CHAPTER 1
General introduction

development of the brain
In order to form a fully functional brain, several developmental steps are required
to achieve the complex and intricate network of interconnected neurons and the
supporting astrocytes. Neurons and astrocytes are derived from the ectoderm, a group
of pluripotent stem cells that develop into both the central and the peripheral nervous
system. During embryonic development, the ectoderm forms a tube-like structure,
the neural tube. The rostral and medial part of the neural tube will develop into the
spinal cord and the peripheral nerves. At the caudal side, three vesicles arise: the
prosencephalon, mesencephalon and the rhombencephalon. These vesicles will develop
into the cerebral cortex, the midbrain and the cerebellum and brain stem, respectively.
Cells in the prosencephalon will rapidly divide and differentiate into neurons and glia.
After differentiation, the newly formed neurons begin to migrate in order to form the
different nuclei of the brain (Gilbert, 2010). In the cerebral cortex of mammals, neurons
form a layered structure in an inside-out fashion (Guillemot et al., 2006; Rakic, 1971).
This was discovered when mutations were found in two genes, LIS–1(Reiner et al.,
1993) and doublecortin (des Portes et al., 1998; Gleeson et al., 1998), both resulting
in abnormal morphology of the layers in the cortex. During embryonic development,
stem cells will differentiate and migrate to their final position in the brain. When they
have arrived in their proper location, they are ready to form neurites that will become
the dendrites and the axon, allowing the neurons to establish connections.

neurite development
After migration, the next step in brain development is for neurons to develop neurites.
There are five different stages in neurite development described in cultured cells
(see Dotti, Sullivan and Banker (Dotti et al., 1988)). A neuron has a very specific
compartmentalization of its processes: there are multiple dendrites but only a single
axon. Dendrites serve a different purpose compared to axons: dendrites receive signals
from other cells and relay them to the soma, while axons send the signal to the next
cell. Control over the formation of the axon is therefore important in order to prevent
a situation where neurons generate more than one axon. The formation of the axon
gives rise to polarization of the neuron, which has major consequences for the further
development for the neurites. Axons are in general very long processes, which can
extend over several millimeters up to centimeters in the mouse brain. Their growth
rate and internal composition is different from the much shorter but more elaborately
branched dendrites. But before dendrites and axons can be formed, the round cell first
needs to extend process and subsequently polarity has to be established.
Formation of neural polarity
The first stage of neurite formation involves the formation of ruffles along the perimeter
of the neuron called lamellipodia, and these are the sites where the neurites will form
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(Dotti et al., 1988). Several studies have examined what determines which of the
early neurites will develop into an axon. There are indications that the microtubule
organizing center (MTOC), an organelle involved in mitosis, is an indicator for where
the axon will form. In neurons, the axon was found in close proximity to the MTOC
as well as the Golgi and the endosome (de Anda et al., 2005). Furthermore, it was
also demonstrated that interfering with microtubule polymerization or ablating the
MTOC interfered with polarization (de Anda et al., 2005). As soon as the axon has
been established, it develops a specialized structure called the initial segment (or axon
hillock), which was found to act as a barrier for free diffusion of phospholipids (Nakada
et al., 2003). This barrier function would than aid in specific targeting the resources
for outgrowth and development of the axon. Another theory about establishment of
polarity is the competition for resources between developing neurites (Goslin and
Banker, 1989). This would result in preferential trafficking of resources to on e process,
which will become the axon, while the remaining processes will develop into dendrites.
After polarization has been established via selective targeting of resources,
structures at the tips of the growing processes called growth cones allow the process to
move forward (Dotti et al., 1988) and steer in the right direction to the right target area
based on signals from the environment. There are three processes that influence the rate
and direction of outgrowth in the growth cones. Firstly, actin dynamics regulate the
motility and morphology of the growth cone. Secondly, signals from the environment
provide guidance cues leading the growth cone towards or away from specific regions.
Finally, synaptic vesicle release in growth cones influence the outgrowth of processes.
Actin dynamics in growth cones
The growth cone is a specialized structure consisting of three distinct domains: the
shaft, the central domain and the peripheral domain (Landis, 1983; Dent and Gertler,
2003; Bridgman and Dailey, 1989) (Figure 1). The shaft contains microtubules and
neurofilaments which function as tracks for the transport of organelles required
for outgrowth (Rogers and Gelfand, 2000). The central domain lacks the structured
microtubule skeleton of the shaft and contains organelles such as large dense core
vesicles, endoplasmatic reticulum and mitochondria (Bridgman et al., 1989). These are
necessary for signaling, protein synthesis and energy metabolism within the growth
cone. The peripheral domain consists of actin-rich lamellipodia and filopodia. These
structures function similar to antennae, sampling the surrounding area for cues. These
dynamic structures are involved in selectively reshaping and steering growth cones
toward their target (Buettner et al., 1994; Schaefer et al., 2008). Actin dynamics control
the shape changes of growth cones while microtubuli are responsible for directed
motion (Schaefer et al., 2008; Tanaka et al., 1995).
Actin dynamics consists of polymerization and depolymerization of actin subunits.
Globular actin (G–actin) is a small molecule that in the ATP-bound form can readily
polymerize into filamentous actin (F–actin). Two prominent features of growth cones,
filopodia and lamellipodia (Figure 1), are dependent on the formation and regulation
10

Chapter 1

Actin filament

}

}

C

T

Filopodium

Lamellipodium

Microtubule
P

Central domain (C)

Transition domain (T)

Peripheral domain (P)

Figure 1: Growth cone morphology. The growth cone consists of three domains: the
central domain (C) which is rich in microtubules (green), LDCVs (red circles), synaptic
vesicles (purple circles), mitochondria and endoplasmatic reticulum (yellow). The transition
domain (T) consists of a filamentous actin ring (red filaments) and some microtubules
together with some SVs and LDCVs. The peripheral domain (P) contains mostly actin
filaments, either in a cross-linked bundle as in the filopodia, or as a branched meshwork
in the lamellipodia. In this domain, vesicles are also present which can be ready for release
docked at the membrane (dark orange).

of actin dynamics. In order to form a filopodium, nucleation of actin is initiated
by Arp2/3 (Mattila and Lappalainen, 2008). Arp2/3 allows the formation of a new
filament at an angle from an existing filament, which is extended by polymerization
at the plus–end directed towards the membrane (Mattila et al., 2008). The membranebound protein Dia2 forms an attachment that allows the actin filaments to push the
membrane outwards, and is essential in the formation of filopodia (Schirenbeck et al.,
2005). The protein ENA/VASP cross-links several parallel filaments in the shaft of the
filopodium, generating a strong core inside the filopodium (Schirenbeck et al., 2006;
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Co et al., 2007). This process is aided by myosin–X motor proteins that can exert force
on the membrane by moving along the filaments (Sousa and Cheney, 2005).
For lamellipodia formation, Arp2/3 is necessary to crosslink several filaments, thereby
creating a meshwork of F–actin (Small et al., 2002). Proteins that bind actin filaments
and the monomers regulate the length of the filaments. Cofilin binds to the minus-end
and induces depolymerization, shortening the filaments (Chen et al., 2000). Profilin
enhances the amount of ATP-bound G–actin, thereby enhancing the polymerization of
actin filaments by proteins such as formin and WASP (Chen et al., 2000).
An important class of molecules in actin dynamics are the GTPases: Rho, Rac and
Cdc42. GTPases are molecular switches that can be switched on by proteins called guanine
nucleotide exchange factor (GEF) and deactivated by activating the GTPase activity by
GTPase activating proteins (GAP). GEFs displace GDP from the GTPase, allowing GTP
to bind to the GTPase, thereby activating it. GAPs on the other hand activate the inherent
GTPase activity, causing the hydrolysis of the GTP and deactivating the GTPase. The
different GTPases have opposite effects, and together they regulate the actin cytoskeleton
(Luo, 2000; Kozma et al., 1997). Rho was found to induce actin depolymerization in
fibroblasts (Nobes and Hall, 1995). In growth cones, this induces smaller lamellipodia and
shorter filopodia (Kozma et al., 1997). Rac and Cdc42 were found to induce an increase
in stress fibers in fibroblasts (Nobes et al., 1995). In growth cones, this translates to a
larger lamellipodia and longer filopodia (Kozma et al., 1997). Besides there direct role
in actin dynamics, they are also implicated in other important developmental processes,
such as polarity, vesicle trafficking and gene transcription (Bustelo et al., 2007).
In conclusion, growth cones consist of a highly dynamic cytoskeleton that allows
for rapid formation and retraction of filopodia. These dynamics serve to move the
growth cone forward or steer it. In order for the growth cone to reach a target, several
cues in the environment provide guidance by influencing the actin dynamics.
Guidance cues and growth cones
In the third stage of neural development, one of the outgrowing processes will
differentiate into an axon, while the other processes will become dendrites (Dotti et
al., 1988). The axon will start to extend faster than the dendrites in order to reach its
target area, which can be several millimeters to centimeters away. This fast outgrowth
of the axon needs to be regulated both in space and time in order for the right areas to
connect to each other and form a functional pathway. Many signaling molecules have
been described that guide the outgrowing neurite towards its target (Chilton, 2006).
These can be split into two classes of guidance molecules that together regulate this
process: one group is repulsive while the other is attractive (Chilton, 2006). One of
these repulsive cues is Collapsin/Semaphorin3A, which was found to induce growth
cone collapse in dorsal root ganglion neurons (Luo et al., 1993). Semaphorin3A
is a secreted guidance cue that binds to the semaphorin receptor neuropilin-plexin
complex (Pasterkamp and Kolodkin, 2003). Activated neuropilin-plexin activates the
tyrosine kinases Cdk5 and Fyn, which regulate the actin filaments via phosphorylation
of cofilin by LIMK (Aizawa et al., 2001; Guan and Rao, 2003).
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An example of an attractive guidance cue is netrin, which binds to its receptor DCC
(Chan et al., 1996; Keino-Masu et al., 1996). Upon binding its ligand, DCC activates Rac
GTPase, which increases actin polymerization (Li et al., 2002; Shekarabi and Kennedy,
2002). Depending on the presence of receptors for these secreted molecules on the
surface of the extending process, the growth cone will turn towards, away or ignore
the gradient, guiding it to its target (Chilton, 2006). Previous studies have shown that
activation of the netrin-pathway involves elevation of calcium via cyclic AMP (Ming
et al., 1997; Song et al., 1997). Using local uncaging of calcium, it has been shown that
growth cone turning and vesicle translocation are directed towards the site of calcium
elevation (Tojima et al., 2007; Zheng, 2000).
Guidance cues allow growth cones to navigate through the brain in order to reach
their target. Of course the main function of neurons is to provide neurotransmission,
and synaptic vesicle release during early development also influences the outgrowth of
neurites (see also Box 1).
Neurotransmitter release in early development
The major content of SVs in the brain is glutamate, an excitatory neurotransmitter that
binds to AMPA, kainate and NMDA receptors. The role of glutamate secretion and
receptor activation in neurotransmission has been well studied. However, in developing
neurons, AMPA receptors (AMPA–R) are also present both post- and presynaptically
(Fabian-Fine et al., 2000; Lee et al., 2002; Lu et al., 2002), and are thought to regulate
development by signaling cascades in the growth cone (Schenk et al., 2005). Staining of
AMPA receptors showed surface expression of GluR2/3 receptors (Schenk et al., 2003),
and addition of AMPA to a growth cone induced growth cone stalling and vesicle
dispersion (Schenk et al., 2003). Growth cone stalling was also found in growth cones
when stimulated with kainate (Ibarretxe et al., 2007). Growth cone stalling during
development can affect the outgrowth of neurites, resulting in altered connectivity.
Stimulation of AMPA receptors was also found to increase AMPA receptor surface
presence in a SNARE-dependent manner (Schenk et al., 2003).
Addition of AMPA was also found to increase phosphorylation of MAPK in
hippocampal growth cones (Schenk et al., 2005). This phosphorylation could be blocked
by a Src family tyrosine kinase inhibitor, but not a Trk family kinase inhibitor (Schenk
et al., 2005). MAP kinase is part of an important signaling cascade that influences
gene transcription (Cobb et al., 1991), synaptic plasticity (Di Cristo et al., 2001), cell
migration (Pullikuth and Catling, 2010) and growth cone resensitization for guidance
cues (Ming et al., 2002). Besides the well known role of neurotransmitter release in
the mature brain, it is now clear that neurotransmitter release is also important during
the early stages of neurite development. After the axon has extended a considerable
distance, the dendrites are now ready to start elongating and branching.
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BOX 1: INVESTIGATING THE ROLE OF THE FUSION MACHINERY
In order to study the effect of vesicle release on development, several transgenic
animal models are available and have been studied with regard to vesicle release.
The core components in the vesicle fusion machinery are synaptosomal-associated
protein 25kD (SNAP25), Synaptobrevin/VAMP2 and Syntaxin–1, which form a four
α-helical bundle. Transgenic animals which lack SNAP25 were not capable of vesicle
release and die shortly after birth. Their brains and neuromuscular junctions were
however morphologically normal (Washbourne et al., 2002). In knockout animals of
SNAP–25 or in wild type neurons treated with Botilinum neurotoxin, vesicle fusion
is abolished, indicating that the formation of the complex is essential for vesicle
fusion (Sørensen et al., 2003; Gonelle-Gispert et al., 1999). Synaptobrevin knockout
animals have a similar phenotype (Schoch et al., 2001). Syntaxin-1A deficient mice
on the other hand have severe developmental problems (McRory et al., 2008). This
demonstrates that the core machinery for vesicle fusion is not essential in brain
development, but still may play a role in the fine structure of the brain. Binding
partners for the core complex include munc18 and munc13, which bind the N–
terminal domain of syntaxin (Betz et al., 1997; Johnson et al., 2009). These proteins
are involved in vesicle docking (munc18) and vesicle priming (munc13). Another
syntaxin binding protein is Tomosyn-1, which was found to influence neurite
outgrowth by inducing neurite retraction (Gracheva et al., 2006).
Knockout animals of munc18-1 lack spontaneous and evoked vesicle release
(Verhage et al., 2000), yet develop brains with structurally complete synapses
connected over long distances (Verhage et al., 2000). In chromaffin cells, it was
shown that over–expression of munc18–1 resulted in an increase of docked
vesicles, as well as an increase in the thickness of the actin cytoskeleton (de Wit
et al., 2006a; Toonen et al., 2006). The munc13-1/2 double null mutant (M13)
also lacks spontaneous and evoked release (Varoqueaux et al., 2002). Munc13 can
bind the fully assembled SNARE complex (Guan et al., 2008), thereby priming the
vesicle for calcium–dependent fusion and lowering the fusion barrier (Richmond
et al., 2001; Basu et al., 2005; Basu et al., 2007). Both transgenic models die at
birth due to failures in breathing, but neurons can be cultured from embryonic day
(E)18 pups. However, mun18–1 null (M18) neurons die after DIV7 (Heeroma et al.,
2004), unlike munc13–1/2 double null neurons. The loss of munc18 and munc13
affects synaptic vesicle release, but not large dense core vesicles (LCDVs). Synaptic
vesicles (SVs) contain neurotransmitters, which is essential for neurotransmission
in the nervous system. LCDVs contain peptides and neuro-amines, which function
as modulators of synaptic transmission as well as trophic support. Both types of
vesicles are important in development.
For the two types of release recognized for synaptic vesicles, spontaneous and
evoked release, only the evoked release is dependent on the opening of voltagesensitive calcium channels. For evoked release, Rab3a and RIM associate the
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docked vesicle with a calcium channel (Kiyonaka et al., 2007), and were found
to influence the dynamics of vesicle fusion during long term potentiation (Schoch
et al., 2002). The influx of calcium is registered by a calcium sensor on the vesicle.
One of the main calcium sensors in the brain is synaptotagmin, which is attached
to the synaptic vesicle, and upon binding of calcium interacts with the SNARE
complex (Ullrich et al., 1994). A protein involved in spontaneous release is Doc2b,
which was found to be a calcium sensor for spontaneous release (Groffen et al.,
2010).
All mentioned mutants of the vesicle fusion machinery are lethal at birth,
indicating that this process is essential for postnatal functioning but not for
embryonic development of the brain. So in order to study the effect of the vesicle
fusion machinery on early development, in vitro assays are the only viable option
to examine these processes live. There are some advantages to these types of assays;
most importantly they allow a large amount of possible manipulations. Among the
manipulations is specific stimulation of receptors or local activation of cells. By using
the organotypic slice cultures as described before (Gähwiler, 1981; Stoppini et al.,
1991), an environment more comparable to the in vivo situation can be created. In
order to over-express or knock down different proteins, a dissociated culture system
is more convenient. Dissociated cultures also allow for clear staining of surface
proteins, something that is not possible in slice cultures or in vivo. Using time lapse
microscopy, these in vitro systems allow visualization and quantification of both
motility and outgrowth dynamics, giving more information than taking snapshots
from fixed tissue at different time points during development. Also, the fact that all
these mutants develop a morphologically normal appearing brain suggests that the
effect of the functionality of the machinery is probably very subtle, and could be
compensated for over time. So in order to investigate the role of the vesicle fusion
machinery during early development, organotypic slice cultures and dissociated cell
cultures derived from mutants are a valuable way to examine these effects.
Late neurite development
In the fourth stage, the axon has grown substantially and the dendrites start to develop
(Dotti et al., 1988). This process is mediated by similar mechanisms as the axonal
outgrowth. One important factor in outgrowth is the expansion of the plasma membrane.
Between the first and the fourth stage of development, the extent of plasma membrane
surface area may have increased from ~1200µm2 (20µm–diameter spherical cell) to more
than 250,000µm2: a 200–fold increase of membrane (Pfenninger, 2009). There are different
pathways for expanding the membrane: vesicle fusion, protein insertion and lipid rafts.
Changing the amount of secretion taking place in neurons would therefore be expected
to result in altered outgrowth, thereby influencing brain morphology. Vesicle fusion can
supply lipids to the expanding membrane (for a review, see Pfenninger et al. (Pfenninger,
2009)). Previous work on proteins involved in the vesicle fusion machinery (SNARE, see
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Box 1) have shown that reducing or abolishing vesicle fusion affects outgrowth. It was
shown that a cleavage of SNAP25 by Botulinum neurotoxin (BoNT) decreased neurite
outgrowth (Grosse et al., 1999; Morihara et al., 1999). It was found that upon release of
calcium in the growth cone, vesicles translocated to the site of calcium influx, leading to
turning of the growth cone towards the side of stimulation (Tojima et al., 2007). Before
vesicles can fuse, they first have to be brought close to the membrane (docking; see Box
2) after which they are primed (priming; see Box 2) and ready for fusion upon entry of
calcium. Two important proteins in these two steps are munc18 and the two isoforms of
munc13 (see Box 1 and Box 2 for their roles).
During the late development, dendrites also start to develop a highly branched
morphology. The function of this highly branched morphology are not fully understood,
but it has been implicated that plays a role in regulation of neurotransmission and
plasticity in the brain (Gidon and Segev, 2009; van Elburg and van Ooyen, 2010). There
is also evidence that dendritic branches can function as computational units (Branco et
al., 2008; Rudolph and Destexhe, 2003), thereby processing the input before it is send
to the soma. What factors control the branching of dendrites is poorly understood,

BOX 2: THE SYNAPTIC VESICLE CYCLE
In order for neurons to fire repeatedly and at high rates, vesicles in a synaptic
terminal undergo a repeated cycle of exocytosis and endocytosis. Vesicles in synaptic
terminals are filled with neurotransmitter and translocate towards the active zone.
The vesicles dock at the active zone and are primed for release. Upon entry of
calcium into the terminal, the primed vesicle fuses with the plasma membrane
and release its cargo into the synaptic cleft. The vesicle is then recycled via one of
several routes: immediate reuse, fast recycling and clathrin–mediated endocytosis
(Sudhof, 2004). Immediate reuse means the vesicle stays docked and is refilled
with neurotransmitter and re-acidified, ready to fuse again. In fast recycling, the
vesicle undocks and is refilled and re-acidified. The clathrin–mediated endocytosis
involves the formation of a clathrin-coated pit, after which the vesicle is refilled
directly or via an endosome intermediate step.
Vesicle pools
Vesicles seem to reside in one of several pools: based on EM pictures and functional
measurements, it was found that only a small proportion of the total number of
vesicles in a terminal is ready for immediate fusion (Rosenmund and Stevens,
1996; Sätzler et al., 2002; Schikorski and Stevens, 2001). This pool, termed the
readily releasable pool, can be emptied by high frequency stimulation and sucrose
application (Rosenmund et al., 1996). After high frequency stimulation, a slower
and stable release rate is an indication for another vesicle pool: the reserve pool.
Together, they form the recycling pool. Using FM dye it was found that using high
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frequency stimulation labels the recycling pool, but that there still is a pool of
vesicles in the terminal that does not participate in this cycle (the resting pool)
(Sudhof, 2004; Südhof, 2000). Vesicle pools are not linked to presynaptic boutons,
but are shared by neighboring boutons (Darcy et al., 2006).
Proteins involved in docking
Munc18–1 was found to have a role in docking of vesicles: fewer vesicles were
docked to the membrane when EM pictures of WT and Munc18–1 null chromaffin
cells were examined (Toonen et al., 2006). This could be rescued by munc18–1
expression (Toonen et al., 2006). Over-expression of Munc18–1 in wild type cells
resulted in an increase in docked vesicles, as well as an increase in release rate
(Toonen et al., 2006). Secreting cells expressing fluorescently labeled SNAP25 show
patches of protein on the membrane that co-localize with syntaxin–1 (OharaImaizumi et al., 2004). The presence of SNAP25 was correlated with docking
and secretion (Ohara-Imaizumi et al., 2004). When syntaxin–1 was deleted, less
vesicles were docked but the total number of vesicles remained equal (de Wit et al.,
2006a). Taken together, the patches of syntaxin–1 and SNAP25 could form docking
platforms for vesicles.
Proteins involved in priming
Munc13 was found to be important for vesicle priming: an increase in the rate
of calcium-induced vesicle release was found in chromaffin cells over-expressing
munc13–1 (Ashery et al., 2000; Augustin et al., 1999). Rab3 interacting molecules
(RIMs) were found to be associated with vesicles and influence tethering and
docking of vesicles to presynaptic calcium channels, priming them for release
(Kiyonaka et al., 2007). Another factor in priming is Ca2+-dependent activator
protein for secretion (CAPS), which was found to be essential for priming synaptic
vesicles (Jockusch et al., 2007).
Proteins involved in endocytosis
Several proteins were found important for endocytosis, with the earliest discovered
component clathrin as the major player (Slepnev and De Camilli, 2000; Heuser and
Reese, 1973). Adapter-binding proteins attach to the plasma membrane, and recruit
clathrin resulting in a cage around the vesicle (Slepnev et al., 2000). In neurons, the
adapter protein AP–180 is enriched in synaptic terminals and mediates clathrindependent endocytosis (Ahle and Ungewickell, 1986). Dynamin was found to be
important in facilitating the final step of endocytosis, forming a collar around
the neck of the budding vesicle (Koenig and Ikeda, 1989). It has been proposed
that this facilitates the severing of the neck (Hinshaw and Schmid, 1995; Takei et
al., 1995), thereby completing endocytosis. Although other evidence shows that
dynamin is not necessary for endocytosis (Sever et al., 1999).
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although transgenic animals lacking semaphorin3A were found to have a reduction in
dendritic branching (Fenstermaker et al., 2004). Also, a role for the secretory pathway
was suggested: when the Golgi apparatus and their outposts were reduced, both
branching and the total dendritic length was reduced (Ye et al., 2007).
Late development calls for a great amount of expansion of membrane, which requires
the vesicle fusion machinery and the secretory pathway. Furthermore, branching of
dendrites increases the complexity of the neuron, preparing the neuron for the final
stage: the formation of synaptic contacts.

Synaptogenesis
In the fifth and final stage, the neurons mature and begin forming synaptic contacts (Dotti
et al., 1988). Synaptogenesis requires several steps; firstly, the pre- and postsynaptic
sites have to contact each other, secondly the recruitment of pre- and postsynaptic
proteins and finally the stabilization of the synaptic contact (see for a review, Gerrow
& El-Husseini (Gerrow and El-Husseini, 2006)). After the synaptic contact has been
established and becomes functional, maintenance of the synaptic contact and regulation
of its strength is determined by factors such as vesicle release (Katz and Shatz, 1996;
Zito and Svoboda, 2002). This has been described extensively in the visual system,
where release of neurotransmitter during the critical period shapes the topography of
the brain (Weliky, 2000; Wiesel and Hubel, 1963; 1965). Furthermore, several trophic
factors have been identified that influence synapse formation and maintenance, such
as BDNF (Hu et al., 2005; Sanchez et al., 2006) and Semaphorins (Fenstermaker et
al., 2004; Morita et al., 2006; Tran et al., 2009). It has also been postulated that during
early synapse formation, neurons form many connections, which eventually are not all
needed for functional neurotransmission. A process called pruning is thought to take
place, which eliminates a subset of synaptic contacts (Katz et al., 1996; Hashimoto et
al., 2009; Hensch, 2004; Purves and Lichtman, 1980).
During synaptogenesis, three steps take place to form a synaptic contact. Adhesion
molecules provide a means of initiating the contact, while secreted factors from both
synaptic vesicles and large dense core vesicles influence the formation and maintenance
of synaptic contacts.
Adhesion molecules and synapse formation
Initiating contact between the pre-and postsynaptic element involves a class of
molecules called adhesion molecules and their receptors. Once the cell adhesion
molecules bind to their receptor, they initiate the recruitment of proteins necessary
for neurotransmission, as well as vesicles and other organelles. Several molecules were
found that could induce synaptic specialization. When expressed in non-neuronal cells,
these molecules were capable of inducing synaptic vesicle clustering in presynaptic
terminals contacting the non-neuronal cells (Scheiffele et al., 2000). Evidence suggests
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that there are separate classes of adhesion molecules and receptors for inhibitory and
excitatory synapses, allowing specificity in the initiation of synapse formation (de
Wit, Sylwestrak, et al., 2009). There are also findings suggesting that these adhesion
molecules are involved in the later stages of synaptogenesis by linking the pre- and
postsynaptic terminal, thereby stabilizing them (Mendez et al., 2010). Once the
adhesion molecules have initiated synapse formation, synaptic vesicle dynamics will
allow neurotransmission and modulation of the number and the strength of synapses.
Synaptic vesicle dynamics during synaptogenesis
During formation of synapses, activity was found to be important in regulating the
number of synapses in release-deficient munc18–1 null mice (Bouwman et al., 2004).
The morphology of the synapses that were formed were comparable to control synapses
(Verhage et al., 2000; Bouwman et al., 2004). However, no effect on synapse numbers
was seen in munc13-1/2 double null neurons, and the synapses were morphologically
similar to controls (Varoqueaux et al., 2002).
The normal vesicle cycle entails vesicles being transported to the membrane, fuse
and then endocytosed to be re-used in the next round of vesicle release (Südhof, 2000;
Sudhof, 2004). Interestingly, synaptic vesicles are not restricted to a synaptic bouton,
but are exchanged actively between neighboring synapses (Darcy et al., 2006; Staras
et al., 2010). This dynamic exchange has not been fully studied, but might influence
homeostatic plasticity in the brain (Branco and Staras, 2009; Branco, Marra, et al., 2009).
Homeostatic plasticity ensures that synaptic transmission can occur without saturation:
by regulating synaptic properties such as release-probability (Branco and Staras, 2009;
Branco, Marra, et al., 2009) and post-synaptic receptor density (Ehlers, 2003; O’Brien
et al., 1998), neurotransmission can be kept stable over a broad range of inputs during
development (see the review by Turrigiano & Nelson (Turrigiano and Nelson, 2004)).
Although neural activity was thought to be critical in synapse formation, several
transgenic animal models have shown that it is actually not essential for synapse
formation. Synapse formation might therefore rely on LDCV fusion as well.
Large dense core vesicle dynamics during synaptogenesis
The difference between synaptic vesicles and large dense core vesicles is found in the
vesicle content and its synthesis. Neuropeptides are synthesized as a large precursor
peptide, which is processed by cleavage and glycosilation into a functional peptide
fragment. An example of such a precursor is POMC, which is the precursor for six
different peptides (Chang et al., 1980). The precursor peptide is transcribed in the
endoplasmatic reticulum (ER) and transported to the Golgi apparatus. It is first cleaved
into different peptides by the subtilisin-like enzymes (Eipper and Mains, 1980). POMC
can be cleaved into different neuropeptides such as adrenocorticotropic hormone
(ACTH) (Chrétien et al., 1979). ACTH can be further processed into yet more active
peptides such as β-endorphin (Chrétien et al., 1979), showing that one peptide
can be used to generate a whole range of related signaling peptides which function
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within a similar pathway in different roles. Many of these peptides influence activity
of the brain and change the levels of other neuropeptides. Among these peptides are
neuropeptide Y (NPY) and corticotropin releasing factor (CRF), which play a role in
energy homeostasis (White, 1993) and addiction and stress (Hauger et al., 2009; Koob
and Heinrichs, 1999; Navarro-Zaragoza et al., 2010), respectively.
Both trophic factors and neuropeptides are produced in the neural soma and
transported along microtubules in LDCVs towards their target. Availability of these
peptides depends on their production rate and the rate of transport towards the
periphery of the branched neurites. The distance from the soma to the periphery can
reach distances of more than 200µm in dendrites and several millimeters in axons.
Transporting these vesicles is done by several motor proteins that bind to LDCVs and
transport them along the microtubules towards or away from the soma. In the axon,
where microtubuli are oriented with the plus–end away from the soma (Baas et al., 1988;
Jaworski et al., 2008), kinesin motor proteins such as Kinesin-I transport organelles
anterogradely (Varadi et al., 2003; Hirokawa et al., 2009), while dynein motor proteins
transport organelles retrogradely (Holzbaur and Vallee, 1994; Varadi et al., 2003).
Motor proteins are attached to their cargo via an adapter protein, which could provide
a means of linking a specific cargo to a specific motor protein, thereby influencing the
direction of transport (Hirokawa et al., 2009; Schlager and Hoogenraad, 2009). For
example, mitochondria transported in the axon are linked to the kinesin Kif5 via the
adapter protein Milton (Hirokawa et al., 2009; Wang and Schwarz, 2009).
Transport of LDCVs will affect the availability of secreted cues involved in
synaptogenesis and synapse stabilization. Trafficking of the guidance cue semaphorin3A
was shown to be different in axons versus dendrites (de Wit et al., 2006b) and vesicle stalling
occurred on electrical activity (de Wit et al., 2006b; Shakiryanova et al., 2006). For many
other LDCV cargoes, the characterization of transport has not been established. Once
transported, release of these signaling molecules is regulated and calcium–dependent
(Mansvelder and Kits, 2000; Park et al., 2006; Voets, 2000), and occurs at the growth cone
and along neuronal processes (de Wit et al., 2006b). For LDCVs there are different types
of fusion: transient release and stable deposits. It was found that certain LDCV cargoes
prefer release as stable deposits such as Semaphorin3A, tissue plasminogen activator
(tPA) and BDNF (de Wit, Toonen, et al., 2009). These secreted peptides influence synapse
formation and stabilization as was shown before (Pasterkamp et al., 2003; Hu et al., 2005;
Sanchez et al., 2006; Tran et al., 2009), indicating that LDCV release is important for
network formation and stability. It is therefore important to investigate the transport and
release to understand the availability of peptides involved in synapse formation.
Besides their role in neurite outgrowth, a great body of work also supports the role
of LDCV cargo secretion in synapse formation. Most of these cargoes are secreted and
likely work over a relatively large distance, which allows synaptic partners to get close
to each other. The next step is then for adhesion molecules to stabilize and initiate
specialization of the pre-and postsynaptic element by recruiting vesicles and proteins
to the synaptic site. When these proteins are in place, a functional synapse is formed
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that is capable of processing inputs and generating an output. Depending on the level
of activity, these synapses can then be regulated to increase or decrease their efficiency.

aim and outline of this thesis
In order to investigate the role of vesicle release in developing neurons, we cultured
cells from release-deficient mutants and compared them with wild type controls.
First, we investigated the role of vesicle release on outgrowth and motility, and looked
at the role of secreted neurotransmitter on outgrowth and motility (stage 3/4 from
Dotti et al. (Dotti et al., 1988)). We found a 40% reduction, but not abolishment in
neurite outgrowth during the first week. However, this did not result in an impaired
morphology at the synaptogenesis stage at 2 or 3 weeks in culture (Chapter 2). Using
organotypic slice cultures of release-deficient and control animals, we examined the
effect of chronic activation or inhibition on outgrowth during development. We found
that chronic AMPA application resulted in increased outgrowth for WT and M18
neurons, but a decrease in M13 deficient neurons. Growth cone motility was reduced
when AMPA was applied, but only after 3 days in culture (Chapter 3).
Secondly, I investigated the transport and release of large dense core vesicles during
the final stage of development (stage 5 from Dotti et al. (Dotti et al., 1988)). Using
methods in image segmentation and Bayesian statistics (Appendix A), we developed
a method to automatically quantify the trafficking of labeled vesicles (Chapter 4). We
then applied this method to study the trafficking and release of a yet uncharacterized
LDCV-cargo: CRFBP. We found that CRFBP is localized in a specific subset of
LDCVs, and behaves differently than previously characterized LDCV-cargoes. Most
importantly, fusion occurred only with stationary vesicles, where the entire cargo was
released into the extracellular environment (Chapter 5). Then, I describe some optical
tools that allow us to manipulate key factors in vesicle release such as calcium using
local photolysis and to image these events using a label-free method called interference
reflection microscopy (Chapter 6).
Finally, I will discuss the main findings of the role of vesicle release during
development and the role of vesicle dynamics during synaptogenesis. I will also provide
some insights for future research into the field of development and vesicle dynamics
(Chapter 7).
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CHAPTER 2
Early neurite outgrowth
in release–deficient neurons

Abstract
Background information: During development, growth cones of outgrowing neurons
express proteins involved in vesicular secretion, such as soluble n-ethyl maleimide
sensitive attachment protein receptor (SNARE) proteins, Munc13 and Munc18.
Vesicles are known to fuse in growth cones prior to synapse formation, which may
contribute to outgrowth.
Results: We tested this possibility in dissociated cell cultures and organotypic slice
cultures of two release-deficient mice (munc18–1 null and munc13–1/2 double null).
Both types of release-deficient neurons have a decreased outgrowth speed and therefore
have a smaller total neurite length during early development (DIV1-4). In addition,
more filopodia per growth cone were observed in Munc18–1 null, but not wild type
(WT) or Munc13–1/2 double null neurons. The smaller total neurite length during
early development was no longer observed after synaptogenesis (DIV14-23).
Conclusion: These data suggest that the inability of vesicle fusion in the growth cone
affects outgrowth during the initial phases when outgrowth speed is high, but not
during/after synaptogenesis. Overall, outgrowth speed is probably not rate limiting
during neuronal network formation at least in vitro. In addition, Munc18, but not
Munc13, regulates growth cone filopodia, potentially via its previously observed effect
on filamentous actin.
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introduction
During early development, neurons form various indifferent processes, neurites, each
bearing a growth cone at its tip (Goslin and Banker, 1989). In order to extend these
neurites, the insertion of plasma membrane proteins and phospholipids is necessary
(Goslin et al., 1989) to expand the plasma membrane. Phospholipids can reach the
outgrowing neurite via either lateral diffusion of lipids incorporated at the soma or via
lipid droplets and vesicles, thereby contributing to the necessary membrane expansion
for outgrowth (Vance et al., 2000).
The vesicle release machinery that operates in mature neurons is already present
in developing neurons at the tip of the growth cone (Kimura et al., 2003; Igarashi
et al., 1996). This machinery is used for the release of synaptic vesicles containing
neurotransmitter, which is thought to depend on SNARE proteins (Igarashi et al.,
1996) and to be distributed along the whole axonal surface (Hua et al., 2005). These
vesicles are thought to mature by repetitive recycling throughout axons (Krueger et
al., 2003). From these vesicles, a plethora of molecules is released that have a role in
neurite guidance and trophic support. In addition, vesicular fusion is considered to
add lipids to the outgrowing neurites (Futerman and Banker, 1996).
Another source of lipids that may contribute to the outgrowing neurites is lipid
droplets. These lipid droplets are trafficked in both directions along microtubules (Pol
et al., 2004) and consist of lipids coated with a single phospholipid leaflet. The SNAREdependent release machinery has previously been found to be associated with lipid
droplets in fibroblasts (Bostrom et al., 2007).
As SNARE-dependent membrane fusion has been implicated in the supply of
membrane and proteins to developing neurites, loss of this function is expected result
in abnormalities in long distance projections and synaptogenesis. However, this does
not seem to be true in two cases where expression of proteins essential for SNAREdependent membrane fusion were genetically deleted: knockout mice of Munc18–1
(M18 null (Verhage et al., 2000)), and of Munc13–1 and Munc13–2 (M13 null
(Varoqueaux et al., 2002)). Both these mutants lack spontaneous and evoked vesicle
release but develop long distance projections and contain many synapses at birth
(Varoqueaux et al., 2002; Bouwman et al., 2004). In order to investigate this apparent
discrepancy, we examined the effect of SNARE-dependent membrane fusion on initial
neurite outgrowth in two reduced systems in a quantitative manner, primary and
organotypic slice cultures during early development. Our data indicate that initial
outgrowth in vitro is indeed impaired in fusion defective mutant neurons when neurites
grow out at maximal speed and that the morphology of growth cones is abnormal in
the case of M18 null neurons. However, this impaired outgrowth apparently is not rate
limiting and does not prevent the eventual formation of normal neuronal networks in
more mature primary and organotypic cultures, in line with previous observations in
vivo (Varoqueaux et al., 2002; Bouwman et al., 2004).
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Materials and methods
Laboratory animals
Munc18–1 null, Munc13–1/2 double null and EGFP–tKras mice have been described
before (Verhage et al., 2000; Varoqueaux et al., 2002; Roelandse et al., 2003). Mouse
embryos were obtained by caesarian section of pregnant females from timed
heterozygous matings of EGFP–tKras with WT, with Munc18–1 heterozygous or with
Munc13–1 heterozygous/munc13–2 null animals (C57/Bl6 background). Animals were
housed and bred according to institutional, Dutch and U.S. governmental guidelines.
Dissociated cultures
Cortices or hippocampi were dissected from embryonic day 18 (E18) mice and
collected in Hanks Buffered Salts Solution (HBSS – Sigma, St. Louis, USA), buffered
with 7 mM HEPES. After removal of the meninges, the cortices were minced and
incubated for 20 minutes in trypsinated HBSS at 37 ºC. After washing the neurons
were triturated with fire polished Pasteur pipettes, counted with a hemacytometer
and plated in Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with 2%
B-27 (Invitrogen), 1.8% Hepes, 1% glutamax (Invitrogen), 1% Pen/Strep (Invitrogen)
and 0.2% β-mercaptoethanol (Sigma). Low density cultures were plated on poly-Llysine (Sigma) coated glass cover slips at 25,000/cm2. For the analysis of early neurite
outgrowth (DIV0 – 4), random images were taken of the cultures using a 40x lens
on a Leica MZ12 microscope. Cultures were fixed on DIV14 and DIV23 with 2%
paraformaldehyde (PFA; Invitrogen) and 2% sucrose for 20 minutes, and then 10
minutes in 4% PFA. After washing with PBS, the cultures were stained with a monoclonal
α-MAP2 antibody (Millipore, Billerica, MA) in order to analyze the neurite length.
Synapses were stained with α-Synapsin1. Localization of Munc18-1 in growth cones
was done by staining with α-Munc18-1 and α-Bassoon antibodies. Quantification of
actin and tubulin was done by incubating cultures with phalloidin-Alexa488 and poststaining with an α-tubulin antibody.
Organotypic slice cultures
Organotypic slice cultures from E18 hippocampus were prepared as follows. Mouse
embryos were obtained by caesarean section of pregnant females from timed
heterozygous mating. GFP-expressing animals were identified by direct inspection
using a Leica MZ12 dissection microscope fitted with fluorescence optics. Hippocampi
were dissected from brains in ice-cold dissection Gey’s balanced salt solution (dGBSS,
consisting of GBSS (BioConcept, Allschwill Switzerland) with 0.65g glucose and 1mM
kynurenic acid, pH 7.4) and cut into 400 µm thick slices using a McIlwain tissue chopper
(Mickle Engineering, Gomshall UK). These hippocampal slices were kept at 4°C in
dGBSS for 60 min to recuperate. All subsequent procedures were identical to those
described for organotypic slice cultures from P8 mice (de Wit et al., 2006; Toonen et al.,
2006). Briefly, Poly-D-Lysine coated cover slips were covered with chicken plasma, and
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a tissue slice was placed in the center. An equal amount of thrombin was added to the
plasma to form a plasma cloth. The organotypic slice cultures were left to recuperate for
1 hour at room temperature and then placed in a roller tube at 37ºC.
Live cell imaging
For confocal imaging slices were mounted in purpose-built chambers (Life Imaging
Services, Olten Switzerland) and observed in slice imaging medium containing 1 part
HBSS with 7mM HEPES and 1 part Liebovitz L15 medium with supplements (1.8%
HEPES, 0.2% β-mercaptoethanol, 2% B27 supplement and 1% GlutaMAX) using a
Yokogawa microlens Nipkow confocal system (Perkin Elmer, Life Science Resources,
Cambridge UK). Images were acquired using a cooled CCD camera (Hamamatsu
photonics) every minute for 20 minutes using a 60× water lens (NA 1.20). Overview
pictures were made using a 40× oil objective (NA 1.20) or a 10× air objective (NA 0.40)
on a LSM510 microscope (Karl Zeiss, Jena, Germany).
FM dye uptake experiment
Dissociated cultures were cultured on glass cover slips coated with PDL and imaged on
DIV3 on a Zeiss confocal using a 40× Oil objective (NA 1.20) at 37ºC using perfusion
of Tyrode’s solution (containing, in mM: 115 NaCl; 2.5 KCl; 2 CaCl2; MgSO4; Glucose).
FM4-64 (Invitrogen) was diluted in high potassium Tyrode’s solution (regular Tyrode’s,
but with: 61.5mM NaCl; 60mM KCl;) and added to the cells for 1 minute. After washing
for 10 minutes with Tyrode’s solution, brightfield and fluorescence images were taken.
Data analysis
Analysis of neurite length was done by manually tracing the neurites using Metamorph
software (Universal Imaging Corp., West Chester PA). For the analysis of neurite
outgrowth in 3 DIV hippocampal slice cultures various parameters were analyzed
using MetaMorph software using the ‘Track Points’ function. Growth cone velocity and
accumulated distance were calculated from this tracking of growth cones that extended
into the surrounding matrix outside the slice. For the growth cone morphology, growth
cones in the first frame of a 20 minute time-lapse were analyzed using ImageJ software
(NIH, Bethesda MD). The growth cone area was determined by drawing a polygon
around the palm of the growth cone and filopodia length by drawing lines.
Visualization of growth cone morphology was done by flattening a one hour timelapse series and combining it with the first frame of the original time-lapse series.
Before overlaying these pictures, the flattened time-lapse series was made green, while
the first frame was made red. Statistical testing was done using SPSS software (SPSS
Inc., Chicago IL) and Excel, using the Student’s t-test and a significance level of 0.05.
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Results
We set out to study the effect of SNARE–dependent synaptic vesicle release on early
neurite development using low-density cultures of cortical or hippocampal neurons.
We took advantage of two transgenic mouse lines that lack protein(s) involved in
vesicle release, Munc18–1 (Verhage et al., 2000) and Munc13–1/2 (Varoqueaux et al.,
2002). Genetic deletion of Munc18–1 (M18 null) or of Munc13–1 and Munc13–2 (M13
null) in mice completely abolishes spontaneous and evoked neurotransmitter release
in neurons. Both mutations result in neonatal lethality. However, tissue derived from
either of these lines can be cultured for a period of time (Varoqueaux et al., 2002;
Heeroma et al., 2004).
We crossed these mice with mice bearing EGFP tagged to their membrane (EGFP–
tKras (Roelandse et al., 2003)) in order to visualize morphological alterations in fine
neuronal structure. We focused on neurite extension and growth cone morphology
during the first week in culture using dissociated cultures.
Outgrowth is decreased in release–deficient Munc18-1 null neurons from
DIV3 onwards
As was shown before in Munc13-1/2 null neurons, there is no vesicle cycle as measured
by FM dye uptake (Varoqueaux et al., 2002). To test whether this also holds true for
munc18-1 null neurons, we examined FM dye uptake in WT and Munc18-1 null
neurons. For these first experiments, neurons were grown on glass without astrocyte
feeder layer to reduce background signal of FM-dye taken up by astrocytes. Under
these culture conditions, the morphology of growth cones is slightly different from
growth cones in glia-supported or organotypic slice cultures (see below) We found
that munc18-1 null neurons indeed lacked FM dye uptake, indicating that there was
no vesicle cycle (Figure 1, M18 null). Because the incorporation of lipids is a necessary
component for the expansion of the membrane in outgrowing neurites, we examined
whether the loss of lipids from synaptic vesicles decreased neurite outgrowth (for
review, see Vance et al. (Vance et al., 2000)). To this end, we used dissociated cortical
neurons at DIV1 through DIV4 and measured total neurite length of WT and releasedeficient Munc18-1 null neurons. Examples of traced neurons show that the initiation
of neurite outgrowth occurred in all genotypes (Fig. 2A). However, release-deficient
neurons lagged behind in length as compared to WT neurons (Fig. 2A,B, Munc18
and Munc13). This effect became apparent after 3 days in culture (19.6% reduction
in length for Munc18-1 null neurons and 51.4% for Munc13-1/2 null neurons) and
increased significantly on the fourth day (40.0% reduction in M18 and 61.1% in M13;
Fig. 2B). We therefore examined the speed of outgrowth at DIV3, as release-deficient
neurons start to lag behind the WT neurons from this moment onwards.
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WT
M18 null

Figure 1: Developmental time course shows lagging of release-deficient neurites.
In order to investigate the endocytosis of release-deficient Munc18-1 null neurons, an
FM4-64 dye uptake experiment was done. After loading the cells using stimulation with
60mM potassium and washing for 10 minutes with Tyrode’s solution, WT neurons show
punctuate staining in the growth cone (top row), which is not the case for the M18 null
growth cone (bottom row). Scale bar represents 5µm.

Decreased outgrowth in release-deficient neurons is not caused by cell death
The early onset of cell death in dissociated cultures of Munc18-1 null – starting around
DIV4 – may explain the decreased outgrowth. We therefore switched to organotypic
hippocampal slice cultures where Munc18-1 null neuron survival exceeds DIV7. We
cross-bred WT and Munc18-1 null mice with mice expressing EGFP tagged to their
membrane (EGFP–tKras (Roelandse et al., 2003)) in order to visualize morphological
alterations in fine neuronal structure. In these organotypic cultures, neurons extend long
neurites – most likely axons originating from the CA1 area of the hippocampus (Frotscher
and Heimrich, 1993) – that reach far into the surrounding matrix, which is permissive for
neurite outgrowth as shown previously (McKinney et al., 1999). We then measured speed
of outgrowth into the surrounding matrix, as total neurite length could not be established
in the densely packed network of outgrowing processes and somata in the slice itself.
We also included Munc13-1/2 null animals (Fig. 3A, M13 null) to further exclude cell
death as a confounding effect in the changes in outgrowth speed. The outgrowth during
the time-lapse series was reduced in the release-deficient cultures (Munc18-1 null and
Munc13-1/2 null in Fig. 3A; red line indicates starting point). Quantification showed a
42% and 46% (p<0.001; t-test M18: n=85; M13: n=87) decrease in outgrowth speed for
Munc18-1 null and Munc13-1/2 null respectively, compared to WT neurons (n=92; Fig.
3B). We also found a strong reduction in the accumulated distance (Fig. 3C), showing a
delayed outgrowth within our 20-minute time frame.
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Figure 2: Developmental time course shows lagging of release-deficient neurites.
(A) Neurite length was visualized by tracing the neurites at the indicated time points;
showing decreased overall length and decreased arbour complexity in release deficient
M18 null and M13 null neurons. (B) Quantification of the neurite length showed that
during development, release-deficient neurons lagged behind in overall neurite length
from DIV 3 onwards. Mean ± S.E.M. are plotted. DIV1 WT: n=285; M18: n=211; M13:
n=404; DIV2 WT: n=146; M18: n=124; M13: n=212; DIV3 WT: n=135; M18: n=62; M13:
n=169; DIV4 WT: n=83; M18: n=34; M13: n=136;

Munc18–1 influences the number of filopodia
As the growth cone is important in neurite extension and guidance, we examined
growth cone morphology in organotypic hippocampal slice cultures. In slices, the
release-deficient cells survive longer. We therefore analyzed morphology in slices and
not in dissociated cultures. We visualized the dynamics of growth cone morphology
in a projection of a 60-min time-lapse (Fig. 4A). Munc13-1/2 null neurons showed
a decreased growth cone palm area as compared to WT whereas M18 null neurons
appeared to have an increased growth cone area as compared to Munc13 but this
was not significant (Fig. 4B). Release-deficient M18 null growth cones did possess
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Figure 3: Vesicle release is involved in outgrowth speed. Quantification of outgrowth
speed in slices at DIV3 shows differences between release-deficient and WT neurons.
(A) Five frames taken from a 20-minute time-lapse series at the indicated time points
(top) showing the progression of a growth cone in an organotypic slice culture into the
surrounding matrix. The red line indicates the starting position of the growth cone at t=0
minutes. (B) Quantification of the speed of outgrowth showing a large decrease for M18
null (46%) and M13 null (42%) as compared to WT. (C) The average accumulated distance
during the 20 minute time-lapse was severely reduced in both release-deficient genotypes
(blue and red curve) as compared to WT control (black curve). Bar in A is 3 µm. Mean ±
S.E.M. are plotted. ***: p<0.001; numbers in bars indicate the number of growth cones.
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more filopodia per growth cone (Fig. 4C). Over all, no differences were found in the
filopodia length (Fig. 4D). These data suggest vesicle release not to be important for
growth cone morphology, but instead Munc13 influences growth cone area (Fig. 4B),
whereas Munc18 influences the number of filopodia (Fig. 4C) but not their length (Fig.
4D). Because filopodia contain mostly actin filaments, we investigated the influence of
Munc18-1 on the actin cytoskeleton in dissociated cultures. By comparing the area of
actin and dividing it by the area of tubulin in the growth cone (Fig. 5A), we found that
Munc18-1 null growth cones had an increase in actin content of 35% (Fig. 5B).
Impaired vesicle release does not decrease long-term outgrowth
Although the release-deficient neurons show a decreased neurite outgrowth, the brain
of release-deficient mice at embryonic day 18 developed normally (Verhage et al.,
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Figure 4: Growth cone morphology is altered in M18–1 null neurons. Shown is
an overlay of the first frame (red) and a projection of its consecutive frames (green) in a
60-minute time-lapse. (A) Projected time-lapse series of the indicated genotypes showing
distinct differences in morphology in M18 null growth cones. (B) Quantification of the
growth cone palm area showed a decrease in M13 null. (C) Compared to WT, M18 null
had an increased number of filopodia per growth cone, but this was not seen in M13 null.
(D) The average length per filopodium showed no apparent differences. Bar in A is 2 µm.
Mean ± S.E.M. are plotted. *: p<0.05; numbers in bars represent the number of growth
cones (B and C) or the number of filopodia (D).
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2000; Varoqueaux et al., 2002). We therefore examined total dendrite length in older
cultures of WT and M13 null hippocamapl neurons. We chose for dendrite length, as
the axon is difficult to trace and can extend several hundreds of micrometers within
one week (Dotti et al., 1988). As Munc18-1 null neurons die before DIV7 (Heeroma
et al., 2004), only WT and Munc13-1/2 null cultures were included. At DIV14 both
WT and Munc13-1/2 null neurons were well established with numerous dendrites
– MAP2-positive processes – per cell (Fig. 6A). We measured total dendrite length
per field of view in both release-deficient Munc13-1/2 null cultures and WT cultures
and found that total dendrite length had not been affected in the release-deficient
neurons when compared to WT neurons (Fig. 6B). These data suggest that long
distance connections can be formed even with decreased outgrowth speed early in
development. Synapse staining using a Synapsin1 antibody revealed similar numbers
of putative synapses – synapsin-positive deposits in close proximity to the dendritic
arbor – in both WT and Munc13-1/2 null cultures (Fig. 6A). This could still be
observed at DIV23, where dendrite density is similar between WT and Munc13-1/2
null cultures (Fig. 6C).
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Figure 5: Munc18-1 influences the actin cytoskeleton. Staining for actin (green) and
tubulin (red) in WT and Munc18-1 null cultures was used to quantify the effect of Munc18
protein on the actin cytoskeleton (A). The area of actin and tubulin was measured and the
ratio was taken. Compared to WT, Munc18-1 null growth cones had a 35% increase in
actin content (B). Bar in overview is 10 µm, zoomed picture is 5 µm. Mean ± S.E.M. are
plotted.
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Figure 6: Decreased outgrowth recovers before synaptogenesis. All MAP2-positive
neurites in a field of view were traced and the total dendrite length was divided by the
number of somata. (A) Multiple fields of view were taken from WT (left) and M13 null
(right) neurons at DIV14, showing a dense network of MAP2-positive neurites (green)
originating from several somata (red asterisks). Furthermore, synapse staining (synapsin1,
red) shows similar numbers of putative synapses in WT and Munc13-1/2 null neurons. (B)
Quantification of denrite length at DIV14, showing no significant difference (t–test; WT:
n=15, M13: n=92; p=0.48) between WT and M13 null neurons. (C) Examples of neurons
from WT and M13 null cultures at DIV23, showing comparable neurite length in kRas–
EGFP labeled neurites. Bar in A is 20 µm and 100 µm in C. Mean ± S.E.M. are plotted.

discussion
During the first week of development, neurons extend their processes over long
distances in order to form connections between brain areas. We found neurite length
and rate of outgrowth in neurons that lack SNARE–dependent vesicle release to
be diminished. This reduction became apparent around 3 days in culture and was
significantly reduced at 4 days in culture, but did not abolish outgrowth entirely. Here
we have shown that the loss of two key proteins involved in synaptic vesicle recycling
reduce neurite outgrowth in both hippocampus and cortex, which is most likely the
result of a reduction in the amount of lipids added to the membrane. This is in line
with evidence from outgrowth in PC12 cells (Morihara et al., 1999) and hippocampal
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neurons (Grosse et al., 1999), where SNAP-25 was cleaved by botulinum neurotoxin,
causing a lack of vesicle exocytosis and resulted in reduced outgrowth.
Using synaptic vesicle parameters established by Takamori et al. (Takamori et al.,
2006), we calculate that a spontaneous release rate of approximately one vesicle per
second (Wyllie et al., 1994) and a neurite diameter of 440nm (Takamori et al., 2006) can
account for 0.12µm of neurite extension per minute in lipids alone. The total surface area
of a vesicle – lipids and proteins – accounts for 0.24µm of neurite extension per minute,
but vesicle proteins and some lipids are retrieved by endocytosis in outgrowing growth
cones (Schenk et al., 2003). Importantly, the release-deficient neurons showed a decrease
in outgrowth that was of the same order of magnitude, indicating that the loss of lipids
supplied by vesicle fusion can in principle explain the reduction in outgrowth observed in
the release-deficient neurons. Reduction in outgrowth for downstream SNARE proteins
has been shown previously (Igarashi et al., 1996; Osen-Sand et al., 1993; Hirling et al.,
2000). Furthermore, our observations show that this process occurs in different brain
regions such as the cortex and the hippocampus, independent of cell origin. However,
the underlying mechanism for the reduced outgrowth remains to be elucidated.
Morphological changes in filopodia were observed in Munc18–1 null growth
cones. This difference may be related to the manner in which Munc18-1 affects the
actin cytoskeleton as shown here and in earlier studies (de Wit et al., 2006; Toonen
et al., 2006), influencing growth cone morphology via a mechanism that regulates
the formation of filopodia. In this scheme, filopodium formation is dependent on the
Arp2/3 complex, which forms a nucleation site for actin polymerization (for a review
see Mattila and Lappalainen (Mattila and Lappalainen, 2008)), whereas filopodium
extension is dependent on the Rho GTPase family, specifically CDC42 (Nobes and
Hall, 1995). Munc18–1 could regulate the binding of Arp2/3 to actin filaments thereby
manipulating the number of filopodia. Munc18-1 may also reduce CDC42 activity
thereby reducing filopodia extension. Finally, munc18-1 null mutant mice have
reduced cellular levels of syntaxin1 (Verhage et al., 2000; Bouwman et al., 2004), which
may also contribute to the morphological changes observed in Munc18–1 null growth
cones. However, we have shown before that syntaxin1 can still be readily detected
in the terminal field of immature neurons in vivo (Toonen et al., 2005), suggesting
that availability of syntaxin is not a limiting factor. The morphological abnormalities
observed in Munc18–1 null, but not Munc13-1/2 double null growth cones may also
relate to the previously observed effects of phospholipase A2 (PLA) and arachidonic
acid (AA) in growth cones. The PLA/AA pathway appears to play a central role in
growth cone morphology (de la Houssaye et al., 1999) and also modulates munc18-1
function (Connell et al., 2007).
Lamellipodium formation influences the surface area of the cell (Nakaya et al.,
2008) and is dependent on Rac1 (Nobes et al., 1995). Munc13 isoforms may decrease
lamellipodia formation in the peripheral zone of the growth cone by influencing the
Rho family GTPases (Kozma et al., 1997). This could result in an increased growth
cone area in the Munc13-1/2 null neurons. However, our results were not conclusive
about the effect of Munc13-1/2 on growth cone morphology.
Vesicle release during outgrowth
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Although release deficient animals have a lethal phenotype, the reduced outgrowth
speed is sufficient to form long distance projections (Verhage et al., 2000; Varoqueaux
et al., 2002). A rough calculation using outgrowth speeds found in cell culture showed
that WT neurons have an outgrowth rate of ~1mm/day, while release-deficient
Munc18-1 and Munc13-1/2 null neurons have an outgrowth rate of ~0.6mm/day.
Neurite outgrowth starts around E11–E12 leaving 8–9 days until birth for outgrowth
to proceed, allowing release-deficient neurons to attain a length of 5–10 mm which,
given the dimensions of mouse neonatal brain is sufficient to form long-distance
connections. Consequently loss of synaptic vesicle release in mutant neurons does not
affect neurite outgrowth enough to prevent the formation of long distance projections.
A further factor in ameliorating the effects of decreased vesicle release could be
that other mechanisms for incorporating lipids into growing membranes, coupled
with lateral diffusion, are sufficient to supply the growing neurites with lipids. Such
mechanisms, either singly or in combination, could account for our observations that,
despite reductions in vesicle release, neurite length was capable of attaining WT levels
in release-deficient neurons before the onset of and during synaptogenesis. Overall
our data showed that molecular regulators of vesicular release, Munc18 and Munc13,
contribute to neurite outgrowth. While mutant neurons can form long-distance
synaptic connections, the delayed rate of outgrowth is significant at the early stages of
neurite outgrowth and points to a potentially regulating role for Munc18 and Munc13
proteins in early neurogenesis, polarity and neurite extension.
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CHAPTER 3
Effect of glutamate
auto–feedback on neurite
outgrowth in development

Abstract
Background information: During the early development of neurons, vesicle release is
important for the outgrowth speed of developing neurites. Vesicles release from growth
cones adds lipids as well as membrane proteins. The contents of these vesicles are
neurotransmitters such as glutamate. Presence of glutamate receptors on the surface of
the growth cones suggests that a feedback loop might influence growth cone behavior.
Results: We used release–deficient neurons of Munc18–1 and Munc13–1/2 null
mutant mice to look at the role of neurotransmitter release on outgrowth and growth
cone morphology. Control and release-deficient neurons both have surface expression
of functional glutamate receptors. We found that under normal conditions, release–
deficient growth cones have a decreased outgrowth speed. Adding the glutamate
receptor agonist AMPA increased outgrowth in Munc18–1 null but ameliorated
outgrowth in Munc13–1/2 null neurons. Reduced outgrowth in Munc13 neurons
could be restored by pre-incubation of the MEK inhibitor PD98059.
Conclusion: These results indicate that glutamate–induced increase of neurite
outgrowth is dependent on Munc13–1/2 in growth cones. MAP kinase seems to be
involved in AMPA-induced signaling but the specific pathway remains to be elucidated.
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Introduction
Neurons are polymorphic cells with multiple extensions (Goslin and Banker, 1989).
During development, dendrites extend at a slower rate than axons from 3 days in vitro
(DIV) onwards (Goslin et al., 1989). This extension requires insertion of phospholipids
and membrane proteins (Vance et al., 2000). One source of lipids for neurite extension
is SNARE–dependent vesicle release. The role of vesicle release in supporting early
outgrowth of neurites was shown before (Grosse et al., 1999; Morihara et al., 1999;
Broeke et al., 2010) (see also Chapter 2). Contents of synaptic vesicles such as glutamate
are released in the surrounding space and diffuse to a postsynaptic target; however
it could also feedback on the presynaptic site. Functional glutamate receptors were
found on the surface of growth cones, and were shown to regulate growth cone stalling
upon application of the glutamate receptor agonsist AMPA or kainate (Schenk et al.,
2003; Ibarretxe et al., 2007; Chang and De Camilli, 2001). On the other hand, calcium
uncaging in neuronal growth cones induced growth cone steering (Tojima et al., 2007),
indicating a contradiction in effects of growth cone stimulation.
Glutamate receptor expression and surface expression is a dynamic process, and is
well studied in mature neurons as it plays a role in neurotransmission and plasticity.
There are indications that subunit expression of glutamate receptors is regulated by
activity during development in the visual cortex (Akaneya, 2007). Also the surface
transport of receptors is thought to underlie synaptic homestasis (Heine et al., 2008),
a concept explaining the dynamic tuning of synaptic responses. Presynaptic glutamate
receptors have been described in hippocampal neurons (Schenk et al., 2003; FabianFine et al., 2000; Lu et al., 2002), although their function under physiological conditions
is still not entirely clear. Presence of presynaptic glutamate receptors raises the question
how feedback from secreted glutamate is processed by these receptors, if at all. The role
of presynaptic glutamate receptors in young developing neurons is not well studied,
and the picture is largely incomplete.
Previous work on neurite outgrowth during development showed that releasedeficient neurons had decreased outgrowth (Broeke et al., 2010) (Chapter 2). The
reduction in synaptic vesicle release will reduce the amount of glutamate secreted into
extracellular environment, reducing the amount of glutamate receptor activation on
growth cones and reducing growth cone stalling. In release-deficient neurons, the lack
of glutamate secretion would therefore be expected to result in reduced growth cone
stalling, but this was not observed. We therefore examined what the role of secreted
glutamate is on neurite outgrowth and growth cone dynamics in both wild type control
and release-deficient munc18-1 null and munc13-1/2 null neurons.
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Materials and methods
Laboratory animals
Munc18-1 deficient, munc13-1/2 double knockout and membrane-tagged EGFP
(mEGFP) mice have been described before (Verhage et al., 2000; Varoqueaux et al.,
2002; Roelandse et al., 2003). Mouse embryos were obtained by caesarian section of
pregnant females from timed heterozygous matings. Animals were housed and bred
according to institutional, Dutch and U.S. governmental guidelines.
Dissociated Cortical cultures
Cortices were dissected from embryonic day 18 mice and collected in Hanks Buffered
Salts Solution (HBSS - Sigma, St. Louis, USA), buffered with 7 mM HEPES. After
removal of the meninges, the cortices were minced and incubated for 20 minutes in
trypsinated HBSS at 37 °C. After washing the neurons were triturated with fire polished
Pasteur pipettes, counted with a hemacytometer and plated in Neurobasal medium
(Invitrogen, Carlsbad, USA) supplemented with 2% B-27 (Invitrogen), 1.8% Hepes, 1%
glutamax (Invitrogen), 1% Pen/Strep (Invitrogen) and 0.2% b-mercaptoethanol. Low
density cultures were plated on poly-L-lysin coated glass cover slips at 25,000/cm2. For
island cultures, neurons were plated at 6,000/cm2 on islands of rat glia. Glial islands were
obtained by spraying a 0.25 mg/ml rat tail collagen solution (BD Biosciences, Bedford,
USA) on glass cover slips. After drying and UV sterilization glial cells were plated at 600/
cm2. In some experiments, 100 nM insulin (Sigma) was added to prolong the lifespan of
munc18-1 deficient neurons. 50% of the medium was refreshed every week.
Organotypic cultures
Organotypic slice cultures from E18 hippocampus were prepared as follows. Mouse
embryos were obtained by caesarean section of pregnant females from timed
heterozygous mating. GFP-expressing animals were identified by direct inspection
using a Leica MZ12 dissection microscope fitted with fluorescence optics. Hippocampi
were dissected from brains in ice-cold dissection Gey’s balanced salt solution (dGBSS,
consisting of GBSS (BioConcept) with 0.65g glucose and 1mM kynurenic acid, pH 7.4)
and cut into 400 µm thick slices using a McIlwain tissue chopper (Mickle Engineering,
Gomshall UK). These hippocampal slices were kept at 4°C in dGBSS for 60 min to
recuperate. All subsequent procedures were identical to those described for organotypic
slice cultures from P8 mice(Gähwiler, 1981). For confocal imaging slices were mounted
in purpose-built chambers (Life Imaging Services, Olten Switzerland) and observed
under continuous superfusion in artificial cerebrospinal fluid (ACSF; 124 mM NaCl,
2.5 mM KCl, 2.0 mM MgSO4, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM glucose,
4 mM sucrose, 2.5 mM CaCl2) saturated with 95% O2 /5% CO2 or in slice imaging
medium containing 1 part HBSS with 7mM HEPES and 1 part Liebovitz L15 medium
with supplements (18mM HEPES, 26μM β-mercaptoethanol, 2% B27 supplement
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and 0.25% GlutaMAX) using a Yokogawa microlens Nipkow confocal system (Perkin
Elmer, Life Science Resources, Cambridge UK). Images were acquired using a cooled
CCD camera (PCO Computer Optics GmbH, Kelheim Germany or Hamamatsu). The
AMPA and kainate receptor blocker CNQX (final concentration 50μM; Sigma) was
added to the bath and imaged after 1hr. AMPA (final concentration 10μM; Sigma)
was added to the bath and imaged after 1 hour. MAPK kinase was blocked by adding
PD98059 (final concentration 25μM; Sigma) and imaged after 15 minutes and again
after 1 hour after 10μM AMPA application.
Immunocytochemical procedures
Cultures were fixed by adding 4% paraformaldehyde (PFA) to the medium in a 1/1
ratio. After 15 minutes the PFA/medium mixture was exchanged for 4% PFA, for 15
minutes. Surface staining for GluR2 was done on ice. After washing with PBS the cells
were permeated with 0.1% Triton X-100 for 5 minutes. After washing with PBS the cells
were incubated in a mixture of antibodies for GRIP and tubulin and 0.1% Triton X-100
for 1 hour at room temperature of overnight at 4°C. After washing 3 times 5 minutes
with PBS, the cells were incubated for 1 hour at room temperature with the secondary
antibodies. After washing in 3 times 5 minutes in PBS the cover slips were mounted on
microscopic slides with Dabco-Mowiol and analysed with a Zeiss 510 Meta Confocal
microscope (Heidelberg, Germany).
Data analysis
For the analysis of neurite outgrowth in 3 DIV hippocampal slice cultures various
parameters were analysed using MetaMorph software (Universal Imaging Corp., West
Chester PA) using the ‘Track Points’ function. For growth cone velocity and distance
travelled per frame, growth cones were tracked in time series with images acquired at
1 minute intervals covering a total imaging time of 20 min.
For the growth cone dynamics growth cones were analyzed using ImagePro software
(MediaCybernetics). The growth cone area was determined in each frame by drawing
a polygon around the palm of the growth cone and the new and existing filopodium
length by drawing lines. Motility was calculated as the number of filopodia (old and
new) per growth cone area per frame or as the number of new filopodia per hour.
Filopodium length was calculated only for the new filopodia and averaged over the
entire time-lapse series.
Visualization of growth cone motility was done by flattening the time-lapse series
and combining it with the first frame of the original time-lapse series. Before overlaying
these pictures, the flattened time-lapse series were made green, while the first frames
were made red.
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results
We set out to study the relationship between neurotransmitter release and receptor
stimulation on neuronal growth cones. We took advantage of various transgenic mouse
lines that either lack proteins involved in synaptic vesicle release, Munc18-1 null
(Verhage et al., 2000) and Munc13-1/2 null (Varoqueaux et al., 2002). Genetic deletion
of munc18-1 (M18) and munc13-1 and munc13-2 (M13) in mice completely abolishes
spontaneous and evoked neurotransmitter release in neurons. Both mutations result in
neonatal lethality however tissue derived from either of these lines can be cultured for
a period of time (Varoqueaux et al., 2002; Heeroma et al., 2004).
We crossed these mice with mice bearing GFP-tagged to their membrane (EGFP
with a myristoylation signal; mEGFP (Roelandse et al., 2003)) in order to visualize
morphological alterations in fine neuronal structure. We used organotypic cultures
of embryonic hippocampus, similar to those described earlier (Gähwiler, 1981). A
detailed description of these organotypic cultures derived from M18 and WT mice has
been published earlier (Roelandse et al., 2003; Gähwiler, 1981; Heeroma et al., 2004).
We now focus on neurite extension and growth cone dynamics during the first week in
culture. Neurons in these organotypic cultures extend long neurites that reach far into
the surrounding matrix.
Glutamate receptors are present in release-deficient neurons
To confirm that growth cones express glutamate receptors on their surface, we stained
similar dissociated cultures for surface AMPA receptors. Using this technique we are
able to distinguish between the internal pool of AMPA receptors and those inserted
on the plasma membrane. We found that AMPA receptors were present on growth
cones at 4 DIV (Fig 1). In addition, GRIP, a synaptic PDZ domain-containing protein
that interacts with AMPA receptors, is also present in growth cones suggestive of a
functional receptor complex (Fig 1).
Glutamate receptors are functional after DIV2
To establish whether the glutamate receptors on the surface were functional, we
took dissociated WT and M18 cells and treated them with various concentrations of
glutamate receptor (Fig 2). Although growth cone motility is present at 2 DIV in WT
neurons, we were unable to decrease its motility using AMPA receptor stimulation (4
µM AMPA; Fig 2A,B). This also held true for M18 growth cones, which showed no
change in motility at DIV2 upon application of AMPA (Fig 2C). This suggests that
both WT and M18 growth cones do not possess functional AMPA receptors on their
surface at 2 DIV. In contrast, one day later the majority of the growth cones do respond
to the mild AMPA receptor stimulation and growth cone motility strongly decreases
after AMPA receptor stimulation in both WT (Fig 2B) and M18 (Fig 2C). These data
suggest the presence of functional AMPA receptors on the surface of the growth cone
after 2 DIV and that Munc18-1 is not essential for AMPA receptor surface expression.
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Figure 1: GLUR is present in
wt and release-deficient
growth cones. A) Wild type
cultures stained for surface
GluR2 (left panel), and total
GluR2 (middle panel) show that
in 3DIV old growth cones there
is surface expression of GluR2.
B) Co-staining for sGluR2 and
GRIP shows that the receptors
are in a mature state. C)
Staining for sGluR1 in WT and
release-deficient neurons shows
the presence of receptors on the
surface in all three genotypes.
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Figure 2: Glutamate receptors are functional after DIV2. A) Frames from a time series
show the effect of AMPA application on growth cone motility. In the control condition,
morphological changes can be seen (top row), while acute application of AMPA causes
growth cone stalling (bottom row). B) When wild type growth cones were exposed to
acute AMPA application at DIV2, there is no effect (left column). When AMPA is applied at
DIV3, there is a strong reduction in growth cone motility (right column). C) When releasedeficient munc18-1 null growth cones are exposed to AMPA on DIV2, there was also no
effect on growth cone motility (left column). At DIV3, acute AMPA application caused a
reduction in growth cone motility (right column). This reduction was less strong compared
to WT growth cones at DIV3.
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Growth cone morphology is altered by glur stimulation
Previous publications showed a correlation between glutamate receptor stimulation
and growth cone stalling (Schenk et al., 2003; Ibarretxe et al., 2007). Growth cone
stalling would result in decreased outgrowth, so therefore it would be expected that
the loss of glutamate secretion in release-deficient neurons would result in decreased
glutamate receptor activation and increased outgrowth. As was shown in Chapter
2, the reverse was the case. We therefore examined the effect of glutamate receptor
agonists (amino-3-hydroxy-5-methyl-4-isoxazole-proprionic acid - AMPA; 2 mM) and
antagonists (6-cyano-7-nitroquinoxaline-2,3-dione - CNQX; 50 mM) on outgrowth in
WT and release-deficient dissociated and organotypic cultures. For WT growth cones,
we found a decrease in the relative length of filopodia (Fig 3B) as well as a growth cone
area increase (Fig 3C). The number of filopodia per growth cone was also reduced (Fig
3D). In release-deficient M13 neurons, there was no effect of AMPA stimulation on
growth cone morphology. However, both the length of filopodia and their number were
increased compared to AMPA stimulated WT growth cones (Fig 3B&D, respectively).
There was no difference in growth cone area (Fig 3C). For M18 growth cones, AMPA
stimulation decreased the length of filopodia (Fig 3B), however the number of filopodia
was increased (Fig 3D). The growth cone area was also increased (Fig 3C).
Application of CNQX in WT caused a further decrease in the length of filopodia
(Fig 3B) as well as the surface of the growth cone (Fig 3C). The number filopodia
per growth cone was increased by CNQX application (Fig 3D). In release-deficient
M13 growth cones, the filopodium length was actually slightly increased (Fig 3B), as
well as the number of filopodia (Fig 3D). There was also an increase in the growth
cone area compared to untreated M13 growth cones (Fig 3C). In M18 growth cones,
CNQX application did not affect the length of filopodia or the growth cone surface (Fig
3B&C, respectively), however it did decrease the number of filopodia per growth cone
compared to unstimulated growth cones (Fig 3D).
Taken together, these results suggest that AMPA receptor stimulation and inhibition
have differential effects on release-deficient growth cones. Whereas WT and M18
react similar to AMPA stimulation, M13 growth cones act completely independent,
suggesting a specific role for munc13 during AMPA stimulation. To see whether AMPA
receptor stimulation would also influence neurite outgrowth, we applied it chronically
to cultures and monitored the length and outgrowth rate.
Chronic AMPA application influences neurite outgrowth
As glutamate receptor activation seemed to result in stalling in previous work (Schenk
et al., 2003; Ibarretxe et al., 2007), we expected that neurite length and outgrowth speed
would be reduced when AMPA was applied. We therefore made a developmental time line
in dissociated cultures to measure total neurite length (Fig 4), and used organotypic slice
cultures to examine the speed of outgrowth at DIV3 (Fig 5). AMPA receptor stimulation
in WT cultures resulted in an increased total neurite length at DIV4 (Fig 4A&B) and
an increased speed of outgrowth (Fig 5A). The accumulated distance was also higher in
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Figure 3: Growth cone morphology is altered by glur stimulation. A) Example of a
WT growth cone with the measurements indicated. Surface area was measured as the area
of the growth cone palm without the filopodia (indicated by light red surface). The length
of filopodia was measured from the base of the filopodium to its tip (light blue areas). B)
Filopodium length of WT (blues), M13 (greens) and M18 (reds) during control conditions
showed no difference for M13 and M18. AMPA application had no effect on the length of
the filopodia, while CNQX application decreased filopodium length in WT growth cones. In
contrast, CNQX increased filopodium length in M13 growth cones, but had no significant
effect on M18 growth cones. C) M18 growth cones were larger compared to M13 growth
cones in control conditions. In M18growth cones, AMPA increased the growth cone area
slightly but not significantly. CNQX had no effect on the area in M18 growth cones, but
significantly increased the area in M13 growth cones. D) The number of filopodia per
growth cone under control conditions was increased in M18 and M13 compared to WT.
When AMPA was applied, M13 mutants showed an increase in the number of filopodia
while in WT the number actually decreased slightly (p=0.06). Application of CNQX had no
effect on WT growth cones, but increased the number of filopodia in M13while decreasing
them in M18 growth cones. Number of observations indicated in the bars. #: indicates
trend (0.05<p<0.1); *: p<0.05; **: p<0.01; ***: p<0.001
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DIV2 application.
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DIV4 A) Using
dissociated cultures, we established a developmental time line up to 4DIV. Tracings from
neurons at DIV2 and DIV3 for the indicated genotype under control (top), chronic AMPA
application (middle) and chronic CNQX application (bottom). All genotypes show neurite
outgrowth, even when AMPA or CNQX is applied chronically. B) Quantification of the total
neurite length. In WT cultures, both AMPA and CNQX reduced the outgrowth at DIV3
(medium and light blue, resp.) compared to control (dark blue). At DIV4, CNQX reduced
outgrowth, while there is a small increase in neurite length in AMPA-treated cultures. In
Munc18-deficient cultures, AMPA treatment increased the neurite length compared to
control (medium and dark red, resp.). CNQX treatment had no significant effect compared
to control conditions (light and dark red, resp.), but the difference between AMPA and
CNQX treated cultures was significant. Munc13-deficient cultures showed increased
neurite length when treated with AMPA at DIV2 compared to control conditions (medium
and dark green, resp.). CNQX had no significant effect on neurite length (light green).
When all conditions are overlaid (bottom right) it can be seen that from DIV2 onwards,
the release-deficient cultures lag behind the WT cultures. WT cultures treated with CNQX
have similar neurite lengths compared to M18 cultures treated with AMPA (light blue and
medium red). *: p<0.05; **: p<0.01; ***: p<0.001. Numbers indicate the number of cells
for control, AMPA and CNQX.
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Figure 5: Outgrowth speed is altered by ampa application. A) We used organotypic
slice cultures to examine the effect of chronic AMPA application on outgrowth speed on
DIV3. Under control conditions, release-deficient growth cones had a strongly reduced
outgrowth. AMPA application induced an increase in outgrowth for WT and M18 growth
cones, but reduced the velocity for M13 growth cones. CNQX application had no effect
on WT and M18 growth cones, but increased the velocity of M13 growth cones. B)
Accumulated distance for WT (blues), M18 (reds) and M13 (greens) show that application
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compared to control conditions (dark blue and red, respectively). The reverse was seen
in M13 cultures (medium green versus dark green). Application of CNQX decreased the
accumulated distance in WT and M18 (light blue and red, respectively), while increasing
it for M13 (light green). **: p<0.01; ***: p<0.001; Numbers in bars indicate the number
of growth cones per condition.
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WT cultures treated with AMPA (Fig 5B). The opposite is true when AMPA receptors
are blocked; the total neurite length is decreased (Fig 4A&B) as well as the speed of
outgrowth (Fig 5A) and the accumulated distance (Fig 5B). This suggests that chronic
AMPA receptor stimulation is actually beneficiary for neurite outgrowth.
AMPA application to M18 cultures rescued the total neurite length (Fig 4A&B)
and the speed of outgrowth to values comparable with WT (Fig 5A). Accumulated
distance was also increased by AMPA application (Fig 5B). Blocking AMPA receptor
stimulation using CNQX in M18 cultures decreased the total neurite length slightly
(Fig 4A&B) as well as the outgrowth speed (Fig 5A) and the accumulated distance (Fig
5B). However, in release-deficient M13 neurons AMPA application caused a decrease
in total neurite length (Fig 4A&B), neurite outgrowth speed (Fig 5A) and accumulated
distance (Fig 5B). This effect was reversed by applying CNQX causing neurite length to
increase on DIV3 (Fig 4A&B), as well as increasing the neurite outgrowth speed (Fig
5A) and accumulated distance (Fig 5B).
As with the growth cone morphology, both WT and M18 cultures seemed to
respond to AMPA receptor stimulation in a similar fashion. Munc13 on the other
hand showed an opposite response, indicating that there must be a specific role for
munc13 in AMPA receptor signaling during outgrowth. One possible candidate is the
MAP kinase pathway, which was shown previously to be activated by AMPA receptor
stimulation (Schenk et al., 2005).
Chronic AMPA effect munc13 ameliorated by blocking MAPK signaling
Previous work has shown that GluR activation involved MAP kinase phosphorylation
in growth cones (Schenk et al., 2005). In order to investigate whether altering the MAPK
signaling pathway could influence the reduced outgrowth speed in M13 neurons, we
applied the MAPK inhibitor PD98059. Application of AMPA reduced the outgrowth
speed by 50% (Fig 6A), however when PD98059 was applied in the absence of AMPA,
neurite outgrowth speed was increased compared to M13 control by 26% (Fig 6A).
When AMPA was applied after incubation with PD98059, the reduction in outgrowth
was absent (Fig 6A). The same held true for the accumulated distance (Fig 6B). This
shows that blocking the MAPK pathway interfered with the AMPA-induced munc13dependent neurite outgrowth.

discussion
The effect of glutamate receptor agonists on growth cones was previously described
as stalling the motility (Schenk et al., 2003; Ibarretxe et al., 2007). We found that this
was true after 2 DIV but not before, indicating that before this time point there are no
glutamate receptors present on the surface of the membrane, or the internal signaling
is different at this stage. Stalling of growth cone motility could be inferred as reducing
neurite outgrowth. However, we have shown previously that neurons lacking synaptic
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Figure 6: Inhibition of mapk signaling inhibits ampa induced stalling. A) Velocity of
outgrowth was measured in organotypic slices of munc13-1/2 null mice. When AMPA was
applied chronically (dark gray), outgrowth speed was reduced by almost 50% compared
to control (black). Incubation of the MAP kinase inhibitor PD98059 showed a small
increase of 26% in the speed of outgrowth (gray). When AMPA was applied chronically
after pre-incubation with PD98059 (light gray) there was no decrease in outgrowth speed.
B) Accumulated distance showed that chronic AMPA application (dark gray) reduced the
distance covered by the growth cone compared to control (black). When slices were
pre-incubated with PD98059, the effect of chronic AMPA application was not seen on
accumulated distance when compared to AMPA application without PD98059 (light gray
versus dark gray, respectively). Incubation with PD98059 alone was sufficient to increase
the accumulated distance in munc13-1/2 null neurons (gray). n.s.: not significant; ***:
p<0.001; Numbers inside the bars indicate the number of growth cones analyzed.

vesicle release actually show a reduction in outgrowth (Grosse et al., 1999; Morihara et
al., 1999) (Chapter 2). This seemingly contradictory finding hints at a different effect of
glutamate receptor activation on different time scales. We applied the glutamate receptor
agonist AMPA chronically and found an increase in outgrowth. This was however not
the case in munc13-1/2 null neurons, where the opposite seems to be the case.
Previous work has linked glutamate signaling to actin dynamics of filopodia
where they found a reduction in motility (Chang et al., 2001), which is in line with
our findings of acute application of AMPA. However, the exact pathway remains to be
elucidated: extracellular calcium is implicated as a trigger for stalling, however other
observations show that local calcium elevation causes growth cone extension towards
the site of calcium influx, but not stalling (Tojima et al., 2007; Henley and Poo, 2004).
This would indicate that calcium elevation in the entire growth cone body would result
in extension of the growth cone in all directions.
Findings of MAPK involvement via AMPA receptor stimulation seem to indicate a
pathway involving the Src family tyrosine kinases (Schenk et al., 2005). We found an
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effect on outgrowth when we inhibited MAPK activity in munc13–1/2 null neurons. In
other work, a novel GTPase called Rit was found to be involved in neurite outgrowth
(Lein et al., 2007), which is in line with other findings that implicate GTPases in neurite
outgrowth and actin dynamics (Da Silva et al., 2003; Li et al., 2002; Luo et al., 1996; Nobes
and Hall, 1995). These GTPases control actin polymerization and depolymerization, and
several mutants have been described that function as dominant negative or constitutively
active. This allows the effect of their activity to be studied in more detail, which may
explain the reduced outgrowth found in this study. Expression of dominant negative Rac
or Cdc42 in WT neurons could generate a similar phenotype as the release-deficient
neurons. Our results indicate that Munc13 is involved in this process, but not Munc18.
This rules out vesicle release, and points to a signaling pathway involving Munc13.
Further research will be required to elucidate the exact components of the signaling
pathway involved in glutamate signaling during early neurite outgrowth.
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CHAPTER 4
Automated quantification of
cellular traffic in living cells

Abstract
Background information: Cellular traffic is a central aspect of cell function in health
and disease. It is highly dynamic, and can be investigated at increasingly finer temporal
and spatial resolution due to new imaging techniques and probes. Manual tracking
of these data is labor intensive and observer biased and existing automation is only
semi automatic and requires near perfect object detection and high contrast images.
Results: Here, we describe a novel automated technique for quantifying cellular traffic.
Using local intrinsic information from adjacent images in a sequence and a model for
object characteristics, our approach detects and tracks multiple objects in living cells
via Multiple Hypothesis Tracking and handles several confounds (merge/split, birth/
death, clutters), as reliable as expert observers.
Conclusion: The proposed method can be applied to many different trafficking
organelles and was found reliable. By replacing the related component (e.g. using a
different appearance model) the method can be easily adapted for quantitative analysis
of other biological samples
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Introduction
Most cells, from yeast to mammals, contain a network of highly dynamic cellular
trafficking routes that transport vesicles, other organelles and cell constituents among
various locations in the cell. Many factors involved in cellular trafficking have been
extensively characterized and it is clear that different routes are differentially regulated
but also exploit common features (see for a review (Muth and Caplan, 2003)). It is
also clear that aberrant regulation of cellular trafficking is a prominent factor in many
human diseases, such as diabetes (Garvey et al., 1998) and neurological disorders
(Cooper et al., 2006; Rong et al., 2006; Lau and Zukin, 2007; Rogaeva et al., 2007).
Our current knowledge of cellular trafficking is largely based on semi-quantitative
analyses of interference studies. However, modern biology calls for more quantitative
assessment of this central aspect of cellular biology.
Recent advances in imaging techniques (Wang et al., 2006; Watanabe et al., 2007;
Westphal et al., 2008) and the availability of many new probes (Chudakov et al.,
2006; Ozawa et al., 2007) provide better opportunities than ever before to disclose
mechanisms of cellular trafficking in living cells, but quantification of the large datasets
that these new techniques generate is becoming a major obstacle. Manual tracking
of cellular traffic is labor intensive and observer biased, and the variance within
and between observers can influence results and eventually the conclusions. Several
alternatives currently available are either highly specialized (Oheim and Stühmer,
2000; Racine et al., 2007) or require intensive human interaction, introducing selection
bias. Therefore, a fully automated algorithm for tracking multiple objects in living cells
will substantially facilitate cellular trafficking research.
An important requirement for such algorithms is to detect all objects in each frame
of an image sequence and to link these throughout the sequence. A commonly used
approach to achieve this is ‘nearest neighbor association’ (NNA) (Ku et al., 2007).
For an object in a given frame, its distance to all other objects in the next frame is
computed, and the object pair with the shortest distance is linked to generate a track.
This approach assumes that the number of objects remains the same throughout the
image sequence and that they move with constant speed over relatively short distances.
However, the dynamics of most cellular constituents show a wide range of (variable)
displacements. Also, appearing or disappearing objects (‘birth/death’) and merging and
splitting of objects changes the number of objects. Additionally, image quality varies
between and within experiments, with differences in object intensity, expression levels,
bleaching, noise and auto-fluorescence complicating detection and tracking. Finally,
many experiments require minimal excitation intensity to reduce phototoxicity or fast
acquisition to sample object dynamics correctly, both reducing the image contrast and
dynamic range, thereby compromising unequivocal detection of the objects. All these
conditions cause the performance of NNA tracking to deteriorate quickly. A successful
automatic tracking algorithm must address these uncertainties in detection and
movement characteristics and tolerate typical object intensities/contrast and image
quality variation.
Quantification of vesicle transport
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We propose a novel model and a recursive Bayesian estimation algorithm that
exploits intrinsic information contained in an image sequence. The algorithm is
sequential and uses information extracted from previous frames to predict the most
likely object configurations. The objects are detected and tracked robustly despite
complicating factors inherent to biological samples. In order to track a variable number
of objects with different movement characteristics, it uses multi hypothesis tracking to
render the approach computationally feasible.
To validate our approach, we tracked several cellular constituents in some of the
most complex cells (neurons and astrocytes), and compared the manual and automated
tracking data. We show that our novel algorithm that we have named FluoTracker,
adequately handles typical differences in image quality as well as object size and shape.
Furthermore, it handles events such as splitting/merging and birth/death of objects
reliably and is capable of tracking multiple objects fully automatically.

materials and Methods
Laboratory animals and cell lines
Embryos from wild type mice were obtained by Cesarean section at embryonic day 18.
All animals were housed and bred according to the institutional, Dutch and American
governmental guidelines. Use of human endothelial cells was approved according to
the institutional and Dutch governmental guidelines.
Primary neuronal cultures
Cortices were dissected out in ice cold Gey’s balanced salts solution (GBSS, BioConcept
AG, Allschwil Switzerland), supplemented with 0.65g glucose and 1mM kynurenic
acid. They were dissociated in HEPES buffered HBSS (Gibco) with 0.25% trypsin
(Invitrogen). The cortices were washed and triturated with a fire-polished Pasteur’s
pipette. The cells were counted and plated at 25k (MitoTracker Red) or 100k cells/
well (vesicle trafficking and MT tracking) on 18mm glass cover slips coated with poly
L lysine (PLL) with a glial feeder layer. The cultures were kept in Neurobasal feeding
medium (containing 18mM HEPES, 2% B27 supplement, 25µM ß mercaptoethanol,
0.5mM glutamax and penicillin/streptomycin).
Astrocyte cultures
Primary mixed glial cultures were obtained as described previously (Dijkstra et al., 2006)
with slight modifications. Cortices from E18 mouse embryos were collected and meninges
and blood vessels were carefully removed. The tissue was then minced and triturated using
a fire polished Pasteur’s pipet. Hereafter the cell suspension was mixed with DMEM and
centrifuged at 1000 rpm for 10 minutes at 4°C. The remaining cell pellet was resuspended
in DMEM containing 10% FCS, pen/strep and non-essential amino acids, and seeded in
T25 flasks. Cells were maintained in a humidified atmosphere (37°C, 5% CO2), medium
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was refreshed 24 hours after seeding and subsequently once a week. After 2 weeks confluent
cultures were shaken overnight at 200 rpm at 37°C in order to detach microglia. Microglia
were subsequently seeded on collagen coated 18mm glass cover.
Transfection
Neuronal cultures were transfected at 3-4 days in vitro (DIV) using calcium phosphate
transfection as described before (Köhrmann et al., 1999). Briefly, 1µg sema3A–EGFP DNA
was diluted in water with 0.25M CaCl2 and added to BES buffered saline (BBS; containing
50mM BES, 280mM NaCl and 1.5mM Na2HPO4, pH set to 7.03). This transfection mix
was added to serum free medium and added to the cells. After incubation, the cells were
washed and placed back in the incubator with Neurobasal feeding medium.
Transduction
Neuronal cultures and glia cultures were infected with Semliki forest viral vector
expressing NPY EYFP, and neurons were infected with lentiviral vector expressing EB3
EGFP. Cultures were infected at DIV6 7 with Semliki viral vector, 6 to 8 hours prior to
imaging; or 5 hours after plating with lentiviral vector and imaged at DIV3.
Imaging
Neuronal cultures were imaged in Tyrode’s solution (in mM: NaCl: 119; KCl: 2; CaCl2:
2; MgCl2: 2; HEPES: 25; glucose: 30, pH 7.4) on a Zeiss Axiovert II inverted microscope
(Carl Zeiss, Germany) with a 40x oil objective (NA 1.3). Mitochondria were imaged
after pre-incubating cultures at DIV7 with 50nM MitoTracker Red. Time lapse series
were acquired at room temperature without binning using a CoolSNAP HQ camera
(Roper Scientific, Tucson, AZ, USA), which was controlled by MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA). Acquisition duration was 60 120s with a 1s
interval for proteins and 10s for mitochondria with an exposure time of 100-200ms.
Astrocytes were imaged in modified Tyrode’s solution (as before but with 130mM
NaCl and 5mM KCl, pH 7.4) on a laser confocal system (LSM510, Carl Zeiss) at 37°C
with a 40x oil objective (NA 1.3) using an interval of 500ms for 20min.
Manual tracking and analysis
Manual tracking was done using the ‘Track Points’ function in MetaMorph. Objects
were marked and selected by the experienced user in the first frame and tracked by
the expert observer and at least one novice observer, for as long as their identity could
be established. Data on distance, time interval and distance to origin was exported to
Microsoft Excel (Microsoft, Redmond, WA, USA) and analyzed by the expert observer.
The percentage of moving objects was determined by separating the tracks in
moving and pausing objects based on the distance traveled. Objects were classified as
moving when they moved for at least 3 consecutive frames. Direction (anterograde,
retrograde or bi directional) was determined by looking at the changes in distance to
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origin. Depending on the location of the soma, a decrease or increase of the distance
to origin was associated with anterograde or retrograde movement. Direction was
marked as moving in one direction for at least 2 consecutive frames. Moving objects
that switched direction were classified as bi directional. Objects that switched direction
between 2 consecutive frames but did not show directed movement for 2 consecutive
frames were marked as jitter and classified as not moving. The velocity was defined as
the accumulated distance by the total time spent traveling.
Automated tracking with existing software
For comparison with existing software, we used the ‘Track Objects’ function in MetaMorph
with settings for template-based tracking, an object size of 5x5 and a search area of 15x15.
We configured the module so that the velocity was used to determine the next position,
and upon losing the object, the track was terminated. The template match was set to 50%
or more. Images were auto scaled, and selection was done by the expert observer.
FluoTracker program
The program was coded in Matlab. Time lapse stacks were converted into uncompressed
AVI files using MetaMorph and loaded into the FluoTracker program using a graphical
user interface. Automatic tracking of vesicles was done according to the flowchart shown
in figure 2. After the movie was converted to a Matlab format, the objects were detected
and then tracked. After tracking, the objective magnification and time interval were
entered and the location of the soma was indicated by a mouse click before quantitative
analysis (Fig. 2), and the results were exported to Excel. The program output consisted
of data on the number of frames each object was tracked, their direction and their
average, minimal and maximal velocity over their respective track. For validation, we
used the velocity and direction data from vesicles tracked from the first frame onwards
for comparison with the manual tracking.

Results
Algorithm design considerations
We addressed the problems associated with biological samples (e.g. auto-fluorescence,
expression levels), events (split/merge, birth/death and clutters) and imaging (e.g.
excitation intensity, bleaching) using four elements in our algorithm design. First,
we automatically separated the background from our objects of interest by taking
the maximum intensity projected over the entire sequence using a range method
(Sezgin and Sankur, 2004). This method sets the range of background intensity
values, all pixels outside this range belonged to the objects of interest (see Appendix
A: ‘Detection’, Figure 2). Additionally, for adjoining objects, automated local analysis
was used to determine a refined threshold to classify the separate objects (see
Appendix A: ‘Detection’, Figure 3).
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Second, we introduced an appearance model, describing the pixel intensities of an
object as a discrete histogram, to identify unique objects in each frame. Other information
such as speed or shape was not reliable due to the large variation between frames.
Third, after detection, we designed a method to link the objects throughout the image
sequence while conserving their identity. A complicating factor typical for biological
samples is the changing number of objects in the image, caused by splitting/merging
and birth/death of objects (Fig 1A). A merged vesicle (Fig 1A, orange arrowhead) can
split up into two new vesicles (one stationary and one retrogradely moving vesicle;
yellow and red arrowhead, respectively), and vice versa, two vesicles (red and yellow
arrowheads) can merge into one new vesicle (orange arrowhead). Also, the entrance
(‘birth’; purple arrowhead) and vanishing (‘death’; purple dashed arrowhead) of an
A

B

C

D

E

Figure 1: Events during tracking and biological samples used for evaluation. (A)
Vesicles labeled with NPY EYFP show several events in the life time of a vesicle. A vesicle
appearing as one object (0:00; orange arrowhead) splits up into two new vesicles (0:10;
red and yellow arrowhead). Vesicles appearing (birth; purple arrowhead) and disappearing
(death; purple outline) as well as deposits of protein (arrow) are complicating factors in
tracking vesicles over time. (B) Directional movement in vesicles labeled with Sema3A
EGFP show anterograde (green arrowhead), retrograde (red arrowhead) and bi directional
movement (cyan arrowhead). Some vesicles remain stationary during the entire time series
and labeled as pausing (yellow arrowhead). (C) Dense core vesicles labeled with NPY EYFP in
glia show punctuate staining similar to neurons. (D) Mitochondria labeled with Mitotracker
Red appear as tubule like structures of variable length. (E) Microtubule +ends labeled by
EB3 EGFP (arrows) originate from a microtubule organizing center (MTOC; arrowhead)
and move into the neurites. Frames in (A) and (B) were made by taking a region from the
original file. Scaling of the intensity values was done in ImageJ with the ‘Window/Level’
module, using the ‘auto’ setting to scale the LUT for illustrative purposes. Time indicated in
“minutes:seconds” . Scale bar represents 2µm in (A, B, D and E) and 1.8µm in (C).
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object, caused by moving in or out of the focal plane, is a common event. Clutters as
indicated by the arrow in Figure 1A, arise when protein is deposited on or associates
with the membrane, decreasing the contrast locally.
To address these events, we use a standard approach employed in various
engineering fields, such as computer vision or radar based object tracking (Meng et
al., 2002). In this approach, one maintains a joint probability distribution over the
possible states of all the objects and recursively updates this distribution via Bayes
rule, when future observations become available (see Appendix A: ‘A framework for
optimal tracking’). The computational difficulty comes from the association ambiguity,
in that there are possibly many ways of associating observed features to the individual
object tracks. The multi-hypothesis tracking (MHT (Reid, 1979)) algorithm calculates
the posterior probability that the current observation belonged to one of the tracks
in the previous frames. When the number of observations and objects increases, this
generates potentially a large number of hypotheses.
To circumvent exhaustive association, we use a suboptimal approach based
on an auction algorithm (Bertsekas, 1989). This algorithm differentiates tracks
and measurements into sets containing measurements not related to tracks and
single measurements related to a single track. In order to resolve split (one track
associated with two measurements) and merge events (two tracks associated with one
measurement), we introduced a second round assignment of the auction algorithm
(Tsaknakis et al., 1991) (see Appendix A: ‘An efficient implementation’). This second
round compares the measurements in the current frame with those in the previous and
next frame, resolving the split/merge events and excluding incompatible hypotheses
(Appendix A: Figure 7). The auction algorithm significantly reduced processing time
while preserving the accurateness of detection and tracking.
Post-processing
Our approach is fully automated and goes through a detection- and tracking phase
before analyzing the data (Fig. 2). However, user interaction is possible in order to
review detection and tracking, and to add or delete erroneous detected objects (Fig. 2,
dotted arrows). In the analysis, each vesicle is associated with a start and end frame, a
velocity (average, min and max), direction, number of reversals, processivity (distance
traveled between pauses) and persistence (time spent between movements).
Data for tracking and validation
Observer bias negatively influences quantification

To examine the role of observer variability in image analysis, we labeled secretory vesicles
in neurons with human Neuropeptide Y fused to EYFP (Lang et al., 1997) (NPY EYFP)
resulting in an expected punctate distribution (Fig. 1A). Using this imaging data, we
examined observer variability by comparing the results from manual tracking by an
experienced observer and 3 novice observers. These novice observers were familiar
with imaging data and were given instructions to track the vesicles identified by the
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Figure 2: Schematic flow chart of the FluoTracker program. Starting with the input
data, the first step is automated detection of objects throughout the entire time lapse
series. The detection results can be reviewed if necessary (dotted arrows), after which
detected objects will be tracked. After tracking, the results can again be reviewed and
objects can be deleted or added if necessary. After setting the time interval, image
scale and indicating the location of the soma, the quantitative analysis will process all
information and generate an output consisting of an Excel sheet with the relevant data.

experienced observer. The variance between the experienced and the novice observers is
shown in Table 1 (Expert and Novice1-3, respectively). The percentages of moving vesicles
differed extensively, and major differences were found in the percentage of pausing and bi
directionally moving vesicles, where novice observers tended to classify pausing vesicles
as anterograde or retrograde (67% for the expert against 24-52% for the novices).
We are not aware of other fully automated algorithms in this research field, but
several semi automated tracking algorithms are available, for instance the ‘Track
Objects’ module in MetaMorph (Universal Imaging Corporation) and several coded
in ImageJ. In general, these algorithms require human interaction and are sensitive
to suboptimal image quality. We compared the MetaMorph module with the expert
and novice observers. It detected a higher percentage of moving objects (75% against
33% for the expert; Table 1), especially bi-directionally moving objects compared to
human observers (55% compared to 22% for the expert; Table 1), most likely due to
inappropriate switching between different objects with similar appearance.

Table 1: Effect of observer bias on detection and selection in neurons expressing NPY-EYFP.

Percentage of moving and pausing NPY-positive vesicles
detected (total number of vesicles)
Expert (86)
Novice1 (73)
Novice2 (85)
Novice3 (83)
MetaMorph (92)

Anterograde

Retrograde

Bi-directional

Pausing

6%
23%
20%
22%
12%

5%
21%
21%
13%
8%

22%
23%
35%
13%
55%

67%
33%
24%
52%
25%

Vesicles were tracked in 5 different time series and percentages of the total number of
vesicles were calculated according to the direction the vesicles were travelling. Pausing
vesicles were detected in frame 1, but did not move during the time series. Differences
between novices and the expert are big and are attributable to observer bias. Semiautomated tracking done by MetaMorph is sensitive to selection bias.
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The FluoTracker approach quantifies vesicle trafficking

To examine the performance and versatility of our algorithm in a biologically relevant
setting, we generated a number of image sequences, visualizing a variety of trafficking
components in living cells: secretory vesicles (large dense core vesicles, NPY EYFP and
Semaphorin3A EGFP), other traveling organelles (mitochondria, MitoTracker Red)
and cytoskeletal components (plus-end tips of microtubuli, EB3 EGFP). We compared
the results from an experienced and a novice observer with the output of our algorithm
for the different cellular components.

Table 2: Detection by human observers and the FluoTracker approach of different organelles.

Percentage of moving and pausing vesicles for different
cargoes and different cells
Anterograde

Retrograde

Bi-directional

Pausing

22%
12%
23%

67%
70%
33%

Semaphorin3A-EGFP (total nr of vesicles) in 6 movies.
Expert (57)
12%
11%
FluoTracker (128)
14%
10%
Novice (61)
10%
5%

16%
18%
42%

61%
58%
43%

NPY-EYFP in glia (total nr of vesicles) in 6 movies.
Expert (19)
11%
26%
FluoTracker (18)
33%
17%
Novice (32)
9%
34%

32%
17%
25%

32%
33%
31%

EB3-EGFP (total nr of vesicles) in 2 movies.
Expert (16)
50%
FluoTracker (49)
37%
Novice (14)
43%

13%
12%
--- a)

6%
27%
14%

31%
24%
43%

MitoTracker-Red (total nr of vesicles) in 5 movies.
Expert (38)
16%
11%
FluoTracker (85)
5%
11%
Novice (37)
6%
6%

11%
27%
53%

63%
58%
35%

NPY-EYFP (total nr of vesicles) in 6 movies.
Expert (86)
6%
FluoTracker (82)
11%
Novice (73)
23%

5%
7%
21%

Detection of different constructs by an expert, the automated FluoTracker approach
and a novice observer in percentages of total number of vesicles, split up according to
direction or pausing, which add up to 100%. The total number of detected vesicles
is added in brackets behind each observer. For NPY in neurons and in glia as well as
for semaphorin3A, 6 separate movies were analyzed, for Mitochondria we tracked 5
different movies and for EB3 2 movies were tracked.
a)
No organelles detected.
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The results from NPY EYFP in neurons show that our algorithm detects organelles
at the level of the expert observer (moving: 30% against 35%, respectively; Table 2).
The novice observer performed suboptimal with a higher percentage of bi directional
movement at the expense of pausing vesicles (moving: 70%; Table 2). Velocity was
similar in the automated tracking compared to the expert with velocities between
0.22µm/s and 0.32µm/s and no differences between FluoTracker and the expert
observer (Fig. 3A). The velocity distribution of FluoTracker was similar to that of the
expert (Fig. 3F), with the FluoTracker program having a few faster vesicles (16% of
vesicles moved 0.7µm/s or faster in the case of FluoTracker).
Semaphorin3A is a widely expressed guidance cue (Luo et al., 1993). An EGFP tagged
version targets to large dense core vesicles similar to endogenous Semaphorin3A (Fig.
1B, see also De Wit et al. (de Wit et al., 2006)). Semaphorin3A labeled vesicles show
anterograde (green arrowheads), retrograde (red arrowheads), bi-directional movement
(blue arrowheads) and vesicle pausing (yellow arrowheads). The algorithm performed
similar to the expert observer (moving: 42% against 40%, respectively; Table 2), with
the novice observer performing suboptimal (moving: 59%; Table 2). The number of
detected vesicles was higher because FluoTracker is not biased towards bright vesicles
as observers. Average vesicle velocity calculated by the expert and our approach showed
no difference for anterograde (0.40µm/s against 0.45µm/s, respectively; Fig. 3B) and
retrograde (0.40µm/s against 0.67µm/s, respectively; Fig. 3B) moving vesicles, except
for bi directional movement (0.27µm/s against 0.50µm/s, respectively; Fig. 3B), which
could be caused by jitter, or the fact that vesicles were tracked longer by the FluoTracker
program. The velocities found here are similar those described by de Wit et al. (de Wit et
al., 2006) in mature neurons, showing the validity of our approach.
In glia, vesicle trafficking is important for delivery of signaling molecules and
neurotrophic factors to the cell membrane (Bezzi et al., 2004; Potokar et al., 2007) as
well as homeostasis (Benfenati et al., 2007) and neurotransmission (Jourdain et al.,
2007). Using NPY EYFP, we visualized vesicle trafficking in glia. Most vesicles had
a punctate appearance, while some vesicles were more threadlike (Fig. 1C). Vesicle
density was high in the soma and the end processes (data not shown), but lower in the
intermediate compartments. The detection was similar for the expert and the novice
observer. FluoTracker had a deviation, mainly becaused it tracked vesicles for shorter
times than the human observers, causing a decreased number of bi-directionally
moving vesicles. The total number of vesicles was similar between the expert and the
FluoTracker program (19 against 18 vesicles; Table 2), as well as the number of moving
(13 against 12, respectively; Table 2) versus pausing vesicles (6 against 6, respectively;
Table 2). Velocity was similar for the algorithm and the expert observer (Fig. 3C). The
velocity of NPY-positive vesicles in glia is similar to those in neurons, with velocities
between 0.22µm/s and 0.35µm/s (compare Fig. 3A and Fig. 3C).
The FluoTracker approach is not limited to vesicles

We used MitoTracker Red (MTR; Invitrogen), to investigate the dynamics of mitochondria
(Poot et al., 1996). Mitochondria showed both threadlike and vesicle like morphology
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Figure 3: Comparison between automated and manually tracked data on velocity.
Compared to the expert, the FluoTracker approach calculated the speed correctly with only
small differences for NPY (A). For Sema3A the differences were larger, but only significant
for bi directional movement, due to the lower signal-to-noise ratio affecting accurate
detection (B).Tracking of NPY labeled vesicles in glia by FluoTracker was comparable to
the expert observer, but differences in shape and signal-to-noise ratio decreased detection
and negatively affected linking (C). Tracking of mitochondria (D) and the cytoskeleton (E)
was suboptimal due to the difference in shape and size of the objects, causing an increase
in objects labeled as bi directional by FluoTracker. However, estimations of speed were
reasonably close and could be improved by adjusting the appearance model. Distribution
of velocity in NPY-EYFP labeled neurons regardless of direction (F), with frequency in
percentage of total moving vesicles. This shows that both FluoTracker and the expert have
a similar distribution of vesicle velocities, with FluoTracker having a few more fast vesicles.
Mean ±SEM plotted, n is indicated inside bars. Significance tested using two tailed t test
with α<0.05; (no): no observations for comparison; (ns): not significant; (*): p<0.05; (**):
p<0.01;

78

Chapter 4

(Fig. 1D), with little mobility at DIV7 at room temperature. The density was higher near
the soma compared to the distal compartments. The algorithm performed similar to the
expert observer. FluoTracker detected more organelles than the observers (85 against
38; Table 2), again revealing that human observers are biased towards selecting bright
objects for tracking. Velocity was calculated, where we found only a few mitochondria
moving very little in anterograde direction (0.06µm/s). Retrograde movement was faster
and comparable between the program and the expert (0.23 µm/s against 0.26µm/s,
respectively; see Fig 3D). Bi-directional movement was also comparable.
Neurons infected with a lentiviral vector expressing EB3 EGFP showed microtubule
(MT) +ends in neurites (Fig. 1E, arrows), starting from the MT organizing center
(MTOC; Fig. 1E, arrowhead) as was shown previously (Stepanova et al., 2003). All
+ends originating from the MTOC were moving out radially towards the neurites and
plasma membrane. Detection was comparable to the expert observer (Fig. 3F), but the
decrease in signal to noise ratio caused an increase in the number of detected objects.
The calculated velocity did not differ for retrograde and bi-directional +ends, but it
was slightly different for anterograde moving +ends (0.16µm/s for FluoTracker against
0.04µm/s for the Expert; Fig. 3E).
Together, these results show that the algorithm accurately detects objects regardless
of their intensity, and reports vesicle dynamics irrespective of vesicle density, size and
speed even in non-optimal image sequences.

Discussion
Live cell imaging is becoming increasingly important for understanding cellular
processes. Therefore, robust and time saving image analysis is highly desired. Manual
object tracking is labor intensive and prone to observer bias due to imprecise object
identification caused by intensity differences. Semi automated algorithms do not
perform accurately for tracking variable numbers of objects that merge/split or
appear/disappear, rely heavily on image quality and still require human interaction for
selecting objects.
Our approach of automated tracking of cellular traffic is reliable and accurate,
performs at the level of an expert observer and tolerates typical variation in image
quality. It is unbiased and fully automated, making high throughput screening of
different molecules and proteins possible. Furthermore, it handles any number of
objects or image size and tracks all objects independent of the length of the image
sequence. Even objects that are very faint or entering halfway the image sequence can
be tracked for as long as their identity can be established. Where human observers only
track the bright subset of vesicles, FluoTracker tracks all vesicles.
The algorithm accurately reported the dynamics of different cellular trafficking
processes in neurons and astrocytes and is equally well suited to analyze processes
such as vesicle trafficking between ER and Golgi (Scales et al., 1997; Shima et al., 1999),
secretion (using pHluorin (Miesenböck et al., 1998)), cellular migration and outgrowth.
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While the current algorithm uses assumptions about vesicle size, morphology and
directionality, it can easily be adapted for analyzing 3D data such as total internal
reflection fluorescent microscopy data and 4D data like z-stacks over time. Tracking of
cellular compartments (e.g. filopodia, growth cones, microvilli, nuclei, etc), entire cells
or organisms (i.e. C. elegans) can be made possible by changing the appearance model
or substituting it with a shape model without affecting the overall method described.
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CHAPTER 5
Transport and fusion of Corticotropin
Releasing Factor Binding Protein is
distinct from previously described dense
core vesicle cargoes

abstract
Background information: Corticotropin releasing factor (CRF) binding protein
(CRFBP) is a large dense core vesicle cargo involved in stress-related behavior and
addiction. CRFBP has been shown to potentiate NMDA receptor signaling in the brain.
Previous work on large dense core vesicles has shown that transport and release of
these vesicles is activity regulated. Here we set out to investigate the activity-dependent
regulation of transport and release of CRFBP to better understand its function in
mediating signaling processes in the brain.
Results: We investigated the transport and release of CRFBP in axons and dendrites
of hippocampal neurons. CRFBP was located in mobile, acidic compartments in both
axons and dendrites at equal densities, and did not colocalize with other co-transfected
LDCV cargoes. Velocity of transport was similar in axons and dendrites, but the axon
had more pausing vesicles. During stimulation, dendritic transport was unaltered,
while anterograde axonal transport increased. Vesicle fusion was infrequent (4% of
all axonal vesicles fused upon high frequency stimulation) and occurred exclusively
in axons. Vesicles fused with equal likelihood at synaptic and extrasynaptic sites, but
synaptic boutons only occupied 15% of the axon.
Conclusion: Transport dynamics of CRFBP do not match previously described LDCV
cargoes such as tissue plasminogen activator (tPA), brain derived neurotrophic factor
(BDNF) and Semaphorin3A. CRFBP containing vesicle velocity is similar in axons
and dendrites and vesilces do not stall upon stimulation. The fact that vesicles fuse at
synapses as often as a t extrasynaptic sites while these sites occupy only 15% of the axon
suggests a preference for synaptic boutons. These differences in localization, dynamics
and fusion preference suggest that CRFBP is targeted to a distinct subset of secretory
vesicles.
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Introduction
Corticotropin releasing factor (CRF) is a neuropeptide that regulates the release of
pro–opiomelanocortin-derived peptides (Potter et al., 1991). Pro–opiomelanocortin is
a precursor for several important signaling peptides, such as β-lipotropin, γ-lipotropin,
melanocyte stimulating hormone, β-endorphin and corticotropin (ACTH) (Chrétien
et al., 1979). ACTH is secreted in response to stress by the pituitary gland as part of
the hypothalamic–pituitary–adrenal (HPA) axis. This elicits cortisol release from the
adrenals, resulting in a negative feedback on CRF release. Expression of CRF was found
in the brain as well as peripheral organs such as the adrenals and the spleen of rodents
(Baigent and Lowry, 2000; Chatzaki et al., 2002) and humans (Potter et al., 1991).
Other classical neuropeptides influence CRF availability as well. For instance, injection
of neuropeptide Y (NPY) in the mouse brain led to an increase of CRF in the brain
(Haas and George, 1989).
CRF binding protein (CRFBP) is expressed exclusively in the brain (Baigent et al.,
2000), with highest levels in cerebellum, hippocampus and the medulla. It was discovered
as it interfered with autoradiagraphy experiments on CRF (Linton et al., 1988; Behan
et al., 1989). CRFBP dimerizes after binding of CRF, thereby deactivating CRF in the
bloodstream (Behan et al., 1995), suggesting that CRFBP acts as a negative feedback
mechanism on CRF release and subsequent cortisol and ACTH release (Linton et al.,
1988; Behan et al., 1995; Suda et al., 1988). CRFBP is conserved in invertebrates and
vertebrates (Westphal and Seasholtz, 2006) and contains cysteine residues which can
form disulfide bridges (Potter et al., 1991; Fischer et al., 1994) as well as an asparagine
glycosilation site for CRF binding (Suda et al., 1989). CRFBP binds CRF with very
high affinity (reported Kd of 0.1±0.2nM (Potter et al., 1991)) as well as urocortins,
which also play a role in the stress response (Huising et al., 2008; Fekete and Zorrilla,
2007). Additionally, single nucleotide polymorphisms in the CRFBP gene have been
linked to bipolar disorder and major depressive disorder (Van Den Eede et al., 2007).
Availability and release of CRFBP is therefore important for our understanding stressand mood-related behavior.
CRFBP is thought to sequester CRF and preventing CRF from activating its
receptors. Rodents express 2 CRF receptors: CRF Receptor 1 (CRFR1) and CRF
Receptor 2 (CRFR2). CRFR1 is found mainly in the cerebellum and frontal cortex,
while the CRFR2 is found mainly in the entorhinal cortex and the amygdale (Primus
et al., 1997). CRF receptors are G protein coupled receptors (Grace et al., 2004). CRF
and urocortin1 activate both CRFR1 and CRFR2, but urocortin only binds CRFR2
with high affinity (Huising et al., 2008). Activation of the receptors evokes release from
both noradrenergic (Valentino et al., 1983) as well as dopaminergic neurons (Van
Pett et al., 2000; Wang and Morales, 2008; Lavicky and Dunn, 1993), suggesting a role
for CRF in reward-related behavior (Shaham et al., 2000; Koob and Heinrichs, 1999;
Wang et al., 2005; 2007). In a subpopulation of dopaminergic neurons in the ventral
tegmental area, application of CRF potentiates NMDAR-currents via phospholipase
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C and protein kinase C (Ungless et al., 2003). This potentiation can be blocked by
a CRFR2 specific antagonist, but not by a CRFR1 antagonist. Furthermore, NMDA
receptor potentiation can be eliminated by sequestering CRFBP using a competitive
CRF peptide (Ungless et al., 2003). The same effect can be achieved by applying ovine
CRF, urocortin and urocortin II (Ungless et al., 2003), which bind CRFR2 but have a
low affinity for CRFBP.
Ultrastructural examination shows that CRFBP is a dense core vesicle cargo in
neurons in the cortex (Peto et al., 1999), indicating that CRFBP can be released locally
by neural activity as has been demonstrated for other LDCV cargoes (de Wit et al.,
2006; Lochner et al., 1998; Silverman et al., 2005; Adachi et al., 2005). We investigated
the trafficking of CRFBP in hippocampal neurons at DIV12-16 in both axons and
dendrites, as well as the release using CRFBP fused to the pH sensitive EGFP variant
pHluorin. We describe a distinct behavior for CRFBP containing LDCVs compared to
previously studied LDCV cargoes in terms of fusion and transport.

Materials and methods
Dissociated Hippocampal cultures
Hippocampal cultures were made from embryonic day 18 (E18) wild type C57/Bl6 mice.
Individual hippocampi were dissected out and placed in HBSS containing 5% trypsin
at 37°C. After 25 minutes, the trypsin was washed out and the cells were triturated
using a fire–polished Pasteur’s pipette. Cells were counted in a haemocytometer and
plated at 25,000 cells/well in Neurobasal medium (2% B27, 0.25% GlutaMax, 18mM
HEPES, Pen/Strep) on confluent rat glia.
Transfections
Cells were transfected on DIV7-9 using the calcium–phosphate method as described
previously (Köhrmann et al., 1999). Briefly, the growth medium was replaced with
transfection medium (Culture medium without B27 and Pen/Strep). A calcium-DNA
mix, containing the constructs CRFBP-pHluorin, CRFBP-mCherry and synapsin1ECFP, was prepared and added to BES–buffered saline (BBS; pH 7.04) and incubated
for 25 minutes. Then the precipitate was added to the cells, and incubated for 15
minutes in a 37°C incubator. After incubation, the precipitate was washed away with
transfection medium, and the cells were returned to the original culture medium. For
colocalization, cells were transfected with Semaphorin3A-EGFP and CRFBP-mCherry.
Live cell imaging
Neurons were imaged at DIV12-16 in Tyrode’s solution, containing (in mM): 119 NaCl,
2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, 30 Glucose. Tyrode’s solution was supplemented
with 10µM DNQX and 50µM AP5 to prevent spontaneous fusion. Time lapse images
were acquired with 2Hz for 1.5-2.5 minutes on a custom built inverted microscope
86

Chapter 5

(Olympus; Japan) using a 60× oil immersion objective (NA 1.49) and a Hamamatsu
EMCCD camera (Hamamatsu photonics; Hamamatsu City, Japan). High frequency
stimulation (HFS) was carried out by placing platinum field electrodes close to the cells.
Using a Master8 (AMPI; Israel), a pattern of 16 bursts of 50 action potentials at 50Hz
was given. Visualization of all vesicles containing pHluorin was done by superfusion
of Tyrode’s solution containing 50mM NH4Cl. Synapsin1-ECFP was used as an axonal
marker. A Synapsin-ECFP image was acquired before the time lapse, together with a
DIC image to visualize general morphology.
Calcium influx as a result of HFS was examined by loading the cells with 1-3µM
Fluo–4-AM (Invitrogen) for 30 minutes at 37°C. Images were acquired with the same
equipment and at the same frequency as for trafficking for 1.5 minutes.
Image analysis
Time lapse series were converted to uncompressed AVI files in ImageJ (NIH;
Bethesda, MD) and loaded in FluoTracker, as described before (Broeke et al., 2009).
After quantification, the files were combined in Excel (Microsoft; Redmond, WA)
and vesicle trafficking was analyzed per direction in IBM SPSS (SPSS Inc; Chicago,
IL). Data was tested for normality, and consequently tested with a non-parametric
test (Kolmogorov-Smirnov, 2–tailed with an α–level of 0.05). Distributions of velocity
were calculated and fitted using an Extreme Value function in Origin Pro (OriginLab
Corp; Northampton, MA).
Manual tracking was done using the MTrackJ plugin (Erik Meijering) in ImageJ.
Time series were loaded and vesicles were tracked over the full time range. The saved
track points were converted to circular regions and loaded in ImageJ for intensity
measurements in the ECFP, pHluorin and the mCherry channel. Spot enhancement
of tPA-ECFP was done by using the Spot enhancing filter 2D as described by Sage et
al. (Sage et al., 2005), implemented in ImageJ. The vesicle diameter was set to 4 pixels
(533nm).
Calcium influx was measured by taking regions of interest along dendrites and
axons. Intensity values were normalized to the baseline intensity during the first 5s
and plotted against time. Curve fitting was done in Origin Pro and the τ values were
averaged.

RESULTS
CRFBP is located in a distinct set of LDCVs in axons and dendrites
To examine transport and release of CRFBP, we transfected neurons with CRFBP
tagged with mCherry and CRFBP tagged with pHluorin. Firstly, to investigate whether
our constructs localized correctly in our culture system, we co-expressed the LDCV
markers semaphorin3A-EGFP (Sema3A) (de Wit et al., 2006) and tPA-ECFP (Lochner
et al., 1998; Silverman et al., 2005) with CRFBP-mCherry. Images of CRFBP-mCherry
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showed a punctate labeling in neurites (Fig 1A). The compartments containing CRFBP
were similar in size to semaphorin3A-EGFP and tPA-ECFP labeled LDCVs (Fig 1A), and
the compartments were mobile and acidic (see below), indicating CRFBP was targeted
to secretory vesicles. This is strengthened by the fact that ultrastructural examination
of the cortex and the pituitary identified immuno-gold labeled endogenous CRFBP
protein in large dense core vesicles (LCDV) (Peto et al., 1999). The abundance of
semaphorin3A is caused by extracellular deposits of semaphorin3A, as was described
before (de Wit et al., 2006).
CRFBP-mCherry rarely co-localized with Semaphorin3A-EGFP or tPA-ECFP (Fig
1A). in some cases apparent co-localization of CRFBP and Sema3A was observed.
However, when a time series of the moving vesicles was visualized by a kymograph, the
small overlap was always attributed to two distinct vesicles in close proximity (yellow
arrow head in Fig 1B), that diverged at a later time point (green and red arrow heads
in Fig 1B). In contrast, Sema3A and tPA co-localized in the majority of vesicles (cyan;
Fig 1A), as shown previously (de Wit et al., 2006). Taken together, these results suggest
that CRFBP is targeted to a distinct subset of large dense core vesicles.
By co-expressing the synaptic marker Synapsin1-ECFP, axons and dendrites can be
differentiated by the presence or absence of synapsin-labeling, respectively (Fig 2B1
and B2, respectively). CRFBP was found in both axons and dendrites at equal densities
of 0.39 vesicles/µm and 0.34 vesicles/µm, respectively (Fig 1C), which is in the same
range described for transfected tPA in PC12 cells (Lochner et al., 1998). The amount of
cargo per vesicle in dendrites and axons, as measured by average intensity, was similar
as well (Fig 1D). The distribution of intensities also did not show a difference between
axons and dendrites (Fig 1E). Thus, CRFBP is targeted equally to both axons and
dendrites, as was shown previously for semaphorin3A (de Wit et al., 2006) and BDNF
(Adachi et al., 2005).
CRFBP is transported in axons and dendrites
Next, we examined the transport of CRFBP in axons and dendrites and the effect of
stimulation. To do this, we co-transfected CRFBP-mCherry and Synapsin1-ECFP in
neurons at 7DIV and examined them at 12-14DIV. We observed active transport of

Figure 1: CRFBP is localized to a distinct subset of LDCVs. A) Co-transfection of
CRFBP-mCherry (red), Semaphorin3A-EGFP (green) and tPA-ECFP (blue) in cells showed
a punctate staining for each of the LDCV cargoes in branches of transfected neurons.
DIC shows that not all cells were transfected within the field of view. When the images
are overlaid, there is some overlap between tPA and Semaphorin3A, but little overlap
with CRFBP. Blow up of the indicated region in the composite shows the patches. B) A
kymograph of a time lapse series of semaphorin3A-EGFP (green) and CRFBP-mCherry (red)
show that vesicles containing CRFBP do not overlap with those containing Semaphorin3A.
Some overlap is seen in the beginning (yellow arrow head), but when the vesicles begin
moving, the green and red signal take different routes, indicating that these were 2
distinct vesicles in very close proximity (green and red arrow head). C) Quantification of
vesicle density of CRFBP in axons (blue bars) and dendrites (red bars) show that there
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is no difference in the number of vesicles per micrometer. D) The intensity of vesicles
in axons and dendrites, an indication of the amount of fluorescently labeled protein, is
similar as well. E) The distribution of intensity also shows no difference between axons and
dendrites. Signal from tPA-ECFP was enhanced by the ‘spot enhancing filter 2D’ plugin in
ImageJ from Sage et al.(Sage et al., 2005), with a spot diameter of 4 pixels (533nm). Scale
bar in A is 20µm for the individual channels, 10µm in the composite, and 6µm in the blow
ups. Values in C and D indicate mean ±SEM.
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CRFBP-positive puncta (Fig 2A), which was visualized with a kymograph of a time series
for axons and dendrites (Fig 2B1 and B2, respectively). In both axons and dendrites,
vesicles moved away from the soma (anterograde transport) as well as towards the
soma (retrograde transport), while some vesicles switched directions (bi-directional
transport). Almost 70% of the vesicles in axons were stationary before, during and
after stimulation (Fig 2C), compared to 57% of the vesicles in dendrites (Fig 2C).
The proportions of moving vesicles for each direction (anterograde, retrograde and
bi-directional) were similar in axons and dendrites (Fig 2C). The average velocity of
moving vesicles in axons and dendrites before stimulation was 0.94µm/s and 0.90µm/s,
respectively (Fig 2D). When neurons were stimulated, axonal velocity increased 10% to
1.03µm/s (Fig 2D), while dendritic transport was unaltered (0.89µm/s; Fig 2D). Thus,
compared to dendritic transport, axonal transport during stimulation increases by 16%
(Fig 2D). After the stimulus, axonal transport was still increased by 16% compared
to dendritic transport (1.01µm/s and 0.87µm/s, respectively; Fig 2D). In contrast to
semaphorin3A (de Wit et al., 2006) and BDNF (Adachi et al., 2005) containing vesicles,
CRFBP is not transported differentially in axons and dendrites and CRFBP vesicles do
not stall upon stimulation in axons but actually increase speed.
Axonal anterograde transport of CRFBP is influenced by stimulation
To investigate whether there is a difference in directional transport of CRFBP
containing vesicles, we examined the velocity of anterograde, retrograde and bidirectional transport in axons and dendrites. CRFBP labeled puncta were tracked in
time series from axons and dendrites and classified according to direction (Fig 3; A1
and B1, respectively). Before stimulation, the average velocity of anterograde vesicles
was 0.9µm/s in both axons and dendrites (Fig 3; A3 and B3 respectively). Retrograde
and bi-directional vesicles were moving with the same velocity. The number of times
bi-directional vesicles altered direction was on average 1.6 times in both axons and
dendrites (Fig 3; A2 and B2, respectively).
Dendritic vesicles did not change velocity upon stimulation (Fig 3; B3), but in
axons the velocity of anterograde vesicles increased by 11% (Fig 3; A3). Retrograde
and bi-directional vesicles showed no difference in velocity upon stimulation in axons
(Fig 3; A3). The number of reversals during stimulation was unaltered in dendrites
and axons (Fig 3; B2 and A2, respectively). This indicates that the trafficking of vesicles
itself is not altered by activity.
After stimulation, the number of reversals of bi-directional puncta in dendrites and
axons was at the same level as before the stimulation (Fig 3; A2 and B2, respectively).
The velocity of CRFBP labeled puncta in the dendrite after stimulation was not different
compared to before and during stimulation (Fig 3; B3). The velocity of anterograde
vesicles was significantly higher compared to bi-directional vesicles (15%, Fig 3; B3). In
contrast, in axons the anterograde vesicles had a higher velocity (1.11µm/s) compared
to anterograde vesicles before stimulation (0.95µm/s, Fig 3; A3). Also, anterograde
vesicles were significantly faster (15%) than retrograde vesicles after stimulation (Fig
90
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Figure 2: CRFBP is transported in axons and dendrites. A) Frames from a time series,
showing the movement of vesicles at the indicated time points relative to the onset of
stimulation (0s). A stationary vesicle (magenta arrow head), an anterograde vesicle (green
arrow head) and a retrograde vesicle (cyan arrow head) are indicated. The retrograde
vesicle moved out of frame after the stimulation had ceased (cyan arrow head outline). B)
Kymographs showing traces of CRFBP-mCherry along an axon (B1) and a dendrite (B2).
Indicated by the red rectangle is the high frequency stimulation period (stim; 16x 50APs
@50Hz). The bottom panel is an overlay of the Synapsin1-ECFP signal in the process in
blue, and the CRFBP trace in red. Movement from left to right is retrograde. C) Proportion
of vesicles moving in axons (blue colors) and dendrites (red/yellow colors) before,
during and after stimulus. There are more moving vesicles in the dendrite compared to
the axon. Indicated are the percentages for axons and dendrites per category: Pausing
(P), Anterograde (A), Retrograde (R), Bi-directional (B). D) Average velocity of vesicles,
regardless of direction, in axons (blue) and dendrites (red). The average velocity is similar
before stimulation, but during and after stimulation the axonal vesicles move faster than
the dendritic vesicles. Scale bar represents 4.5µm in A and 10µm in B. Numbers in bars
represent total number of vesicles (**: p<0.01).
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Figure 3: directional transport of CRFBP in axons and dendrites. A1) The axon shows
synapsin1-positive puncta (third panel), which are in the same process as the LDCVs labeled
with CRFBP-mCherry (second panel, overlay in fourth panel). Untransfected processes can
be seen in the DIC image (arrow heads; first panel). A2) The number of reversals in bidirectional vesicles increases during and after stimulation, but this was not significant. A3)
Velocity in anterogradely (A) moving vesicles is increased by depolarization (p=0.014), and
increases further after stimulation (p=0.021). This was not observed for retrograde (R)
or bi-directional (B) vesicles. after stimulation there was a significant difference between
anterograde and retrograde vesicles (p=0.041). B1) Shown are a dendrite using DIC (first
panel), CRFBP-mCherry (second panel) and synapsin1-ECFP (third panel), which is absent
in the dendrite as expected as shown in the overlay (fourth panel). An untransfected
process can be seen in the DIC panel (arrow heads). The large dense core vesicles labeled
with CRFBP were quantified using the FluoTracker program, resulting in information on
percentage and velocity of vesicles. B2) The number of reversals of bi-directional vesicles
decreases slightly during stimulation and returns to the same level as before stimulation,
but this was not significant. B3) Velocity does not change during or after stimulation in the
dendrite for anterogradely (A) or retrogradely (R) moving vesicles. After stimulation there
is a reduction in bi-directional (B) velocity compared to anterograde movement (p=0.028).
The scale bar represents 10µm for all images. A2-3, B2-3: Numbers represent the number
of vesicles. Scaling in A1 and B1 was done in imageJ, with gray levels set at the same
values for each pair. pre: before HFS, stim: during HFS, post: after HFS. *: p<0.05.
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3; A3). These data suggest that the effect of stimulation shown in Figure 2 was due to
axonal anterograde CRFBP labeled puncta increasing in velocity (compare Fig 2C and
Fig 3 A3/B3). In dendrites, anterograde transport is favored after stimulation compared
to retrograde or bidirectional transport.
Kinetics of vesicle transport
We then examined the kinetics of vesicles such as the velocity distribution, persistence
(time spent pausing between movements) and processivity (distance moved between
pauses). There were no appreciable differences between axonal and dendritic velocity
distributions (Fig 4), except for anterograde moving vesicles in axons, where there was
a shift towards higher velocity during and after stimulation in axons (Fig 4A). This
matches with the previous findings of increased velocity of anterograde transport (Fig
3; A3). In dendrites, there was a shift towards higher velocity after, but not during, high
frequency stimulation (Fig 4B).

Table 1

Axon
Pre-stim

Stim

Dendrite
Post-stim Pre-stim

Stim

Post-stim

Average Average Average Average Average Average
(SD)
(SD)
(SD)
(SD)
(SD)
(SD)
Persistence Total
(s)
Anterograde

12.038
(19.76)
9.295
(11.91)
Retrograde
11.780
(21.18)
Bi-directional 15.040
(26.19)
Processivity Total
2.017
(µm)
(2.32)
Anterograde
1.503
(1.96)
Retrograde
1.461
(2.11)
Bi-directional 3.086
(2.88)
Pausing
Total
40.011
time (%)
(26.41)
Anterograde 45.646
(27.90)
Retrograde
39.758
(29.26)
Bi-directional 34.628
(22.09)

14.583
(33.17)
12.044
(25.04)
9.881
(19.78)
21.826
(54.69)
2.091
(2.54)
1.581
(1.95)
1.391
(1.86)
3.301
(3.80)
38.260
(25.73)
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Figure 4: Velocity distribution is similar for axons and dendrites. A) Distribution
of velocity in the axon, showing a shift in the distribution of velocity during and after
stimulation for anterograde vesicles. B) The distribution is shifted after stimulation in
dendrites for anterograde vesicles. C) Retrograde vesicles show a small shift towards
higher velocities in axons. D) In dendrites, there is no difference for retrograde vesicles.
E) Axonal velocities of bi-directional vesicles is not altered by stimulation. F) Bi-directional
vesicles in dendrites is also unaltered by stimulation.

Persistence, defined as time spent pausing between movements, was 12.0s in
axons and 12.7s in dendrites before stimulation and was not significantly altered
by stimulation (Table 1). However, there was a trend for axonal vesicles to be more
persistent during stimulation (14.6s; Table 1). Processivity, measured as the distance
moved between pauses, was on average 2.02µm in axons and 2.50µm in dendrites for
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all vesicles and was not affected by stimulation (Table 1). Before stimulation, axonal
vesicles paused 40.0% of the time, while dendritic vesicles paused 46.1% of the time.
The percentage of time spent pausing was not altered by stimulation (Table 1). These
results show that there is a shift towards higher speeds in axonal vesicles, and the small
increase in persistence for axonal vesicles suggests an acceleration of transport.
Stimulation increases calcium in cultures during development
To examine the release of CRFBP, we used field stimulation to evoke vesicle release. To
test whether our stimulation protocol (16 times 50 action potentials at 50Hz) induced
calcium influx required for vesicle fusion, we loaded neurons with the calcium indicator
Fluo4 and applied our stimulation protocol. In young neurons (DIV8) our stimulation
protocol induced a 1.5-2.5-fold increase in calcium compared to baseline at the onset
of HFS, which is visualized in a kymograph (Fig 5A). Traces from the indicated regions
show a sharp increase with small spikes during the stimulation, corresponding to the
blocks of 50Hz (Fig 5B). The calcium level is maintained during the entire stimulation
protocol and returns slowly to baseline (Fig 5A,B). In mature neurons, calcium
elevations were seen before stimulation, probably due to spontaneous spiking of the
neuron (Fig 5C), which was increased by our stimulation protocol. Traces of indicated
regions show the calcium transients before stimulation at 0.1Hz (Fig 5D). Upon
stimulation, a 1.5-2-fold increase in calcium compared to baseline was observed (Fig
5D). After stimulation, the calcium level returns back to baseline (Fig 5D). From these
data, we conclude that our stimulation protocol induced a strong influx of calcium, and
is therefore suitable for inducing LDCV release.
Vesicle fusion occurs at synaptic and extrasynaptic sites
Since our stimulation protocol induced a robust calcium influx, we expect vesicle fusion
to occur. We measured release of CRFBP-containing vesicles using CRFBP-pHluorin
(a pH-sensitive variant of EGFP (Miesenböck et al., 1998)). By co-transfecting
CRFBP-mCherry, we were able to follow the vesicle up to the moment of fusion. Using
Synapsin1-ECFP as a marker for synaptic sites, we could discriminate whether vesicles
fused at synapses or extrasynaptically. Acidic LDCVs containing CRFBP-pHluorin are
not visible before fusion, so we therefore co-expressed CRFBP-mCherry to be able
to monitor vesicles before fusion (Fig 6A). During stimulation, the CRFBP-pHluorin
intensity increased, indicating opening of the fusion pore (Fig 6A; red box). At the
end of stimulation, the fluorescent intensity of both pHluorin and mCherry was at
background level (Fig 6A). The complete time course is visualized in a kymograph,
showing the dequenching of pHluorin (Fig 6B) and the disappearance of the mCherry
signal (Fig 6B; orange arrow head), indicating a full collapse of the vesicle. Traces from
CRFBP-mCherry and CRFBP-pHluorin showed that during stimulation, pHluorin
fluorescence increased (Fig 6C; green trace). CRFBP-mCherry fluorescence decreased
after a short delay (Fig 6C; red trace). This indicates that the fusion pore first opens,
and then the entire cargo is released in to the extracellular environment. When the
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Figure 5: High frequency stimulation increases cellular calcium. A) Kymograph of
neurites labeled with Fluo4-AM on DIV8. The green line represents onset of field stimulation
(16blocks of 50AP @ 50Hz, visualized in the first panel), and the red line represents the
end of the field stimulation. B) Traces from the indicated regions in A, showing no increase
in calcium levels before the onset of the stimulation protocol (t=30s, green line). During
stimulation, calcium levels rise in response to each block of action potentials and return
towards baseline. C) Kymograph of neurites labeled with Fluo4-AM on DIV21. Before
the onset of stimulation, calcium levels increase periodically, and increase even further
during stimulation. D) traces from the indicated regions in C, showing periodic calcium
rises before the onset of stimulation, and then a large increase during stimulation before
returning to baseline. The periodic calcium rises do not return within this imaging time
frame. Curves were normalized to average intensity during the first 10 frames. Scale bar
represents 2 µm.

Figure 6: Vesicles fuse in characteristic manner in axons. A) Frames from a time
series at the indicated time points in seconds relative to the onset of stimulation (t=0s).
Arrow heads point towards a site of vesicle fusion. The red box indicates the period during
which stimulation is applied. An increase of pHluorin intensity can be observed, followed
by a strong decrease in both the pHluorin intensity as well as the mCherry intensity. B)
Kymographs of CRFBP tagged with mCherry (first panel) and pHluorin (second panel) show
vesicle movement and fusion over time. When overlaid with the synapsin1-ECFP labeling
(third panel; composite: fourth panel), a fusion event of a stationary vesicle is seen at a
synaptic site (orange arrow head). Disappearance of the mCherry signal was also observed
without an increase in pHluorin fluorescence (open arrow head) C) Normalized intensity
trace shows an increase in pHluorin fluorescence (green trace) at t=35.5s (peak; right panel).
The decrease in mCherry fluorescence (red trace) occurs a little later at t=37.0s (peak; right
panel). D) Data plotted as ΔFn+1/F0 shows the difference between pHluorin increase and
mCherry decrease more clearly, with a peak-to-peak time difference of 1.5s (right panel).
E) Some fusion events such as the one indicated in C (open arrow head) show no increase
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in pHluorin fluorescence, but do show a decrease in mCherry fluorescence, indicating that
this vesicle may not contain CRFBP-pHluorin. F) Kymograph of fusion events monitored
by a decrease in CRFBP-mCherry (bottom panel) in an axon (Synapsin1–ECFP; top panel)
shows that all vesicles that fuse (asterisks) during stimulation were stationary. There was
no difference between synaptic (blue asterisk) and extrasynaptic fusion (red asterisk). Some
stationary vesicles did not fuse (solid arrow heads), while some moving vesicles stopped
moving and remained stationary without fusing (open arrow head). G) The time of fusion
after the onset of HFS shows that most vesicles fuse during the early phase, but there are still
events just before the end of stimulation (30s). There were no events after the stimulation.
The total number of fusion events was 35. Scale bar represents 1µm in A and 5µm in B and
E (horizontal) and 15s (vertical). Images in B and E were inverted for clarity.
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intensity is plotted as the difference between subsequent frames normalized to the
average intensity of the first 10 frames (ΔFn+1/F0), this effect is more evident (Fig
6D). We also observed cases where there was no pHluorin signal before or during
stimulation while there was a decrease in mCherry fluorescence during stimulation
(Fig 6E). This indicates that these vesicles did not contain CRFBP-pHluorin but only
CRFBP-mCherry. Taken together, these data show that the fusion pore opens upon
stimulation, after which CRFBP is released in the extracellular space.
We used the fact that CRFBP-mCherry intensity dropped markedly upon fusion to
examine vesicle fusion. Frames from a time series before during and after stimulation
show the presence and disappearance of CRFBP-mCherry containing puncta. A
kymograph of a stretch of axon (Fig 6F: Syn1-ECFP, top panel) showed that fusing
vesicles were stationary before fusion as indicated by the vertical trajectories in the
kymograph (Fig 6F; see also Fig 6B). In this stretch of axon, there was only one axonal
vesicle moving (Fig 6F; open arrow head). Some stationary vesicles did not fuse during
the recording (Fig 6F; solid arrow heads). Several CRFBP-mCherry labeled vesicles
fused and disappeared during stimulation (asterisks; Fig 6F). The location of fusion
was examined using the signal from synapsin1-ECFP to differentiate synaptic from
extrasynaptic events. The number of events that occurred extrasynaptically was similar
to those occurring synaptically (19 and 16 events, respectively).
When the fusion events were plotted in 1 second bins, there were no events before
the onset of stimulation (Fig 6G; negative bins) due to the inclusion of glutamate
receptor blockers DNQX and AP5 in the extracellular medium. From the onset of
stimulation, vesicles fused over the entire period of stimulation, with a peak in the
middle phase (Fig 6G; positive bins). The number of fusion events in the axon was low
(35 events from a total pool of 856 vesicles, or 4%), and we found no fusion events in
the dendrite (0 events from a total pool of 474 vesicles). From these data we conclude
that stimulation induced release of CRFBP from axons and that these events were
equally distributes over synaptic and extrasynaptic sites. Synaptic boutons occupy 15%
of the length of axon in our cultures (i.e., for every 100µm of axon, 15µm is occupied by
synaptic sites). This suggests there is a preference for synaptic over extrasynaptic sites,
as fusion occurs at equal rates in both synaptic and extrasynaptic sites.

DISCUSSION
Here we studied the transport and release of CRFBP in neurons. We found that
transfected fluorescent CRFBP is targeted to mobile, acidic compartments. These
compartments are equal in size as the co-transfected LDCV marker semaphorin3A
(de Wit et al., 2006), further bolstering our assumption that CRFBP fusion proteins
are targeted to large dense core vesicles. This is in line with previous work that has
shown that endogenous CRFBP is located in neuronal large dense core vesicles (Peto et
al., 1999). To strengthen this observation, co-labeling of endogenous CRFBP and the
canonical LDCV marker secretograninII should be performed.
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Transport of CRFBP and large dense core vesicles
Previous work on LDCV cargo transport has shown that these vesicles are actively
transported in both axons and dendrites (de Wit et al., 2006; Lochner et al., 1998;
Adachi et al., 2005). These studies revealed that LDCVs are transported with different
velocities in axons and dendrites (de Wit et al., 2006; Adachi et al., 2005). This
difference in transport velocity was not seen for vesicles containing CRFBP in this
study, with vesicles being transported at equal velocity in axons and dendrites under
resting conditions. In previous work on LDCV transport, vesicles were found to stall in
a calcium-dependent manner (de Wit et al., 2006; Ng et al., 2002). We have shown that
our stimulation protocol induced a robust elevation of intracellular calcium, but we did
not observe stalling of CRFBP transport in axons or dendrites. In contrast, we observed
an increase in the velocity of transport in axons in line with work on neurotrypsin
containing LDCVs (Frischknecht et al., 2008). Together with a reduced pausing time
and an increased distance traveled between pauses (Table 1), this suggests that axonal
transport of CRFBP accelerates upon stimulation.
A possible explanation for these differences may involve the motor proteins and the
cargo adapter proteins. Several motor proteins exist with different kinetics, and they
are differentially linked to their cargo by adapter proteins depending on the secretory
peptide sequence (Park et al., 2008) (see Schlager & Hoogenraad for a review (Schlager
and Hoogenraad, 2009)). The differences in transport kinetics may therefore be
explained by adapter proteins specific for CRFBP containing LDCVs, linking them to
different motor proteins then semaphorin3A or tPA containing vesicles. The differences
in kinetics and the lack of co-localization with the LDCV cargoes semaphorin3A and
tPA, suggest that CRFBP targets to a distinct set of vesicles. Time series of cells coexpressing labeled semaphorin3A, tPA or BDNF and CRFBP need to provide further
evidence for this observation.
Release of CRFBP and large dense core vesicles
There are indications that LDCV release can have two different modes: the fusion pore
opens transiently to release a portion of its cargo and then reseals, or the fusion pore
opens and the contents of the vesicle is released into the extracellular environment
(de Wit et al., 2009; Perrais et al., 2004). The difference in release kinetics seems to
depend on the interactions between the cargo and the luminal matrix (de Wit et al.,
2009; Perrais et al., 2004). We only found events with full release of the cargo in the
extracellular environment (Fig 6). This is in contrast to previously described kinetics of
other secretory peptides such as atrial-natriuretic-factor and BDNF (Xia et al., 2009) or
NPY and tPA (Perrais et al., 2004). Furthermore, the events were limited to the axon,
as we found no fusion events in dendrites. This is in contrast to previous work showing
release of LDCVs in both axons and dendrites (Gubellini et al., 2005; Lessmann et al.,
2003; Magby et al., 2006; de Wit et al., 2009).
We only detected 35 fusion events on a population of over 800 axonal vesicles and
none in dendrites (0 events on >400 vesicles), even though calcium influx by HFS
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was found to be robust. Furthermore, the lack of release of CRFBP in dendrites upon
stimulation is remarkable, given that the density of vesicles in dendrites is similar to
axons (Fig 1). This observation may be explained by the fact that axon-specific proteins
govern the fusion of CRFBP-containing vesicles. In contrast, previous work has shown
that LDCVs containing semaphorin3A and especially BDNF can be released from
dendrites (Gubellini et al., 2005; Magby et al., 2006). Future studies should address the
fusion preference of these different secretory vesicles.
Another interesting observation is the fact that fusion of vesicles occurred with
equal probability at synaptic and extrasynaptic sites. When the density of axonal
boutons is taken into consideration, a lower percentage of events at synaptic sites
would be expected if there were no preference for synaptic sites. This was not the
case, suggesting a preference for synaptic sites. This is in line with previous findings
(Brigadski et al., 2005), where secretion of BDNF, neurotrophin-3, neurotrophin-4 and
nerve growth factor co-localized with synaptic markers. Furthermore, fusion events
occurred exclusively for stationary vesicles in our experiments, suggesting LDCVs
containing CRFBP are pre-docked before fusion. The sequence of events between
transport and fusion of large dense core vesicles has not been investigated thoroughly,
and whether CRFBP deviates from other LDCV cargoes remains to be elucidated. This
should be elucidated using total internal reflection microscopy (Toonen et al., 2006), in
order to quantify vesicle dynamics close to the membrane before fusion.
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CHAPTER 6
Optical tools for studying
vesicle dynamics

Abstract
Background information: Neurons contain two primary classes of neurosecretory
vesicles: synaptic vesicles containing classical neurotransmitters and large dense core
vesicles (LDCVs) that transport and release proteins and neuropeptides to facilitate a
spectrum of biological processes including neuronal survival, synaptic transmission,
and learning. LDCV recruitment and release occurs in response to stimuli that increase
intracellular calcium levels. To study the dynamics of vesicle recruitment and release,
tight spatial and temporal control over molecules that influence these dynamics is
required. Thanks to advances in the fields of biochemistry and opto-mechanics, vesicle
transport and release can be precisely manipulated by locally increasing intracellular
calcium levels via light-induced uncaging of caged calcium ions. Release of LDCVs
has been studied traditionally by over-expressing fluorescently labeled cargo proteins.
Over-expression of these proteins may cause mistargeting and influence vesicle release
dynamics. A label-free imaging method like interference reflection microscopy (IRM)
will circumvent these complications and allow quantification of native vesicle fusion.
Results: We used laser-based flash photolysis of caged calcium to locally elevate
calcium levels in astrocytes and neurons. In astrocytes, calcium spreads radially in all
directions and triggers calcium waves in neighboring cells. Calcium spreads fast and
over a large area. In neurons, calcium spreads linear in dendrites with a larger portion
spreading towards the soma. We used IRM to monitor vesicle release in the footprint
of chromaffin cells without over-expressing a fluorescent cargo. We first show that IRM
can be used to visualize the footprint of a cell. We used EGFP with a myristoylation
sequence (mEGFP) as a membrane marker, and found high correlation between the
signal in IRM and the fluorescent signal from the mEGFP imaged with evanescent
wave microscopy. We then monitored vesicle release as a change in intensity of the
IRM signal. Fusion kinetics of native secretory vesicles were comparable to full collapse
fusion as observed with fluorescently labeled secretory vesicles in evanescent wave
microscopy.
Conclusions: Focal uncaging of caged calcium is a valuable tool to spatially and
temporally elevate calcium levels in cells. This allows secretory vesicle release without
depolarizing the entire cell. Spreading of the calcium as described here is an important
factor that has to be considered when designing experiments: although uncaging
can be done locally, a rise of calcium can be seen 2µm and further from the site of
uncaging. To study native secretory vesicle release, IRM is an excellent tool for imaging
in a label free manner. An additional benefit is that it allows visualization of the precise
footprint topology of a cell to the substrate, which is not flat and even but has numerous
invaginations. This has repercussions for evanescent wave imaging in chromaffin
cells, indicating that some fusion events may elude detection under evanescent wave
illumination.
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introduction
Large dense core vesicles (LDCVs) are secretory vesicles containing important signaling
peptides involved in among others synaptogenesis and synaptic homeostasis. Besides
neurons, also astrocytes and chromaffin cells can be activated to release LDCVs. Vesicle
release depends on the influx of calcium to trigger regulated exocytosis. Using different
imaging methods such as wide field imaging and evanescent wave microscopy, also
known as total internal reflection fluorescence (TIRF) microscopy, vesicle dynamics
have been studied with high resolution and accuracy (Perrais et al., 2004). Traditionally,
vesicle fusion is triggered by stimulation of the entire cell resulting in a global rise of
intracellular calcium levels. This method does not allow for examination of the effect
of local calcium increases (for instance in a single synapse) on vesicle recruitment and
release. To study the prerequisites of vesicle release in more detail, compounds that,
upon photolysis by UV light, release an active substance (uncaging) such as calcium
(NP–EGTA) (Cheng et al., 2002; Sidky and Baimbridge, 1997) or neurotransmitter
(DMNP–Glutamate) (Smith et al., 2003) can be used. With developments in optomechanical technology, caged compounds can be uncaged with high spatial and
temporal resolution. In theory, this allows for local elevation of calcium, and by adjusting
the intensity of photolysis, also the amount of elevation. One important caveat however,
is the spreading of the calcium to neighboring sites as the wave propagates.
In order to visualize vesicle dynamics and release in secretory cells, several methods
exist that either use a genetic vesicle marker such as ecliptic pHluorin fused to a vesicleresident or cargo protein (Miesenböck et al., 1998) or dyes like styryl dyes (FM1-43
and FM4-64) (Gaffield et al., 2009; Darcy et al., 2006; Staras et al., 2010) and acridine
orange (Hafez et al., 2005; Oheim et al., 1999). The major drawback of the genetic
vesicle markers is that several factors interfere with release. Firstly, over-expressing
a cargo protein causes mistargeting to compartments not involved in secretion such
as the endosome or lysosome, which can affect the interpretation of kinetics as they
behave differently from secretory vesicles. Also, mistargeting can result in fluorescent
protein in the cytoplasm, degrading the signal-to-noise ratio and obscuring weak or
fast events. Furthermore, the label itself, as well as the length of the linker between the
cargo and the fluorescent tag, both influence the vesicle fusion kinetics (Michael et al.,
2004). Styryl dyes require loading via endocytosis, which only occurs for a small subset
of LDCVs (around 22% (Perrais et al., 2004)), making it inefficient for investigating
LDCV release. Finally, acridine orange labels all acidic compartments (thus not only
LDCVs) and imaging of acridine orange can result in lysis of vesicles (Jaiswal et al.,
2007), making it unreliable for monitoring vesicle release. These problems can be
circumvented with a label free method to image vesicle fusion.
A relatively old method, interference reflection microscopy (IRM), which was
described in cell biology as early as 1964 (Curtis, 1964), uses a label-free method to
monitor the fusion of vesicles (Wu et al., 2009; Llobet et al., 2003). Based on the change
in reflectivity (see Box 1) when a vesicle fuses, it allows for a fast and label free method
to quantify vesicle release. Early implementations of IRM required precisely aligned
Optical tools for studying vesicle dynamics
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BOX 1: Interference reflection microscopy
Interference reflection microscopy (IRM) is an optical technique that utilizes light
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and complex optical components such as polarizers and quarter-wavelength plates
to take analog photographs (Verschueren, 1985). Current implementations with high
numerical aperture objectives and sensitive CCD cameras however, require only a light
source and a beam splitter that is semi-reflective for the wavelength employed (Llobet
et al., 2003). Imaging vesicle release using a label-free method means that fusion can
be monitored without the drawback of over-expressing fluorescently labeled cargo
proteins. Finally, label free methods also allow imaging vesicle fusion together with
fluorescent probes such as calcium dyes or phalloidin, to study the details of fusion in
greater detail within the same experiment.
In this chapter, we locally uncaged calcium in astrocytes and neurons to establish the
kinetics of calcium dynamics such as spreading and range. This insight in the spreading
of calcium is important for subsequent use in future experiments, in which we aim
to restrict calcium level rises to single synapses in order to study vesicle recruitment
in more detail. By combining IRM with TIRF imaging of membrane-targeted EGFP,
we established that IRM visualizes the footprint of chromaffin cells accurately.
Furthermore, it provided for a label free and non-invasive method to image vesicle
release in secretory cells, which can be combined with conventional epi-fluorescent
techniques such as TIRF and wide field imaging.

materials and methods
Astrocyte culture
The local ethical committee approved the use of experimental animals for this study.
Primary astrocyte cultures were prepared from C57BL/6 E18 mouse embryos. Cortices
were dissected, collected in cold PBS (Invitrogen), minced and trituated using a firepolished Pasteur pipette. The cell suspension was centrifuged in cold DMEM at 1000
rpm for 10 minutes and the remaining pellet was resuspended in glia culture medium
(DMEM with glucose, 10% FCS, 0.1% pen/strep and non-essential amino acids, all
from Invitrogen). Primary cultures were seeded in T25 flasks; medium was replaced
after 24 hours and subsequently once a week. After 10 days, cultures reached confluence
and were shaken overnight to eliminate most non-astrocytic cells. The remaining >
98% GFAP positive cultures were detached using trypsin-EDTA and 3×10 4 cells were
subsequently seeded on poly-L-lysine coated glass cover slips.
Dissociated hippocampal culture
Hippocampal cultures were made from embryonic day 18 (E18) wild type C57/Bl6 mice.
Individual hippocampi were dissected out and placed in HBSS containing 5% trypsin
at 37°C. After 25 minutes, the trypsin was washed out and the cells were triturated
using a fire–polished Pasteur’s pipette. Cells were counted in a haemocytometer and
plated at 25,000 cells/well in Neurobasal medium (2% B27, 0.25% GlutaMax, 18mM
HEPES, Pen/Strep) on confluent rat glia.
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Chromaffin cell culture
Mouse adrenals were isolated from E18 mice and placed in Locke’s solution (containing
in mM: NaCl: 154; KCl: 5.6; NaH2PO4: 0.85; Na2HPO4: 2.15; Glucose: 10; pH set to
7.4). After removing connective tissue from the adrenals, they were then placed in
enzyme solution (DMEM containing 1mM CaCl2, 0.5mM EDTA, 0.1mM L–Cysteine,
20-25units/ml papain and 5µg/ml DNAse) and incubated for 45 minutes at 37°C.
Inhibitor solution, containing 20% FCS, albumin trypsin-inhibitor and 5µg/ml
DNAse, was added to the enzyme solution and incubated for 10 minutes at 37°C. The
adrenals were resuspended in DMEM containing 1% insulin-transferrin-selenium and
0.1% Pen/Strep (DMEM–ITS) and triturated using a fire-polished Pasteur’s pipette.
The suspension was centrifuged at 1000rpm for 5 minutes at room temperature and
resuspended in pre-warmed DMEM–ITS. Cells were plated on rat tail collagen-coated
cover slips at 50µl/cover slip, and left for 30-60 minutes in the incubator at 37°C and
10% CO2. Finally, 1ml of DMEM–ITS was added per cover slip and the cells were
placed in the incubator for at least 24 hours to aid in cell attachment.
Live cell imaging
Local calcium uncaging

Astrocytes and neurons were loaded with 2-5µM Fluo4–AM (Invitrogen) for 15
minutes in culture medium. After 15 minutes the medium was replaced with culture
medium containing 2-5µM NP–EGTA–AM (Exp; Invitrogen) or DMSO (Ctrl) and
incubated for 15 minutes in the incubator. The cells were washed with fresh culture
medium and left to recover 15-30 minutes before imaging. Cells were transferred to an
imaging chamber and perfused with Tyrode’s solution. Using a custom-built Tandem
Illumination Microscope (TIM, Olympus), we used the inverted part for imaging
calcium dynamics at 4Hz (astrocytes) and 10Hz (neurons) using a 60× oil objective
(NA 1.49) and the MT20 light source (Olympus) on a Hamamatsu EM–CCD camera
(Hamamatsu City, Japan). For astrocytes, we prepared a sequence of 4-6 positions in
the laser scanner to be triggered by a TTL pulse (UGA40; Rapp OptoElectronics). To
uncage calcium, we used a 355nm solid-state laser (Rapp OptoElectronics) through a
60× immersion objective (NA 0.90). CellR imaging software (Olympus) triggered the
photolysis laser in cells loaded with caged calcium or in cells treated with DMSO. In
neurons, we defined 3 flash positions with duration of 50, 500 and 1000 milliseconds.
Interference reflection microscopy

Chromaffin cells from WT and animals expressing myristoylated EGFP (mEGFP) were
placed in an image chamber on DIV2-3 and perfused with Tyrode’s solution. We used a
dual-color TIRF beam splitter (U-M2TIR488/561; Olympus) and used a CFP excitation
filter (427±5nm; Semrock) for IRM imaging. For the combination TIRF/IRM we used
a 488nm solid-state laser (Olympus) through a 60× oil immersion TIRF objective
(NA 1.49) with an additional 1.6× magnification and obtained TIRF illumination.
Images of TIRF, IRM, wide field, and DIC were taken consecutively of mEGFP-positive
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chromaffin cells. The TIRF and IRM images were analyzed for colocalization. We
imaged chromaffin cells for 1-2 minutes with an interval of 500ms (2Hz). After 30s,
cells were depolarized by superfusion of Tyrode’s solution containing 60mM KCl.
Data Analysis
Calcium uncaging

Circular regions of interest (ROIs) were placed at sites where the laser spot was positioned
as well as elsewhere in the soma of the flashed cell. ROIs of the same size were also
placed in neighboring cells that were not flashed and outside the cells for background
subtraction. For calcium dispersion profiles, concentric circles were placed around the
laser spot using a plugin we developed in ImageJ, according to the methodology described
by Bowser and Khakh (Bowser and Khakh, 2007). The plugin has the additional options
to change the number of rings and the width of each ring. Furthermore, it also allows for
choosing a line scan method, where two orthogonal lines of specified length can be placed
over the source of an event. Both these alterations allow for monitoring the spreading of
intensity over a larger surface. For neurons, we selected regions with a diameter of 1µm,
and measured intensity. In Excel, the intensity was normalized to the first 25 frames, and
then normalized to the peak intensity of the longest pulse duration.
Colocalization analysis

IRM and TIRF images of mEGFP-positive chromaffin cells were preprocessed by
first inverting the IRM image and then subtracting the background in both images.
Inversion was done to make the intensity values of IRM in the same direction as for
fluorescence: low intensity values for the background and high intensity values for the
cell attachment. The intensity colocalization analysis (ICA) method developed by Li et
al. (Li et al., 2004), as implemented in the ICA plugin for ImageJ, was used to analyze
the preprocessed TIRF and IRM images.
Vesicle release using IRM

Time series of IRM were loaded in ImageJ, and ROIs were placed at sites of vesicle fusion
and in the background. Intensity data was further processed in Excel by subtracting the
background intensity. Traces of events were fitted using an exponential decay model
and the derived values for τ were calculated in Origin. The full width at half maximum
(FWHM) was determined visually in Excel using the fitted curves from Origin.

results
Uncaging calcium
We loaded astrocytes with caged calcium (NP–EGTA–AM, 2-5µM) and the calcium
indicator Fluo4 dye (Fluo4-AM, 2-5µM) to monitor increases in calcium levels as a
function of increased fluorescence intensity. We used a 355nm UV laser to uncage
calcium at specified times. The soma of an astrocyte was outlined and fluorescent
Optical tools for studying vesicle dynamics
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Figure 1: Flash photolysis increases calcium cell-specific. A) Example of cells loaded
with NP–EGTA at baseline (left panel) and during the first Flash peak (middle panel). By
subtracting the baseline image from the peak image, the changes can be seen more
clearly (right panel). Blue colored areas indicate cells that were flashed, while red areas
indicate cells that were not flashed. One cell (asterisk) that was not flashed also showed
an increase in calcium, most likely due to calcium transmission via gap junctions. B)
Average traces of cells that were flashed at the indicated times (blue trace; NP–EGTA/
Flash) showed an increase in fluorescence per µm², while no change was seen in nonflashed cells (red trace; NP–EGTA/No Flash). C) Average surface area of the cells examined
was similar between flashed (blue bar; 819.6 µm²) and non-flashed (red bar; 757.9 µm²)
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intensity was measured per surface area. At baseline, cells were slightly fluorescent (left
panel; Fig 1A), which increased sharply in cells that were flashed four times (middle
panel, blue areas; Fig 1A) but not in cells that were not flashed (middle panel, red areas;
Fig 1A). By taking the difference between the peak and the baseline, the difference
is visualized more clearly (right panel; Fig 1A). Quantification of the intensity per
surface area showed a response of flashed cells (black line; Fig 1B), but not in nonflashed cells (gray line; Fig 1B). Some cells did show an increase in fluorescent intensity
(indicated by the asterisk in Fig 1A), but this was not related to the onset of a flash,
and was most likely caused by gap junctions between the flashed and non-flashed cell
(Parys et al., 2010; Yamane et al., 2002). The average surface area was similar between
flashed and non-flashed cells (black versus gray bar, respectively; Fig 1C). In neurons,
uncaging calcium in a stretch of neurite showed the effect of spreading in a confined
compartment, and the effect of pulse duration on calcium level. A short pulse (50msec)
resulted in a brief increase in calcium level for 200msec, which spread radially to
2.55µm from the flash site (Fig 1D). A pulse of 500msec caused an increase of calcium
for 3 seconds, which spread 11.1µm. A pulse of 1sec increased calcium for 4.6 seconds
and spread 14.7µm. Interestingly, the spread of calcium seemed asymmetric with a
longer tail towards to the soma (left side in Fig 1D). Traces from the flashed regions
showed an increase at the time of the flash, and the short pulse (dark gray; Fig 1E) saw
a small increase relative to the maximum peak of the longest pulse (light gray; Fig 1E).
The uncaged calcium from the longest pulse spreads into the area of the 500msec pulse,
causing a second bump in the fluorescent intensity (dark gray and medium gray trace,
respectively; Fig 1E). Measurement at a distal site anterograde of the flashed regions
showed no increase in intensity (Fig 1D; black trace in Fig 1E), while there is a small
increase in the calcium level at the proximal site, retrograde of the flash sites (dark gray
trace; Fig 1E).
To examine the dynamics of a local uncaging event, cells loaded with caged calcium
(NP–EGTA; Fig 2A) or treated with DMSO (DMSO Ctrl; Fig 2A) were examined for
fluorescence spreading. When the intensity of multiple rings was plotted, the peak was
shifted in time as the distance from the flash site increased (blue traces; Fig 2B). This
was not found for cells incubated with DMSO (red traces; Fig2B). Quantification of
the time between peaks separated by 2 µm showed that there was a shift of 292ms
(Fig 2C), indicating that the spread from the flash site occurred at a rate of 6.9µm/s.

cells. The size of the Flash spot was the same in all conditions at around 3.5µm2. D)
Kymograph of a dendritic branch of a neuron loaded with Fluo4 and NP–EGTA shows
3 different pulse durations at the indicated times (green arrows): 50msec (dark gray),
500msec (medium gray) and 1000msec (light gray) and a distal control site (black). The
spread of calcium seems to be slightly skewed towards the soma (located at the left side
outside of the image). E) Traces from the regions indicated in D, showing the increase of
fluorescent intensity as percentage of the maximum intensity from the longest pulse. The
pulses are indicated as bars. The spread of calcium from the largest pulse causes a second
bump in the trace of the 500msec pulse. Scale bar in A and D represent 10µm. Values are
mean ±SEM; numbers indicate number of cells;
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Figure 2: Local calcium uncaging dynamics. A) Kymograph of astrocytes loaded with
NP–EGTA and flashed (left; line indicates time of flash), loaded with NP–EGTA but not
flashed (middle) or incubated with DMSO (right). Loaded cells that were flashed showed
an increase in fluorescence. Cells loaded but not flashed showed only an increase at the
end of the time series, most likely due to gap junctions. Control cells incubated with
DMSO showed no response to laser illumination. B) Traces from a flashed cell loaded
with NP–EGTA (blue traces) and a control cell (red traces) at different distances from the
center of the flash (indicated by the vertical black line). Flashes were normalized to the
maximum of the smallest distance. As distance increases, the peak of the fluorescence
in the NP–EGTA cells shifts to the right, indicating a delay in spreading of the calcium
wave. Furthermore, as distance increases, the height of the peak diminishes. The control
cells only show an increase of the pulse itself, which diminishes sharply over distance. C)
Quantification of the time difference of the peak at 0.333µm and 2.333µm, showing that
the time difference on average is 292 msec over 2µm, or 6.9µm/s. D) As the wave spreads
the intensity also dropped at a rate of 2.6%/µm, or 8.9%/µm/s. Values shown in C and D
are mean ±SEM; the numbers in the bars indicate the number of observations.

Figure 3: IRM visualizes membrane attachment. A) Four examples of chromaffin cells
expressing mEGFP imaged using DIC, Wide field fluorescence (Wide field), IRM and TIRF.
The DIC images show the general morphology of the cell, with fine structures such as
pseudopodia. Wide field fluorescence shows labeling of the membrane by mEGFP. IRM
shows an image of the footprint, which is similar to the TIRF image obtained from the
same cell. An overlay of the IRM and TIRF images show strong overlap between IRM and
TIRF, indicating that IRM visualizes the membrane at the footprint of the cell. B) Focusing in
the middle of the cell shows that the membrane is selectively labeled by mEGFP and does
not label other organelles. C) Results from analysis of colocalization using the method
described by Li et al(Li et al., 2004), and implemented in ImageJ. The Mander’s quotient
represents the amount of overlap between IRM and TIRF, with a value of 1.0 indicating
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perfect overlap between pixels. In 12 cells, we found a Mander’s overlap coefficient of
0.947, indicating a high degree of overlap between IRM and TIRF. Another measure
for the amount of colocalization is the Intensity Colocalization Quotient (ICQ), which
measures the co-occurence and co-exclusion of bright pixels in both channels. A value
of +0.5 indicates that bright/dark pixels in IRM colocalize with bright/dark pixels in TIRF,
respectively. We found an ICQ value of +0.407, indicating a high degree of colocalization.
Also, the Mander’s colocalization coefficient for each channel individually was also similar
(IRM: 0.996; TIRF: 0.955), indicating that the proportion of pixels with a positive PDM
value was equal in both channels. Furthermore, the ratio between pixels in IRM and TIRF
was 0.868, indicating that an equal number of pixels in IRM colocalized with those in TIRF.
Values shown are mean ±SEM, number in bar represents the number of cells analyzed.
Scale bar represents 5µm in all images.
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The intensity of the Fluo4 signal over a distance of 2µm decreased by 5.22%, resulting
in a decrease of 2.61%/µm (Fig 2D). When control cells were flashed, there was no
increase in fluorescence observed (DMSO Ctrl, red traces; Fig 2A,B), indicating that
the laser induced no calcium rise on its own. Spontaneous uncaging of calcium was
also excluded when neighboring cells loaded with NP–EGTA but not flashed were
examined. These cells did not show a response at the time of photolysis (NP–EGTA/
No Flash; Fig2A). The increase at the end of the time series was most likely due to
gap-junctions, allowing calcium to travel from one cell to another (Parys et al., 2010;
Yamane et al., 2002).
IRM visualizes footprint topology in chromaffin cells
In order to image vesicle release at the footprint, we first established whether IRM
shows the footprint of cells with high fidelity. Using myristoylated EGFP targeted to
the membrane, we could visualize the membrane, as seen at the level of the nucleus
(Fig 3B). By using TIRF illumination, we imaged the membrane at the footprint (TIRF;
Fig 3A), and compared it to images acquired with IRM (IRM; Fig 3A). The overlay
shows a high degree of colocalization between TIRF and IRM (Fig 3A). Quantification
of colocalization showed that the Mander’s coefficient for IRM and TIRF was 0.947,
meaning that there was a high degree of colocalization (Fig 3C). If the intensities were
compared from IRM and TIRF, the IRM colocalization with TIRF was very high (0.996;
red bar in Fig 3C), while the TIRF colocalization with IRM was a little bit lower (0.955;
green bar in Fig 3C) but not significantly different. The pixel ratio between IRM and
TIRF was 0.868 (Fig 3C), indicating that an equal amount of pixels were detected in
IRM as TIRF. This means that the values derived for the Mander’s coefficients are
meaningful. Finally, the intensity correlation quotient (ICQ) had a value of +0.407
(Fig 3C), indicating that the bright pixels in IRM colocalized with the bright pixels in
TIRF, and vice versa. Indicating that presence or absence in one channel is matched
in the other, caused by a very high degree of specific overlap or specific exclusion,
respectively.
Vesicle release characterized by IRM
After establishing that IRM visualizes the footprint accurately, we made use of the fact
that vesicle fusion increases the distance between the glass and the membrane, thereby
increasing the reflectivity and the shift towards constructive interference (see Box 1).
We imaged the footprint of chromaffin cells and superfused the cells with Tyrode’s
solution containing 60mM KCl to elicit vesicle release. Frames of a time series show
two different fusion events, one with persistent events measured as an increase in IRM
signal that remained for an extended period of time (green ROI and trace; Fig 4A,B).
The other events were more transient, showing a temporary increase in IRM signal
with a fast return to baseline (blue ROI and trace; Fig 4A,B). Multiple transient events
could occur at a single location, which may indicate that these sites are preferred sites
of fusion (purple and blue ROI and trace; Fig 4A,B). These observations are in line with
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Figure 4: Fusion events in chromaffin cells analyzed by IRM. A) Still images from a
time-lapse series at the indicated time points. B) Regions indicated in A were analyzed,
and the resulting traces of the intensity are shown. During resting conditions (Baseline;
white bar), no change in intensity was observed, but during stimulation with 60mM
potassium starting at 25s (60mM KCl; filled bar) intensity increases sharply in the blue,
red and purple region at 27.2s. The green region follows a little bit later at 31.8s. C)
Fusion event kinetics were calculated by fitting curves to each individual event. The rise
time for transient events was 1.55 seconds, D) The decay time constant was 4.44s (black
bar), which was similar to data from De Wit et al. for full collapse of LDCVs in neurons(de
Wit et al., 2009) (gray bar). E) The full width at half maximum (FWHM) for transient events
was 3.43 seconds. Scale bar represents 1µm. Values shown are mean ±SEM, numbers in
bars indicate the number of events analyzed.
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previous findings (Llobet et al., 2003). The rise time constant for fusion events, which is
a measure for the time necessary to fully open the fusion pore, was 1.55 seconds for all
events (Fig 4C). Closure of the fusion pore had an average decay time constant of 4.44
seconds (black bar in Fig 4D), which is comparable to values found for full collapse of
transient LDCV release in cortical neurons (de Wit et al., 2009) (gray bar in Fig 4C).

discussion
In order to study the dynamics of transport and release of large dense core vesicles, we
examined the use of calcium uncaging as a tool to investigate vesicle recruitment. Local
uncaging of caged compounds such as calcium allows for precise manipulation of the
conditions required for vesicle release. Advances in optics allow for manipulations
of calcium levels with high spatial and temporal resolution. Uncaging of caged
calcium can instantly and locally elevate calcium levels. However, we show that
this calcium increase is not confined to a small volume, but spreads over significant
distances resulting in elevated calcium levels at distances over 5µm away from the
site of uncaging, as was shown before (Korkotian and Segal, 2006). The speed with
which calcium spreads is similar in astrocytes of (6.9µm/s) and neurons (6.8µm/s).
Furthermore, in neurons there seemed to be a flow of calcium towards the soma,
although previous work has proposed a symmetric diffusion of calcium in rat neurons
(Korkotian et al., 2006). Whether this difference is due to the fact that we used mouse
neurons remains to be elucidated. These observations have important implications for
future experiments, making it necessary to precisely control the intensity and timing
of uncaging as well as the direction of the sequence of uncaging. Uncaging calcium at
1 site may influence neighboring sites in close vicinity, which may influence vesicle
dynamics in unexpected ways. For instance, a synaptic bouton with a diameter of about
0.7-1.0µm (Harris and Stevens, 1989) can be inundated with calcium using a single
low-intensity flash (total energy of about 3µJ) in less than 200ms, as calculated with
the parameters found here. When this is taken into consideration, combining TIRF
microscopy or wide field illumination with calcium uncaging will allow dynamics in
vesicle transport and release in secretory cells to be studied in great detail (Becherer et
al., 2007; Llobet et al., 2008).
Vesicle release induced by calcium has been previously studied by using overexpression of fluorescently tagged cargo proteins. This over-expression results in
mistargeting and influences release kinetics (Michael et al., 2004). A solution for this
problem is a method that is label free: interference reflection microscopy. We have
shown that IRM reports vesicle release in a label free way, circumventing the difficulties
associated with over-expression of fluorescently labeled cargo proteins. Another
advantage is that it can be combined with fluorescent techniques to study the process of
vesicle release in greater detail. For instance, cytoskeleton markers such as phalloidinrhodamine can be imaged together with vesicle release to investigate the role of the
cytoskeleton in vesicle transport and release. There have been indications that the actin
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cytoskeleton is important for the transport of vesicles to the membrane (Toonen et al.,
2006). Also, we found that IRM can visualize the fine detail of the membrane topology
at the footprint. The footprint is not flat and even, but has invaginations. This may
have relevance for TIRF imaging of vesicle release. As the evanescent wave dissipates
exponentially, vesicle fusion events at invaginations may be beyond the evanescent
wave, thereby eluding detection. IRM is therefore a useful tool to examine the topology
of the footprint as well as a label free method for measuring vesicle fusion.
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CHAPTER 7
Conclusions

general conclusions
I set out to investigate the role of vesicle release and trafficking during early and late
neuron development. I found that vesicle release has an important role in neurite
outgrowth in early development. In late development, the dynamics of vesicle trafficking
and release were shown for a previously uncharacterized large dense core vesicle cargo
protein. Several methods for studying vesicle dynamics were developed and applied.

The role of vesicle release in early development
Vesicle release and outgrowth
Reduced – but not absent – outgrowth was seen in release-deficient neurons during
early development (Chapter 2). This reduced outgrowth is explained in part by
the absence of synaptic vesicle release supplying phospholipids to the expanding
membrane. Besides synaptic vesicle release, other means of adding membrane to the
neurite exist, explaining the fact that outgrowth is not absent. Among these are lipid
rafts (Pol et al., 2004; Martinez-Arca et al., 2001), plasmalemmal precursor vesicles
(Bunge, 1973), lipid droplets (Murphy et al., 2009) and lateral diffusion (see also the
review by Pfenniger (Pfenninger, 2009)). Further investigations into the role of lipid
dynamics comparable to previous work (Alecio et al., 1982) during early development
would be beneficial. Certain lipids such as sphingosine and arachnodonic acid can
interact with munc18 (Connell et al., 2007) and can activate signaling pathways that
influence outgrowth. These pathways have not been described for Munc13, which
has the same phenotype as Munc18. It will be of interest to identify these Munc13dependent pathways.
Methods exist to locally activate lipids using UV photolysis (Meyer zu Heringdorf
et al., 2003) and influence signaling cascades. This would allow for further investigation
of the signaling cascades that may be involved in neurite outgrowth. Lateral diffusion is
another method of adding lipids and membrane proteins, and FRAP analysis showed
that the diffusion of freely diffusible membrane proteins is fast. Fluorescently labeled
phospholipids can be used to study membrane dynamics by combining it with FRAP
analysis: if release-deficient neurons have slower recovery rates, this could point
towards a role for the regulated secretory pathway in lipid insertion.
A group of proteins involved in neurite outgrowth are the small GTPases. These
proteins were first described in fibroblasts where they influence actin dynamics of stress
fibers (Nobes and Hall, 1995), but they are also found in neurons. GTPases are activated
by secreted factors such as neural growth factor (Shi and Andres, 2005; Lein et al., 2007;
Spencer et al., 2002) and brain derived neurotrophic factor (BDNF) (Hisata et al., 2007;
Miyamoto et al., 2006). In order to investigate the function of these GTPases and their
signaling cascades, mutations were created that render them constitutively active or make
them dominant negative (Luo et al., 1996; Luo, 2000). Expression of these mutants in
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developing WT and release-deficient neurons may shed some light on their involvement.
If one of these mutants can mimic the release-deficient phenotype in WT neurons or
rescue the release-deficient neurons, this could provide evidence for the mechanisms
underlying neurite outgrowth. The most likely candidate is constitutively active Rho,
which should reduce neurite outgrowth in WT neurons. Dominant negative Rho may
rescue neurite outgrowth in release-deficient neurons. The role of GTPases in Munc18
and Munc13 mutants can be explained in two ways: the lack of activating factors secreted
via the SNARE-dependent pathway mediated by Munc18 and Munc13 in the mutants
could reduce growth-supporting GTPase activity or increase retraction-supporting
GTPase activity. Another possibility is the direct interaction between Munc18 and
Munc13 proteins with GTPases, directly influencing outgrowth. The latter option is less
likely, as no GTPases linked to outgrowth have been described as interacting partners of
Munc18 and Munc13. Besides the reduced outgrowth in Munc18 and Munc13 mutants,
the changes in growth cone morphology are also likely influenced by GTPases, as growth
cone morphology is mostly determined by actin polymerization and depolymerization
(Chen et al., 2000; Grzywa et al., 2006; Kuhn et al., 2000). Over-expressing Munc18
increases vesicle release rates and reduces the thickness of the actin cortex of chromaffin
cells (Toonen, Kochubey, et al., 2006). Finally, the time course of neurite outgrowth
should be extended beyond the first week. As was demonstrated, neurite length reaches
control levels in vivo (Bouwman et al., 2004; Verhage and Sørensen, 2008) as well as
in cultures (Chapter 2), indicating that at some point compensatory mechanisms can
overcome the reduction during early outgrowth.
Secreted neurotransmitter and outgrowth
Besides the well-established role of glutamate receptors in neurotransmission, there is
evidence that glutamate receptors are present and functional during early development
(Ibarretxe et al., 2007; Schenk et al., 2003) (Chapter 3). During outgrowth, acute
application of AMPA (Schenk et al., 2003) or kainate (Ibarretxe et al., 2007) induces
growth cone stalling, where movement of the growth cone stops in a reversible manner.
This stalling was also described in dendritic spines and axonal filopodia (Fischer et al.,
2000; Chang and De Camilli, 2001), spinal cord growth cones (Owen and Bird, 1997)
and dendritic growth cones (Mattson et al., 1988). AMPA application coincided with
calcium influx in growth cones, as well as a dispersion of VAMP2-positive vesicles
(Schenk et al., 2003). Interestingly, another study found that local uncaging of calcium
also caused vesicle translocation from the body of the growth cone to the periphery
at the site of calcium elevation (Tojima et al., 2007). However, this local elevation of
calcium was not followed by growth cone stalling but growth cone extension towards
the site of uncaging (Tojima et al., 2007).
To examine the long term effects of AMPA application, we applied AMPA
chronically at physiological concentrations during development. We hypothesized that
secreted glutamate would support neurite outgrowth via an autocrine feedback loop.
Munc18 and Munc13 mutants, which lack neurotransmitter release, will have reduced
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feedback and therefore reduced outgrowth. Applying AMPA to the mutant neurons
should restore the outgrowth. Opposite to our hypothesis, we found an increased speed
of outgrowth for both WT and Munc18 mutant neurites. Whether this is caused by
activation of glutamate receptors on the growth cone or the soma via electrical activity
(which is not affected in the Munc18 null mutants) remains to be elucidated. This
could be done by locally uncaging glutamate at the growth cone using the technique
described in Chapter 6 and in other studies (Smith et al., 2003; Zito et al., 2009).
Further refinement can be achieved by incubating neurons with tetrodotoxin, thereby
excluding the role of neural activity, or by performing the experiments in the absence
of extracellular calcium to exclude the role of calcium. There is also published data on
isolated growth cones (Meiri and Burdick, 1991; Pfenninger, 1983), where the effect of
the soma can be completely ruled out. This model system is more limited in terms of
protein transcription, but may aid in the biochemical examination of the proteins and
signaling cascades involved in much greater detail.
Interestingly, Munc13 mutants presented an opposite phenotype to WT and
Munc18-1 null mutants: the rate of outgrowth in these mutants was actually reduced
upon AMPA application. This would argue for a Munc13-specific pathway in chronic
AMPA stimulation and would argue against the autocrine feedback hypothesis as
proposed above. Results from the MAPK inhibitor PD98059 in Munc13 mutants seem
to point to an involvement of an AMPA-activated MAPK-dependent pathway. Previous
work has demonstrated that AMPA application induced MAPK phosphorylation
(Schenk et al., 2005), which could be blocked by the MAPK inhibitor PD98059 and
was dependent on the Src family tyrosine kinases (Schenk et al., 2005; Hayashi and
Huganir, 2004). Other work has shown that in Neuro2a cells, extracellular ATP was
capable of activating MAPK via Src tyrosine kinase and phospholipase C (PLC)
(Lakshmi and Joshi, 2006), indicating that secreted factors are capable of activating
these pathways. Evidence exists that Munc13 is involved in metabotropic glutamate
receptor signaling via phospholipase C (Martin et al., 2010) and is activated by protein
kinase C (PKC) (Lou et al., 2008; Wierda et al., 2007), both potentiating vesicle release,
but the exact connection between glutamate receptor activation, Munc13 and these
signaling cascades remains unclear. Perhaps the activation of glutamate receptors
activates PKC and potentiates Munc13-dependent priming of vesicles resulting in an
increased feedback signal. This provides an explanation for the observed increase of
outgrowth in both WT and Munc18-1 null mutants upon AMPA application, but not
in Munc13-1/2 null neurons. This would suggest some form of Munc18-independent
vesicle release, something which has not been found for synaptic vesicels (Toonen,
Wierda, et al., 2006; Verhage et al., 2000), but recent work from our lab may point
toMunc18-1 independent release of LDCVs in neurons.
The role of vesicle transport in late development
I characterized the trafficking of the large dense core vesicle cargo CRFBP in dendrites
and axons (Chapter 5), and found that the localization and dynamics differed from
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previously described LDCV cargo semaphorin3A (de Wit et al., 2006). Whereas
secretory peptides such as semaphorin 3A and NPY (de Wit et al., 2006) and NPY and
tPA (Perrais et al., 2004) colocalized, CRFBP appeared to be segregated in separate
compartments (Chapter 5). An explanation for this segregation could be the fact that
CRFBP has a very high affinity for its ligand (Kd of 0.1±0.2nM (Potter et al., 1991)),
and its transport and secretion need to be tightly regulated. This would necessitate
that vesicles containing CRFBP be handled differently, thereby preventing unwanted
co-release. This could be achieved by specific adapter proteins on the surface of LDCVs
recognizing CRFBP. Some adapter proteins have been linked to specific cargoes, such
as Miro that binds specifically to mitochondria (Schlager and Hoogenraad, 2009), and
Mint1 that binds NMDA receptor-containing vesicles (Schlager et al., 2009). An adapter
protein that recognizes CRFBP-containing vesicles would then recruit a motor protein
in order for the vesicles to be transported along the microtubuli towards potential sites
of release. So far, motor protein dynamics have not been characterized fully enough to
point towards a likely candidate that matches our observations of CRFBP transport.
Using the methodology described in Chapter 4, we could characterize these dynamics
for several motor proteins and identify a likely candidate for the behavior we have
observed. Also the stalling of transport upon stimulation of the neuron as described
previously (de Wit et al., 2006; Adachi et al., 2005) was not found in CRFBP; instead
an increase in the rate of transport was found upon stimulation suggesting a different
motor protein for LDCVs containing CRFBP than semaphorin3A-containing vesicles.
Besides a deviation in localization and transport compared to other LDCV cargoes,
also the mode of fusion and the stages prior to fusion seem to be different for CRFBP.
There are two possible modes for the stages leading up to vesicle fusion: the first
possibility suggests that vesicles moving along microtubuli uncouple from their motor
protein upon activation of the neuron and fuse (i.e. ‘crash fusion’). The other option
proposes that vesicles uncouple from their motor proteins upon activation and dock at
a site of release before fusing (i.e. ‘classical fusion’). These two modes do not have to be
exclusive and could occur in the same neuron or even at the same synapse. Our results
for CRFBP seem to point towards the latter pre-fusion mode including a docking step,
which seems to be strengthened by the fact that there was an increased likelihood for
fusion at synaptic sites, where docking proteins are readily available (Okamoto et al.,
2000). Two modes of fusion have been described for semaphorin3A-containing LDCVs:
transient and persistent fusion, where transient fusion consists of a brief opening of the
fusion pore and reclosing (de Wit et al., 2009) (also called cavicapture (Perrais et al.,
2004; Llobet et al., 2008) or kiss-and-run in synaptic vesicles (Richards, 2009)), and
persistent or full fusion consisting of deposits of cargo in the extracellular space or on
the membrane (de Wit et al., 2009). The behavior before fusion in CRFBP-containing
vesicles deviated from the previous study: whereas vesicles containing semaphorin3A
display both modes of fusion, vesicles containing CRFBP were stationary before
they fused. Furthermore, all fusion events were axonal and transient, but unlike
semaphorin3A, labeled CRFBP was expelled completely into the extracellular space
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and diffused away from the release site (unlike cavicapture). This mode of fusion shows
similarity with small peptides such as NPY and tPA, although evidence exists that in
these cases at least some of the cargo remains inside the vesicle (Perrais et al., 2004;
Llobet et al., 2008).
CRFBP has been recently implicated in postsynaptic modulation of neurotransmission
(Ungless et al., 2003), hinting to a role for regulated release at synaptic sites. However,
volume transmission of CRFBP should also be considered as the affinity for its ligand
CRF is in the lower nanomolar range, making volume transmission at least plausible.
The observation that fusing vesicles containing CRFBP were more likely to be found at
synaptic sites than extrasynaptic sites would argue against volume transmission mode
of CRFBP release. Furthermore, vesicles were stationary prior to fusion, which would
favor the classical fusion mode, where LDCVs arrive and dock at their destination
awaiting calcium influx to trigger release of their cargo.
Whether the observed stationary vesicles were actually docked or tethered could not
be determined in our observations. One approach to resolving this issue is evanescent
wave microscopy, where vesicles can be described as docked or undocked (OharaImaizumi et al., 2004), based on their proximity to the membrane and their diffusion
kinetics. This would also allow fusion to be measured at the level of single vesicles.
A comparison of the fusion-willingness of CRFBP-containing vesicles and other
cargoes such as semaphorin3A and NPY can then be made. The observed reluctance
of vesicles containing CRFBP to fuse would also hint to a low affinity calcium sensor,
as our stimulation protocol induced a robust calcium influx. Which sensor this could
be remains to be elucidated, but the vesicle proteome for synaptic vesicles (Burré and
Volknandt, 2007; Takamori et al., 2006) and dense core vesicles (Wegrzyn et al., 2007)
may provide clues. Many of these proteins are being systematically tested to establish
their calcium dynamics in release kinetics. Results from these studies may be applied
to LDCVs as well, aiding in determining possible candidates for CRFBP-containing
LDCVs.

methods for vesicle dynamics quantification
and manipulation
Automated quantification of vesicle transport
We developed a method for the automated quantification of vesicle transport in
neurons (Chapter 4). Previous methods have focused on methods that link objects
between consecutive frames based on the shortest distance (Ku et al., 2007). This
method is sensitive to changes in the number of vesicles, which is not a big problem
in big flat cells, but becomes a real complicating issue when a confined space such as a
neurite is involved. Our method takes into account that events such as occlusion and
disappearance can take place. This method will allow us to study vesicle transport as
well as other trafficking organelles in a standardized way.
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In order to understand vesicle transport, characterization of many different cargoes
needs to be done under control conditions first. The next step is to investigate transport
while the cells are stimulated, as this was found to affect transport (de Wit et al., 2006).
Other important players in vesicle transport are the motor proteins, which actively
transport the LDCVs along the microtubuli. A great number of different motor proteins
exist (Schlager et al., 2009), and it is not well understood how the motor proteins are
regulated to deliver their cargo to its destination. To study this, many manipulations
are required and for each manipulation the transport of vesicles needs to be quantified.
Automated quantification would allow for more thorough examination of the proteins
involved in vesicle transport, allowing for more parameters to be studied than just
velocity and direction. We also measured processivity, which is defined as the distance
traveled between pauses; as well as persistence, defined as the time spent between
movements. Our method is therefore a starting point for a wide range of characterization
studies to determine the kinetics of vesicular cargoes and their associated proteins,
such as motor proteins as described above.
Local photolysis
In order to investigate vesicle dynamics, precise control over the environment becomes
increasingly important. Using calcium uncaging, influence can be exerted over signaling
cascades and proteins involved in vesicle fusion. The number of compounds that can
be activated by UV light is large and diverse, including neurotransmitters, lipids and
second messengers such as cAMP and DAG. Using these tools, we can investigate the
effects of signaling in a localized fashion, giving us very detailed information about
dynamics. In this thesis, several chapters describe experiments that could benefit from
more exact stimulation, such as glutamate or calcium uncaging. In order to implement
these techniques, efficiency needs to be demonstrated. By combining uncaging with
electrophysiology, the method can be calibrated in greater detail. Measurements of
calcium using a ratiometric dye such as Fura-2 and Furaptra can be used to establish
the calcium concentration liberated by photolysis.
By changing the wavelength of the laser, other possibilities open up for studying
vesicle dynamics. Using photoactivatable proteins such as PA-GFP, fluorescence can be
switched on and followed over time. Another group of fluorescent proteins can switch
excitation and emission by UV light: Dendra2 can switch from GFP to RFP emission
by 405nm irradiation (Chudakov et al., 2007). Both of these proteins can be used to
investigate single vesicle dynamics, and Dendra2 coupled to a vesicle cargo would
allow for tracking individual vesicles in the red channel while also measuring the
remaining vesicles in the green channel. High resolution imaging techniques such as
photoactivated localization microscopy (PAL-M) and stochastic optical reconstruction
microscopy (STORM) also depend on sparse photoactivation in order to reconstruct
protein localization at nanometer resolution and single molecule tracking, and could
be beneficial in determining localization and tracking of important components of
vesicle dynamics.
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Label-free method for studying vesicle release
Using secretory cells, I used interference reflection microscopy (IRM) to investigate
vesicle release in a label free manner. Results were in line with previous findings, and
the fact that this label-free method can be combined with fluorescent techniques opens
up a plethora of ways to investigate vesicle dynamics. We would like to know whether
vesicles approach the membrane, are tethered and become fusion competent and then
fuse with the membrane upon calcium influx (‘classical fusion’); or on the other hand
that they move to the membrane upon calcium influx and fuse immediately without
docking (‘crash fusion’). To study this, TIRF microscopy can be used to monitor the
intensity changes as the vesicle moves into the evanescent wave, giving information
about the velocity and distance, and whether it is tethered (Toonen, Kochubey, et
al., 2006). IRM can then be used to monitor vesicle release, requiring only a single
fluorescent probe to be introduced instead of two, while still being able to monitor
two different processes. This would perturb the cell less, and provide more accurate
measurements. This would even allow for an additional channel to be used in order to
study proteins involved in vesicle fusion and docking or dyes to measure calcium (Wu
et al., 2009), while still remaining fast enough to study the dynamics.
Besides its use in vesicle release, attachment of cells to a surface such as the glass cover
slip can be studied using IRM as well. Growth cone dynamics is one of the possibilities
that may benefit from this technique. Due to the sensitivity of this technique to even
the smallest separation between the membrane and the glass substrate, filopodia
motility and focal adhesions can be monitored in great detail. Furthermore, vesicle
release in growth cones has not been studied extensively, and this method would allow
for monitoring release without over-expressing vesicle cargoes.

In conclusion...
The work described in the preceding chapters provides a starting point for further
investigations into the role of vesicle dynamics such as transport and fusion during the
different stages of neuron development. It is clear that vesicle release plays a crucial
role during early development, as interfering with the proteins of the vesicle release
machinery results in reduced outgrowth (Chapter 2). Secretion of neurotransmitters
from presynaptic neurons may influence growth via an autocrine feedback mechanism
in a Munc13-dependent manner, accelerating the rate of outgrowth (Chapter 3).
During the later stages of development, when the neuronal processes have extended
over longer distances, transport dynamics become important for delivering cargoes
such as neurotrophic factors and signaling peptides. Using an automated method, the
kinetics of this transport can be studied for a wide range of cargoes, broadening our
knowledge of this process (Chapter 4). We applied this method to one interesting
signaling peptide, corticotropin releasing factor binding protein, a protein recently
described to play a role in NMDA receptor potentiation (Chapter 5). Finally, I described
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two methods that aid in the investigation of vesicle dynamics during early development
(Chapter 2 and 3) and late development (Chapter 5): one allowing the examination
of vesicle fusion without using fluorescently labeled proteins (IRM) and the associated
effects of over-expressing fluorescent proteins (Chapter 6). The other method allows
precise manipulation of the conditions promoting vesicle fusion (local calcium
uncaging; Chapter 6), which can be extended to local elevation of neurotransmitters,
phospholipids and second messengers.

References
Adachi, N., Kohara, K., and Tsumoto, T.
(2005). Difference in trafficking of brainderived neurotrophic factor between
axons and dendrites of cortical neurons,
revealed by live-cell imaging. BMC
Neurosci 6, 42.
Alecio, M. R., Golan, D. E., Veatch,
W. R., and Rando, R. R. (1982). Use of
a fluorescent cholesterol derivative to
measure lateral mobility of cholesterol in
membranes. Proc Natl Acad Sci U S A.
79, 5171–5174.
Bouwman, J., Maia, A. S., Camoletto,
P. G., Posthuma, G., Roubos, E. W.,
Oorschot, V. M. J., Klumperman, J., and
Verhage, M. (2004). Quantification of
synapse formation and maintenance in
vivo in the absence of synaptic release.
Neurosci 126, 115-126.
Bunge, M. B. (1973). Fine Structure
of Nerve Fibers and Growth Cones of
Isolated Sympathetic Neurons in Culture.
J Cell Biol 56, 713-735.
Burré, J., and Volknandt, W. (2007). The
synaptic vesicle proteome. J Neurochem
101, 1448-1462.
Chang, S., and De Camilli, P. (2001).
Glutamate regulates actin-based motility
in axonal filopodia. Nat Neurosci 4,
787-793.
Chen, H., Bernstein, B. W., and Bamburg,
J. R. (2000). Regulating actin-filament
dynamics in vivo. Trends Biochem. Sci 25,
19-23.
Chudakov, D. M., Lukyanov, S., and
Lukyanov, K. A. (2007). Using photoactivatable fluorescent protein Dendra2 to
track protein movement. Biotechniques
42, 553-557.
Connell, E., Darios, F., Broersen, K.,
Gatsby, N., Peak-Chew, S.-Y., Rickman,

132

Chapter 7

C., and Davletov, B. (2007). Mechanism
of arachidonic acid action on syntaxin–
Munc18. EMBO Rep 8, 414-419.
Fischer, M., Kaech, S., Wagner, U.,
Brinkhaus, H., and Matus, A. (2000).
Glutamate receptors regulate actinbased plasticity in dendritic spines. Nat
Neurosci 3, 887-894.
Grzywa, E. L., Lee, A. C., Lee, G. U.,
and Suter, D. M. (2006). High-resolution
analysis of neuronal growth cone morphology by comparative atomic force
and optical microscopy. J Neurobiol 66,
1529-1543.
Hayashi, T., and Huganir, R. L. (2004).
Tyrosine Phosphorylation and Regulation of the AMPA Receptor by Src Family
Tyrosine Kinases. J Neurosci 24, 61526160.
Hisata, S., Sakisaka, T., Baba, T., Yamada,
T., Aoki, K., Matsuda, M., and Takai, Y.
(2007). Rap1-PDZ-GEF1 interacts with a
neurotrophin receptor at late endosomes,
leading to sustained activation of Rap1
and ERK and neurite outgrowth. J Cell
Biol 178, 843-860.
Ibarretxe, G., Perrais, D., Jaskolski,
F., Vimeney, A., and Mulle, C. (2007).
Fast regulation of axonal growth cone
motility by electrical activity. J Neurosci
27, 7684-7695.
Ku, T.-C., Huang, Y.-N., Huang, C.-C.,
Yang, D.-M., Kao, L.-S., Chiu, T.-Y.,
Hsieh, C.-F., Wu, P.-Y., Tsai, Y.-S., and
Lin, C.-C. (2007). An automated tracking
system to measure the dynamic properties of vesicles in living cells. Microsc Res
Tech 70, 119-134.
Kuhn, T. B., Meberg, P. J., Brown, M.
D., Bernstein, B. W., Minamide, L. S.,
Jensen, J. R., Okada, K., Soda, E. A., and

Bamburg, J. R. (2000). Regulating actin
dynamics in neuronal growth cones by
ADF/cofilin and rho family GTPases. J
Neurobiol 44, 126-144.
Lakshmi, S., and Joshi, P. G. (2006).
Activation of Src/kinase/phospholipase
C/mitogen-activated protein kinase and
induction of neurite expression by ATP,
independent of nerve growth factor.
Neurosci 141, 179-189.
Lein, P. J., Guo, X., Shi, G.-X., MoholtSiebert, M., Bruun, D., and Andres, D. A.
(2007). The novel GTPase Rit differentially regulates axonal and dendritic growth.
J Neurosci 27, 4725-4736.
Llobet, A., Wu, M., and Lagnado, L.
(2008). The mouth of a dense-core vesicle
opens and closes in a concerted action
regulated by calcium and amphiphysin. J
Cell Biol 182, 1017-1028.
Lou, X., Korogod, N., Brose, N., and
Schneggenburger, R. (2008). Phorbol
esters modulate spontaneous and Ca2+evoked transmitter release via acting on
both Munc13 and protein kinase C. J.
Neurosci 28, 8257-8267.
Luo, L. (2000). Rho GTPases in neuronal
morphogenesis. Nat Rev Neurosci 1,
173-180.
Luo, L., Jan, L., and Jan, Y. N. (1996).
Small GTPases in axon outgrowth.
Perspect Dev Neurobiol 4, 199-204.
Martin, R., Durroux, T., Ciruela, F.,
Torres, M., Pin, J.-P., and Sanchez-Prieto,
J. (2010). The metabotropic glutamate
receptor MGLU7, activates PLC, translocates MUNC-13-1 protein and potentiates glutamate release at cerebrocortical
nerve terminals. J Biol Chem 285, 1790717917.
Martinez-Arca, S., Coco, S., Mainguy,
G., Schenk, U., Alberts, P., Bouille, P.,
Mezzina, M., Prochiantz, A., Matteoli,
M., Louvard, D., et al. (2001). A common
exocytotic mechanism mediates axonal
and dendritic outgrowth. J Neurosci 21,
3830-3838.
Mattson, M. P., Dou, P., and Kater, S.
B. (1988). Outgrowth-regulating actions
of glutamate in isolated hippocampal
pyramidal neurons. J Neurosci 8, 20872100.
Meiri, K., and Burdick, D. (1991). Nerve
growth factor stimulation of GAP-43

phosphorylation in intact isolated growth
cones. J Neurosci 11, 3155-3164.
Meyer zu Heringdorf, D., Liliom, K.,
Schaefer, M., Danneberg, K., Jaggar, J.
H., Tigyi, G., and Jakobs, K. H. (2003).
Photolysis of intracellular caged sphingosine-1-phosphate causes Ca2+ mobilization independently of G-protein-coupled
receptors. FEBS Lett 554, 443-449.
Miyamoto, Y., Yamauchi, J., Tanoue,
A., Wu, C., and Mobley, W. C. (2006).
TrkB binds and tyrosine-phosphorylates
Tiam1, leading to activation of Rac1 and
induction of changes in cellular morphology. Proc Natl Acad Sci U S A 103,
10444-10449.
Murphy, S., Martin, S., and Parton, R. G.
(2009). Lipid droplet-organelle interactions; sharing the fats. Biochem Biophys
Acta. Mol Cell Biol Lipids 1791, 441-447.
Nobes, C. D., and Hall, A. (1995).
Rho, Rac, and Cdc42 GTPases regulate
the assembly of multimolecular focal
complexes associated with actin stress
fibers, lamellipodia, and filopodia. Cell
81, 53-62.
Ohara-Imaizumi, M., Nishiwaki, C.,
Kikuta, T., Nagai, S., Nakamichi, Y., and
Nagamatsu, S. (2004). TIRF imaging
of docking and fusion of single insulin
granule motion in primary rat pancreatic
β-cells: different behaviour of granule
motion between normal and Goto–
Kakizaki diabetic rat β-cells. Biochem J
381, 13-18.
Okamoto, M., Matsuyama, T., and
Sugita, M. (2000). Ultrastructural localization of mint1 at synapses in mouse
hippocampus. Eur. J. Neurosci 12, 30673072.
OWEN, A. D., and BIRD, M. M. (1997).
Role of glutamate in the regulation of the
outgrowth and motility of neurites from
mouse spinal cord neurons in culture. J
Anat 191, 301-307.
Perrais, D., Kleppe, I. C., Taraska, J. W.,
and Almers, W. (2004). Recapture after
exocytosis causes differential retention of
protein in granules of bovine chromaffin
cells. J Physiol 560, 413-428.
Pfenninger, K. (1983). Nerve growth
cones isolated from fetal rat brain: Subcellular fractionation and characterization. Cell 35, 573-584.

Conclusion

133

Pfenninger, K. H. (2009). Plasma
membrane expansion: a neuron’s
Herculean task. Nat Rev Neurosci 10,
251-261.
Pol, A., Martin, S., Fernandez, M. A.,
Ferguson, C., Carozzi, A., Luetterforst,
R., Enrich, C., and Parton, R. G. (2004).
Dynamic and regulated association of
caveolin with lipid bodies: modulation
of lipid body motility and function by a
dominant negative mutant. Mol Biol Cell
15, 99-110.
Potter, E., Behan, D. P., Fischer, W. H.,
Linton, E. A., Lowry, P. J., and Vale, W.
W. (1991). Cloning and characterization
of the cDNAs for human and rat corticotropin releasing factor-binding proteins.
Nature 349, 423-426.
Richards, D. A. (2009). Vesicular release
mode shapes the postsynaptic response
at hippocampal synapses. J Physiol 587,
5073-5080.
Schenk, U., Menna, E., Kim, T., Passafaro,
M., Chang, S., De Camilli, P., and
Matteoli, M. (2005). A novel pathway
for presynaptic mitogen-activated kinase
activation via AMPA receptors. J Neurosci
25, 1654-1663.
Schenk, U., Verderio, C., Benfenati,
F., and Matteoli, M. (2003). Regulated
delivery of AMPA receptor subunits to
the presynaptic membrane. EMBO J 22,
558-568.
Schlager, M., and Hoogenraad, C.
(2009). Basic mechanisms for recognition and transport of synaptic cargos.
Mol Brain 2, 25.
Shi, G.-X., and Andres, D. A. (2005).
Rit contributes to nerve growth factorinduced neuronal differentiation via activation of B-Raf-extracellular signal-regulated kinase and p38 mitogen-activated
protein kinase cascades. Mol Cell Biol 25,
830-846.
Smith, M. A., Ellis-Davies, G. C. R., and
Magee, J. C. (2003). Mechanism of the
distance-dependent scaling of Schaffer
collateral synapses in rat CA1 pyramidal
neurons. J Physiol 548, 245-258.
Spencer, M. L., Shao, H., Tucker, H. M.,
and Andres, D. A. (2002). Nerve growth
factor-dependent activation of the small
GTPase Rin. J Biol Chem 277, 1760517615.

134

Chapter 7

Takamori, S., Holt, M., Stenius, K.,
Lemke, E. A., Grønborg, M., Riedel,
D., Urlaub, H., Schenck, S., Brügger,
B., Ringler, P., et al. (2006). Molecular
anatomy of a trafficking organelle. Cell
127, 831-846.
Tojima, T., Akiyama, H., Itofusa, R., Li,
Y., Katayama, H., Miyawaki, A., and
Kamiguchi, H. (2007). Attractive axon
guidance involves asymmetric membrane
transport and exocytosis in the growth
cone. Nat Neurosci 10, 58-66.
Toonen, R. F. G., Wierda, K., Sons, M. S.,
de Wit, H., Cornelisse, L. N., Brussaard,
A., Plomp, J. J., and Verhage, M. (2006).
Munc18-1 expression levels control
synapse recovery by regulating readily
releasable pool size. Proc Natl Acad Sci U
S A 103, 18332-18337.
Toonen, R. F., Kochubey, O., de Wit,
H., Gulyas-Kovacs, A., Konijnenburg,
B., Sorensen, J. B., Klingauf, J., and
Verhage, M. (2006). Dissecting docking
and tethering of secretory vesicles at the
target membrane. EMBO J 25, 37253737.
Ungless, M. A., Singh, V., Crowder, T. L.,
Yaka, R., Ron, D., and Bonci, A. (2003).
Corticotropin-Releasing Factor Requires
CRF Binding Protein to Potentiate NMDA
Receptors via CRF Receptor 2 in Dopamine
Neurons. Neuron 39, 401-407.
Verhage, M., Maia, A. S., Plomp, J. J.,
Brussaard, A. B., Heeroma, J. H., Vermeer,
H., Toonen, R. F., Hammer, R. E., van den
Berg, T. K., Missler, M., et al. (2000).
Synaptic assembly of the brain in the
absence of neurotransmitter secretion.
Science 287, 864-869.
Verhage, M., and Sørensen, J. B. (2008).
Vesicle docking in regulated exocytosis.
Traffic 9, 1414-1424.
Wegrzyn, J., Lee, J., Neveu, J. M., Lane,
W. S., and Hook, V. (2007). Proteomics of
neuroendocrine secretory vesicles reveal
distinct functional systems for biosynthesis and exocytosis of peptide hormones
and neurotransmitters. J Proteome Res 6,
1652-1665.
Wierda, K. D. B., Toonen, R. F. G., de
Wit, H., Brussaard, A. B., and Verhage,
M. (2007). Interdependence of PKC-dependent and PKC-independent pathways
for presynaptic plasticity. Neuron 54,
275-290.

de Wit, J., Toonen, R. F., and Verhage, M.
(2009). Matrix-dependent local retention
of secretory vesicle cargo in cortical
neurons. J Neurosci 29, 23-37.
de Wit, J., Toonen, R. F., Verhaagen, J.,
and Verhage, M. (2006). Vesicular trafficking of Semaphorin 3A is activity-dependent and differs between axons and
dendrites. Traffic 7, 1060-1077.

Wu, M. M., Llobet, A., and Lagnado, L.
(2009). Loose coupling between calcium
channels and sites of exocytosis in chromaffin cells. J Physiol 587, 5377-5391.
Zito, K., Scheuss, V., Knott, G., Hill, T.,
and Svoboda, K. (2009). Rapid functional
maturation of nascent dendritic spines.
Neuron 61, 247-258.

Conclusion

135

