177:695-705.

Ohara-Imaizumi, M., Y. Nakamichi, T. Tanaka, H. Ishida, and S. Nagamatsu. 2002. Imaging exocytosis of single
insulin secretory granules with evanescent wave microscopy: distinct behavior of granule motion in
biphasic insulin release. The Journal of biological chemistry. 277:3805-3808.

Ohara-Imaizumi, M., C. Nishiwaki, T. Kikuta, S. Nagai, Y. Nakamichi, and S. Nagamatsu. 2004. TIRF imaging of



129DCV dynamics and fusion in chroma�n cells

docking and fusion of single insulin granule motion in primary rat pancreatic beta-cells: different behaviour
of granule motion between normal and Goto-Kakizaki diabetic rat beta-cells. The Biochemical journal.
381:13-18.

Oheim, M., D. Loerke, W. Stühmer, and R. Chow. 1998a. The last few milliseconds in the life of a secretory
granule. Docking, dynamics and fusion visualized by total internal reflection fluorescence microscopy
(TIRFM). European biophysics journal : EBJ. 27:83-98.

Oheim, M., D. Loerke, W. Stuhmer, and R.H. Chow. 1998b. The last few milliseconds in the life of a secretory
granule. Docking, dynamics and fusion visualized by total internal reflection fluorescence microscopy
(TIRFM). Eur Biophys J. 27:83-98.

Oheim, M., and W. Stuhmer. 2000. Tracking chromaffin granules on their way through the actin cortex.
European biophysics journal : EBJ. 29:67-89.

Park, J., H. Koshimizu, and Y. Loh. 2009. Biogenesis and transport of secretory granules to release site in
neuroendocrine cells. Journal of molecular neuroscience : MN. 37:151-159.

Parsons, T., J. Coorssen, H. Horstmann, and W. Almers. 1995. Docked granules, the exocytic burst, and the need
for ATP hydrolysis in endocrine cells. Neuron. 15:1085-1096.

Perrais, D., I. Kleppe, J. Taraska, and W. Almers. 2004. Recapture after exocytosis causes differential retention of
protein in granules of bovine chromaffin cells. The Journal of physiology. 560:413-428.

Pilot, F., J.M. Philippe, C. Lemmers, and T. Lecuit. 2006. Spatial control of actin organization at adherens
junctions by a synaptotagmin-like protein Btsz. Nature. 442:580-584.

Pinheiro, P., H. de Wit, A. Walter, A. Groffen, M. Verhage, and J. Sørensen. 2013. Doc2b synchronizes secretion
from chromaffin cells by stimulating fast and inhibiting sustained release. The Journal of neuroscience : the
official journal of the Society for Neuroscience. 33:16459-16470.

Roux, I., S. Hosie, S.L. Johnson, A. Bahloul, N. Cayet, S. Nouaille, C.J. Kros, C. Petit, and S. Safieddine. 2009.
Myosin VI is required for the proper maturation and function of inner hair cell ribbon synapses. Hum Mol
Genet. 18:4615-4628.

Shaner, N.C., R.E. Campbell, P.A. Steinbach, B.N. Giepmans, A.E. Palmer, and R.Y. Tsien. 2004. Improved
monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein.
Nat Biotechnol. 22:1567-1572.

Sigworth, F.J., and S.M. Sine. 1987. Data transformations for improved display and fitting of single-channel
dwell time histograms. Biophys J. 52:1047-1054.

Sorensen, J.B. 2004. Formation, stabilisation and fusion of the readily releasable pool of secretory vesicles.
Pflügers Archiv : European journal of physiology. 448:347-362.

Stevens, D., C. Schirra, U. Becherer, and J. Rettig. 2011. Vesicle pools: lessons from adrenal chromaffin cells.
Frontiers in synaptic neuroscience. 3:2.

Steyer, J., and W. Almers. 1999. Tracking single secretory granules in live chromaffin cells by evanescent-field
fluorescence microscopy. Biophysical journal. 76:2262-2271.

Steyer, J., H. Horstmann, and W. Almers. 1997. Transport, docking and exocytosis of single secretory granules in
live chromaffin cells. Nature. 388:474-478.

Sutton, R., D. Fasshauer, R. Jahn, and A. Brunger. 1998. Crystal structure of a SNARE complex involved in
synaptic exocytosis at 2.4 A resolution. Nature. 395:347-353.

Toonen, R., O. Kochubey, H. de Wit, A. Gulyas-Kovacs, B. Konijnenburg, J. Sørensen, J. Klingauf, and M. Verhage.
2006. Dissecting docking and tethering of secretory vesicles at the target membrane. The EMBO journal.
25:3725-3737.

Trifaró, J.M., S. Gasman, and L. Gutiérrez. 2008. Cytoskeletal control of vesicle transport and exocytosis in
chromaffin cells. Acta physiologica (Oxford, England). 192:165-172.

Uhde, J., M. Keller, E. Sackmann, A. Parmeggiani, and E. Frey. 2004. Internal motility in stiffening actin-myosin
networks. Physical review letters. 93:268101.

Voets, T., T. Moser, P. Lund, R. Chow, M. Geppert, T. Südhof, and E. Neher. 2001. Intracellular calcium dependence
of large dense-core vesicle exocytosis in the absence of synaptotagmin I. Proceedings of the National
Academy of Sciences of the United States of America. 98:11680-11685.

Voets, T., E. Neher, and T. Moser. 1999. Mechanisms underlying phasic and sustained secretion in chromaffin
cells from mouse adrenal slices. Neuron. 23:607-615.

Walter, A.M., K. Wiederhold, D. Bruns, D. Fasshauer, and J.B. Sorensen. 2010. Synaptobrevin N-terminally bound
to syntaxin-SNAP-25 defines the primed vesicle state in regulated exocytosis. J Cell Biol. 188:401-413.

Xu, T., T. Binz, H. Niemann, and E. Neher. 1998. Multiple kinetic components of exocytosis distinguished by
neurotoxin sensitivity. Nat Neurosci. 1:192-200.



130

Yizhar, O., and U. Ashery. 2008. Modulating vesicle priming reveals that vesicle immobilization is necessary but
not sufficient for fusion-competence. PloS one. 3.

Zhang, E., R. Xue, J. Soo, and P. Chen. 2008. Effects of phorbol ester on vesicle dynamics as revealed by total
internal reflection fluorescence microscopy. Pflügers Archiv - European Journal of Physiology. 457:211-222.



131DCV dynamics and fusion in chroma�n cells



Role of FEZ1 in transport of
syntaxin-1 vesicles in developing

hippocampal neurons



Role of FEZ1 in transport of
syntaxin-1 vesicles in developing

hippocampal neurons



134

ABSTRACT
Syntaxin-1 is a trans-membrane protein essential for synaptic transmission. Recently, syntaxin-1
was found to interact with the kinesin-1 adaptor protein, FEZ1, in a phosphorylation-dependent
manner in C. elegans. To investigate the role of FEZ1 in transport of syntaxin-1 in mammals, we
expressed syntaxin-1-EFYP in developing hippocampal neurons and developed a novel method to
discriminate vesicular from plasma membrane bound syntaxin-1-EYFP in living cells. We show that
during development, neurons express syntaxin-1 at vesicles and at the plasma membrane.
Syntaxin-1 vesicles were found in dendrites and axons and primarily engaged in bidirectional
transport. Transport appeared to be independent of the phosphorylation status of FEZ1. This
suggests that phosphorylation of FEZ1 does not play an important role in transport of vesicular
syntaxin-1 in developing hippocampal neurons.

Tony Cijsouw, Matthijs Verhage & Ruud F. Toonen
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5.1 INTRODUCTION
A multi-subunit SNARE-protein complex and SM (Sec1/Munc18-like) proteins, controlled by a myriad
of other proteins, execute intracellular membrane fusion (Brunger, 2005; Jahn and Scheller, 2006).
The SNARE-protein complex responsible for Ca2+-triggered synaptic vesicle fusion and consequent
release of neurotransmitters into the synaptic cleft consists of vesicular SNARE protein
synaptobrevin-2/VAMP2 and target SNARE proteins SNAP25 and syntaxin-1 (Jahn and Fasshauer,
2012; Rizo and Südhof, 2012). Syntaxin-1A is abundantly expressed at the plasma membrane of most
neuron types of the brain (Inoue and Akagawa, 1993; Inoue et al., 1992) and may be functionally
redundant with its homologue syntaxin-1B (Fujiwara et al., 2006; Gerber et al., 2008). Syntaxin
proteolysis by botulinum neurotoxin type C1 inhibits neurotransmission (Blasi et al., 1993) and
catecholamine release (de Wit et al., 2006), suggesting an essential role in vesicle fusion. Disruption
of syntaxin-1 may be related to human neuropsychological alterations (Beasley et al., 2005; Brose,
2008; Feng et al., 2005; Meyer-Lindenberg et al., 2006; Nakamura et al., 2008; Nakayama et al., 1998;
Wong et al., 2004) and behavioral dysfunction related to impaired synaptic plasticity in mice
(Fujiwara et al., 2006; Fujiwara et al., 2010; Mishima et al., 2012). Hence, syntaxin-1 is required for
synaptic vesicle fusion and normal brain functions. However, the molecular mechanisms that control
transport of syntaxin-1 are largely unknown.

Syntaxin-1 is composed of an N-terminal α-helical domain (the Habc domain), and a C-terminal
SNARE motif and trans-membrane region. Before SNARE complex formation, syntaxin-1 is found in a
‘closed’ conformation, in which the Habc domain is bound to the SNARE domain, and only binds to
Munc18-1 (Dulubova et al., 1999; Misura et al., 2000). This syntaxin-1/Munc18-1 complex may
stabilize both proteins, prevent premature SNARE complex formation and/or support its transport to
the plasma membrane (McEwen and Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001; Verhage et
al., 2000; Voets et al., 2001; Zhou et al., 2013). Although Munc18-1 is not essential for syntaxin-1
targeting to the presynaptic terminal (Toonen et al., 2005). After arrival at the presynaptic terminal,
the syntaxin-1/Munc18-1 dimer may function as starting point for SNARE complex formation (Jahn
and Fasshauer, 2012; Ma et al., 2012; Rizo and Südhof, 2012).

The type II trans-membrane protein syntaxin-1 is inserted into the endoplasmic reticulum after
translation on free ribosomes (Burri and Lithgow, 2004) and transported through the Golgi
apparatus towards the plasma membrane. Munc18-1 may bind syntaxin-1 directly after translation
allowing undisturbed trafficking of syntaxin-1 through the Golgi and to the plasma membrane (Liu
et al., 2004; McEwen and Kaplan, 2008; Medine et al., 2007; Rowe et al., 2001; Rowe et al., 1999). In
mature neurons syntaxin-1 is mainly transported through the axon via lateral diffusion (Mitchell and
Ryan, 2004; Ribrault et al., 2011). In developing hippocampal neurons, syntaxin-1 is transported on
vesicles via binding to kinesin adaptor protein syntabulin (Su et al., 2004), which interacts with motor
protein kinesin family member 5 (KIF5). In a recent study it was found that syntaxin-1 is present in
Munc18-1/FEZ1/kinesin transport complexes from rat brain and co-localizes in puncta with FEZ1 in
growth cones of developing hippocampal neurons, suggesting that FEZ1 is a second adaptor
protein for syntaxin-1 transport in vertebrates (Chua et al., 2012). In addition, binding of FEZ1 to
kinesin-1 and Munc18-1 is regulated by phosphorylation of FEZ1, with a conserved site (serine 58)
essential for binding. Expression of a phosphorylation-deficient mutant FEZ1 is unable to restore
axonal transport of syntaxin-1 in Fez-1 deficient neurons in C. elegans, suggesting that FEZ1
phosphorylation is required for syntaxin-1 transport in C. elegans (Chua et al., 2012). However, it is
unknown if phosphorylation of FEZ1 serine 58 plays a role in developing hippocampal neurons.
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Here, we studied the transport of syntaxin-1 in developing hippocampal neurons and the role of
FEZ1 S58 phosphorylation in this process. We expressed syntaxin-1-EYFP in dissociated
hippocampal cultures and devised a novel method that simultaneously quenches plasma
membrane syntaxin-1-EFYP and de-quenches vesicular syntaxin-1-EYFP to visualize and track
syntaxin-1-EFYP vesicles. We show that syntaxin-1-EFYP is expressed in developing neurons at the
membrane of axons and dendrites and acidic transport vesicles within these neurites. In addition,
we found that these vesicles also transport synaptophysin-mCherry. Syntaxin-1-EFYP vesicles are
mobile and in majority display bidirectional transport. However, syntaxin-1-EFYP transport was
unchanged after expression of phosphorylation-deficient mutant FEZ1. This suggests that
phosphorylation of FEZ1 on serine 58 does not play a major role in transport of syntaxin-1 in
hippocampal neurons.

5.2 RESULTS

5.2.1 A NOVEL METHOD FOR VISUALIZATION OF SYNTAXIN-1-EYFP
ON ACIDIC VESICLES
Syntaxin-1 is a type 2 trans-membrane protein expressed throughout the neuron (Garcia et al.,
1995). Type 2 trans-membrane proteins have one membrane-spanning domain with their
carboxyl (C) terminus located in the vesicle lumen or cell exterior and their amino (N) terminus on
the cytoplasmic side. (Figure 5.1A, inset). We fused fluorescent enhanced YFP (EYFP) to the c-
terminus of syntaxin-1 and expressed the fusion protein in cultured hippocampal neurons to
visualize syntaxin-1 transport. Syntaxin-1-EYFP expressed at the plasma membrane is fluorescent,
while syntaxin-1-EYFP on vesicles with an acidic lumen is not (Figure 5.1A, control
application)(Mitchell and Ryan, 2004) due to the quenching of EFYP by protons (Jayaraman et al.,
2000). Visualization of vesicular syntaxin-1-EYFP requires the quenching of plasma membrane
expressed syntaxin-1-EYFP and de-quenching of vesicular syntaxin-1-EYFP. Fluorescent proteins
exposed to the extracellular milieu can be quenched by cell impermeable bromophenol blue
(BPB) (Harata et al., 2006), while fluorescent proteins exposed to an acidic milieu can be de-
quenched by cell permeable ammonia (NH3) in the form of dissolved NH4Cl (pH 7.4) thereby
neutralizing the pH of the vesicular lumen (Miesenböck et al., 1998). We combined both methods
(Figure 5.1A, BPB/ NH4Cl application) to simultaneously decrease fluorescence from plasma
membrane syntaxin-1-EYFP with BPB (Figure 5.1A, blue gradient) and increase fluorescence from
vesicular syntaxin-1-EYFP with NH3(Figure 1A). In an imaging experiment, we first applied BPB to
ensure complete quenching of plasma membrane syntaxin-1-EYFP before applying BPB/ NH4Cl to
visualize syntaxin-1-EYFP on vesicles (Figure 5.1B). Indeed, syntaxin-1-EYFP (Stx-YFP) expressed in
cultured hippocampal neurons showed fluorescence throughout the neuronal processes (Figure
5.1C, 6 s), which was quenched by BPB (Figure 5.1C, 20 s). Fluorescence from vesicles appeared
(Figure 5.1C, arrowheads) upon pH neutralization by addition of NH4Cl (pH 7.4) (Figure 5.1C, 24 s).
Vesicles were stationary or moved through the neuronal process (Figure 5.1C, compare closed
with open arrowhead at 24 s, 38 s and 60 s). A kymograph analysis showed that multiple vesicles
appeared after BPB/ NH4Cl (pH 7.4) application and moved with different speeds through the
neuronal process. Hence, the local application of bromophenol blue/NH4Cl (pH 7.4) is a novel
method to visualize syntaxin-1-EYFP transport vesicles.
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5.2.2 SYNTAXIN-1-EYFP IS EXPRESSED ON PLASMA MEMBRANE AND
VESICLES OF DEVELOPING NEURONS
Fluorescent syntaxin-1 displays lateral diffusion in the plasma membrane of mature hippocampal
neurons in culture (Mitchell and Ryan, 2004; Ribrault et al., 2011)(Chapter 3 this thesis), and is
transported on vesicles of ventral nerve cords in C. elegans (Chua et al., 2012) and cultured
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Figure 5.1 A novel method for visualization of syntaxin-1-EYFP transport vesicles A, Cartoon explaining
how to visualize Syntaxin-1-EYFP (Stx-YFP) vesicles amidst plasma membrane expressed Stx-YFP. Syntaxin-1 c-
terminus is located at the extracellular side of the plasma membrane (or in the lumen of vesicles) and the n-
terminus at the cytoplasmic side (inset). C-terminal tagged EYFP of vesicular Stx (arrowhead) is quenched by
protonation and c-terminal tagged EYFP of plasma membrane bound Stx (arrow) is the main source of
fluorescence (Mitchell and Ryan, 2004). Hydrophilic bromophenol blue (BPB, blue gradient) is cell
impermeable and quenches plasma membrane bound Stx-YFP. Cell permeable NH3, from NH4Cl (pH 7.4),
neutralizes pH in vesicular lumen and increases fluorescence of vesicular Stx-YFP. Therefore, the main source of
fluorescence during bromophenol blue/NH4Cl (pH 7.4) application is from neutralized intracellular
compartments expressing Stx-YFP. B, Application protocol to visualize Stx-YFP: grey bar indicates control
application (cntrl, Tyrodes solution), blue bar indicates BPB application and blue bar with white dashes
indicates BPB/NH4Cl (pH 7.4) application. Imaging at 0.5 Hz. C, Example of Stx-YFP transport vesicles
visualization. Stx-YFP in a neuronal process shows high overall expression during control application (6 s). With
BPB superfusion (20 s) the majority of fluorescence decreases indicating that Stx-YFP is plasma membrane
expressed. Upon additional NH4Cl (pH 7.4) fluorescent puncta appear (24 s, arrowheads) indicating
neutralized vesicles expressing Stx-YFP. Vesicles can be seen moving through the neuronal process (38 and 60
s, open arrowhead). Colored bars besides panels indicate type of application (according to B). D, Kymograph
analysis from neuronal process in C shows Stx-YFP vesicle traces. Column besides kymograph indicates
application. Stx-YFP, syntaxin-1-EYFP; BPB, bromophenol blue; cntrl, control.
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hippocampal neurons (Su et al., 2004). Stx-YFP expressed in developing hippocampal neurons in
culture at 5 and 6 days in-vitro (DIV) was located in the perinuclear region, likely the Golgi
apparatus, and throughout the neuron (Figure 5.2A). Fluorescence was most prominent at edges
of neuronal processes (Figure 5.2A, arrows bottom panel) indicating expression of syntaxin-1-EYFP
at the plasma membrane. Indeed, BPB/ NH4Cl (pH 7.4) reduced overall fluorescence (Figure 5.2A,
top panel) and specifically at the edges of neuronal processes (Figure 5.2, compare arrows in A and
B). Additionally, BPB/ NH4Cl (pH 7.4) visualized vesicles (Figure 5.2B, arrowheads) within the same
neuronal processes (Figure 5.2C). Together, these results show that syntaxin-1-EYFP is expressed
on the plasma membrane and acidic vesicles of developing hippocampal neurons in culture.

5.2.3 VESICULAR SYNTAXIN-1-EYFP CO-LOCALIZES WITH
SYNAPTOPHYSIN-MCHERRY AT AXONS AND DENDRITES
Syntaxin-1 vesicles co-transport active zone (AZ) constituents to new synapses in developing
hippocampal neurons (Cai et al., 2007) and are located at growth cones of axons (Chua et al.,
2012). To understand the targeting of syntaxin-1-EYFP, we examined the morphology of
developing neurons in culture. Developing neurons in culture are characterized by one extended
and several short processes representing the axon and dendrites, respectively (Dotti et al., 1988).
Stx-YFP puncta (Figure 5.3A, arrowheads) were found both in axons and in dendrites. Stx-YFP
fluorescence was higher in the axon than in dendrites (Figure 5.3A, line scan inset), suggesting
that Stx-YFP is specifically targeted to or retained at the axonal membrane. To understand the
identity of syntaxin-1 vesicles in developing hippocampal neurons we co-expressed the synaptic
vesicle protein synaptophysin-mCherry with syntaxin-1-EYFP. Synaptophysin-mCherry puncta
(Figure 5.3B, arrowheads) were located in both the axon and the dendrites, confirming previous
results (Cameron et al., 1991). The majority of syntaxin-1-EYFP and synaptophysin-mCherry puncta
co-localized in axon and dendrites (Figure 5.3C, arrowheads). Together, these suggest that
syntaxin-1-EYFP is localized on synaptic precursor vesicles together with synaptophysin-mCherry
in dendrites and axons.

5.2.4 A METHOD FOR TRACKING VESICLES IN TIME LAPSE IMAGING
Next, we analyzed vesicle movement over time in living neurons. Neurons that expressed
syntaxin-1-EYFP at 5 and 6 DIV (Figure 5.3A) were incubated with BPB/ NH4Cl (pH 7.4) for two
minutes (as in Figure 5.1B) to visualize syntaxin-1-EYFP vesicles (Figure 5.4B, arrowheads).
Coordinates, with sub-pixel resolution, of manually selected vesicles were determined in each
frame and recorded automatically using MTrackJ (Meijering et al., 2012). A colored line through
the coordinates of previous frames created a trace depicting movement of the vesicle through the
neuronal processes (Figure 5.4C). These coordinates were used to calculate the distance moved
per time interval (Figure 5.4D), vesicle velocity, total distance moved, and distance moved per
moving period. Directionality (anterograde or retrograde) was determined by calculating the
relative displacement towards a marker placed in the image closest to the soma (Figure 5.4C, *). A
moving vesicle was defined by a minimum displacement of 150 nm (Figure 5.4D, white dashed
line) in two consecutive frames/time intervals. Vesicles that left behind a trace after tracking were
also well above this threshold (Figure 5.4C and D, example 4) and vesicles that did not (Figure 5.4C
and D, example 3 and 5) remained almost always below this threshold. We used this method to
investigate the role of FEZ1 phosphorylation in the transport of syntaxin-1 vesicles in developing
hippocampal neurons in culture.



139Syntaxin-1 transport in developing hippocampal neurons

5.2.5 MAJORITY OF SYNTAXIN-1 VESICLES ARE MOBILE AND
DISPLAY DIRECTIONAL MOVEMENT
FEZ1 is a kinesin-1 family member KIF5C adaptor protein involved in the transport of synaptic
vesicles (Toda et al., 2008), mitochondria (Fujita et al., 2007) and syntaxin-1/Munc18 transport
complexes (Chua et al., 2012). FEZ1 links syntaxin-1a and Munc18 to the motor protein kinesin and
binds Munc18 in a phosphorylation-dependent manner, which may mediate loading/unloading of
syntaxin trafficking vesicles to KIF5C in C. elegans (Chua et al., 2012). A phosphorylation-deficient
mutant of FEZ1, FEZ1 S58A, aggravates syntaxin clustering in a UNC-76 (FEZ1 ortholog) mutant C.
elegans (Chua et al., 2012). Here, we investigated the role of FEZ1 phosphorylation in the transport
of syntaxin-1 vesicles in developing hippocampal neurons in culture. For this, we transfected
syntaxin-1-EYFP and N-terminal V5-epitope tagged FEZ1 wild-type (WT) or FEZ1 S58A (Figure 5.5E)
at 4 and 5 DIV and analyzed syntaxin-1-EYFP vesicle transport 24 hours later in all neurites and in the
axon using 2-minute time lapse imaging in combination with BPB/NH4Cl (pH 7.4) application. The
majority of vesicles (81 %) in S58A expressing neurons were classified as moving vesicles, similar to
vesicles in FEZ1 WT (76 %) (Figure 5.5A, left panel). Also in axons, vesicles showed similar mobility
(Figure 5.5A, right panel). The majority of moving vesicles switched directionality at least once

Stx-YFP +BPB/NH
4
Cl
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A B C

Figure 5.2 Developing hippocampal neurons express syntaxin-1-YFP on plasma membrane and vesicles
Developing hippocampal neuron in culture expressing syntaxin-1-EYFP before (A) and during bromophenol
blue/NH4Cl application (B) and shown as composite in (C). A, Syntaxin-1-EYFP (Stx-YFP) expressed in a
developing hippocampal neuron in culture results in global fluorescence throughout neuron (top panel). A
magnification (bottom panel) of a neuronal process (white rectangle in top panel) shows global fluorescence
with enrichment at the plasma membranes (arrows). Scale bar top panel 10 µm, bottom and middle panel 5
µm. B, Superfusion of Bromophenol blue (BPB) and NH4Cl (pH 7.4) results in punctate fluorescence in soma
and neuronal processes. Magnification shows vesicular Stx-YFP (arrowheads) in neuronal processes during
BPB/ NH4Cl (pH 7.4) application. Note that membrane fluorescence has decreased (arrows). C, Composite of
plasma membrane Stx-YFP (from A, red) and vesicular Stx-YFP (from B, green). Stx-YFP, syntaxin-1-EYFP; BPB,
bromophenol blue.
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(Figure 5.5B), which in dendrites would not require switching to dynein motors (Baas et al., 1988).
The majority of axonal vesicles also displayed bidirectional transport, suggesting that these vesicles
switched between kinesin and dynein driven transport (Figure 5.5B, right panel). Interestingly, no
vesicles were found to move in anterograde direction in FEZ1 S58A neurons (Figure 5.5B). However,
we did not find a significantly altered distribution in transport directions after FEZ1 S58A (Figure
5.5B), likely due to the small number of anterograde moving vesicles in control. Hence, FEZ1 S58A
overexpression does not inhibit retrograde and bi-directional transport of syntaxin-1-EYFP vesicles.
The lack of vesicles moving in the anterograde direction is striking but requires further
investigation with larger cell numbers. Next, we analyzed vesicle velocity. Bidirectional vesicles
moved with average 151 ± 12 nm/s in FEZ1 S58A expressing neurons, which was similar to average
134 ± 6 nm/s in FEZ1 WT expressing neurons (Figure 5.5C). Surprisingly, anterograde vesicles,
moving at ~500 nm/s, were significantly faster than bidirectional vesicles (Figure 5.5C). However,
we did not find a difference between FEZ1 WT and S58A neurons. The average distance moved of a
vesicle (not accounting for direction) per moving period was also unchanged, vesicles in FEZ1 WT
neurons traveled on average 1853 +/- 626 nm per moving period (Figure 5.5D). Similar results were
found in axons. Together, this shows that expression of a putative dominant-negative FEZ1 does
not lead to a complete block of syntaxin-1 transport in developing hippocampal neurons.

5.2.6 BIDIRECTIONAL VESICLES DISPLAY SIMILAR MOVEMENT IN
BOTH DIRECTIONS
Kinesins in vertebrates move towards the plus end of a microtubule which would direct them in
anterograde direction in axons and in a bidirectional direction in dendrites of 7 DIV cultured neurons
(Baas et al., 1989). Dyneins move in opposite direction of kinesins (Goldstein and Yang, 2000). This
suggests that syntaxin-1 vesicles that display bidirectional transport in axons are sequentially
transported by kinesins and dyneins (Koushika et al., 2004). Therefore, we analyzed the anterograde
and retrograde component of bidirectional transport to investigate if the anterograde direction was
inhibited by FEZ1 S58A expression. Retrograde velocity of all vesicles in FEZ1 S58A expressing
neurons was indistinguishable from vesicles in FEZ1 WT expressing neurons. Anterograde velocity of
all vesicles in FEZ1 S58A expressing neurons was also unaltered (Figure 5.6A, left panel). Microtubule
plus ends in dendrites are orientated to both the proximal and distal part of the dendrite in a ratio of
~50 %. Therefore we focused on the axons, where plus ends are all orientated towards the distal
part. As expected, retrograde velocity of axonal vesicles was unchanged by FEZ1 S58A expression as
dyneins are assumed to be responsible for retrograde transport. However, anterograde velocity was
also unchanged in axonal vesicles (Figure 5.6A, right panel). Additionally, the distance moved and
time spent moving per vesicle (all or axonal) was not different between neurons expressing WT or
mutant FEZ1 (Figure 5.6B and C). Together, these results suggest that phosphorylation of serine 58
of FEZ1 is not essential for bidirectional transport of syntaxin-1-EYFP in axons.

5.3 DISCUSSION
In this study we investigated the role of fasciculation and elongation protein-ζ1 (FEZ1) in the
transport of syntaxin-1 in developing hippocampal neurons. We developed a novel method to
simultaneously quench plasma membrane syntaxin-1-EYFP and neutralize vesicular pH to reveal
vesicular syntaxin-1-EYFP. Syntaxin-1-EYFP vesicles were present in dendrites and axons and co-
localized with synaptophysin-mCherry. Our study focused on the effect of phosphorylation of FEZ1
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Figure 5.3 Vesicular syntaxin-1-EYFP colocalizes with synaptophysin-mCherry in dendrites and axons
Developing hippocampal neuron in culture expressing syntaxin-1-EYFP before (A) and during bromophenol
blue/NH4Cl application (B), co-expressing synaptophysin-mCherry (C) shown as composite in (D). A, Syntaxin-
1-EYFP (Stx-YFP) fluorescence in soma (*), dendrites and the axon. Note that fluorescence in soma is highest in
perinuclear region, and that fluorescence in axon is higher than in dendrites (see line scan of vertical line; a,
axons; unmarked peaks, dendrites). Rectangles indicate zoomed regions of dendrites and axon in middle and
bottom panel, respectively. Scale bar top panel 10 µm, bottom and middle panel 5 µm. B, Stx-YFP fluorescence
during bromophenol blue (BPB) and NH4Cl (pH 7.4) application is punctate throughout the neuron. Stx-YFP
vesicles (arrowheads) are located in dendrites (middle panel) and the axon (bottom panel). C, Synaptophysin-
mCherry fluorescence is punctate throughout the neuron. Synaptophysin-mCherry vesicles (arrowheads) are
located in dendrites (middle panel) and the axon (bottom panel). D, Synaptophysin-mCherry (red) generally
colocalizes with Stx-YFP (green) in vesicles in dendrites (middle panel) and the axon (bottom panel). Plasma
membrane Stx-YFP (magenta) is located throughout the neuron.

on transport of syntaxin-1-EYFP vesicles, since a phosphorylation-deficient mutant FEZ1 expressed
in FEZ1 deficient C. elegans aggravated syntaxin transport defects. Phosphorylation-deficient
mutant FEZ1, FEZ1 S58A, expressed in cultured hippocampal neurons decreased neither the number
of mobile vesicles, nor the average velocity of mobile vesicles. Vesicles that changed direction during
the course of imaging moved with similar speed and reached similar distances in both directions,
irrespective of the phosphorylation status of FEZ1. Thus, we were able to distinguish vesicular
syntaxin-1 from plasma membrane syntaxin-1 and analyze speed and direction of vesicular syntaxin-
1. However, FEZ1 S58A over-expression did not alter the trafficking characteristics of syntaxin-1
vesicles, indicating that FEZ1 S58A does not act as a dominant negative on transport of syntaxin-1.

To test if phosphorylation of FEZ1 in rodents is essential, future experiments should express FEZ1
WT and FEZ1 S58A on fez1 null mutant background.
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5.3.1 SYNTAXIN-1 IS EXPRESSED ON VESICLES AND THE PLASMA
MEMBRANE OF DEVELOPING NEURONS
Expression of syntaxin-1-EYFP resulted in global fluorescence throughout the neurons.
Application of a hydrophilic quencher, bromophenol blue, with NH4Cl (pH 7.4) resulted in
decrease of the overall fluorescence and appearance of fluorescent puncta, indicating that
syntaxin-1-EYFP was expressed at the plasma membrane and on acidic vesicles in developing
neurons. Previous studies in mature neuronal cultures showed that fluorescent syntaxin-1 is
expressed at the plasma membrane (Mitchell and Ryan, 2004; Ribrault et al., 2011). In C. elegans, a
fluorescently tagged syntaxin ortholog, GFP-UNC-64, showed expression throughout the ventral
cords of wild-type worms and a punctate pattern in FEZ1 mutant worms (Chua et al., 2012). Other
studies in developing neuronal cultures showed that fluorescent syntaxin-1 moved in puncta
positive for Bassoon along microtubules of neuronal processes (Su et al., 2004). This suggests that
after the delivery of vesicles at target sites, possibly growth cones (Chua et al., 2012) or newly
formed synapses (Cai et al., 2007), syntaxin-1 is inserted in the plasma membrane where it can
diffuse laterally to other parts of the neuronal process (Mitchell and Ryan, 2004; Ribrault et al.,
2011). Depending on the developmental state of the neuron the amount of plasma membrane
syntaxin-1 might vary. Syntaxin-1 was enriched in axons, in line with previous results (Garcia et al.,
1995; Mitchell and Ryan, 2004; Ribrault et al., 2011) suggesting a specific targeting of syntaxin-1
positive vesicles to axons or retention of plasma membrane syntaxin-1 at the axon after insertion.
We did not find evidence of a specific targeting of vesicles to axons (Figure 5.3). Indeed, many
axonal membrane proteins are initially transported to membranes of axons and dendrites, and
become enriched in axons after specific endocytosis at dendritic membranes (Garrido et al., 2001;
Sampo et al., 2003; Wisco et al., 2003). Additionally, membrane proteins may be specifically
retained at the axon via a diffusion barrier at the axon hillock (Winckler et al., 1999). Together, our
results indicate that early in development syntaxin-1 can be found at transport vesicles and the
plasma membrane, which suggests that active vesicular transport of syntaxin-1 and passive lateral
diffusion of syntaxin-1 along the plasma membrane can occur at the same time during
development.

5.3.2 SYNTAXIN-1 IS TRANSPORTED ON SYNAPTIC VESICLE
PRECURSORS
Syntaxin-1-EYFP vesicles were located in dendrites and axons of developing neurons.
Synaptophysin is an integral synaptic vesicle (SV) protein (Evans and Cousin, 2005; Valtorta et al.,
2004), and is found in axons and dendrites in developing neurons (Cameron et al., 1991) and in
synapses of mature neurons (Jahn et al., 1985). Synaptophysin is transported together with
synaptotagmin and Rab3A on synaptic vesicle precursors by kinesin family member KIF1A.
However, these vesicles from rat spinal nerves did not contain syntaxin-1a (Okada et al., 1995).
Surprisingly, the majority of syntaxin-1-EYFP vesicles co-localized with synaptophysin-mCherry
(Figure 5.3). Syntaxin-1 is transported via other kinesin family members, KIF5B and KIF5C (Chua et
al., 2012; Su et al., 2004), than synaptophysin. Syntaxin-1 is generally believed to be transported
on piccolo-bassoon transport vesicles (PTVs) that transport active zone components to new
synapses (Shapira et al., 2003; Zhai et al., 2001), while synaptophysin is transported on synaptic
protein transport vesicles (STVs) (Nakata et al., 1998; Smith et al., 2000). However, syntaxin-1 or
synaptophysin may be transported by more than one kinesin family member: mitochondria are
transported by at least two different family members, KIF1B and KIF5 (Hirokawa et al., 2010;
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Figure 5.4 Analysis of vesicle transport A, Syntaxin-1-EYFP (Stx-YFP) expressed in a developing hippocampal
neuron in culture results in global fluorescence throughout a distal neuronal process. B, A magnification of the
rectangle area in A during Tyrode’s application (cntrl) and during bromophenolblue (BPB)/ NH4Cl (pH 7.4)
application. Several puncta (arrowheads) appear after BPB/ NH4Cl application. C, Coordinates of a punctum are
extracted in MTrackJ by determining the intensity-weighted mean position of a 9x9 pixel ROI placed over the
punctum in each frame. Example images show initial detection at t = 0 s of six puncta and further tracking at
several time points (tracking t = 36 s, 80 s, 112 s). Note that tracks of moving puncta are depicted by a colored
line. D, The coordinates of a punctum in two sequential time points is used to calculate the distance traveled
per time point (distance to previous point). From this parameter other parameters are derived (velocity,
distanced moved). A moving punctum is defined by at least two sequential time points with more than 150
nm movement per point (example 1, 4, 5, 6). A moving period is defined by at least two sequential time points
with more than 150 nm movement per point in between time points with less than 150 nm movement.
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Hirokawa et al., 2009). Our results suggest that syntaxin-1 and synaptophysin are transported
together on synaptic vesicle precursors in developing hippocampal cultures. Alternatively,
syntaxin-1 and synaptophysin could be expressed on separate vesicles that are transported
together in clusters (Bury and Sabo, 2011). In a future study, immunohistochemistry may
corroborate the hypothesis that endogenous syntaxin-1 and synaptophysin are transported
together.

5.3.3 SYNTAXIN-1 VESICLES ARE TRANSPORTED BIDIRECTIONALLY
OVER SHORT DISTANCES
The majority of syntaxin-1 vesicles were mobile and moved in both anterograde and retrograde
direction during 2 minutes of imaging. Average speeds for bidirectional vesicle transport were
relatively slow compared with axonal transport (Vallee and Bloom, 1991) although such speeds
have been reported before (Bury and Sabo, 2011). Bidirectional vesicles likely have plus-end and
minus-end oriented motors simultaneously attached and these opposing motors either alternate
in activity or engage in a so-called tug-of-war (Franker and Hoogenraad, 2013; Welte, 2004), where
kinesins would pull the vesicles towards the plus-end of the microtubules and dyneins towards
the minus-end. This tug-of-war of motors can move vesicles into one direction if one motor
prevails, although we observed that most bidirectional vesicles remained within 1 µm of their
original position. A minority (≤ 10 %) moved unidirectionally, either in anterograde or retrograde
direction. We did not find anterograde moving vesicles in FEZ1 S58A expressing neurons: this
might suggest an effect of FEZ1 S58A on anterograde transport. However, the distribution of
directions we observed was not significantly changed in FEZ1 S58A expressing neurons due to the
low number of anterograde vesicles. Anterograde vesicles were significantly faster than
bidirectional vesicles. This suggests that bidirectional vesicles undergo pulling forces from
kinesins and dyneins simultaneously, in line with a tug-of-war, resulting in a reduced net velocity.
Alternatively, vesicle traces typically show an acceleration period leading up to a top speed,
followed by deceleration period (Figure 5.4D); bidirectional vesicles switch direction and therefore
have more acceleration/deceleration periods resulting in slower average speeds. Together, the
majority of syntaxin-1 vesicles are transported over short distances without a preference for
direction. This result supports a model where syntaxin-1 is transported into neurites up to certain
distances, not necessarily to the distal end, and later is inserted into the membrane. Whether the
insertion sites are new synapses remains to be tested.

Figure 5.5 Role of FEZ1 on syntaxin-1-EFYP vesicle trafficking in developing hippocampal cultures A,
After FEZ1 wild-type (WT) overexpression, 76% of all syntaxin-1-EFYP vesicles (left panel) were mobile at one
or more points during the time lapse recordings, compared with 81% after FEZ1 S58A overexpression. 79% of
axonal syntaxin-1-EYFP vesicles (right panel) were mobile in FEZ1 WT and S58A expressing neurons. B, Six
percent of all mobile vesicles (left panel) moved in anterograde direction (Antero), 2% moved in retrograde
direction (Retro) and 92% displayed bidirectional movement after FEZ1 WT overexpression, compared with 0%
anterograde, 7% retrograde, and 93% bidirectional movement after FEZ1 S58A overexpression (difference
between FEZ1 WT and S58A in number of vesicles per category, Fisher’s exact test: n.s., p>0.05). Seven percent
of all mobile axonal vesicles (right panel) moved in anterograde direction (Antero), 4% moved in retrograde
direction (Retro) and 89% displayed bidirectional movement after FEZ1 WT overexpression, compared with 0%
anterograde, 10% retrograde, and 90% bidirectional movement after FEZ1 S58A overexpression (difference
between FEZ1 WT and S58A in number of vesicles per category, Fisher’s exact test: n.s., p>0.05). >>>
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>>> C, Anterograde vesicles (Antero) moved with 493 ± 138 nm/s (axonal: 507 ± 164 nm/s), retrograde vesicles
(Retro) with 232 ± 75 nm/s (axonal: 232 ± 75 nm/s), and bidirectional vesicles (Bidirect) with 134 ± 6 nm/s
(axonal: 146 ± 8 nm/s) in FEZ1 WT neurons. In FEZ1 S58A neurons, retrograde vesicles moved with 295 ± 98
nm/s (axonal: 295 ± 98 nm/s) and bidirectional vesicles with 151 ± 12 nm/s (axonal: 163 ± 17 nm/s). Note that
no anterograde vesicles were found in FEZ1 S58A neurons. (FEZ1 WT vs S58A per direction, Mann-Whitney:
non-significant (n.s.), p>0.05. Velocity in 3 directions compared in FEZ1 WT, Kruskal-Wallis: n.s., p>0.05; ***,
p<0.001). D, Average distance trafficked in moving periods. Moving periods were defined as being in between
two non-moving/static periods. Vesicles in FEZ1 WT neurons trafficked on average 1407 ± 219 nm (axonal:
1743 ± 317 nm) and 1853 ± 626 nm (axonal: 2238 ± 845 nm) in FEZ1 S58A neurons. Data plotted as means ±
SEM (error bars); n.s., non-significant. E, Western blot analysis of protein expression of V5-tagged FEZ1 WT,
FEZ1 S58A and mock transfection in HEK cells detected with V5 antibody.
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5.3.4 PHOSPHORYLATION OF SERINE 58 OF FEZ1 IS FUNCTIONALLY
REDUNDANT IN DEVELOPING NEURONS
Syntaxin is transported via adaptor protein syntabulin in rodents and adaptor protein FEZ1 in
nematodes (Chua et al., 2012; Su et al., 2004). FEZ1 co-localizes with syntaxin-1 on tubulin tracts of
growth cones of developing rat neurons, which suggests that FEZ1 also acts as an adaptor protein
for syntaxin-1 transport in rodents. To test this hypothesis we made use of a mutant FEZ1, FEZ1
S58A, which cannot be phosphorylated on serine 58. This mutant aggravates syntaxin-1 vesicle
clustering in C. elegans when expressed on null mutant background (Chua et al., 2012). Because,
FEZ1 binds syntaxin-1 independent of phosphorylation, but FEZ1 S58A is unable to bind to
kinesin-1 and Munc18, FEZ1 S58A may act as a dominant negative mutant of FEZ1. However, we
found that expression of FEZ1 S58A in wildtype neurons neither decreased the number of moving
vesicles nor decreased the velocity of vesicles in the whole neuron and the axon. Additionally, we
analyzed anterograde and retrograde components of bidirectional transport, but found that FEZ1
S58A did not have an effect on anterograde transport. Thus, phosphorylation of serine 58 of FEZ1
may not have similar functions in worms and rodents. However, the FEZ1 region responsible for
Munc18 binding is evolutionary conserved (Assmann et al., 2006), human FEZ1 (S58A) is
functional in worms and the S58A mutation prevents binding to human Munc18 domain 3 (Chua
et al., 2012), indicating that phosphorylation of S58 is functionally important in mammals. In
contrast to C. elegans, in humans and rodents FEZ1 has a homologue, FEZ2. Human and rat FEZ2
have 50% and 48% sequence identity with human and rat FEZ1, respectively. Additionally, FEZ2
has similar functionality in PC12 cells, and is expressed ubiquitously, including the hippocampus,
and abundantly throughout the mouse embryonic stages (Toshitsugu et al., 2004). Moreover,
human FEZ2 interacts with the same proteins as FEZ1 in a yeast two-hybrid system (Alborghetti et
al., 2011) and FEZ1 knock-out mice do not exhibit obvious abnormal brain architecture (Sakae et
al., 2008). Ubiquitously expressed FEZ2 may compensate for the lack of neuronal FEZ1. However,
when FEZ1 S58A is expressed in a normal FEZ1 and FEZ2 background it should still bind syntaxin-
1 without being able to bind KIF5C, thereby hijacking syntaxin-1 from transport complexes, unless
FEZ1 S58A is not expressed to sufficient amounts to effectively block all the syntaxin-1 on a
vesicle. A second adaptor protein, syntabulin, interacts with syntaxin-1A, via its carboxyl coiled-
coil domain, and mediates the transport of syntaxin-1 to neuronal processes via the kinesin family
member 5B (KIF5B) (Su et al., 2004). It is unknown to what domain of syntaxin-1 FEZ1 binds.
Syntabulin may bind to a different region on syntaxin-1 without being hampered by FEZ1 S58A.
Moreover, depletion of syntabulin impairs the proper distribution and trafficking of syntaxin-1 in
rat hippocampal culture, suggesting an essential role for syntabulin in syntaxin-1 trafficking. Our
results support that hypothesis.

5.4 EXPERIMENTAL PROCEDURES

5.4.1 NEURONAL CELL CULTURE AND TRANSFECTION
Dissociated hippocampal cultures were obtained from E18 wild-type mice as described previously
(Meijer et al., 2012). In brief, hippocampi were dissected in HEPES buffered HBBS (Invitrogen) and
digested with 0.25 % trypsin (Invitrogen) at 37° C for 20 min. After washing and trituration, cells
were plated at a density of 25,000 cells/well for low-density cultures on top of a pre-grown rat glia
feeder layer on 18 mm coverslips. Cultures were kept in Neurobasal medium (containing 2 % B27,
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Figure 5.6 Comparison of anterograde and retrograde component of bidirectional vesicles A, In FEZ1 WT
and FEZ1 S58A neurons bidirectional vesicles moved in anterograde direction with 126 ± 5 nm/s and 138 ± 12
nm/s (axonal: 133 ± 7 nm/s and 150 ± 17 nm/s), respectively, and in retrograde direction with 132 ± 6 nm/s
141 ± 8 nm/s (axonal: 143 ± 9 nm/s and 148 ± 11 nm/s), respectively (FEZ1 WT vs S58A per direction, Mann-
Whitney: non-significant (n.s.), p>0.05.). B, In FEZ1 WT and FEZ1 S58A neurons bidirectional vesicles moved in
anterograde direction a total of 1604 ± 245 nm and 3107 ± 1287 nm (1739 ± 352 nm and 3772 ± 1788 nm),
respectively, and in retrograde direction a total of 2197 ± 293 nm and 2451 ± 458 nm (2734 ± 436 nm and
2270 ± 433 nm), respectively (FEZ1 WT vs S58A per direction, Mann-Whitney: non-significant (n.s.), p>0.05). C,
In FEZ1 WT and FEZ1 S58A neurons bidirectional vesicles moved in anterograde direction a total of 11 ± 1 s
and 14 ± 2 s (axonal: 11 ± 1 s and 14 ± 3 s), respectively, and in retrograde direction a total of 14 ± 1 s and 15 ±
2 s (axonal: 15 ± 2 s and 13 ± 2 s), respectively. (FEZ1 WT vs S58A per direction, Mann-Whitney: non-significant
(n.s.), p>0.05.). Data plotted as means ± SEM (error bars).

18 mM HEPES, 0.5 mM GlutaMAX, and penicillin/streptomycin; all obtained from Invitrogen), and
half the medium was replaced once every week in low-density cultures.

For imaging experiments on wild-type neurons, syntaxin-1-EYFP, FEZ1WT and FEZ1-S58A were
transfected using calcium phosphate precipitate at 6-10 DIV as described previously (Köhrmann et
al., 1999).
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5.4.2 CONSTRUCTS
Syntaxin-1-EYFP has been described before (Toonen et al., 2005) and is full length rat Syntaxin1a
in pEYFP-N1 (CMV promoter, Clontech). Synaptophysin-mCherry (P38-mCherry, pcDNA3.1) was a
kind gift from A. Jeromin (Allen Brain Institute, Seattle, WA), mCherry inserted at AA184
(intravesicular loop, same place as pHluorin in SyPhy)(Granseth et al., 2006). FEZ1 WT and FEZ1
S58A have been described before (Chua et al., 2012) and are full length human FEZ1 (wild-type or
mutated) in pcDNA3.1-nV5-DEST (Invitrogen).

5.4.3 LIVE IMAGING
All live cell imaging experiments were conducted on a custom-built Tandem Illumination
Microscope (TIM, Olympus) consisting of an inverted imaging microscope (IX81) and an upright
laser scanning microscope. The inverted microscope part was used for imaging fluorescence,
using an MT20 light source (Olympus), appropriate filter sets (Semrock) and a 60x oil objective (NA
1.49) with or without a 1.6x additional magnification, on a Hamamatsu EM-CCD camera (C9100-02;
Hamamatsu City, Japan). Xcellence RT imaging software (Olympus) was used for controlling the
microscope and recording the images. Coverslips with neurons were placed in an imaging
chamber and perfused with imaging solution (Tyrode’s: 2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2
mM MgCl2, 20 mM glucose, and 25 mM Hepes, pH 7.4).

Bromophenol Blue/NH4Cl (pH 7.4) application. Bromophenol Blue (BPB) was dissolved to a final
concentration of 0.25 mM into standard Tyrode’s solution or Tyrode’s solution to neutralize
vesicular pH (where 50 mM NaCl was replaced by 50 mM NH4Cl, pH 7.4). BPB solutions were let to
dissolve properly for 1 hour followed by filtration through a 0.2 µm filter to remove undissolved
particles. BPB solutions were applied locally using a barrel pipette for 2 minutes followed by
washing with standard Tyrode’s.

5.4.4 IMAGE ANALYSIS
Image stacks from time-lapse recordings were loaded into ImageJ (NIH, USA) and vesicles that
appeared after BPB/NH4Cl application were manually tracked using the MTrackJ plugin
(www.imagescience.org/meijering/software/mtrackJ)(Meijering et al., 2012). Generated files
containing vesicle coordinates were further analyzed using custom written programs in Matlab
(MathWorks) to extract shown parameters.

5.4.5 STATISTICS
Differences between two groups were tested for significance using a Student’s t test for unpaired
data when data passed a normality test (Kolmogorov-Smirnov) and a Mann-Whitney (M-W) test
when not. Differences between more than two groups were tested for significance using a
Kruskal-Wallis (K-W) test, and pairwise comparisons using M-W tests were used where applicable.
P-values were adjusted using a False Discovery Rate (FDR) correction (Benjamini and Hochberg,
1995) for number (#) of multiple comparisons, in short FDR (#) corrections. For testing significant
differences in amount of vesicles per group the Fisher’s exact test was used. Differences were
regarded significant when p < 0.05. Statistics were performed in SPSS (IBM). All data plotted as
mean ± SEM (error bars or shaded area).
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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
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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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DYNAMIEK VAN EIWITTEN EN BLAASJES IN
GEREGULEERDE SECRETIE
Van een simpele beweging tot een geniale gedachte, onze hersenen doen het snel en vaak zonder
dat we ons er van bewust van zijn. De hersenen van de mens zijn wellicht het meest complex van
alle dieren. Hoe de hersenen precies werken begrijpen we nog niet goed. De hersenen bestaan uit
een ingewikkeld netwerk van biljoenen zenuwcellen. In dit netwerk ontvangen, verwerken en
verzenden zenuwcellen elektrische signalen van en naar elkaar.

Cellen zijn in essentie zakjes water omgeven door een membraan van vetten. Deze ‘zakjes’ zijn
gevuld met o.a. organellen zoals de celkern (waarin het DNA ligt), mitochondria (voor energie
productie) en transport- en communicatieblaasjes. In het water van de cel bewegen vele eiwitten
en moleculen. Waar DNA het instructieboek is voor de opbouw van eiwitten, zijn de eiwitten zelf
de daadwerkelijke uitvoerders. Eiwitten zijn minuscule machines en essentieel voor praktisch alle
functies in de cel. En daarmee vormen ze de basis van elk organisme. Het ontdekken van deze
eiwit functies en hoe deze functies gereguleerd worden door een samenspel met andere eiwitten
en moleculen vormt een belangrijk aspect van de moderne biologie.

Zenuwcellen zijn er in allerlei soorten en maten, maar globaal gezien heeft een zenuwcel de
volgende structuren: meerdere dendrieten, een soma, een axon en vele synapsen (zie Figuur 1.1).
De dendrieten functioneren als een antenne. Dendrieten kunnen door hun uitgebreide
'boomstructuur' van vele zenuwcellen signalen ontvangen. Tevens integreren de dendrieten deze
signalen en sturen via het soma een nieuw signaal het axon in. Het axon stuurt het elektrische
signaal door naar de dendrieten van naburige zenuwcellen. Een synaps fungeert hierbij als
schakeling tussen het axon en een dendriet. Een elektrisch signaal van cel A gaat via het axon naar
een synaps, wordt daar tijdelijk omgezet in een chemisch signaal, en gaat als elektrisch signaal
weer verder in de dendrieten van cel B. Om deze structuren op te bouwen, te onderhouden en te
laten functioneren is een complex en dynamisch systeem van eiwit- en celorganellentransport
aanwezig. In dit proefschrift beschrijf ik nieuw onderzoek naar deze dynamische transport
systemen.

In de synaps vindt dus de omzetting van elektrisch naar chemisch naar elektrisch signaal plaats.
Dit gebeurt via de uitscheiding—secretie—en detectie van chemische signaalstoffen. Een synaps
bestaat uit twee losse delen (de pre- en postsynaps, met tussenin een spleet) die stevig aan elkaar
verankerd zitten. Cel A scheidt aan de presynaps signaalstoffen uit en cel B detecteert deze aan de
postsynaps zijde (zie figuur 1.1). De presynaps bevat blaasjes gevuld met signaalstoffen
(neurotransmitters). In gereguleerde secretie liggen enkele van deze blaasjes strak tegen het cel
membraan aan (zijn gedokt), wachtend op het elektrisch signaal (actie potentiaal) om te kunnen
fuseren (samensmelten) met het celmembraan. Hierbij worden de signaalstoffen uitgescheiden.
Een van de eiwitten essentieel bij het dokken en fuseren van de blaasjes met het celmembraan is
Munc18-1. Een deel van dit proefschrift bevat belangrijke nieuwe bevindingen betreffende
Munc18-1 (zie onder).

De kans dat een presynaps na een elektrisch signaal signaalstoffen uitscheidt is variabel en
afhankelijk van het type cel (dus niet altijd fuseert een blaasje na een stimulus). Bij zenuwcellen
van het gehoor of het oog ligt deze kans rond de 100%. Bij zenuwcellen verantwoordelijk voor
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cognitieve processen is deze kans gemiddeld veel lager. Maar deze kans op secretie—de sterkte
van een synaps—is sterk gereguleerd. Deze regulatie is zelfs de basis van verwerking en opslag
van informatie in de hersenen. Met andere woorden, de regulatie van de sterkte van de synaps is
belangrijk voor geheugenvorming en leerprocessen. Een van de nieuwe bevindingen in dit
proefschrift duidt er sterk op dat Munc18-1 de sterkte van individuele synapsen reguleert—de
dynamiek van Munc18-1 is daarbij essentieel.

Een belangrijke techniek om de functie en locatie van een specifiek eiwit (zoals Munc18-1) te
bepalen is door ze te labellen aan Groen Fluorescente Eiwitten (GFP). Deze GFP eiwitten, en
varianten daarvan zoals Venus, kunnen gebruikt worden om andere eiwitten te visualiseren in een
anders doorzichtige cel. Additionele technieken, zoals FRAP (Fluoresence Recovery after
Photobleaching) en TIRF (Total Internal Reflection Fluorescence), maken het mogelijk om de
dynamiek van deze fluorescente eiwitten te bepalen. Deze technieken zijn essentieel geweest
voor een groot deel van het onderzoek beschreven in dit proefschrift.

Met behulp van FRAP meet je de bewegelijkheid van een fluorescent gelabeld eiwit in de cel. Een
krachtige laser bleekt lokaal, b.v. in de synaps, alle kopieën van een fluorescent gelabeld eiwit.
Daarna observeer je hoe snel en tot welk niveau de fluorescentie terugkeert. Fluorescentie keert
terug doordat ongebleekte, fluorescente eiwitten de synaps weer binnenkomen. Alsof je in een
stad van alle auto's de koplampen kapot maakt en van bovenaf observeert hoe het licht er weer
terugkeert. Dit doordat nieuwe auto's komen en auto's met kapotte lampen weggaan. Dit zegt je
iets over de mobiliteit van auto’s in en rond de stad. Met behulp van TIRF observeer je alleen
fluorescente eiwitten die zich dicht bij het celmembraan bevinden. Men kan daarmee bepalen
wat de relatieve afstand en snelheid van fluorescent gelabelde blaasjes is tot het celmembraan.

Dit proefschrift bevat een algemeen inleidend hoofdstuk (1), 4 experimentele hoofdstukken (2
t/m 5) die verschillende aspecten van eiwit en blaasjes dynamiek beschrijven, en een hoofdstuk
met algemene discussie (6).

Hoofdstuk 2 presenteert een nieuw muismodel voor de bestudering van Munc18-1. Deze muizen
zijn genetisch zo aangepast dat ze een fluorescent Munc18-1 ( Munc18-1-Venus) tot expressie
brengen. In dit hoofdstuk karakteriseren we deze muizen. We laten zien dat zowel de ontwikkeling
als de communicatie van gekweekte zenuwcellen uit de hippocampus van Munc18-1-Venus
muizen normaal is. Dit toont aan dat het eiwit Munc18-1-Venus volledig functioneel is. De
hippocampale zenuwcellen van deze muizen vormen dus een uitstekend modelsysteem voor het
bestuderen van de functie van Munc18-1. Ook laten we zien dat de expressie van een specifieke
variant van Munc18-1 zeer gereduceerd is in de hersenstam van Munc18-1-Venus muizen. Het feit
dat deze muizen niet ouder worden dan 3 weken oud suggereert dat deze variant belangrijk is
voor vitale functies geregeld vanuit de hersenstam. Ook ontdekten we zien dat deze variant
mogelijk de voornaamste Munc18-1 variant is in de Calyx of Held, een veelvuldig gebruikte model
synaps. Deze muizen zijn dus geschikt voor de bestudering van Munc18-1 en het variant eiwit.

In hoofdstuk 3 gebruiken we Munc18-1-Venus muis om de dynamiek van Munc18-1 in axonen en
synapsen van gekweekte hippocampale zenuwcellen te bestuderen. We beantwoorden hier drie
vragen betreffende de dynamiek en transport van Munc18-1. 1) We vragen hoe Munc18-1 door
axonen richting synapsen getransporteerd wordt. We gebruiken FRAP om aan te tonen dat
Munc18-1 in volgroeide zenuwcellen op een andere manier getransporteerd wordt dan in
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ontwikkelende zenuwcellen. Het passieve transport in volgroeide zenuwcellen is vooral
afhankelijk van een ander eiwit, syntaxin-1, dat langst het celmembraan diffundeert. 2) We
onderzoeken hoe Munc18-1 tussen axon en synaps uitwisselt. We vinden dat Munc18-1 relatief
snel uitwisselt tussen het axon en de synaps, hoogstwaarschijnlijk via diffusie. Tezamen
suggereert dit dat diffusie voldoende is om kleine componenten van de cel uit te wisselen tussen
naburige synapsen. 3) Ten slotte laten we zien dat tijdens secretie Munc18-1 in de synaps
mobieler wordt en zich verspreidt in het axon. Naderhand hergroepeert Munc18-1 zich weer in
synapsen. De mate van hergroepering correleert met een verandering in sterkte van de synaps.
We laten zien dat dit mechanisme, tot onze verbazing, onafhankelijk is van syntaxin-1. Wel is de
hergroepering afhankelijk van de fosforylering (toevoeging van een fosfaatgroep) van Munc18-1
door het kinase eiwit PKC. We beschrijven dus in dit hoofdstuk dat de hoeveelheid Munc18-1 in de
synaps dynamisch is en gereguleerd wordt door PKC om de sterkte van de synaps naar behoefte
aan te passen.

Hoofdstuk 4 beschrijft de dynamiek van blaasjes voordat deze fuseren met het celmembraan en
signaalstoffen uitscheiden. Hiervoor gebruiken we een belangrijk model systeem voor de
bestudering van gereguleerde secretie: chromaffiene cellen uit de bijnier van muizen. De
dynamiek van deze blaasjes kan belangrijk zijn om een voortdurende secretie van signaalstoffen
te ondersteunen. Wanneer gedokte blaasjes fuseren met het celmembraan moeten nieuwe
blaasjes dokken met het celmembraan. Het is onduidelijk of blaasje die gaan dokken al aan het
membraan liggen. Het kan ook zijn dat zulke blaasjes eerst getransporteerd moeten worden
richting het celmembraan en dus mobiel zijn. Met behulp van TIRF en fluorescente signaalstoffen
hebben we bepaald wanneer en met welke snelheid blaasjes (die gaan fuseren) richting het
celmembraan bewegen. Ook hebben we de dynamiek van zulke blaasjes gekarakteriseerd in
chromaffiene cellen die of geen gedokt blaasjes hebben of een incomplete aanvulling hebben.
We vinden dat mobiele blaasjes een significant deel van de secretie ondersteunen. Mobiele
blaasjes vertonen rechtlijnige beweging richting het celmembraan wat er op duidt dat deze
blaasjes actief getransporteerd worden. Dit suggereert dat er, naast een groep van gedokte
blaasjes, een tweede groep van dynamische blaasjes is die gereguleerde secretie ondersteunt.

In hoofdstuk 5 beschrijven we het transport van syntaxin-1 in ontwikkelende zenuwcellen.
Syntaxin-1 wordt mogelijk via transportblaasjes getransporteerd. Hierbij functioneert syntaxin-1
mogelijk als 'anker' eiwit dat motor eiwitten verbindt met transport blaasjes. Anderzijds is het
mogelijk dat syntaxin-1 via diffusie in het membraan getransporteerd wordt, zoals we vonden in
hoofdstuk 3 voor volgroeide neuronen. We presenteren een nieuwe methode om syntaxin-1
specifiek op blaasjes te detecteren. Hiermee hebben we sterke aanwijzingen kunnen verkrijgen
die er op wijzen dat beide transport mechanismen tegelijkertijd plaatsvinden in ontwikkelende
neuronen. Deze nieuwe methode creëert de mogelijkheid om de functie van syntaxin-1 als ‘anker’
eiwit verder te onderzoeken.

Met de resultaten uit dit proefschrift hebben we meer inzicht verkregen in enkele basale
mechanismen die onderliggen aan de werking van de hersenen. De dynamiek van eiwitten en
blaasjes blijken hierbij een belangrijke rol te spelen.
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Hier is ie dan eindelijk: ‘Het Boekje’. Klaar. Af. Maar niet voordat ik een aantal personen bedank
voor hun essentiele of minder essentiele bijdragen. Dit boekje, mijn proefschrift, begon op een
vrijdag met een in alle haast en allerlaatste moment (het moet een voorbode geweest zijn)
geplande sollicitatie bij Dr. Ruud Toonen en Prof. Matthijs Verhage. Allereerst, Ruud en Matthijs
bedankt voor het vertrouwen dat jullie destijds in mij gesteld hebben. Ruud, je gaf me alle vrijheid
om met experimenten te komen en mijn eigen weg in het lab en rond de microscopen te vinden.
Ook je geduld om op het allerlaatste moment (lees: laat in de avond) nog een presentatie of een
in-te-sturen abstract na te lopen heb ik zeer gewaardeerd. Matthijs, je kennis van de literatuur, je
wetenschappelijk inzicht en je gave om de vinger op de zere plek te leggen zijn
bewonderingswaardig. Mijn onderzoek zou niet in JCB terecht gekomen zijn zonder. Mijn dank
ook voor het bij elkaar brengen van een bijzondere groep mensen. In en buiten het lab vormen zij
een stimulerende en fijne omgeving die wetenschap bedrijven zeer ten goede komen.

Een onmisbaar, maar soms over het hoofd gezien onderdeel van deze groep zijn de analisten en
ander ondersteunend personeel. Robbie, als een diesellocomotief trek je de hele FGA zowel
wetenschappelijk als sociaal ogenschijnlijk onvermoeibaar voort. Ik durf wel te stellen dat zonder
jou menig publicatie niet mogelijk zou zijn geweest en de FGA direct tot een stilstand zou komen.
Ook voor mij heb je vele vectoren gekloond waarbij je altijd mee dacht om tot de beste optie te
komen. Neem je je skates een keer mee naar Boston? Joost, ook jouw werk is onmisbaar en zonder
jou zou de ‘A-kelder’ een grote genetische janboel zijn. Desiree, menig hersencellen hebben jouw
handen gepasseerd en jouw drive om de beste kweek mogelijk te krijgen is de basis van al het
onderzoek. Joke, ik ga de ‘vrijdagmiddag experimentjes’ er in houden; wie weet komt er ooit die
grote doorbraak van. Frank, houd het enthousiasme om wat nieuws te leren en mee te denken
vast. Ingrid, dank voor alle blotjes; het heeft me wat chocolade mogen kosten maar het resultaat
mag er zijn. Bastijn, bedankt voor alle programeer tips. Rien, laat je niet al te veel foppen door
bovengenoemden. Verder allen bedankt voor jullie fantastische inzet in ‘De Stelling’, tijdens
borrels, kerstdiners en alle andere gelegenheden waarbij de tafels het moesten ontgelden.

Dan de muizenvanger van Amsterdam. Chris, jij wist vaak al welke muizen we nodig hadden
voordat wij, PhD studenten, zelf eens bedacht hadden wat voor experimenten we wilden gaan
doen. Ook je gave om elk (onmogelijk) wensenlijstje binnen een aantal tellen om te zetten naar
een succesvol fokplan zal ik later vaak gaan missen (doe ik nu al). Soms had ik het idee dat je
iedere muis in de kelder bij naam en toenaam kon benoemen. Nooit was een verzoek je te veel en
liep je net dat stukje extra om een experiment mogelijk te maken. Ik kan alleen citeren: "Bedankt
en we zullen het nooit nooit vergeten". Ook al je collega’s bedankt voor hun hulp.

Els, vaak was je heel druk met het reilen en zeilen van de FGA en organisaties daar buiten, maar
altijd had je de tijd om me even te helpen met administratieve rompslomp. Je oprechte
belangstelling en je spaarzame bulderende lach zullen me bij blijven. Tina en Britta, ook jullie
bedankt voor al jullie hulp. Britta, suikerpoeder zal nooit meer hetzelfde zijn.

Jurjen, waar zou ik geweest zijn zonder ‘Microscope Man’. Ontelbare verzoeken tot hulp,
waaronder velen van mij, en geen enkele keer een zucht of een steun van jouw kant. Altijd
onvermoeibaar stond je op uit je stoel om weer een technisch, IT of ander probleem te gaan
oplossen. Hoe jij de tijd hebt kunnen vinden om je eigen proefschrift af te maken is voor mij een
raadsel. De TIM 1 en 2 microscopen (Timmie!!) zouden slechts dure stofvangers zijn zonder jouw
technische hulp.
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In die jaren hebben heel wat kamergenoten mijn vele uren achter het computerscherm kleur
gegeven. Bertrand en Tatiana, jullie waren toch wel een beetje voorbeeld wetenschapper voor mij.
Greg, crazy French guy, so many beers we enjoyed at De Stelling, thank you for all the fun. Hope to
see you on the other side (of the Atlantic). Jens, we had our clashed, we had our fun. Thanks for all
your advice and keep your fire for a good argument going. Rocio, many good times partying we
had as well, you have been a great friend. Koen, bedankt voor de rondleiding op het Radboud.
Julia, het was erg gezellig zo met de ruggen tegen elkaar, een knuffel van mij.

Alle andere collega’s van de FGA en omstreken bedankt voor een zeer fijne tijd. Emmeke bedankt
voor al je statistiek adviezen; ik zal je ‘statistische gospel’ vanuit hier verder verspreiden. Enqi, so
many great meals we shared at the VU, thanks for keeping me company in too many late evenings.
Cillian, van de beren in Waterville Resort tot de nachtclubs bij Rome, het was altijd wat bijzonders
met jou erbij. Esther, een lunchje hier en een fietstochtje daar, dank voor alle gezelligheid. Dames
uit het ‘Kippenhok’, dank voor alle zoetigheid en gezelligheid. Marghe, sorry for giving you a hard
time handing over ‘my’ precious TIM (thanks for not painting it pink). Thanks for all the great fun,
especially during skating. Hans bedankt voor alle hulp. Adrian, as we say in Dutch: gedeelde smart
maakt halve smart; thanks for your friendship. MIjn INF collega’s en de MCNers, ook jullie bedankt
voor een goede tijd in en buiten het lab. Tim, Rene en Jantine, ‘mijn’ studenten: dank voor alle
wijze lessen die het begeleiden van jullie me gegeven hebben. Succes in jullie verdere
(wetenschappelijke) carrières.

Przemek en Marcel, ik ben blij dat we nu eindelijk de cirkel (of is het een driehoek) der paranimfen
kunnen vervolmaken. Mooie tijden hebben we gekend op het AMC, in de Eppstein Bar en daarna
gewoon in Amsterdam. Laten we dat voortzetten. Tijana, thanks for your support, friendship and
great company during many beers and movies. Ook alle andere AMCers, jullie hebben mijn tijd in
Amsterdam bijzonder gemaakt. Neef Hans, dank voor mijn eigen stulpje bij de Nieuwmarkt.
Jessica, Karin, Ruud, Matthijs, Lidwien en Dennis, ik ben blij dat ik wat activiteit in de Moleculaire
weekendjes heb mogen brengen. De ‘Jonge Goden van weleer’, zonder julder onvoorwaardelijke
begrip, steun en nachten je neige volgiete oak ’t nooit kunne redde.

Heel veel dank aan mijn moeder voor het vertrouwen dat het wel goed zou komen en er gewoon
voor me zijn. Papa, in mijn gedachten ben je er altijd bij geweest.

And last but not least. Katrin, Liebling, I’m very happy that our scientific paths crossed and merged
into something so much more. You have been a great support in the last (and difficult) years of my
PhD. I’m looking very much forward to our shared adventure in Boston and beyond.




