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Reading maketh a full man, conference a ready man, 

and writing an exact man.

Francis Bacon, Essays: Of Studies (1601)
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General introduction

During brain development neuronal precursor cells divide until there are 
billions of neurons. After being born (defined as having stopped dividing) 
neurons migrate to their final position in the brain, either by manoeuvring 
through layers of neurons that arrived previously, or by following the physical 
lead of radial glial cells that project to the desired region of the brain. Finally, 
the neurons project a number of neurites to other cells and make synapses, 
resulting in a network consisting of hundreds of billions of connections. 
Actually some neurons begin projecting neurites while migrating to their 
final position and these neurons probably use their neurites either to gain 
environmental information about where to grow, to or as physical anchors 
to which they can pull themselves.
One of the main questions in neurobiology is how the wiring scheme of 
the brain is determined and very much related to this, how the brain is 
changed during life by experience and learning processes. One option is 
that the genetic code somehow encrypts the entire initial wiring scheme. 
According to recent estimates the human genome contains roughly 30.000 
genes, 10.000 of which are thought to be expressed in the brain. As many 
of these genes are involved in metabolic pathways etc. it is difficult to 
imagine how a few thousand genes could code for the exact wiring scheme 
of up to a million billion connections between a thousand billion neurons. 
Furthermore, this option does not offer a solution to the molecular basis 
of the neuronal plasticity underlying learning processes. A more economic 
solution (and therefore more biologic) would be that the genetic code 
provides a number of ground rules for the basic layout of the brain and that 
neuronal communication fills in the details of how the how the neurons in 
the brain are interconnected and how these connections are modified by 
experience.
In this introduction, I will briefly describe some aspects of neuronal 
migration and neurite projection and a selection of genes that are thought 
to direct this process. The next section will deal with the formation of basic 
synapses. Then, the different forms of communication between neurons 
are discussed. The rest of the introduction will be focussed on regulated 
secretion, its known role in synaptic and network plasticity and its functions 
that are still under dispute. Finally, some current models to resolve the 
function of regulated secretion in neuronal plasticity are discussed and the 
aim and outline of this thesis are described. 
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Mapping of the brain by guidance cues and adhesion 
molecules

In order for the brain to function properly, the right connections need to 
be formed. Neurons must thus migrate to the appropriate brain region and 
project neurites to the correct area. Guidance cues and adhesion molecules 
are major determinants of neuronal migration and projection. In general, 
guidance cues and adhesion molecules can be secreted and received by 
neurons, but glial cells can also participate. Here, I will define guidance cues 
as molecules in the extracellular matrix that direct neuronal migration and 
outgrowth and adhesion molecules as membrane attached molecules with 
the same function. 
In the developing cerebral cortex neurons originate from the ventricular zone 
or the subventricular zone, and then accumulate under the pia mater to form 
the preplate. Neurons that are subsequently born migrate to the preplate 
and form the cortical plate inside out (with new cells migrating past earlier 
formed cells to form a new layer on top of the old layers). In the layering 
process, some cells of the preplate are pushed up to form the marginal zone 
and some cells are pushed down to form the subplate. Integrins and Reelin 
are involved in this layering process as deletion of these proteins results in 
disruption of cortical layering (Anton et al., 1999; Graus-Porta et al., 2001; 
Forster et al., 2002). Layering is sharpened further as cells, destined for 
different layers, express different Ephrins and Ephrin receptors. Ephrins and 
their receptors regulate the expression of other adhesion molecules and 
thereby attract or repel other cells (Xu et al., 2000; Mellitzer et al., 1999).
Ephrins and other regulatory molecules also direct projections of neurons to 
the correct region. For instance, molecules like limbic associated membrane 
proteins (LAMPs), chicken ovalbumin upstream promoter-transcription factor 
1 (COUP-TF1) and  cellular adherins (Cadherins) 6, 8 and 11 are expressed in 
specific brain areas and guide thalamic neurons to their appropriate cortical 
partners (Lopez-Bendito & Molnar, 2003; Gao et al., 2000). Other molecules 
like netrin-1 do not specifically guide axons to a particular region but rather 
serve to promote axonal outgrowth towards the proper region as specified 
by other guidance molecules (Braisted et al., 2000).
Once a projection is in the proper brain region it must arborize and form 
synapses in the right place, for instance the correct cortical layer. Ephrins, 
again are involved in this process. Together with molecules like semaphorins 
these proteins repel and attract neuronal projections until these are in the 
right position and synapses can be formed (Gao et al., 1998; Mackarehtschian 
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et al., 1999; Mann et al., 2002; Uziel et al., 2002; Messersmith et al., 1995; 
Bagnard et al., 1998). 

Synapse formation

One of the most studied synapses in the central nervous system is the 
glutamatergic synapse between pyramidal cells in the hippocampus and 
neocortex. Another well-characterised synapse is the neuromuscular 
junction in the peripheral nervous system. Therefore these synapses will 
be used here as models to describe synapse formation in general. Before a 
synapse can be formed, the future pre- and postsynaptic partners need to 
be in close vicinity of each other; neurons must migrate to the proper region 
and project neurites towards each other before a synapse can be formed. 
When the axonal and dendritic compartments meet, synaptogenesis can 
begin. 

Induction of synapse formation

It is not known which compartment initiates synapse formation. Observations 
of synaptogenesis at the neuromuscular junction, where motor neurons are 
motile, project to a static muscle and form synapses suggested that the 
presynaptic nerve determines the place of future synapses. However, as will 
be discussed below, postsynaptic specializations are already present in the 
future endplate region of the muscle before the nerve arrives, suggesting 
the muscle is instructive in initial contact formation (Yang et al., 2001). 
In the central nervous system, axonal projections cover large distances 
growing towards their targets, and therefore are intuitively considered as 
the instigators of synapse formation. However, dendrites also actively grow 
out to possible presynaptic partners, and dendritic growthcones/filopodia 
even appear to draw axonal protrusions towards the dendritic shaft (Wong 
& Wong, 2000; Smith, 1999; Jontes & Smith, 2000; Ziv & Smith, 1996), 
making the postsynaptic compartment equally suitable in determining 
where a synapse will be formed. From a physiological point of view it also 
makes sense that the postsynaptic compartment determines the site of 
future synapses; when a presynaptic neuron fires an action potential, the 
same signal reaches every presynaptic terminal and, regardless of their 
position, enables them to release neurotransmitter. On a dendrite, on the 
other hand, each synaptic event elicits a graded potential and the position 



12 13

of a synapse is the main determinant of how each signal will be integrated 
(whether or not an action potential will be generated) and therefore what 
the effect of this synaptic event will be. It seems theoretically more likely 
that the postsynaptic compartment instructs the presynaptic compartment 
where a synapse will be formed, but direct experimental evidence remains 
to be found.

Adhesion molecules

Axons and dendrites that are in close proximity need to recognise each 
other as suitable synaptic partners. This is probably mediated by adhesion 
molecules. Many adhesion molecules have been identified and shown to 
function in synapse formation. For one couple, neurexin and neuroligin, it 
has even been shown that expression of neuroligin in heterologous cells 
induces neurons to form synapses upon them through neurexin (Scheiffele 
et al., 2000). Since thousands of splice variants can be formed of both 
neurexin and neuroligin, these molecules also make interesting candidates 
for “handshake” molecules, ensuring that synapses are not made in a 
random fashion but only between suitable partners expressing the right 
isoform of neurexin or neuroligin (Missler & Sudhof, 1998). Apart from 
determining synapse specificity, adhesion molecules are also involved in 
synaptic plasticity (Dityatev et al., 2000; Muller et al., 1996; Cremer et al., 
2000). Besides establishing physical contact through adhesion molecules 
the synaptic components must be equipped with the right molecular 
machinery; the presynaptic compartment must have the machinery to 
release neurotransmitters and neuromodulatory substances in a regulated 
fashion and the postsynaptic compartment must have the proper receptors.

Presynaptic development

Since synapses can be functional within hours after initial contact (Friedman 
et al., 2000; Ahmari et al., 2000) it is not likely that synapses are assembled 
from randomly diffusing components but rather are transported as pre-
assembled functional units. In axons an 80 nm vesicle was discovered 
that contains many of the essential presynaptic components (Ahmari 
et al., 2000). These vesicles contain the adhesion molecule N-cadherin, 
structural active zone proteins like piccolo and bassoon, tSNARE (soluble 
N-ethylmaleimide-sensitive-fusion-protein (NSF) attachment-protein (SNAP) 
receptor (SNARE) of the target membrane) proteins syntaxin and SNAP-
25 (synaptosome associated protein of 25 kD), priming factor munc13 
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(mammalian uncoordinated 13), vesicle cycling factor Rab3a/c, Rab effector 
RIM (rab3 interacting molecule) and fusion regulator munc18-1 (mammalian 
uncoordinated 18-1) and N-type calcium channels (Shapira et al., 2003; 
Zhai et al., 2001). Synaptic vesicles or known synaptic vesicle proteins 
like synaptophysin or synaptobrevin are not found in these 80 nm vesicles 
(Shapira et al., 2003; Zhai et al., 2001). Analysis of hippocampal cultures, 
transfected with green fluorescent protein (GFP)-tagged bassoon, showed 
the presence of fluorescent puncta at axonal growth cones and along the 
axon. A distinction could be made between highly mobile puncta, moving 
at speeds up to 0.35 μm/s in both directions, and static puncta. Most of the 
static puncta co-localized with FM 4-64, an endocytosis marker suggesting 
the presence of a functional synaptic terminal. Also, the static puncta were 
two to three times more fluorescent than the mobile puncta, suggesting that 
two or three 80 nm vesicles are sufficient to create a functional synaptic 
terminal.

Postsynaptic development

Similar to the presynaptic compartment, there is evidence that postsynaptic 
elements are also delivered in prefabricated clusters. Postsynaptic density 
protein of 95 kD (PSD95) is one of the first elements that is localized to 
nascent synapses. PSD95 is a multidomain protein that can function as 
a structural organizer of the postsynaptic density. In addition, PSD95 is 
involved in the recruitment of AMPA (α-amino-3hydroxy-5-methylisoxazole) 
receptors (AMPArs) to the postsynaptic density and making these 
functional (Beique & Andrade, 2003). In the first three weeks in culture 
(rat hippocampal neurons) most PSD95 clusters shift from extrasynaptic to 
synaptic location (Rao et al., 1998). In the same period dendritic filopodia 
gradually become less motile both in vitro and in vivo (Ziv & Smith, 1996; 
Dailey & Smith, 1996; Dunaevsky et al., 1999; Lendvai et al., 2000). In fact, 
the stabilization of dendritic filopodia and their transition into spines is both 
spatially and temporally correlated with the synaptic localization of PSD95 
(Jontes & Smith, 2000; Okabe et al., 2001). As was shown for the active 
zone precursor vesicles, PSD95 moves along the dendritic shaft in clustered 
form and becomes associated with stabilizing filopodia. However PSD95 is 
probably not the stabilizing factor of filopodia, as transfection of a mutant 
form of PSD95 that does not cluster or target to synapses has no effect on 
the formation of stable synapses (Prange & Murphy, 2001). 
Both AMPArs and NMDArs (N-methyl-D-aspartate receptors) are transported 
along dendrites in packets (prefabricated clusters) (Washbourne et al., 2002a). 
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NMDA receptor containing packets move relatively fast, at ~4 μm/min both 
antero- and retrogradely along microtubules. AMPA receptor packets move 
relatively slow at ~2 μm/min. NMDArs appear very quickly after synapse 
formation, together or within minutes after arrival of PSD95. AMPArs do not 
arrive within an hour after synapse formation. Interestingly, synapses that 
are formed between axonal and dendritic shafts become functional (defined 
by presynaptic vesicle/FM dye cycling) within minutes while synapses 
formed at axonal growth cones may take up to four hours before they are 
functional. Apart from the delivery of receptors in prefabricated clusters 
there are numerous reports of individual receptors diffusing laterally in 
and out of synaptic regions and being shuttled between plasma membrane 
and cytosole (as will be discussed in the section about synaptic plasticity). 
There are also reports that PSD95 is not transported in packets but becomes 
synaptically clustered from a soluble cytoplasmic pool (Bresler et al., 2001; 
Marrs et al., 2001). Moreover, PSD95, NMDArs and AMPArs are delivered to 
synapses in different packages and little is known about the recruitment 
of other postsynaptic proteins. It also makes sense that at least part of the 
postsynaptic machinery is not delivered in prefabricated packages because 
dendrites are relatively short and have their own protein synthesising 
machinery (Black & Baas, 1989). Nonetheless, the evidence above suggests 
that in principle all components of basic synapses can be rapidly delivered 
in prefabricated packages, which is compatible with the observed velocity of 
functional synapse formation in cultures.

Box 1: Basic morphology and physiology of a 
neuron

A neuron, as a rule of thumb, has an input-receiving compartment 
consisting of a number of dendrites, a cell body and an output-
generating compartment consisting of a single axon. Since there 
are many variations in the morphology of neurons, the rest of this 
description will concern an extensively studied model neuron: the 
pyramidal cell.
A pyramidal cell has a single apical dendrite receiving input from 
projection areas elsewhere in the brain and several basal dendrites 
receiving input from their local environment. Each of these primary 
dendrites branches several times, giving rise to secondary and tertiary
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Box 1continued

dendrites. The dendritic surface is covered with spiny protrusions/
dendritic spines. Signal transduction in dendrites is passive; when an 
ion channel is opened, for instance by the binding of neurotransmitter 
to its receptor, a number of ions flow across the membrane and change 
the membrane potential. These ions diffuse laterally until the difference 
in membrane potential is dissipated and equilibrium is reached with the 
former state of the dendrite. The smaller the diameter of a dendrite the 
higher the resistance to spread of electrical signals and the more local 
a signal remains. A second effect of the high input resistance of lower 
order dendrites and spines is that relatively small ion fluxes result in 
large potential differences.
The majority of synapses on pyramidal cells are on the heads of 
dendritic spines and are excitatory in nature but excitatory synapses are 
also formed on dendritic shafts. Vice versa, most inhibitory synapses 
are formed on dendritic shafts but inhibitory synapses are also formed 
on the shafts of dendritic spines.
Signals that are generated in synapses can integrate, both spatially and 
temporally, and in this way a local signal can expand to other regions 
of a dendrite and eventually to the cell body.
Apart from the ligand-gated ion channels that are responsible for 
the generation of graded synaptic potentials the neuronal membrane 
contains voltage-gated ion channels that are responsible for the 
generation and maintenance of action potentials. The axon hillock 
contains the highest concentration of voltage gated (sodium) channels 
and generates the vast majority of action potentials. The rest of 
the neuronal membrane contains a lower density of voltage-gated 
channels, high enough to actively propagate the action potential, but 
generally too low to generate action potentials. Once generated, the 
action potential propagates both antero- and retrogradely. In forward 
direction the action potential mainly serves to evoke neurotransmitter 
release, which, dependent on the probability of release can occur 
at each individual nerve terminal. In backward direction the action 
potential “informs” the entire postsynaptic compartment of the neuron 
at which time the cell was activated, information that is crucial for 
synaptic plasticity as will be discussed below.
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Forms of communication in the brain 

Signalling in the brain is not uniform; various ways of communication 
between neurons (and other cells) exist. Here, the most important forms 
of communication in the brain, and their function in brain plasticity, are 
discussed. The first distinction can be made between direct physical/
electrical coupling and chemical coupling.

Electrical coupling

Neurons can be physically coupled through gap junctions enabling them to 
directly relay electrical signals. Electrical synapses only make up a fraction 
of the total amount of synapses in the brain. Electrical interneuronal 
communication is basically the same as intraneuronal (passive) electrical 
signalling. One advantage of electrical coupling is that it is fast. In addition it 
is simple; no extra machinery is required for this kind of signal transmission. 
There are a number of disadvantages of electrical coupling. First, electrical 
synapses can only transmit depolarizing signals; probably hyperpolarizing 
signals are too weak in amplitude, as they cannot be converged into action 
potentials. Second, electrical synapses only function in direct/fast signalling; 
as no receptor-ligand binding is involved, no long lasting effect can be 
obtained. Third, the postsynaptic effect depends directly on the size of the 
presynaptic cell; the larger the presynaptic cell, the more ions are involved 
in its depolarisation, the larger the depolarisation of the postsynaptic cell. 
Fourth, there is no evidence that electrical synapses can alter their strength 
or reliability and therefore the direct contribution of an electrical coupling in 
synaptic plasticity is limited.
Although direct electrical coupling is not involved in synaptic plasticity, it is 
implicated in plasticity on a network level. Throughout life, but especially 
during the “critical” period of network formation (see below) neurons are 
reported to form transient gap-junctions. This enables neurons to develop 
a synchronous firing pattern, which, according to Hebbian rules (discussed 
below), strengthens chemical synapses and serves to consolidate networks 
(Schmitz et al., 2001; Bem et al., 2002; Peinado et al., 1993).

Chemical coupling

Another form of communication between neurons is through receptors 
and ligands; one neuron presents a ligand and when this ligand binds 
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to its receptor a signal is transmitted. This ligand can be membrane 
bound as is the case with adhesion molecules, or can be secreted as is 
observed with neurotransmitters and neuromodulatory substances. Since 
adhesion molecules (and other guidance cues) are already discussed in the 
previous sections, the rest of this section will deal with the secretion of 
neurotransmitters and neuromodulatory substances.

Non-vesicular neurotransmitter release
The most prevalent form of neuronal communication is through the secretion 
and binding of neurotransmitter molecules. The simplest form of this 
neurotransmission is leakage (or non-vesicular release) of neurotransmitter 
molecules from the presynaptic compartment to postsynaptic receptors. 
Leakage can occur through channels that are specific for a particular kind 
of neurotransmitter or by diffusion across the plasma membrane. Although 
the exact mechanism by which leakage of neurotransmitter occurs has not 
been determined, this form of neurotransmission could potentially influence 
synapse formation and synaptic function. For instance in Drosophila mutants, 
in which vesicular secretion was abolished, the amount of presynaptically 
available neurotransmitter (which was manipulated by mutations of 
glutamate synthesizing and degrading enzymes) had a strong effect on the 
postsynaptic receptor field size (Featherstone et al., 2002). Since there is 
no known machinery for the regulation of non-vesicular neurotransmitter 
release, its presumed information content is low. Therefore, as synaptic 
plasticity is generally assumed to underlie information storage in the brain, 
non-vesicular release is not likely to direct synaptic plasticity. 

Regulated neurotransmitter secretion
Contrary to non-vesicular release, vesicular release of neurotransmitter does 
offer the possibility of transneuronal communication with high information 
content. First, because vesicular release enables instant presentation of high 
concentrations of neurotransmitter to postsynaptic receptors (resembling 
binary “all or none” signaling). Second, because dozens of proteins have been 
identified that regulate synaptic vesicular release and hereby automatically 
change the information flow between neurons.
SNAREs are thought to be essential for vesicle fusion events throughout 
the cell. Synaptobrevin 1 is a transmembrane protein on synaptic vesicles. 
Synaptobrevin can form a ternary complex with the transmembrane protein 
syntaxin-1 and the membrane attached protein SNAP-25. The SNARE 
complex can undergo a highly exothermic conformational change, which 
can catalyze the energetically unfavorable fusion of two membranes (Jahn 
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& Sudhof, 1999). Although SNAREs are believed to be essential for vesicle 
fusion, synaptic vesicle fusion is not completely blocked by deletion of 
neuron specific SNAREs SNAP-25 or synaptobrevin (Washbourne et al., 
2002b; Schoch et al., 2001). It is possible that membrane fusion is somehow 
possible without SNAREs, but it is more likely that related SNAREs can 
partially take over the function of the cognate SNAREs, especially because 
most SNAREs are quite promiscuous in their interactions (Toonen & Verhage, 
2003).
A number of proteins function in the regulation of SNARE mediated membrane 
fusion; whether or not fusion occurs and perhaps to which exent fusion takes 
place (discussed below). Elevated presynaptic calcium levels are essential 
for evoked secretion and a molecular calcium sensor is likely to regulate 
SNARE mediated fusion. The prime candidate for this calcium sensor is 
synaptotagmin 1, as a point mutation in its calcium-sensing domain strongly 
reduces evoked neurotransmitter secretion without affecting parameters 
like spontaneous secretion(Fernandez-Chacon et al., 2001). Other calcium 
sensors that might be involved in the regulation of neurotransmitter release 
are Doc2 (double C2 domain), munc13, rabphilin, RIM and picollo (Dresbach 
et al., 2001; Garner et al., 2000; Gerber et al., 2001).
Fusion of synaptic vesicles is thought to exclusively take place at active zones 
(Zenisek et al., 2000). Active zones are electron dense structures aligned 
along the presynaptic membrane and consist of SNAREs to accomplish 
fusion, modulatory proteins to regulate fusion and structural proteins. A 
selection of these proteins that have a marked effect on neurotransmitter 
release is listed below. 
Spectrin is a synapsin (synaptic vesicle protein) binding protein that is 
believed to form a filamentous network that holds together and spaces 
the presynaptic particle web in the active zone (Phillips et al., 2001). 
Although its exact function is not known, injection of peptide fragments 
of spectrin blocks neurotransmission (Zimmer et al., 2000; Sikorski et al., 
2000). Bassoon is a large (420 kD) protein with multiple protein interaction 
domains, allowing it to structurally organize the active zone (Gundelfinger 
et al., 2003). The exact function of bassoon is not known but its deletion in 
mice completely blocks neurotransmitter secretion in ~10% of all synapses 
while leaving other synapses unaffected (Altrock et al., 2003).  Munc13 is a 
protein that is involved in priming/making synaptic vesicles ready for fusion. 
In the cerebrum two isoforms exist; munc13-1 primarilly drives excitatory 
synapses and munc13-2 primarilly drives inhibitory synapses. Both isoforms 
can function in any synape, as is observed in culture (Rosenmund et al., 
2002). When both isoforms are deleted all neurotransmitter secretion is 
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blocked apart from a sporadic fusion event after application of α-latrotoxin 
(Varoqueaux et al., 2002a).  RIM binds to munc13 and interacts with rab3A. 
Deletion of RIM1α does not have a strong effect on basic neurotransmitter 
release but showed defects in synaptic plasticity that resemble the deletion 
of rab3A (Schoch et al., 2002; Castillo et al., 2002). Therefore, either RIM 
has a modulatory role in synaptic vesicle fusion rather than an essential 
one, or RIM2α can compensate for the loss of RIM1α. Munc18-1 is a syntaxin 
binding protein that regulates the amount of vesicles that are docked at 
the membrane/ready for priming. Deletion of munc18-1 results in the most 
dramatic block of neuronal vesicular fusion observed in any mutant (Verhage 
et al., 2000; Voets et al., 2001).  Mints are munc18-1 interacting proteins 
that also bind to CASK (calmodulin dependent serine kinase), amyloid 
precursor protein, presenillin and kinesin Kif17. Deletion of mint 1 has 
no effect on basal synaptic transmission and a minor effect on short term 
plasticity resembling the deletion of munc13-2 (Rosenmund et al., 2002; Ho 
et al., 2003). Therefore mints are either not essential for synaptic vesicle 
secretion, or mint 2 can compensate for the loss of mint 1. Finally, piccolo is 
a very large (530 kD) protein that has multiple domains allowing it to interact 
with multiple proteins (Fenster et al., 2000). Even though it’s function is not 
known, its multiple interactions with other active zone proteins suggest it is 
a key player in the regulation of synaptic function. One proposed function 
of piccolo is to regulate endocytosis of synaptic vesicles at the active zone 
(Fenster et al., 2003).

Box 2: Exocytosis, endocytosis and cycling

Once a vesicle fuses with the plasma membrane the vesicle must 
be retrieved. If not, the synaptic membrane will expand and change 
synaptic morphology. The most common mechanism of vesicle 
retrieval is by endocytosis. In short, adapter protein 2 recruits clathrin 
to the plasma/vesicle membrane, where a vesicle shaped lattice is 
built that invaginates the membrane. Interaction with adapter protein 
180 determines the size of the lattice and therefore the amount of 
retrieved membrane. Once the clathrin coat is finished, dynamin 
forms a collar around the neck of the invagination and pinches off the 
vesicle (Gundelfinger et al., 2003). The endocytosed vesicle can now 
be incorporated into an endosome where its protein content can be
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Box 2 continued

changed or it can be directly refilled with neurotransmitter and returned 
to the releasable pool (Buckley et al., 2000).
A number of variants on this scheme of membrane retrieval have been 
described, among which a mechanism named “kiss and run” (Aravanis 
et al., 2003;Gandhi & Stevens, 2003). Here, the vesicle does not fully 
merge, but apart from the fusion pore, remains separated from the 
target membrane, and is retrieved on the spot. This has the advantage 
that the lipids and proteins of the vesicle and active zone are not 
mingled and thus enables faster vesicle cycling. An even faster way of 
vesicle recycling has been proposed, named “kiss and stay” (Sudhof, 
2000). In this case, the vesicle does not leave the active zone, keeps 
its SNAREs and is fusion ready again within an instant. Experimental 
evidence for a ‘’kiss and stay” mechanism was found in large dense 
core vesicle (LDCV) secreting chromaffin cells (Tabares et al., 2001). The 
authors found that a fraction of LDCVs did not secrete catecholamines, 
suggesting that these vesicles were instantaneously fusion ready 
again i.e. before refilling could occur (the use of these fusion events is 
questionable of course). Another interesting finding was that the fusion 
pore of these vesicles expanded significantly slower that that of other, 
catecholamine filled, vesicles, implying that the release kinetics during 
secretion events can be regulated as well. 
The three described ways of exocytosis, full fusion, “kiss and run” and 
“kiss and stay”, offer interesting possibilities in terms of information 
content of vesicular release. First, because the different forms of fusion 
could be associated with different release kinetics. Second, because 
these fusion types could participate in synaptic plasticity; “kiss and stay” 
fusion could enable extremely rapid firing of a presynaptic terminal. 
Full fusion and endocytosis, on the other hand, enable a change in 
vesicle membrane protein composition or even content and therefore 
the formation of distinct populations of synaptic vesicles within a 
synaptic terminal. Evidence for the existence of different populations of 
vesicles that respond to different stimuli was found in LDCV secreting 
chromaffin cells (Duncan et al., 2003; Sudlow et al., 1994). 
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Regulated secretion of neuromodulatory substances
Apart from the small clear cored vesicles which function in neurotransmitter 
secretion, LDCV secretion is also tightly regulated in neurons. LDCVs are not 
secreted at the active zone; in chromaffin cells LDCVs can fuse at random 
locations. Whether synaptic LDCVs can fuse at random sites or need specific 
location bound machinery is not known. It is known that many proteins 
that regulate synaptic vesicle secretion, like munc13-1 and munc18-1 
also participate in LDCV secretion (Voets et al., 2001; Ashery et al., 2000). 
However, there are also proteins that function specifically in LDCV fusion, for 
instance CAPS, a protein that shows functional resemblance with munc13-1 
and is essential for LDCV secretion in synaptosomes and Drosophila NMJs 
(Tandon et al., 1998; Renden et al., 2001). In contrast to synaptic vesicle 
secretion, one action potential is usually not sufficient to trigger LDCV 
exocytosis at synaptic terminals. Rather, LDCVs are secreted after a train of 
action potentials (Cowan et al., 2000). As a consequence, LDCVs are thought 
not to function in fast neurotransmission, but in long lasting modulation of 
neuronal function.

Glial cells

Even though glial cells are not neurons, and therefore by definition cannot 
contribute to neuronal communication, these cells deserve mentioning. The 
general concept is that neurons form the primary communicating organ 
while glial cells serve merely to support neurons, by physical support, 
electrical isolation, nutrition and waste disposal, balancing environmental 
osmotic values etc. However, in recent years, glial cells have become 
increasingly involved in brain communication. Like neurons, glial cells 
have been shown to form networks through which calcium waves are 
transmitted. Also, since glia actively regulate the amount of neurotransmitter 
(metabolites) in the neuron’s environment it affects the neurons ability 
to transmit signals. Furthermore, glia have been shown to possess the 
SNARE machinery required for fast synaptic transmission and are able to 
perform SNARE mediated secretion. Finally, glia have been implicated in the 
secretion of neuromodulatory substances (Smit et al., 2003). This together 
with the estimation that there are approximately 10 times more glial cells 
in the brain than neurons, make glial cells an important factor in neuronal 
communication/brain function (Fields & Stevens-Graham, 2002; Araque et 
al., 1999; Bezzi & Volterra, 2001).
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Examples of activity based plasticity

Thus far, the general formation of the brain, the generation of basic 
synapses and the potential forms of communication between neurons 
have been discussed. This section will focus on the role that neuronal 
activity, in the form of neurotransmitter secretion, has in the rewiring of 
the initial neuronal/synaptic networks. First two well-studied models for 
developmental plasticity are described. Then, ongoing plasticity in living 
neuronal networks is discussed.

Ocular dominance column formation

In cats, and later in other mammals, it was found that the primary visual cortex 
is grouped in alternating columns of neurons that preferentially respond to 
one eye (Hubel & Wiesel, 1970). This columnar organisation already exists 
before birth and is therefore innate (Des Rosiers et al., 1978; Rakic, 1976). 
However, during the so called critical period, these ocular dominance columns 
must be consolidated by visually driven activity; when new born animals are 
dark-reared or when visual circuit activity is suppressed by blocking action 
potentials, blocking NMDArs or stimulating GABAergic input (Berardi et al., 
2000), columnar organisation and eye preference disappear. Furthermore, 
ocular dominance is driven by differential input as strobe rearing, thus 
equalizing visual input for both eyes also dissipated columnar organisation. 
Moreover, monocular sensory deprivation dramatically reduces columnar 
width of the corresponding eye at the expense of the columns responding to 
the other eye (Katz & Crowley, 2002).
Interestingly, when both eyes are removed upon birth, not only excluding 
visually driven activity but also spontaneous neurotransmitter signalling of 
the retina towards the lateral geniculate nucleus and cortex, the existing 
columnar organisation of the visual cortex remains intact (Crowley & Katz, 
1999). Thus, at least in the visual system, evoked neuronal activity serves 
to confirm an already existing neuronal network instead of creating it. In 
addition, spontaneous neurotransmitter release appears to play an important 
role in the dissipation of “unused” neuronal circuits, and is probably also 
instructive in the initial formation of these circuits. 

Neuromuscular junction elimination

During embryonic development each muscle fiber is innervated by multiple 
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motor axons and each motor axon innervates multiple muscle fibers. 
Therefore, when any given motor neuron fires an action potential, muscle 
fibers at different locations in the muscle contract simultaneously, resulting 
in sub-optimal muscle contraction. In order for a muscle to contract smoothly 
and generate maximal power the stimulation of individual muscle fibers by 
various axons must be well controlled both spatially and temporally. Adjacent 
muscle fibers must be recruited/contracted in an ordered fashion (Stotz & 
Bawa, 2001). Nerve terminals that have such a firing pattern that, together, 
they elicit a smooth muscle contraction eventually survive. Nerve terminals 
that fire out of synchrony with the optimal pattern are retracted (Lichtman & 
Colman, 2000). Since before the onset of NMJ elimination all nerve terminals 
cover AChR patches of a similar size, the absolute postsynaptic response 
that a nerve terminal elicits is not likely to be the sole determinant of which 
terminal survives. Rather, the terminals that participate in the largest overall 
postsynaptic responses survive.
The exact molecular mechanism is underlying NMJ elimination is unknown. 
However, a number of components have been identified. There must be 
a signal that maintains the AChR clusters underneath the surviving nerve 
terminals. This positive/aggregating signal is agrin; in mice deficient for 
agrin, the prepatterned AChR clusters that the muscle autonomously forms 
before the arrival of nerve terminals gradually disappear during embryonic 
development (Yang et al., 2001; Lin et al., 2001). Many components that 
function downstream of agrin, such as muscle specific kinase (MuSK) and 
rapsyn have been identified (Gautam et al., 1999). It has also been proposed 
that there must be a negative component that disperses the AChR clusters 
underneath the nerve terminals that are to be eliminated. The most likely 
candidate for this is the muscle activity that is elicited by motor neurons. 
The rationale behind this concept is that nerve evoked muscle activity elicits 
a general negative signal, dispersing all AChR clusters, exept those that are 
sufficiently supplied with agrin by the “winning” nerve terminals. In chapter 
two the role of nerve evoked muscle activity in NMJ development will be 
discussed in more detail. 
The exact mechanism by which the muscle “keeps track” of which nerve 
terminals participated in the generation of optimal muscle contraction, and 
therefore should be excluded from the elimination process, is still unknown. 
It is assumed that retrograde messengers, such as GDNF (Nguyen & Lichtman, 
1996), are involved. For instance, it is possible that an optimal muscle 
contraction elicits postsynaptic retrograde messenger release, but only at 
those sites that were involved in the generation of muscle depolarization. In 
this way only the nerve terminals that acted in controlled muscle contraction 
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are “rewarded” by retrograde messengers and stimulated to secrete agrin 
that can serve to maintain the underlying receptor patch from degradation.

General plasticity

The presence of ocular dominance columns and the elimination of NMJs are 
both examples of activity based synaptic competition during development. 
However, activity based plasticity of synaptic connections is a process that 
is thought to rewire the brain continuously during learning and memory 
formation (Cajal, 1893). The most dramatic forms of synaptic plasticity 
are long term potentiation and depression where synapses actually can be 
added or deleted, but synaptic activity also underlies minor/short lasting 
modifications of synaptic efficacy.
 
Short term presynaptic plasticity
The shortest form of presynaptic plasticity is facilitation; when two action 
potentials arrive shortly after each other, the second action potential has a 
higher probability of evoking neurotransmitter release. The most probable 
cause for facilitation is the accumulation of residual calcium from the first 
action potential and calcium influx after the second action potential at the 
active zone. The increased calcium concentration increases the probability 
of release and thus facilitates neurotransmitter secretion after the second 
action potential. The facilitation effect is maximal when the initial probability 
of release is low and vice versa. 
Augmentation requires a short train of action potentials and lasts for 8-
20 seconds. Post tetanic potentiation requires more action potentials and 
lasts for minutes. Similar to facilitation, raised calcium levels are likely to 
be responsible for augmentation and post tetanic potentiation, as artificial 
elevation of internal calcium levels are sufficient to induce these types of 
plasticity (Zengel et al., 1994; Brain & Bennett, 1995; Delaney & Tank, 1994). 
Exactly how calcium regulates these forms of potentiation is unknown, but 
calcium binding proteins such as munc13, DOC2, rabphilin, RIM, picollo and 
synaptotagmin (mentioned above) are interesting candidates.

Short-term postsynaptic plasticity
In addition to these presynaptic forms of short-term plasticity, synaptic 
strength can also be regulated postsynaptically. The fastest form of 
postsynaptic plasticity is desensitization; binding of a ligand to a receptor 
can cause the receptor to be unresponsive to ligands that are presented 
shortly after (milliseconds to minutes, reviewed in (Jones & Westbrook, 
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1996). For AMPA and NMDA it was shown that these receptors can laterally 
diffuse in and out of the synapse and thereby influence the postsynaptic 
response (Borgdorff & Choquet, 2002; Tovar & Westbrook, 2002). AMPA 
receptors are also shuttled between the cytosol and plasma membrane to 
regulate synaptic strength, a process which is mediated by NMDA receptor 
activation  (Lu et al., 2001). Finally, the subunit composition of a receptor 
can be changed thereby changing the properties of the receptor (Passafaro 
et al., 2001).

Long-term potentiation and depression
Like short-term plasticity, long term plasticity is dependent on raised calcium 
levels but in addition it requires protein synthesis and structural changes; 
the number of docked and primed vesicles, the number of receptors, the 
respective size of active zone and postsynaptic density, the number of 
synapses etc.. One of the characteristics of long term plasticity is that it 
generally requires activation of NMDArs. Hereto, the synapse must have been 
activated very recently (to release the voltage dependent magnesium block). 
In addition, timing of depolarization is important; when the presynaptic 
compartment is depolarized before the postsynaptic compartment, the 
synapse is potentiated. When the postsynaptic compartment is activated 
before the presynaptic compartment, the synapse is depressed. Furthermore, 
the time difference between pre- and postsynaptic activation is important; 
the closer the time window, the stronger the effect.
As in normal plasticity, long term plasticity partially relies on lateral diffusion 
and insertion and excision of receptors/subunits. In addition, more drastic 
effects can occur; extreme potentiation can result in the duplication of a 
synapse, just as extreme depression can result in the silencing or deletion 
of a synapse.
Long term plasticity can be modulated by other neurotransmitters like 
serotonin, dopamine, acetylcholine and noradrenalin (Buzsaki & Gage, 1988). 
For example, acetylcholine decreases potassium channel permeability, 
increasing the excitation level of a neuron, which influences plasticity 
(Nakajima et al., 1986). 
The location of a synapse is also of importance for plasticity. As mentioned 
before, whether a synapse is potentiated or depressed depends on the 
relative timing of pre- and postsynaptic activity and the amount of plasticity 
is determined by the absolute time difference between pre- and postsynaptic 
activity. Postsynaptic activity is mostly determined by action potentials that 
propagate back into the dendritic tree. As the signal propagates further 
into a dendrite, the diameter of the dendrite decreases and the resistance 
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increases. As a result the signal propagates slower, which in turn gives a 
larger time window for plasticity to occur (Rao & Sejnowski, 2001). Since 
a higher input resistance also increases the degree of depolarization, this 
might also have an effect on the degree of plasticity. Therefore, the location 
of a synapse on the dendritic tree determines whether or not, and to which 
extent, potentiation and depression occur.

Spontaneous fusion; by product of regulated secretion 
or a functional event?

In the sections above, a multitude of experiments was discussed, which 
together built a strong case for the importance of neurotransmitter-
mediated neuronal activity in neurite outgrowth and synaptic plasticity. 
Neurotransmitter mediated neuronal activity in general is viewed as an 
action potential evoking the release of a number of transmitter-filled synaptic 
vesicles which, in turn, evoke postsynaptic potentials. When enough vesicles 
fuse simultaneously, these postsynaptic potentials can in trigger an action 
potential in the postsynaptic neuron. 
However, not every fusion event is triggered by an action potential. As 
these events are not synchronised, and by themselves only elicit a small 
postsynaptic effect, they have very little chance of eliciting a postsynaptic 
action potential. For this reason these fusion events are often nicknamed 
miniature or “spontaneous” and discarded as noise in the system. The 
finding that innate ocular dominance columns disappear when evoked 
activity is inhibited, unless the entire eye is removed upon birth, suggests 
that spontaneous neurotransmitter secretion has a function in synapse 
formation (Katz & Shatz, 1996). In hippocampal slice cultures, dendritic 
spines could be maintained when evoked neurotransmitter release was 
inhibited with tetrodotoxin. When spontaneous release was impaired with 
botulinum toxins, spines could not be maintained, unless simultaneously 
treated with AMPA agonists, suggesting spontaneous release is functional 
in dendritic spine/synaptic maintenance (McKinney et al., 1999). In acute 
rat hippocampal slices miniature/spontaneous release events, in principle, 
are sufficient to induce action potentials in pyramidal cells (Sharma & 
Vijayaraghavan, 2003). Finally, it was recently shown in developing synapses 
in island culture that asynchronous release can compensate for depressed 
synchronous release and maintain secretion at near maximal levels (Otsu et 
al., 2004). Therefore, asynchronous release can indeed be functional, and 
arguably should not be designated spontaneous.
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In addition to experimental findings suggesting a function for spontaneous 
neurotransmitter secretion, there is also a theoretical reason to assume this; 
action potential-evoked, synchronised fusion is a highly effective form of 
regulated secretion that is useful to simultaneously inform many postsynaptic 
partners that a given neuron is active. However, this simultaneous activation 
of all presynaptic terminals also imposes a major restriction on the potential 
information processing content of a neuronal network; probably not every 
signal needs to be transmitted in 1000-fold in order for the information to 
be reliably received.
Non-synchronised release is not necessarily driven by action potentials, but 
presumably still regulated and therefore offers the possibility for a neuron 
to communicate at a single synapse. The simplistic view of neurons only 
receiving input at their dendrites and only generating output at their axonal 
terminal has gained complexity over the years; axo-axonal synapses have 
been described and also dendritic retrograde signalling was found in the last 
few years (Ludwig & Pittman, 2003). In addition, mossy fiber terminals for 
instance are sites where synapses of various modalities converge in an area 
of only a few micrometers (thus enabling a single neurotransmitter quantum 
to locally depolarise above firing treshold). These are therefore sites where 
single vesicles could theoretically be functional and effective in highly 
localized feed-forward and feedback excitation and inhibition, without 
involving the entire neuritic trees of the corresponding neurons.

Unevoked synaptic vesicle fusion may be involved in clustering and 
organisation of postsynaptic receptor clusters as was observed Drosophila 
NMJs; in flies that lack syntaxin or dynamin (a protein involved in endocytosis 
at the synapse) all synaptic vesicle fusion is abolished and postsynaptic 
glutamate receptor clusters fail to develop at the NMJ (these mutants and a 
number other regulated secretion defects that influence neurite outgrowth 
or synapse formation are listed in table 1). In flies that lack synaptobrevin 
or cysteine string protein, evoked release is blocked but spontaneous fusion 
can still occur. Flies carrying these mutations have normally developed 
glutamate receptor clusters. This suggests that spontaneous fusion is critical 
for the development of receptor clusters (Saitoe et al., 2001). Interestingly, 
the authors found that injection of agriotoxin (which blocks glutamate 
receptors) has no effect on glutamate receptor clustering, suggesting that 
not the binding of neurotransmitters to receptors, but some other secreted 
agent is crucial for glutamate receptor clustering.
Another group, using the same mutants, came to different conclusions; 
neither evoked, nor spontaneous fusion of neurotransmitter vesicles is 
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required for glutamate receptor clustering at the fly NMJ (Featherstone et al., 
2002). The authors did mention that the amount of presynaptic glutamate 
determined the size of the postsynaptic receptor field; loss of function of 
the glutamate producing enzyme glutamate oxaloacetate transaminase 
increased the postsynaptic receptor field. Loss of function of the glutamate 
degrading enzyme glutamate decarboxylase decreased the receptor field. 
The size of the receptor field in the latter mutant was not affected by 
overexpression of (synaptobrevin cleaving) tetanus neurotoxin. These data 
suggest that, even though synaptic vesicle fusion is not involved, presynaptic 
glutamate can negatively regulate the size of postsynaptic receptor field, 
again contradicting the data by Saitoe et al.. Thus, some presynaptic factor 
organizes the postsynaptic receptor field and whether this is spontaneous 
neurotransmitter secretion is still under debate.

Regulated secretion and neurite outgrowth

Regulated secretion of neurotransmitters plays a critical role in synaptic 
plasticity, as was described above. Plasticity often involves neurite remodeling 
or outgrowth and thus vesicular fusion to accommodate incorporation of 
new membrane. This offers the interesting possibility that the synaptic 
vesicles, SNAREs and regulatory proteins that are instrumental in delivering 
the neurotransmitters that induce plastic events are also directly involved in 
delivering the building blocks for these changes.

In PC12 cells it was found that newly synthesized synaptophysin was 
transported to the plasma membrane in constitutive exocytosis vesicles and 
subsequently endocytosed to mature synaptic vesicles (Regnier-Vigouroux 
et al., 1991). In cultured hippocampal neurons, SV2, synaptobrevin and 
synaptophysin, all present on mature synaptic vesicles are transported 
differentially and co-localize at synaptic terminals, suggesting that these 
proteins are joined in synaptic vesicles on site (Mundigl et al., 1993). 
Moreover, different synaptic vesicle proteins are transported to synaptic 
terminals by different motor proteins (Okada et al., 1995). These findings 
suggest that synaptic vesicles are formed by endocytosis and thus reduce 
the likelihood that fusion of synaptic vesicles contributes to membrane 
expansion or the first signalling events between synaptic partners. Apart 
from experimental evidence there is also a theoretical constraint against 
synaptic vesicles subserving growth cone expansion. Given that an axon 
of 1μm diameter can grow up to 40 μm per hour this would take 100.000 
synaptic vesicles of 20 nm diameter (per hour) when these vesicles were the 
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sole source of membrane at the growth cone. Fusion of 100.000 vesicles per 
hour, or ~25 per second would be pushing the limits of the fastest mature 
synapses and are therefore extremely unlikely to occur at a growth cone that 
lacks fully differentiated synaptic vesicle fusion machinery. Thus, synaptic 
vesicles are unlikely to contribute to membrane expansion in neurite 
outgrowth.

The core components of the SNARE complex (syntaxin, synaptobrevin and 
SNAP-25) have been proposed to function in membrane expansion even 
before the complex has matured enough to be functional in regulated 
secretion (Igarashi et al., 1997). Syntaxin-1 has been proposed to be involved 
in membrane expansion at the growth cone of growing axons (Ahnert-Hilger 
et al., 1996)(not experimentally shown). Cleaving of syntaxin-1 with BoNT-C 
(which also cleaves SNAP-25) results in growth cone collapse and inhibits 
neurite outgrowth (Igarashi et al., 1996), but also causes neuronal death, 
which obscures the effect of BoNT-C on neurite outgrowth (Osen-Sand et al., 
1996). 
Studies with anti-sense RNA against SNAP-25 and SNAP-25-cleaving BoNT-
A suggested that SNARE proteins are required for neurite outgrowth, 
both in vivo and in vivo (Osen-Sand et al., 1993; Osen-Sand et al., 1996). 
However, another study suggests that BoNT-A has no detectable effect on 
neurite outgrowth, synapse formation or neuronal viability (Williamson & 
Neale, 1998). In addition, mice with a null mutation for SNAP-25 show no 
impairment of neurite outgrowth or synapse formation (Washbourne et al., 
2002b). It is possible that partial redundancy with comparable SNARES, like 
SNAP-23, can compensate for the loss of SNAP-25.
Cleaving synaptobrevin with TeNT or BoNT-B did not prevent neurite 
outgrowth or synapse formation suggesting that in contrast to SNAP-25 (and 
syntaxin), synaptobrevin is dispensable for neurite outgrowth and that evoked 
neurotransmitter secretion is dispensable for synapse formation (Osen-Sand 
et al., 1996). This can be explained by the presence of a TeNT insensitive 
form of synaptobrevin (Ti-VAMP) that could function in neurite extension 
(Galli et al., 1998). In agreement with these data, Drosophila and mouse null 
mutations of n-syb/synaptobrevin 1 did not show any impairment in neurite 
outgrowth or synapse formation. Again, other isoforms of synaptobrevin 
could compensate for the loss of n-syb/synaptobrevin 1.
Apparently the SNAREs that are required for regulated secretion are not 
required for neurite outgrowth or are redundant with other SNAREs. 
Syntaxin-13 for example is implicated in neurite outgrowth. When syntaxin-
13 is overexpressed in PC12 cells neurite outgrowth is accelerated (Hirling 
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et al., 2000). For comparison, overexpression of syntaxin-1 has no effect on 
neurite outgrowth. Both in PC12 cells and in dissociated neurons, syntaxin-
13 is present in punctate and tubular patterns in perinuclear regions and 
in neurites and co-localizes with SNAP25. Syntaxin-13 was first described 
to function early in the endocytotic cycle where it is involved in separating 
endocytosed components (receptors etc.) that are destined to be returned 
to the plasma membrane from the bulk endocytotic mass (Prekeris et al., 
1998). Syntaxin-13 is predominantly expressed in brain, by neurons (Advani 
et al., 1998). Brain expression levels of syntaxin-13 peak specific during 
neurite outgrowth, but are moderate both before and after (Sarria et al., 
2002). This could imply that syntaxin-13 both has a role in the separation of 
endocytosed components, for which low levels are sufficient, and in neurite 
elongation, for which higher levels are required. Thus, the SNAREs that are 
required for synaptic vesicle secretion are not essential or at least redundant 
to SNAREs that have a clear function in neurite outgrowth.

One regulatory/non-SNARE protein complex that is involved in neurite 
outgrowth was first described in yeast; a complex of proteins was discovered 
to be essential for constitutive exocytosis and the budding of new yeast cells 
and was conveniently named the exocyst complex (Hazuka et al., 1997). In 
rat hippocampal neurons the exocyst complex is localized at growth cones 
and in synaptic regions (Hazuka et al., 1999), and therefore a good candidate 
to function in neurite outgrowth and synapse formation. In Drosophila, NMJ 
formation was analysed in a sec5 null mutant (Murthy et al., 2003). In the 
first stages of larval development neurite outgrowth and synapse formation 
were normal. This was probably due to maternal sec5 because, as the 
maternal contribution diminished, neurite outgrowth arrested and no more 
synaptic boutons were added to the existing NMJs. Even though vesicles with 
synaptic proteins were still transported to synaptic regions and accumulated 
there, these vesicles could no longer fuse. Sec5, however, does not appear to 
function in neurotransmitter secretion. 
Still, several proteins that regulate SNARE mediated membrane fusion 
have been implicated in neurite outgrowth. Rab3 is a protein is a protein 
with mild regulatory function in secretion, but its deletion in C. elegans 
results in aberrant sprouting of 3% of motor neurons (Zhao & Nonet, 2000). 
Synaptotagmin is a calcium binding protein that presumably triggers evoked 
secretion(Fernandez-Chacon et al., 2001). In C. elegans deletion of this gene, 
snt1, results in aberrant sprouting of 25% of motor axons. Similarly, deletion 
of unc13 results in aberrant sprouting of 50% of motor axons (Zhao & Nonet, 
2000). Interestingly, deletion of Drosophila and mammalian orthologues 
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drosophila unc-13 and munc13-1 and munc13-2 gave no defect in neurite 
outgrowth or synapse formation (Aravamudan et al., 1999;Varoqueaux et 
al., 2002b), but this might be explained by partial redundancy with CAPS 
(Renden et al., 2001). 
Mutation of munc18-1 has the largest effect on regulated secretion and 
is discussed below. The yeast ortholog of munc18-1 is sec1, and when it 
is deleted membrane expansion and budding stop (Novick et al., 1980). 
Although any relationship between neuronal outgrowth and budding yeast is 
far fetched, this suggests that munc18-1-like proteins are critically involved 
in regulated secretion events. In C. elegans the deletion of unc18 has less 
clear effects; one mutation (e81) does not prevent neurite outgrowth, but 
gives massive aberrant sprouting of cholinergic SAB axons and consequently, 
mismatched synapses (Zhao & Nonet, 2000). Another mutation (e234), 
however, shows no effect on GABAergic neurons/synapses (Weimer et al., 
2003). The reason for this discrepancy is unknown. However, with respect 
to the proposed role of neuronal activity in neurite outgrowth and synapse 
formation, it is conceivable that a secretion defect in hyperpolarising/
GABAergic synapses would be less conspicuous than a defect in excitatory/
cholinergic synapses. In Drosophila, the deletion of munc18 ortholog rop has 
no effect on neurite outgrowth or synapse formation (Harrison et al., 1994). 
However, it is anticipated that maternal rop obscures the phenotype. In rat 
PC12 cells, overexpression of munc18-1 reduced total neurite length, an 
effect that was enhanced by a mutant form of munc18-1 that could no longer 
be phosphorylated by Cdk5 and has increased affinity for syntaxin (Steiner et 
al., 2002). Interestingly, the same group found that in hippocampal neurons, 
overexpression of munc18-1 increased total neurite length by increasing the 
amount of branches, not individual neurite length. In conclusion, analysis of 
genetically or otherwise manipulated yeast, worms, flies, mice or cultured 
neurons did not elucidate the role of regulated secretion in neurite outgrowth 
and synapse formation but do underline its significance in these processes.

The munc18-1 knockout mouse

In C.elegans, synaptic vesicle fusion in not completely blocked by deletion 
of unc18 (Zhao & Nonet, 2000;Weimer et al., 2003). In contrast, mice 
deficient for mammalian unc18 (munc18-1) appear to completely lack 
neurotransmitter secretion and as a result are paralysed and stillborn 
(Verhage et al., 2000). The assumption that munc18-1 deficient neurons 
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are devoid of both spontaneous and evoked neurotransmitter secretion 
was based on two observations. First, field stimulation in acute neocortical 
preparations did not elicit GABA receptor stimulation in the mutant. Second, 
application of α-latrotoxin did not elicit a postsynaptic response in mutant 
diaphragm muscle (Verhage et al., 2000). It is theoretically possible that 
munc18-1 deficient neurons are to some degree capable of neurotransmitter 
secretion. Also, it is not known whether neuromuscular synapses are actually 
present in mutant mice, thus obscuring the α-latrotoxin data.
Apart from neurotransmitter secretion LDCV fusion in neurosecretory cells 
is affected in the absence of munc18-1. In munc18-1 null adrenal chromaffin 
cells the secretion of catecholamines is reduced to ~10% after stimulation 
with calcium (Voets et al., 2001). Basal secretion of growth hormone (GH) 
and adrenocorticotropic hormone (ACTH) by neurosecretory cells in the 
pituitary was reduced to less than 2% and 50% respectively (Korteweg et al., 
unpublished data). Excessive stimulation of secretion with calcium raised 
GH and ACTH ~2-fold in both mutant and wildtype cells. The total content of 
GH and ACTH was not lower in mutant cells. This suggests that the capacity 
to secrete hormones, not the activity level of the pituitary cells (which are 
not activated in mutant brains) or the level of available hormone is limiting 
hormone secretion in munc18-1 deficient cells. It is not known whether the 
mechanisms of pituitary hormone granule secretion or chromaffin cells LDCV 
secretion are identical to the mechanism of LDCV secretion in neurons, but 
it can be assumed that neuronal LDCV secretion is affected to some extend 
in munc18-1 null neurons. 
The exact function of munc18-1 in regulated secretion is not known, but 
in chromaffin cells munc18-1 has a clear effect on vesicle docking to the 
membrane; normally ~50% of the vesicles are docked (i.e. less than one 
vesicle radius removed from the plasma membrane). When (m)unc18-1 is 
absent, only a few vesicles are docked to the membrane and the rest are 
dispersed over the cytoplasm (Voets et al., 2001; Weimer et al., 2003). In the 
munc18-1 null pituitary a similar phenotype is observed; the mean granule 
distance from the plasma membrane has nearly tripled and the amount of 
morphologically docked granules is reduced (Korteweg et al., unpublished 
data). Also in the neocortex, munc18-1 appears to have a positive effect on 
both synaptic vesicle and LDCV docking (Bouwman et al., 2004). However, 
the amount of vesicles in the developing neocortex is very low, which makes 
analysis of docking less clear-cut. Regardless of the exact role of munc18-1 
in regulated secretion, its deletion results in the most severe neurosecretory 
phenotype described to date. 
Despite the (presumed) absence of regulated secretion, gross morphological 
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development of the brain is normal. Synaptic vesicle markers synapsin and 
synaptobrevin are enriched in layers 1 and 4 of the cortex and electron 
microscopical analysis confirmed the presence of synapses in layer 1 (the 
marginal zone) of the neocortex. This suggests that brain development, 
up to the level of synapse formation, can occur normally in the absence of 
munc18-1 (-dependent secretion). It is not known however, if the final stages 
of neurite outgrowth and the bulk formation of synapses, which occur in the 
peri-natal period are also unaffected in the absence of munc18-1. 
After initial development the brain of munc18-1 deficient embryos 
degenerates. This degeneration occurs in developmental order with the first 
formed brain areas degenerating first (Verhage et al., 2000). It is not known 
what causes this degeneration but it is tempting to speculate that this is 
related to the observed defect in regulated secretion.

Aim and outline of this thesis

The aim of this thesis is to elucidate the role of regulated secretion in 
neuronal viability, neurite outgrowth and synapse formation. The most 
profound neurosecretory phenotype known to date was obtained by genetic 
deletion of munc18-1. In mutant chromaffin cells, docking and secretion of 
LDCVs is reduced by 90% (Voets et al., 2001). Synaptic vesicle secretion is 
completely absent in the mutant (Verhage et al., 2000). For this reason, the 
munc18-1 null mutant mouse was used as a model system.
The aim of chapter 2 is to describe neurite outgrowth, synapse formation and 
neuronal survival in the peripheral nervous system of developing munc18-1 
deficient embryos. Neurotransmitter secretion is tested by application of α-
latrotoxin and direct stimulation of the phrenic nerve. As NMJs are extremely 
large synapses and much is known about their development, this is the ideal 
preparation to identify the role of spontaneous vesicular fusion in postsynaptic 
AChR receptor cluster organisation. The characteristic innervation pattern 
enables analysis of the role of regulated secretion on neurite outgrowth and 
synapse formation. The potential link between presynaptic secretion and 
neuronal survival is analysed by comparison of sensory and motor neuronal 
survival. The results suggest that neurotransmitter secretion is required for 
proper terminal, not initial, neurite outgrowth, AChR cluster refinement and 
motor neuronal survival.
Chapter 3 further addresses the potential relationship between presynaptic 
secretion and neuronal survival. Different components of regulated 
presynaptic secretion are mimicked by culturing munc18-1 deficient neurons 
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in the presence of (combinations of) glial cells, insulin, BDNF, dissociated 
wildtype neurons or wildtype organotypic hippocampal slices. To minimize 
potential developmental defects and and optimize trophic support, mutant 
neuronal survival is tested in a cerebellar Purkinje-cell-specific munc18-1 
deficient mouse. We conclude that trophic support, not neurotransmitter 
secretion delays neuronal degeneration but munc18-1 is ultimately required 
for long-term neuronal survival.
In chapter 4 the aim is to analyze the role of regulated secretion in neurite 
outgrowth and branching in cultured hippocampal and neocortical neurons. 
Neurotransmitter secretion is tested by application of sucrose and α-
latrotoxin. Control and mutant neurons are compared to analyze the role 
of regulated secretion in neurite outgrowth, branching, and growth cone 
dynamics. We conclude that munc18-1 is initially dispensable for initial 
neurite outgrowth but later is required for normal dendrite outgrowth 
and branching. In the absence of munc18-1 net growth cone elongation is 
reduced while more and longer growth cone filopodia are formed.
The aim of chapter 5 is to rescue cultured munc18-1 deficient from 
degeneration and to create a system to analyse mutant forms of munc18-
1 and their effect on neuronal function. Hereto, neuronal viability, neurite 
outgrowth, synapse formation and neurotransmitter secretion are tested 
in late embryonic munc18-1 deficient neurons that are transduced with 
munc18-1. In addition, several mutant forms of munc18-1 are expressed on 
a null background to test whether the affinity of munc18-1 for syntaxin-1 
and mint-1 affects these parameters. We find that introduction of munc18-
1 in late embryonic null mutant neurons are restores neuronal viability, 
morphology and neurotransmitter secretion and conclude that munc18-1 
deficient neurons are healthy at the time of plating. Furthermore, preliminary 
results suggest that the affinity of munc18-1 for syntaxin-1 and mint-1 is not 
a critical determinant of dendrite outgrowth, branching and synaptic vesicle 
fusion.
Finally, in chapter 6, the results are summarized and the relationship between 
regulated secretion, munc18-1 and neuronal survival, neurite outgrowth and 
synapse formation is discussed.  
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Abstract

To investigate the role of neurotransmitter secretion in the development 
and stabilization of synapses, the innervation of the diaphragm and 
intercostal muscles was studied in munc18-1 null mutant mice, which 
lack regulated secretion. We found that this mutant is completely devoid 
of both spontaneous and evoked neuromuscular transmission throughout 
embryonic development. At embryonic day (E) 14, axonal targeting and 
main branching of the phrenic nerve were normal in this mutant, but tertiary 
branches were elongated and no terminal branches were observed at this 
stage, in contrast to control littermates. Acetylcholinesterase staining was 
observed in the endplate region of mutant muscle from E14 onwards, but 
not as dense and confined to spots as in controls. Acetylcholine receptor 
staining was also present in the endplate region of the mutant muscle. In 
this case, the staining density and the concentration in spots (clusters) were 
similar to controls, but the distribution of these clusters was less organized. 
Starting at E15, some receptor clusters co-localized with nerve terminal 
staining, suggesting synapses, but most clusters remained a-neural. Electron 
microscopical analysis confirmed the presence of synaptic structures in the 
mutant. Between E14 and birth, the characteristic staining pattern of nerve 
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branches gradually disappeared in the mutant until, at E18, an elaborate 
meshwork of nerve fibers with no apparent organization remained. In the 
same period, most of the motor neuronal cell bodies in the spinal cord 
degenerated. In contrast, sensory ganglia in the dorsal root showed no 
obvious degeneration. These data suggest that regulated secretion is not 
essential for initial axon pathfinding, clustering of acetylcholine receptors, 
acetylcholinesterase or the formation of synapses. However, in the absence 
of regulated secretion, the maintenance of the motor neuronal system, 
organization of nerve terminal branches and stabilization of synapses is 
impaired and a-neural postsynaptic elements persist.

Introduction

Synapses are the main medium for information transfer among neurons 
and to their targets. Over the years interest has grown to understand the 
processes that govern the formation, maintenance and functioning of 
neuromuscular junctions (NMJs), as model synapses. Genetic approaches 
have elucidated several aspects of NMJ development and functioning. A 
striking finding was that pre- and postsynaptic elements do not need their 
counterparts for initial development. For instance, in the mouse diaphragm, 
postsynaptic acetylcholine receptors (AChRs) cluster in the normal endplate 
region, also when the phrenic nerve never arrives there (Yang et al., 2001). 
Vice versa, in zebrafish, postsynaptic AChRs are dispensable for axonal 
targeting and basic synaptogenesis on the muscle (Westerfield et al., 1990). 
Intriguingly, in mice deficient for rapsyn or MuSK, postsynaptic defects 
do appear to influence axonal targeting and synaptogenesis. Rapsyn and 
MuSK are proteins expressed in muscle and required for AChR clustering. 
In mice deficient for either of these proteins, axons branch and elongate 
excessively, leading to superfluous neuronal coverage of the muscle 
(Gautam et al., 1995; DeChiara et al., 1996; Banks et al., 2001). A similar 
phenotype is observed in mice deficient for agrin, a protein responsible for 
the induction of new AChRs and the reshaping of existing AChR clusters 
(Gautam et al., 1996). Another phenotype is observed in mice deficient for 
neuregulin-1 (Wolpowitz et al., 2000) or their receptors, erbs (Morris et al., 
1999; Lin et al., 2000). In these mice, motor neurons do reach their target 
muscles, but instead of growing excessively, they degenerate and leave the 
muscles uninnervated, while AChR- and acetylcholinesterase (AChE) clusters 
persist in the normal endplate region (Morris et al., 1999; Lin et al., 2000; 
Wolpowitz et al., 2000).
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From these and other studies, it was suggested that postsynaptic 
specializations are prepatterned and are subsequently refined by the nerve, 
through positively and negatively regulating signals. Finally, the muscle 
stabilizes certain nerve terminals, while eliminating others in an activity-
dependent manner (Lichtman and Colman, 2000). Agrin is a good candidate 
for a positively regulating neuronal signal (Gautam et al., 1996; Bezakova 
et al., 2001). Electrical activity in the muscle, evoked by neurotransmitter 
secretion, has been proposed as a negatively regulating/destabilizing 
signal (Lin et al., 2001; Yang et al., 2001). This idea is consistent with 
earlier observations that both the total amount of AChR and the number of 
AChR clusters was increased in the presence of the action potential blocker 
tetrodotoxin in utero (Houenou et al., 1990). However, tetrodotoxin does not 
block spontaneous neurotransmitter secretion and the resulting miniature 
endplate potentials (MEPPs) may influence AChR clustering.
Genetic models have also been used to analyze the effect of neurotransmitter 
secretion on synaptic development in worms and flies. The genes syntaxin 
and dynamin are required for the synaptic vesicle secretion cycle. In 
Drosophila, the functionality of these genes was found to be essential for 
glutamate receptor localization at the NMJ (Saitoe et al., 2001). However, 
another study of the same mutants suggests that these genes are 
dispensable (Featherstone et al., 2002). In Caenorhabditis elegans, deletion 
of the syntaxin binding protein unc18 results in severe neurotransmitter 
secretion defects and aberrant sprouting of cholinergic SAB neurons (Zhao 
and Nonet, 2000). 

The aim of this study was to analyze synaptic development in the mouse 
peripheral nervous system (PNS) in the munc18-1 null mutant mouse. This 
mouse is the first mutant that is completely devoid of both spontaneous 
and evoked neurotransmitter secretion (Verhage et al., 2000). We analyzed 
neuromuscular transmission throughout prenatal development and the 
staining pattern of growth cone marker GAP-43, synaptic vesicle marker 
synapsin, synaptic cleft AChE and postsynaptic AChRs, at different 
embryonic stages, in diaphragm and intercostal muscles of control and null 
mutant littermates.
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Experimental procedures

Animals

Munc18-1 deficient mice were generated as described before (Verhage et 
al., 2000). Mouse embryos were obtained by caesarean section of pregnant 
females from timed heterozygous matings. The day a vaginal plug was 
observed was considered to be embryonic day 0 (E0). Animals were housed 
and bred according to institutional, Dutch and U.S. governmental guidelines. 
All animal procedures were performed in accordance with the Ethical 
Committee on Animal Experiments of the University of Utrecht Medical 
Center. All efforts were made to minimize the number of animals used and 
their suffering.

Histochemistry

The development of neuromuscular junctions was analysed in whole-mount 
diaphragm and intercostal muscles from E14, E15 and E18 embryos. Since 
no immuno-histochemical difference could be detected between embryos 
that were homozygous and heterozygous for munc18-1, both groups 
were pooled as controls for munc18-1 deficient embryos. After caesarean 
section, the embryos were immediately decapitated, and the rib cage, with 
spinal cord and diaphragm still attached, was dissected out and fixed in 2% 
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 90 minutes. 
All procedures were carried out at room temperature unless otherwise 
stated). After blocking of the PFA with 0.1 M PBS-glycine for 20 minutes, 
the diaphragm and intercostal muscles were isolated and further processed 
individually. The muscles were pre-incubated for 20 minutes in PBS containing 
1% bovine serum albumin (BSA) and 0.5% Triton X-100. The muscles were 
now incubated overnight in a mixture of 1μg/ml α-bungarotoxin conjugated 
with Texas Red (Molecular Probes, Leiden, the Netherlands), 0.1% rabbit anti-
synapsin (E028) and 0.05% rabbit anti-GAP-43 (9527) antisera in 1% BSA, at 
4°C. After washing in PBS, 3 times 20 minutes, muscles were incubated in 
1% FITC-conjugated donkey anti-rabbit antiserum (Jackson Immunoresearch) 
for 2 hours. After washing again in PBS, 3 times 20 minutes the muscles 
were mounted in Dabco-Mowiol and analysed with a Leica TCS4D confocal 
laser scanning microscope (Leica, Heidelberg, Germany). For AChE 
visualization the fixed muscles were incubated overnight at 37° in 0.5 mM 
5-bromoindoxyl acetate (adapted from Holt and Withers, 1952). To analyze 
the spinal cord and dorsal root ganglions (DRGs), the embryos were frozen 
and transversal sections of 20 μm were cut with a cryotome, and mounted 
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directly on Superfrost plus slides (Menzel). The sections were postfixed in 4% 
PFA for 15 minutes, washed in PBS, preincubated in 4% fetal calf serum for 
30 minutes and washed again in PBS. The sections were incubated overnight 
at 4° C with 0.1% rabbit anti-neurofilament-200 (Sigma) or 0.1% rabbit anti-
syntaxin (I378) antisera in PBS with 0.1% Triton X-100. After washing in PBS 
the sections were incubated for 2 hours with 0.1% biotinylated goat anti-
rabbit serum. The sections were washed again in PBS and incubated for 2 
hours in 0.3% streptavidin-FITC conjugate. After washing in PBS the sections 
were covered with Dabco-Mowiol and coverslips and analyzed with a Zeiss 
microscope and MCID software (Imaging Research, Ontario, Canada). 

Quantification

For the quantification of AChR cluster distribution a line was drawn through 
the region of highest cluster density. All clusters were counted over a region 
of approximately 2.5 mm (3 control vs 3 mutant diaphragms). Every cluster 
present within 125 μm of the central line was considered central. Every 
cluster between 125 and 250 μm was excentric and every cluster outside 
these lines was peripheral. The total amount of clusters was calculated per 
1000 μm2 of area averaged for the number of animals (+/- SEM) and compared 
with the other group through a bilateral t-test (p<0.05 was significant (*)).
For the quantification of cluster shape and size we measured 50 clusters per 
animal. From each diaphragm a 920 x 920 μm z-stack was made through 
the muscle with a Zeiss 510 Pascal confocal microscope. In each frame the 
central cluster band was horizontally centered and the first 50 clusters from 
left to right were measured during continuous animation through the z-
stack. The largest span of each cluster was noted as its size. A cluster was 
considered long when it was three times as long as its width, round when 
it was less then twice as long as its width and round/long when either its 
shape did not fit the definition of long or round, or when the shape changed 
along the z-stack. The average size and shape (+/- SEM) was calculated for 
each animal and significant differences between the groups were tested with 
bilateral t-tests for each length or shape (p<0.05 was significant (*), p<0.01 
was highly significant (**).

Electron microscopy

After caesarean section, 3 control and 3 mutant E 18 embryos were 
immediately decapitated, and diaphragms were dissected out and 
immediately fixed by in 2.5% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (SCB, pH 7.2; Merck, Darmstadt, Germany), for 2 h at 20 oC. After 
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rinsing in SCB, diaphragms were postfixed in 1% osmium tetroxide in SCB, 
for 2 h at 4 oC, rinsed in SCB, dehydrated in a graded series of ethanol, and 
embedded in Spurr’s resin. Semithin 0.5 μm sections were cut on a Reichert 
ultramicrotome and stained with toluidine blue to localize neuromuscular 
junctions with light microscopy. Ultrathin pale-gold sections of the junctions 
were contrasted with uranyl acetate and lead citrate, and examined in a 
Philips EM 201 electron microscope.

Electrophysiology

Electrophysiological measurements were performed at 26-28 °C at NMJs 
of diaphragm nerve-muscle preparations from E15 and E18 munc18-1 null 
mutant and control mice using 30-40 MΩ micro-electrodes and standard 
recording equipment (Plomp et al., 1992). The analogue signal was high-
pass filtered at 1 Hz. The phrenic nerve was stimulated electrically via 
a suction electrode and the resulting synaptic responses were recorded 
from muscle fibers near the endplate region. Thereafter, tetrodotoxin (1 
μM, Sigma) was added to suppress the spontaneous contractions of fibers, 
which can occur in embryonic muscle. MEPPs, the postsynaptic responses 
resulting from spontaneous uniquantal ACh release, were recorded before 
and after application of 4 nM α-latrotoxin (Alomone Laboratories, Jerusalem, 
Israel). To test for the presence and function of postsynaptic AChRs in 
munc18-1 null-mutant NMJs, a 1 mM carbachol-filled micro-pipette with a 
broken tip, allowing leakage of the acetylcholine analogue, was positioned 
at the muscle fiber near the place of impalement by the measuring electrode. 
The occurrence of depolarization and contraction of muscle fibers was 
monitored. 

Results

Synaptic activity is absent in mutant neuromuscular junctions

Previously, we have shown that synaptic activity in the neuromuscular 
junction is absent at developmental stages close to birth (Verhage et al., 
2000). In this study we first tested whether synaptic transmission was 
absent from the start. Therefore, synaptic events were analyzed at E15 
and, as a control, at E18, using intracellular recording in diaphragm muscle 
(Fig. 1). Electrical stimulation of the phrenic nerve of control E15 diaphragm 
preparations resulted in muscle action potentials and subsequent muscle 
contraction, while munc18-1 null-mutant preparations were unresponsive 
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(Fig. 1A). Intracellular recordings in muscle fibers from control embryos 
revealed the occurrence of MEPPs which varied considerably in amplitude, 
as observed by others in embryonic Xenopus NMJs (Poo et al., 1985). The 
MEPP frequency was 5.4 ± 0.6 min-1 (E15, 1 diaphragm, 9 NMJs) and 1.9 ± 
0.4 min-1 (E18, 6 diaphragms, 6-10 NMJs per diaphragm). In contrast, in 
muscles from munc18-1 null-mutant mice we did not detect a single MEPP 

during a total recording time of 19 min in 9 fibers of an E15 muscle and 
35.5 min in 11 fibers from two E18 muscles (see also Verhage et al., 2000). 
In control E15 and E18 neuromuscular junctions, the MEPP frequency was 
strongly increased by application of 4 nM α-latrotoxin, a toxin known to 
stimulate neurotransmitter release (Fig. 1B). However, in munc18-1 null-

Figure 1. Lack of neurotransmission in munc18-1 null-mutant diaphragm neuromuscular junctions of E15 
and E18 embryos. (A) Electrical stimulation of the phrenic nerve of an E15 preparation via a suction electrode 
resulted in action potentials in control muscle fibres and was followed by muscle contraction, visible as 
an artifact on the recording signal, indicated with a black dot. Neither action potentials nor contractions 
were observed in munc18-1 null-mutant muscles. Identical observations were made in E18 preparations 
(not shown). (B) Spontaneous synaptic events were readily observed in control NMJs in Ringer medium but 
were absent in munc18-1 null-mutant neuromuscular junctions (NMJs). Shown is one min recording time, 
60 superimposed 1 s traces. The neuro-excitatory toxin αLatrotoxin (4 nM) induced a dramatic increase in 
frequency of spontaneous events in control NMJs (10 and 1 s recording time displayed for E15 and E18 NMJs, 
respectively), but lacked effect on both E15 and E18 null-mutant synapses (60 superimposed 1 s recording 
traces displayed). 
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mutant muscle fibers no MEPPs were observed after α-latrotoxin application. 
Functionality of postsynaptic AChRs was demonstrated by application of the 
cholinergic agonist carbachol. This elicited a strong postsynaptic potential 
and concomitant fiber contraction (data not shown, see Verhage et al., 
2000). Thus, in the munc18-1 null mutant, neuromuscular transmission is 
absent throughout development, which is due to a lack of ACh release rather 
than postsynaptic defects. 

Axonal outgrowth is normal but terminal branching is aberrant in 
the mutant

At E14, the diaphragm has developed from the pleuro-peritoneal fold 
and the characteristic motor neuronal innervation pattern is present. We 
investigated the innervation of the munc18-1 null mutant diaphragm by 
staining for the growth cone marker GAP-43 and the synaptic vesicle marker 
synapsin. Primary branches (I in Fig. 2) of the phrenic nerve entered their 
respective hemi-diaphragms in both mutants and controls, and gave rise 
to several secondary branches (II in Fig. 2), which were perpendicularly 
oriented to the muscle fibers. Both primary and secondary branches were 
properly fasciculated and showed normal outgrowth in the mutant, but 
tertiary and terminal branching was aberrant. In control diaphragms, 
secondary branches gave rise to tertiary branches (III in Fig. 2) with regular 
intervals. From these tertiary branches, which lay parallel to the muscle 
fibers, several terminal branches arose (T in Fig. 2). In mutant diaphragms, 
tertiary branches were abnormally long and irregularly spaced. No terminal 
branches were observed at E14. Starting from E15, occasional terminal 
branching was observed (arrow in Fig. 4B). Hence, initial axon outgrowth 
and branching is normal in the munc18-1 null mutant but the final stages of 
branching are aberrant.

Postsynaptic elements are present in the mutant

Recent findings suggest that postsynaptic elements like AChR and AChE 
clusters can be formed in future synaptic regions independent of neuronal 
signals (Lin et al., 2001; Yang et al., 2001). Concordantly, bromo-indoxyl 
acetate staining showed that AChE was present in munc18-1 null mutant 
diaphragms (Fig. 3B) at E14, i.e. before terminal branching of the phrenic 
nerve was observed. AChE clusters were present both in controls (Fig. 3A) 
and mutants (Fig. 3B). In both groups, most AChE was present in a smear at 
the middle region of the muscle at this stage. The AChE that was clustered, 
occupied between 10 and 50% of the muscle span in both groups (data not 
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shown). However, the amount of clusters and their relative intensity was 
always lower in mutant muscle (Fig. 3A-D).
Starting from E15, AChR clusters were readily observed in both groups, 

Figure 2. Initial axonal pathfinding of the phrenic nerve is normal in Munc18-1 deficient diaphragms at E14. 
GAP-43/synapsin staining shows that both primary (I) and secondary (II) branches of the phrenic nerve are 
similar in control (A, C) and mutant (B, D) hemidiaphragms. Contrary to controls (E) tertiary branches (III) are 
different in the mutant (F) and terminal branches (T) are not observed. The scale bar is 300 µm (A, B, C, D) 
and 100 µm (E, F) respectively.
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using rhodamine-conjugated α-bungarotoxin. Contrary to AChE, the amount 
of AChR clusters was not significantly different between mutant and control 
muscle (Table 1). However, the distribution of these clusters was different 

Figure 3. AChR and AChE clusters are prepatterned. AChE staining in E14 diaphragms shows that AChE is 
present in a smear along the middle line of the muscle and that some clustering occurs both in controls (A) 
and in mutants (B). AChE staining in E18 diaphragms shows that AChE clusters are present both in controls 
(C) and in mutants (D), but that the amount of clusters is much lower in mutants. AChR staining in E18 
diaphragms shows that, as in controls (E), the majority of AChR clusters are present in the middle region of 
the muscle (F). The scale bar is 100 µm.
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in control and mutant diaphragms. In control diaphragms the majority of 
clusters was present in the central 250 μm of the muscle and relatively few 
clusters were present outside of this region (Fig. 3E, Table 1). In mutant 
diaphragms the AChR cluster distribution was more diffuse and more 
clusters were observed in the peripheral regions of the muscle (Fig. 3F, 
Table 1). Hence, both AChE- and AChR are clustered in the mutant, but the 
refinement/redistribution of these postsynaptic elements is abnormal.

Few synapses are observed in the mutant
To analyze whether neuromuscular synapses were formed in the absence 
neurotransmission, we used co-localization of synapsin or GAP-43 positive

Table 1. Quantification of AChR cluster distribution. A line was drawn through the region of highest cluster 
density. Every cluster present within 125 µm of this line was considered to be central, every cluster between 
125 and 250 µm was excentric and every cluster outside these borders was peripheral. Bilateral t-tests show 
that although there is no significant difference between the amount of clusters in the central region there 
were significantly more clusters in the excentric and peripheral regions of mutant diaphragms (*p<0.05).

Table 2. Quantification of AChR cluster size and shape. For each diaphragm 50 clusters in the central region 
of the muscle were measured. Bilateral t-tests show that there is no significant difference in size distribution 
between controls and mutants. However, there is a significant increase in the amount of round clusters and 
decrease in the amount of long clusters in mutant diaphragms compared to controls (*p<0.05, **p<0.01).

Table 1

    Control   Mutant
Avg. # of AChR clusters
per 1000 μm2 +/- SEM

Central    0.57 +/- 0.08  0.38 +/- 0.06

Excentric   0.1 +/- 0.03  0.30 +/- 0.05*

Peripheral   0.03 +/- 0.02  0.11 +/- 0.02*

Total    0.129 +/- 0.03  0.196 +/- 0.03

Table 2

     Control   Mutant
Size/shape average +/- SEM

0 - 5 μm    1 +/- 0.58  2.66 +/- 0.67

5 - 10 μm    11.67 +/- 1.67  9.17 +/- 4.20

10 - 15 μm    22 +/- 1.53  20.67 +/- 0.67

15 + μm    15.33 +/- 0.88  9.33 +/- 1.33

Round     11.67 +/- 1.33  31.67 +/- 2.19**

Round/long    10.33 +/- 0.67  11.67 +/- 0.88

Long     28 +/- 1.15  9.33 +/- 1.67*
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terminal branches with AChR clusters as a hallmark for synapse formation. 
In control muscle, this co-localization was readily observed. Figure 4A and 
D (see appendix) show that, in controls, the majority of AChR clusters were 
positioned directly underneath a terminal branch of the phrenic nerve at 
E15 and E18, respectively. In the mutant, co-localization of nerve terminal 
branches and AChR clusters was occasionally observed, suggesting that 
synapses are formed in the mutant. These synapses were present both at 
E15 and at E18 (Fig. 4B, C and E, F respectively (see appendix)). The number 
of terminal branches and the number of AChR clusters that co-localized with 
these branches, were much lower (on average 3 to 4 per mutant muscle), 

Figure 5. Synapses are formed in the mutant. Electron micrographs show that both in control (A, B) and 
mutant (C, D) diaphragms, neuromuscular synapses are present at E18. The large arrows indicate synaptic 
vesicles in the vicinity of the electron-dense material of the postsynaptic density. The presynaptic active zone 
is demarcated by a row of docked vesicles in controls (B) and is less clearly visible in the mutant (D) because is 
has less (docked) vesicles. The small arrow in B indicates a hemi-fused vesicle in a control NMJ. Magnification 
is 28.000x (A, C) and 86.000x (B, D) respectively.
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leaving many AChR clusters a-neural in the mutant.  Measurement of AChR 
clusters in the central region of the diaphragm revealed that the length 
of clusters was similar in controls and mutants. There was, however, a 
considerable difference in the shape of AChR clusters. The clusters were 
predominantly round in the mutant and elongated in controls (Table 2).
Because co-localization of pre- and postsynaptic staining could be 
coincidental, and therefore falsely suggest the presence of NMJs in the 
mutant, we confirmed the presence of NMJs in mutant diaphragms with 
electron microscopy. The arrows in figure 5 show that synaptic vesicles 
were present in close apposition to the postsynaptic density in both 
groups. However, the total amount of synaptic vesicles, and the number of 
morphologically docked vesicles appeared to be lower in mutant synapses. 
This is consistent with observations in the CNS (Maia et al., in preparation) 
and was not quantified further in the muscle. Together, these data suggest 
that synapses are formed in the mutant, but are much less abundant or less 
stable than in controls. In addition, mutant muscles show many a-neural 
AChR clusters.

Intercostal muscles show a similar phenotype as the diaphragm

Analysis of other mutant mice suggests that muscles derived from different 
precursor cells can respond differently to defects in synapse formation 
(Thaler et al., 1999; Lin et al., 2000; Wolpowitz et al., 2000; Yang et al., 
2000). Synaptic development was therefore also analyzed in intercostal 
muscles. 
At E15 both control and mutant intercostals had nerve bundles traversing the 
middle of the muscle suggesting a similar overall innervation pattern (data 
not shown). In control muscles these nerve bundles gave rise to synapsin 
and GAP-43 positive terminal branches with regular intervals (Fig. 6A ,see 
appendix), that all co-localized with AChR clusters (6B,C, see appendix). 
Intercostal nerves in the mutant at E15 occasionally showed nerve terminal 
branches (6D (see appendix)) that co-localized  with AChR clusters (6E,F, see 
appendix), but, as in diaphragms, the amount of co-localization/synapses 
was much lower than in control muscles. At E18, synapsin and GAP-43 
staining was still observed in the nerve bundle running through the middle 
of mutant intercostal muscles (Fig. 7B, see appendix), but this nerve showed 
abnormal branching and nerve terminal branches were no longer observed. 
In controls, the majority of AChR clusters was confined to the middle region 
of the muscle and in co-localization with nerve terminal branches (Fig. 7A, 
see appendix). As in the diaphragm, AChR clusters were more diffusely 
distributed over mutant intercostal muscles (Fig. 6B, see appendix) and some 
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clusters were present in the outer regions of the muscle (arrowheads in Fig. 
7B, see appendix). However, we did not observe nerve terminal branches, or 
co-localization of pre- and postsynaptic staining at this stage.

Motor neurons defasciculate in the mutant

At E14, the general organization of the phrenic nerve was normal in the 
mutant but tertiary and terminal axonal branching were aberrant. Between 
E14 and E18 the branching pattern drastically changed in the mutant. Figure 
8 (see appendix) shows wholemount control and mutant diaphragms. In 
control diaphragms, motor neurons ran exclusively through the middle 
of the muscle fibers (arrow in Fig. 8A). In the E18 mutant diaphragm the 
characteristic motor neuronal pattern had disappeared and the central 
branches of the phrenic nerve could no longer be detected.  Many GAP-43- 
and synapsin-positive fibers were still observed in the mutant diaphragm 
but these were heavily de-fasciculated and formed a meshwork with no 
apparent organization (Fig. 8B). A number of these projections emanate from 
the normal point of entry of the phrenic nerve, and co-localize with AChR 
clusters, suggesting that at least some of these fibers are of motor neuronal 
origin. The neuronal processes at the margin of the diaphragm, presumably 
of sensory origin (Yang et al., 2000), appeared to be normal in the mutant 
(arrowheads in Fig. 8A, B). Due to a lack of selective staining for motor- or 
sensory neurons in embryonic muscle it was not possible to unequivocally 
determine the identity of the neurons in the mutant diaphragm. Still, these 
results suggest that massive axonal resprouting occurs in the mutant.

Motor neurons, but not sensory neurons, degenerate in the mutant

Synaptic transmission and synaptic competition also have marked effect 
on the survival of motor neurons. Therefore, we analyzed sections from 
cervical regions 3-5 of the spinal cord where the somata of these motor 
neurons lay at E14 and E18, using cryosections stained for neurofilament. 
At E14 no difference was detected between control and mutant spinal cords 
(data not shown). However, starting from E15, we observed considerable 
degeneration of the spinal cord (data not shown) and by E18 most of the 
(motor-) neurons of the spinal cord had degenerated (Fig. 9C). In contrast, 
up to birth, no obvious degeneration was observed in the sensory neurons 
that innervate the diaphragm muscle. The gross morphology of the mutant 
dorsal root ganglia (DRG) was normal (Fig. 9B, D). Hence, the mutant is 
characterized by a selective degeneration of spinal cord neurons, not the 
sensory neurons of the DRG.
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Discussion

In this study, we have characterized the development of neuromuscular 
synapses in the munc18-1 null mutant mouse. We show that this mouse 
lacks synaptic secretion throughout prenatal development. We found 
that secretion is not essential for initial axon pathfinding, clustering of 
postsynaptic elements or the formation of basic NMJs. However, in the 
mutant, the terminal axonal branches were absent at E14, the organized 
pattern of branches was not maintained, postsynaptic elements were not 
properly refined/redistributed, synapses were rare and spinal cord neurons, 
but not DRG neurons degenerated.
It has been suggested that vesicular neurotransmitter secretion provides 
signals for pathfinding and membrane for outgrowth in the developing 
brain. This suggestion was largely based on observations that manipulation 

Figure 9. Staining for neurofilament shows that at E18 the spinal cord (A) has almost completely degenerated 
(C) in the mutant. DRGs have similar morphology in control (B) and mutant (D) embryos. The scale bar is 1000 
µm (A, C) and 250 µm (B, D) respectively.
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of proteins involved in neurotransmitter secretion, such as SNAP-25 
(synaptosomal associated protein of 25 kD), appeared to interfere with 
neurite outgrowth (Han et al., 1991; Osen-Sand et al., 1993; Osen-Sand et 
al., 1996; Kabayama et al., 1999). Our finding that axons grow out and find 
their way to the muscle in the munc18-1 null mutant, contradicts this. The 
major branches of the phrenic nerve showed a similar pattern in mutant 
and control diaphragms until E15, while at this stage synaptic secretion was 
completely absent. This is in agreement with our observations in the CNS 
(Verhage et al., 2000), where axonal projections and segregation of brain 
areas were normal during early development. Furthermore, no evidence 
for impaired outgrowth was recently reported in the SNAP-25 null mutant 
mouse (Washbourne et al., 2002).
The absence of terminal nerve branches at E14 and their low incidence 
during further development suggests that the final stages of axonal 
pathfinding in the PNS are suppressed in the mutant. One possibility is that 
the later stages of axonal pathfinding are partially dependent on munc18-1 
dependent processes, for instance neurotransmitter secretion. Alternatively, 
terminal branches may be less stable in the mutant. 

We found less AChE clusters in mutant muscles, whereas AChR clusters were 
present at similar levels in controls and mutants. It was previously reported 
that denervation or action potential blockade results in a rapid decrease in 
AChE mRNA and protein, which can be reversed by direct electrical stimulation 
of the muscle (Cangiano et al., 1980; Lomo and Slater, 1980; Gaspersic et al., 
1999; Boudreau-Lariviere et al., 2000). The opposite was observed for AChR 
mRNA, which was upregulated upon denervation (Boudreau-Lariviere et al., 
2000). It is therefore likely that the observed difference in AChE and AChR 
levels in the munc18-1 mutant is caused by differential, activity-dependent 
regulation of the expression of the two genes.

In mutant muscles, co-localization of pre- and postsynaptic elements was 
observed both in diaphragm and intercostal muscles, abeit with much lower 
incidence than in controls. This, together with the electron microscopical 
data showing synaptic structures in the mutant, indicates that synapses 
are formed in the mutant. Since the mutant displayed neither MEPPs nor 
evoked postsynaptic potentials throughout prenatal development, we 
conclude that neurotransmitter secretion is not essential to form basic 
synapses at the NMJ. This is in agreement with earlier observations in the 
CNS (Verhage et al., 2000). The total number of synapses, both in the CNS 
(A.S. Maia, Rudolf Magnus Institute, University of Utrecht Medical Center, 
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personal communication) and in the NMJ (this study) appears to be lower 
in the mutant. This suggests that either synapse formation is impaired or 
synapses are less stable. The observed reduction in the number of synaptic 
vesicles suggests that maturation of synapses is also impaired probably as a 
consequence of the lack of synaptic activity in the mutant. 

Recently, it was proposed that AChE and AChR cluster in the future endplate 
region, independent of the nerve, and that these clusters are subsequently 
refined by positive and negative signals from the nerve (Lin et al., 2001; 
Yang et al., 2001). There is good evidence that neuronal agrin provides a 
positive/aggregating signal (Lin et al., 2001). Neurotransmitter secretion 
was proposed as a negative/dispersing signal. Our data are in full agreement 
with this concept. Firstly, because AChE clusters were present in the 
munc18-1 mutant at E14, while no terminal branches of the phrenic nerve 
were present. Secondly, because in the mutant many a-neural AChE and 
AChR clusters do not disappear during further development, as in controls, 
where the phrenic nerve secretes neurotransmitter. Hence, these data are 
consistent with a negative/dispersing function of neurotransmission on 
clustering of postsynaptic elements at the NMJ. However, we cannot exclude 
that the persistence of a-neural AChE and AChR clusters in the munc18-
1 mutant is the consequence of the lack of another unknown clearance 
process that requires munc18-1.
In the munc18-1 null mutant muscles most of the AChR clusters were 
present in the central half of the muscle, as in controls, but their distribution 
was more diffuse and some ectopic clusters were also observed. Potentially, 
this broad band of AChR clusters reflects the diffuse prepatterned endplate 
region as described by Yang et al. (2000), suggesting that in the munc18-
1 mutant no neuronal influence was exerted on the muscle. However, in 
the absence of neuronal input, the average size of AChR clusters was 
significantly smaller than normally innervated clusters (Lin et al., 2001). In 
our study, we found no difference in average cluster size between mutant 
and control diaphragms. This indicates that in the munc18-1 mutant, AChR 
clusters have grown in late embryonic development, suggesting some 
neuronal influence on AChR clusters in the mutant. Alternatively, these 
clusters may result from attempts of motor neurons to resprout and form 
new synapses after the initial synapses proved dysfunctional. This was also 
proposed to occur after neurotransmission is impaired by botulinum toxin 
treatment (de Paiva et al., 1999).
In normal NMJ development, muscle cells are often innervated by more than 
one motor neuron. During maturation, activity-based competition eliminates 
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weak, and stabilizes strong synapses (for a review see Lichtman and 
Colman, 2000), and approximately half of the motor neurons degenerate. 
In the rapsyn, musk and choline acetyl transferase (chat) null mutant mice, 
more motor neurons appear to survive than in wildtypes (Brandon et al., 
2000, soc. neurosci., abstract; Banks et al., 2001; Terrado et al., 2001;. This 
abnormally high survival is likely to be due to the defect in neuromuscular 
transmission in these mutants and the resultant lack of activity-based 
competition. In the munc18-1 mutant, activity and therefore activity-based 
competition are also absent. Still, most motor neurons die, as well as other 
spinal cord neurons. This is consistent with our findings in higher brain 
areas, where early-formed areas progressively degenerate approaching birth 
(Verhage et al., 2000). The difference in motor neuron survival between 
munc18-1 null mutants and the rapsyn, musk and chat mutants is probably 
due to the fact that munc18-1 is expressed in all types of neurons and is 
required for synaptic secretion of various neurotransmitters (Verhage et al., 
2000). Hence, in contrast to the motor neurons in the rapsyn, musk and 
chat mutants, the motor neurons in the munc18-1 mutants probably lack 
synaptic input themselves. Interestingly, the DRG neurons in this mutant 
do not degenerate. DRG neurons probably are among the few neurons that 
receive normal input in this mutant because in primary sensory neurons this 
input is not dependent on neurotransmitter secretion, but on (mechano-) 
sensory stimulation. These considerations are consistent with the general 
concept that receiving synaptic input is important for neuronal survival and 
that activity-based competition at the target is secondary to this.

At birth, munc18-1 mutant muscles contain an elaborate and disorganized 
meshwork of neuronal processes, probably resulting from axonal 
defasciculation and aberrant axonal sprouting. Interestingly, these 
abnormalities were different from the abnormal branching patterns observed 
in null mutants for three known synapse-organizing genes, agrin, musk, 
and rapsyn. Here, primary and secondary branching were relatively normal, 
tertiary branches grew excessively long, parallel to myotubes and only few 
(terminal) arbors were formed (Gautam et al., 1995; DeChiara et al., 1996; 
Gautam et al., 1996). The munc18-1 null mutant differs from these mutants 
in that all branching hierarchy and organisation with respect to myotubes had 
disappeared. The innervation of the munc18-1 mutant muscle shows more 
resemblance to the muscular dysgenesis (mdg) mutant and E14 diaphragms 
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in nrg-1 and erbb-2 mutants (Rieger and Pincon-Raymond, 1981; Powell et 
al., 1984; Rieger et al., 1984; Morris et al., 1999; Lin et al., 2000; Wolpowitz 
et al., 2000).  It is not known what causes the difference in axonal branching 
patterns between the two groups. One consistent finding is that mdg, nrg-1, 
erbb2 and munc18-1 mutant muscles all contain uninnervated AChR clusters 
while agrin, musk and rapsyn mutants do not. These AChR clusters may be 
involved in retrograde signaling that induces aberrant/excessive sprouting.
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AChE        acetylcholinesterase
AChR        acetylcholine receptor
BSA        bovine serum albumin
CNS        central nervous system
DRG        dorsal root ganglion
E        embryonic day            
GAP-43        growth cone associated protein-43
Mdg                     muscular dysgenesis
MEPP        miniature endplate potential
Munc18-1        mammalian uncoordinated 18-1
MuSK                   muscle specific kinase
NMJ                     neuromuscular junction 
PBS        phosphate buffered saline
PFA        paraformaldehyde
PNS        peripheral nervous system
SNAP-25              synaptosomal associated protein of 25 kD
Unc18        uncoordinated 18
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Abstract

The stability of neuronal networks is thought to depend on synaptic 
transmission which provides activity-dependent maintenance signals for 
both synapses and neurons. Here, we tested the relation between presynaptic 
secretion and neuronal maintenance using munc18-1 null mutant mice as a 
model. These mutants have a specific defect in secretion from synaptic and 
large dense core vesicles (Verhage et al., 2000; Voets et al., 2001). Neuronal 
networks in these mutants develop normally up to synapse formation, 
but eventually degenerate. The proposed relation between secretion and 
neuronal maintenance was tested in low density- and organotypic cultures 
and in vivo, by conditional, cell-specific inactivation of the munc18-1 gene. 
Dissociated munc18-1 deficient neurons died within 4 days in vitro (DIV). 
Application of trophic factors, insulin or BDNF, delayed degeneration up to 
7DIV. In organotypic cultures, munc18-1 deficient neurons survived until 
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9 DIV. On glial feeders, these neurons survived up to 10DIV and 14DIV 
when insulin was applied. Co-culturing dissociated mutant neurons with 
wild-type neurons did not prolong survival beyond 4 DIV, but co-culturing 
mutant slices with wild-type slices prolonged survival up to 19DIV. Cell-
specific deletion of munc18-1 expression in cerebellar Purkinje cells in vivo 
resulted in the specific loss of these neurons, without affecting connected 
or surrounding neurons. Together, these data allow three conclusions. First, 
the lack of synaptic activity cannot explain the degeneration in munc18-1 
mutants. Second, trophic support delays but cannot prevent degeneration 
and, third, a cell-intrinsic, yet unknown function of munc18-1 is essential for 
prolonged survival.

Introduction

During brain development, a surplus of neurons and synapses is formed 
after which many neurons and synapses are eliminated. In various model 
systems, synaptic activity is a major determinant in synapse elimination (for 
review see: Lichtman & Colman, 2000; Katz & Crowley, 2002). For instance 
blocking neuromuscular transmission during the critical period, prevents 
neuromuscular synapse elimination (Duxson, 1982). Blocking synaptic 
transmission in a subset of motor neurons also selectively eliminates 
the inactive synapses (Buffelli et al., 2003). Similarly, inhibiting synaptic 
activity in the visual cortex, prevents synapse elimination, while selectively 
suppressing activity in a subset of synapses (for instance by closing one 
eye) results in the elimination of the less active synapses (for review see: 
Katz & Crowley, 2002). For neurons, similar rules apply, since blocking 
neuromuscular transmission, either genetically or pharmacologically, also 
prevents naturally occurring motor neuronal elimination (Houenou et al., 
1990; Banks et al., 2001). Activity-based competition for target-derived 
trophic substances has been proposed to underlie these elimination 
processes (Katz & Shatz, 1996; Sanes & Lichtman, 1999), however, the 
exact mechanism underlying synaptic and neuronal elimination still remains 
unknown.
We have previously generated munc18-1 null mutant mice that completely 
lack spontaneous and evoked neurotransmitter secretion and die at birth 
(Verhage et al., 2000). Brain development in munc18-1 null mutant mice 
is normal up to the point of synapse formation, after which widespread 
neurodegeneration occurs in the same order as initial development; i.e. early-
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maturing brain regions degenerate first. Degenerating cells in the mutant 
brain have electron dense nuclei and cytoplasm, condensed chromatin and 
are terminal dUTP nick end labelling positive, suggesting that munc18-1 
deficient neurons die through apoptosis (Verhage et al., 2000). We proposed 
that this degeneration is due to the absence of synaptic activity, and in line 
with this, we found that sensory dorsal root ganglia, which are unique in 
not depending on synapses for their activity, are spared from degeneration 
(Heeroma et al., 2003). Secretion from large dense core vesicles (LDCV) is 
also severely compromised in the munc18-1 null mutant (Voets et al., 2001, 
Korteweg et al, in preparation). As LDCV secretion is probably the source 
of many neurotrophic substances (Berg et al., 2000; Wang et al., 2003), 
reduced LDCV secretion may also contribute to the degeneration of neuronal 
networks.
We exploited the munc18-1 null mutant as a model to characterize the role of 
synaptic input and trophic support for the survival of neurons and neuronal 
networks in vitro and in vivo. We used neocortical and hippocampal neurons, 
of munc18-1 null mutant and control embryos, in low-density, micro island 
and organotypic cultures, subjected these neurons to different conditions 
of activation and trophic support and analysed the effects on survival. 
Moreover, we also generated a conditional null allelle of the munc18-1 gene 
in order to perform cell-specific deletion of munc18-1 expression in vivo and 
analyse the fate of munc18-1 deficient neurons in an otherwise normal brain. 
We used L7-Cre mice (Barski et al., 2000) to specifically delete expression in 
the Purkinje cells of the cerebellum. We found that co-culturing with control 
neurons delayed degeneration of munc18-1 mutant neurons in organotypic, 
but not low density or micro island cultures. Providing trophic support with 
insulin, BDNF, glial feeder cells or organotypic cultures, delayed but could 
not prevent degeneration of mutant neurons. Finally, cell-specific deletion of 
munc18-1, in vivo, resulted in specific degeneration of munc18-1 deficient 
neurons, suggesting that munc18-1 deficient neurons do not degenerate 
due to a lack of synaptic input or trophic support, but because munc18-1 is 
essential for long-term neuronal survival, regardless of its role in regulated 
secretion.
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Materials and methods

Laboratory animals

Munc18-1 deficient mice were described previously (Verhage et al., 2000). 
For various experiments, munc18-1 deficient mice were crossed with either 
mice expressing soluble green fluorescent protein (gfp) (a kind gift of Dr. A. 
Nagy) or mice expressing a GFP-based neuronal surface marker (gfptkras, 
Roelandse et al., 2003). Mouse embryos were obtained by caesarian section 
of pregnant females from timed heterozygous matings. Purkinje cell specific 
knockout mice were created using Cre/loxP-mediated recombination. L7-
cre transgenic mice (Barski et al., 2000) were crossed with loxp-munc18-1 
mutants. Loxp-munc18-1 mutants were created by insertion of loxP sites 
flanking exon 2 of the munc18-1 gene by homologous recombination in 
ES-cells. The mouse lines and crosses that were used in each experiment 
are listed in table 1. Animals were housed and bred in accordance with the 
European Communities Council Directive of 24 November 1986 (86/609/
EEC). All animal experiments were approved of by the Dutch Committee 
for Experiments on Animals and effort was made to minimize animal 
discomfort. 

Crosses Experimental 
group

Control group Experiment

Munc18-1+/- x 
munc18-1+/-

Munc18-1-/- Munc18-1+/-, 
munc18-1+/+

Micro island culture, 
low density (co-
culture)

Munc18-1+/-; gfp x 
munc18-1+/-; gfp 

Munc18-1-/-; 
gfp 

Munc18-1+/-; gfp, 
munc18-1+/+; gfp

Micro island culture, 
low density (co-
culture)

Munc18-1+/-; gfptkras x 
munc18-1+/-; gfptkras 

Munc18-1-/-; 
gfptkras

Munc18-1+/-;
gfptkras, munc18-1+/+; 
gfptkras

Organotypic culture)

Loxp-munc18-1+/+ x 
loxp-munc18-1+/-; l7cre+/+

Loxp-munc18-1+/+; 
l7cre+/-

Loxp-munc18-1+/-; 
l7cre+/-

Conditional cerebellar 
Purkinje cell specific 
munc18-1 knockout

Table 1: Mouse lines and crosses that were used in this study.

Cortical cultures

Cortices were dissected from embryonic day 18 (E18) mice and collected 
in Hanks Buffered Salts Solution (HBSS)(Sigma), buffered with 7 mM Hepes. 
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After removal of the meninges, the cortices were minced and incubated 
for 20 minutes in trypsinated HBSS at 37 °C. After washing, neurons were 
triturated with fire polished Pasteur pipettes, counted with a hemacytometer 
and plated in Neurobasal medium (Invitrogen) supplemented with 2% B-27 
(Invitrogen), 1.8% Hepes, 1% glutamax (Invitrogen), 1% Pen/Strep (Invitrogen) 
and 0.2% 14.3 mM β-mercapto-ethanol. Low density cultures were plated 
on poly-L-lysin coated glass coverslips 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 coverslips. After drying and UV sterilization glial cells 
were plated at 600/cm2. In some experiments, 100 nM insulin (Sigma) or 50 
nM BDNF (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 hippocampi 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. Brains were dissected in ice-cold dissection Gey’s 
balanced salt solution (dGBSS, consisting of GBSS (Invitrogen) with 0.65 g 
glucose and 200µM kynurenate, pH 7.4) and cut into 400 µm thick slices 
using a McIlwain tissue chopper (Mickle Engineering, Gomshall UK). After 
separating individual slices, hippocampal region was dissected out and 
separated. These hippocampal slices were kept at 4°C in dGBSS for 45 min 
to recuperate. All subsequent procedures were identical to those described 
for organotypic slice cultures from P8 mice (Gahwiler, 1998).For confocal 
imaging slices were mounted in purpose-built chambers (Life Imaging 
Services, Olten Switzerland) and observed under continuous perfusion 
with 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 
and 2.5 mM CaCl2) saturated with 95% O2 /5% CO2 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) and analyzed with MetaMorph 
software (Universal Imaging Corp., West Chester PA). 

Electrophysiological Recordings

Whole cell current-clamp recordings were performed on cultured neurons at 
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DIV 8 and 9. The patch pipette contained the following solution (in mM): 125 
K+-gluconic acid, 10 NaCl, 4.6 MgCl2, 4 K2-ATP, 15 Creatine Phosphate, 1 EGTA 
and 20 U/ml Phospocreatine  Kinase (pH 7.30). External medium contained 
(in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 HEPES, 10 glucose (pH 7.30). 
Glutamate (1 mM) was added using an application pipette for the duration 
of 4 seconds (with picospritzer). Axopatch 200A was used for whole-cell 
recordings. Signal was acquired using Digidata 1322A and Clampex 8.1. 
Clampfit 8.0 was used for offline analysis.

Immunocytochemical procedures

Dissociated 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. After washing with PBS the cells were 
permeated with 0.1% Triton X-100 for 5 minutes. After washing with PBS the 
cells were ready for processing or storage. Before staining the cells were 
incubated in 4% fetal calf serum for 20 minutes to block a-specific reactions. 
After washing with PBS the cells were incubated in a mixture of antibodies 
and 0.1% Triton X-100 for 1 hour at room temperature or overnight at 4 °C. 
The antibodies used were: mouse anti-MAP2 (1:200, Boehringer Mannheim), 
mouse anti-HPC1 (syntaxin) (1:1000, Sigma), rabbit anti S100β (1:400, Dako, 
Glostrup, Denmark). After washing 3 times 5 minutes with PBS, the cells were 
incubated for 1 hour at room temperature in goat anti-mouse Alexa546 (1:
1000, Molecular Probes, Oregon, USA). After washing in 3 times 5 minutes in 
PBS the coverslips were mounted on microscopic slides with Dabco-Mowiol 
and analysed with a Zeiss 510 Meta Confocal microscope.
Cultures slices were prepared by microwave-assisted fixation (Jensen & 
Harris, 1989). Briefly, slices were transferred into pre-warmed fixative (4% 
PFA, 0.5% glutaraldehyde and 2mM CaCl2 in 0.1M cacodylate buffer (CCB), 
pH 7.3) and irradiated at maximum power (1000 W) for 9 sec in a Bio-Rad 
H2500 microwave processor. Post-irradiation temperature, measured by the 
built-in temperature probe, was 35 - 50° C. Slices were washed 5 x 10 min 
in 0.1M CCB and incubated overnight at room temperature in 0.3% Triton X-
100 5% normal goat serum (NGS; Invitrogen) and 1% bovine serum albumin 
(BSA; Sigma) in 0.1M CCB. Slices were then incubated overnight at room 
temperature in 0.1M CCB with 0.3% Triton X-100, 5% NGS, 1% BSA, mouse 
anti-MAP2C (1:5, Weisshaar et al., 1992) and rabbit anti-GFP (1:800, Novartis, 
Basel, Switzerland). After washing 5 times for 10 min each in 0.1M CCB slices 
were incubated overnight at room temperature in 0.1M CCB with 0.3% Triton 
X-100, 5% NGS, 1% BSA, goat anti-mouse Alexa546 (1:200, Molecular Probes) 
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and goat anti-rabbit Alexa488 (1:200, Molecular Probes). After washing, 
slices were stored at 4 °C in 0.1M CCB and mounted for imaging in purpose-
built chambers, as described above. 
L7-cre x loxp-munc18-1 mutant and wild-type mice were anesthetized by 
Nembutal injection and transcardially perfused with 4% PFA. Histochemistry 
was performed by incubating cryosections (25 µm thickness) for 3 min in 
0.05% Thionine. Sections were analyzed with a light microscope (DM-RB, 
Leica) equipped with a digital camera. Immunocytochemistry was performed 
on cryosections (25 µm thickness), rinsed in 0.05 M Tris (Ph 7.6), and 

preincubated in blocking buffer (5% normal horse serum and 0.25% Triton 
X-100 in 0.5 M Tris) for 60 min. GAD antibody (sh-a-GAD 1:2000, kind gift of 
Dr Oertel, Department of Neurology, Philipps University Marburg, Germany 
) and calbindin antibody (r-a-CaBp 1:10000, Swant, Bellinzona, Switserland) 
were diluted in blocking buffer, and sections were incubated for 24hrs at 
room temperature. After incubation, samples were rinsed in Tris, followed 
by 15 min incubation in 0.125% Glutaraldehyde in 0.5M Tris. Incubation with 
the secondary antibodies Cy3 (d-a-sh, 1:200) and Fitc (d-a-r, 1:200, both 
from Jackson Immuno Res. Lab. Inc, West grove, USA) was performed in 
blocking buffer for 2 hr at room temperature. Fluorescence was documented 
using confocal imaging microscopy (LSM 510 inverted confocal microscope, 
argon/krypton laser; Zeiss). 

Results

Munc18-1 deficient neurons in culture lack neurotransmitter 
secretion but are otherwise biophysically normal.

Munc18-1 deficient neurons in the neocortex and spinal cord lack 
neurotransmitter secretion at E15, 16 and 18 (Verhage et al., 2000). Here, 
we investigated whether this holds true for neurons in vitro, cultured 
beyond E18 and whether the absence of munc18-1 affects other biophysical 
properties of cultured neurons. The resting membrane potential (Vrest) is 
generally accepted as an informative parameter for the viability/health of 
(cultured) neurons (Pancrazio et al., 2001). The Vrest of munc18-1 deficient 
neurons in autaptic island cultures of 8 days in vitro (8DIV) was similar to 
control neurons (Vrest, control= -52.0 +/- 2.0 mV, n = 5; Vrest, mutant= -51.1 +/- 5.4 
mV, n = 5, insets fig. 1A). Current injection into neurons (DIV 8) induced 
action potentials in both control and mutant neurons (n = 5, Fig. 1A). 
Current injection varied between recordings, because injection was manual 
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and not standardized between recordings. This explains the different action 
potential frequency between the recordings of munc18-1 deficient neurons 
and control neurons. However, in whole cell voltage clamp recordings both 
spontaneous and evoked release were absent in mutant neurons (data not 
shown, n=10), whereas control neurons exhibited spontaneous events at 
0.5-2 Hz, with 10-200 pA amplitudes, and evoked responses of 0.1-2 nA 
amplitudes. Na+ and K+-currents were comparable between control and 
mutant neurons (Fig. 1B).
We have previously shown that munc18-1 deficient neurons express 
functional GABA and acetylcholine receptors (Verhage, et al., 2000). As the 
majority of central synapses are driven by glutamate, we tested whether 
munc18-1 deficient neurons express functional glutamate receptors. 
Glutamate application (1 mM, 4 sec) elicited both a fast (AMPA-R mediated) 
and a slow (NMDA-R mediated) response in control and mutant neurons 

Figure 1: Electrophysiological characterization of munc18-1 deficient neurons in culture (A) Current injection 
into cultured neurons induced action potentials in both control and munc18-1 mutant neurons (n = 5). The 
amount of current injection was not monitored during the recordings. The difference in action potential 
frequency can thus be explained by the variable amount current injection between recordings. The Vrest of 
autaptic islands of munc18-1 deficient neurons is very similar to control autaptic neurons (p=0.86; see inset in 
panel A). (B) The Na+ and K+ channel expression was studied using repetitive block-pulse stimulation (200 ms 
block pulse; -70 to 40 mV; 10 mV increments). Both control (n=6) and mutant (n=7) neurons show Na+-current 
(single asterisk, tetrodotoxin-sensitive) and K+-currents (double asterisk, compound current). (C) Example 
traces of glutamate application inducing inward current in both wild type (n=9) and mutant (n=11) neurons 
(Vm=-70 mV). Inset: First 6 seconds of amplification. A fast AMPA component (single asterisk) and a slow NMDA 
component (double asterisk) were observed in recordings from both control and mutant neurons.
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(DIV 7/8) indicating that both types of glutamate receptors are present and 
functional in mutant neurons (n = 9 ; n = 11, respectively; Fig. 1C). Thus, 
apart from the lack of synaptic vesicle secretion in munc18-1 deficient 
neurons, we did not detect additional biophysical differences between 
mutant and control neurons.

Munc18-1 is essential for neuronal viability 

We analyzed survival of munc18-1 null mutant neurons from neocortex and 
hippocampus in culture. Cortical neurons were plated at a density of 20k/
cm2 (Fig. 2A, D). Trypan blue staining indicated that the viability of mutant 
and control neurons after dissociation was similar (data not shown). As 
another measure for viability after dissociation, neuronal attachment to the 
substrate was analysed at 2, 6 and 24 hours after plating. At all three time-
points, more than 95% of both mutant and control neurons were attached 
(data not shown), suggesting equal initial viability in both groups.
After 3DIV, the amount of control and mutant neurons, identified by 
microtubule associated protein 2 (MAP2) staining, was counted in 24 
randomly chosen fields of 0.137 mm2 (Fig. 2B, E). For control neurons 
the average count (+/- standard deviation) was 21.5 +/- 6.7, compared to 
22.2 +/- 5.4 per field for mutant neurons. This corresponds to a density of 

Figure 2: Survival in vitro of munc18-1 null mutant neurons and their controls. Control (A - C) and mutant 
(D - F) neurons, identified by MAP2 staining, were plated at equal densities. At 3DIV, control (B) and mutant 
(E) neurons were still in culture at equal densities. At 7DIV, only a fraction of mutant neurons (F) was left in 
culture compared to the control situation (C). Scale bar is 50 μm.
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approximately 16k/cm2, suggesting a 20% loss between 0 and 3DIV for both 
groups. 
After 7DIV, neurons were counted in 48 randomly chosen fields of 0.137 
mm2 (Fig. 2C, F). Control culture average density was 15.4 +/- 4.9 neurons 
whereas in mutant cultures neurons were rarely encountered (average 
0.7 +/- 0.7 neurons per field). Thus, while 7DIV control neurons were still 
present at a density of 11.2k/cm2, the majority of mutant neurons had died 
by 7DIV. This indicates that munc18-1 deficient neurons, obtained from 
E18 neocortex, are equally viable as control neurons during the first 3DIV. 
However the massive loss of munc18-1 deficient neurons between 3 and 
7DIV suggests a critical role for munc18-1 dependent processes in neuronal 
viability in later stages.

Co-culturing munc18-1 deficient neurons with wild type neurons 
does not improve neuronal viability 

The degeneration of munc18-1 deficient neurons may be due to a lack of 
synaptic input and may thus be prevented by culturing mutant and wild type 
neurons together in a low density culture so that mutant neurons receive 
synaptic input from wild type neurons. To identify the different neuronal 
populations, the munc18-1 null mutation was crossed into transgenic 
mice expressing green fluorescent protein (gfp) under control of the 
cytomegalovirus (CMV) promoter (see table 1). Co-cultures were prepared 
using munc18-1 deficient, gfp expressing, neurons with non-fluorescent 
control neurons and, vice versa, of gfp expressing control neurons together 
with non-fluorescent, munc18-1 deficient, neurons. 
At 3DIV, the development of munc18-1 deficient neurons was indistinguishable 
from gfp expressing wild-type neurons. Neurons of both genotype had 
formed mixed neuronal networks with dense, reciprocal innervation (Fig. 
3A-I, see appendix). At 4DIV, in co-cultures of munc18-1 deficient, gfp 
expressing neurons with non-fluorescent control neurons, few mutant 
neurons, identified by MAP2 staining, remained in co-culture (Fig. 3J-L, see 
appendix). At 5DIV, approximately 0.001 % of mutant neurons remained in 
co-culture, similar to mutant neurons in mono-culture. At 14DIV, some GFP-
positive cells were still in culture, but these cells lacked MAP2 staining (Fig. 
3M-O), and were probably glial cells (discussed below). Therefore our data 
suggests that culturing munc18-1 deficient neurons with wild type neurons 
has no noticeable effect on neuronal viability.
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Trophic factors delay the degeneration of munc18-1 deficient 
neurons

Munc18-1 deficient neurons may degenerate due to a lack of trophic 
support. Addition of trophic and/or neuromodulatory substances to the 
culturing medium might therefore prevent this degeneration.  Brain derived 
neurotrophic factor (BDNF) and insulin are known to have a trophic and 
survival promoting effect on neurons (Lindholm et al., 1996; Yamada et al., 
2001). Addition of 100 nM of insulin to the culturing medium prevented 
the massive loss of munc18-1 deficient neurons at 4DIV and allowed their 
survival up to 7DIV (data not shown). However, the number of munc18-1 
deficient neurons that reached 7DIV, was lower (approximately 1%) than 
in control cultures (approximately 50%) and between 7 and 11DIV, the 
remaining neurons degenerated. Addition of BDNF to the culturing medium 
had a similar effect on mutant neuron viability (data not shown). Thus, 
application of insulin or BDNF delays, but does not prevent degeneration of 
munc18-1 deficient neurons.

Culturing on glial cells delays the degeneration of munc18-1 
deficient neurons 

Most neuronal support in the brain is provided by glial cells (Barres, 1991). 
Therefore, glial support might compensate for the loss of munc18-1. To test 
this hypothesis, control and munc18-1 deficient neurons were cultured on 
a glial feeder layer. At 7DIV, the number of munc18-1 deficient neurons in 
culture (Fig. 4B) was comparable with control cultures (Fig. 4A) indicating 
that glial support indeed had a positive effect on the viability of munc18-
1 deficient neurons. After 10DIV on a glial feeder layer, approximately 1% 
of munc18-1 deficient neurons were still in culture (Fig. 4C). Similar to the 
situation at 7DIV, these neurons appeared morphologically underdeveloped 
and none survived past 10DIV. Interestingly, when insulin was added 
to munc18-1 mutant neurons cultured on glia, neurite branching and 
outgrowth and neuronal survival rate were still normal at 10DIV (Fig. 4D). 
However, beyond 10DIV, degeneration still occurred and no mutant neuron 
reached 14DIV. Together, these data suggest that glial cells and insulin have 
a synergistic effect in promoting the viability of munc18-1 deficient neurons. 
In addition, insulin aids munc18-1 deficient neurons to obtain/maintain 
normal neuronal morphology. Nevertheless, glial cells and insulin, neither 
separate nor in combination, prevent eventual degeneration of mutant 
neurons.
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Organotypic culture with wild type slices delays the degeneration 
of munc18-1 deficient slices

As trophic substances and glial cells worked synergistically in delaying 
degeneration of munc18-1 deficient neurons, embedding of these neurons in 
a more natural trophic environment might delay degeneration further. To test 
this, we used organotypic slice cultures of E18 hippocampus. The munc18-1 
null allele was crossed into mice transgenically expressing gfp-linked to a 
plasma membrane targeting sequence (gfptkras, see table 1), and therefore 
enables detailed morphological analysis in living neurons (Roelandse et al., 
2003). Previous publications have shown that postnatal brain slices can 
be kept in vitro for months and that neuronal development in these slices 
closely resembles in vivo maturation (Gahwiler, 1984). Since munc18-1 
deficient mice are postnatally lethal, E18 mice were used for generating the 
slice cultures. Co-cultures of fluorescent and non-fluorescent wild type slices 
are known to cross-innervate and to develop mature neuronal characteristics 

Figure 4: The effect of glial support and insulin application on the degeneration of munc18-1 deficient 
neurons. Neurons were plated on glial feeder layers and stained for MAP2 for identification. At 7DIV, munc18-
1 deficient neurons (B) were still present in numbers comparable to control neurons (A). Mutant neurons had 
shorter neurites and less branching points. At 10DIV, some mutant neurons (C) were still present, but most 
had degenerated. When insulin was added to these cultures (D), normal morphology was preserved and 
mutant neurons were viable for approximately 13DIV. The scale bar is 50 μm.
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as dendritic spines and presynaptic varicosities (Roelandse and Matus, in 
preparation). Such a culture at 32 DIV is shown in figure 5A (mid panel, see 
appendix); both hippocampi were equal in size and retained morphological 
features characteristic for the mature hippocampus.
Cultures of single munc18-1 deficient slices expressing gfptkras rapidly 
degraded during the first week (Fig. 5B, mid panel, see appendix). At 
9DIV, some MAP2 positive neurons were still present (Fig. 5B, right panel, 
see appendix). However, at later stages, all neurons had degenerated, 
suggesting that organotypic embedding, in itself, is not more successful in 
preventing degeneration of munc18-1 deficient neurons than combined glial 
and trophic support in island mono-cultures. 
Low-density co-cultures of munc18-1 deficient and control neurons did 
not delay the degeneration of mutant neurons. Interestingly, co-culturing 
munc18-1 deficient slices, expressing gfptkras, with non-fluorescent control 
slices did delay the degradation of the fluorescently labelled munc18-1 
deficient slice (compare Figs. 5B and C, mid panels, see appendix). At 9DIV 
in co-culture, there was no sign of neuronal degeneration in the munc18-
1 deficient slice (Fig. 5C, right panel, see appendix) whereas in the single 
mutant slice, neurons were virtually absent at the same stage (Fig. 5B, right 
panel, see appendix). However, at 19DIV, the gfp expressing munc18-1 
deficient slice had degenerated, despite the presence of a control slice (Fig. 
5D, mid panel, see appendix). Still, some MAP2 positive neurons were present 
in the vicinity of the non-fluorescent wild type culture (Fig. 5D, right panel, 
see appendix). No mutant neurons were observed beyond 25 DIV. Quadra-
cultures of 3 gfp expressing wild-type slices and 1 munc18-1 deficient slice 
(Fig. 5E, mid panel, see appendix) showed a dense invasion of gfp expressing 
wild-type axons surrounding a munc18-1 deficient neuron (identified by the 
red MAP2C counterstaining; fig. 5E, right panel, see appendix) suggesting 
that synaptic connections had been established. Together, this suggests that 
not organotypic slice culturing per se, but co-culturing with control slices 
prolongs the lifespan of the munc18-1 deficient neurons. 

Surviving munc18-1 deficient cells in culture are glial cells

Eventually every neuron that lacked munc18-1, died prematurely. Some 
munc18-1 deficient, GFP positive and MAP2 negative cells survived to 
14DIV in mixed cultures (Fig. 3D-F, see appendix). Figure 6B (see appendix) 
shows munc18-1 deficient cells of 21DIV that were mitotic (data not shown) 
and syntaxin-1 negative (Fig. 6A, C, see appendix). By visual inspection, 
two cell types could be distinguished among the remaining cells (Fig. 6D, 
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se appendix). One cell type had the morphology of type 2 astrocytes and 
indeed was S100β positive (Fig. 6E, see appendix). The other cell type 
morphologically resembled oligodendrocytes. Hence, in contrast to neurons, 
glial cell viability seems not to be affected by the absence of munc18-1.

Cell-specific deletion of munc18-1 in vivo causes specific loss of 
munc18-1 deficient neurons

To analyse degeneration of munc18-1 deficient neurons beyond birth and 
without the complication of widespread apoptosis, we generated a mutant 
mouse in which munc18-1 expression could be conditionally deleted using 
the Cre-lox system. This munc18-1-lox mouse was crossed with a mouse, 
transgenically expressing cre under control of the L7 promoter (see table 1). 
Cre expression is specific for cerebellar Purkinje cells, starts at postnatal day 
6 and is present in all Purkinje cells at postnatal week 3 (Barski et al., 2000). 
To allow depletion of remnant munc18-1 protein, the effect of munc18-
1 deletion was analysed after 8 postnatal weeks. Animals homozygous 
for the munc18-1-lox allele and crossed to L7-Cre, had developed severe 
ataxia by this time, suggesting a cerebellar defect. Nissl staining showed 
that overall cerebellar morphology of mutant mice (Fig. 7E, see appendix) 
was indistinguishable from control mice (Fig. 7A, see appendix), but closer 
examination showed that Purkinje cell bodies were absent in the mutant 
cerebellum (Fig. 7B, F, see apendix). Staining for the Purkinje cell marker 
calbindin showed immunoreactivity in layer 4 of the cerebellum of control 
mice (Fig. 7C, see appendix) but not in the cerebellum of mutant mice (Fig. 
7G, see appendix). Finally, staining for glutamic acid decarboxylase (GAD), a 
general marker for inhibitory neurons, showed increased immunoreactivity 
in the Purkinje cell layer of control cerebelli (Fig. 7D), but not of mutant 
cerebelli (Fig. 7H, see appendix). Apart from Purkinje cells, no obvious 
signs of degeneration were observed in the cerebellum. Together, these 
results suggest that cell-specific deletion of munc18-1 results in the specific 
loss of those neurons that lack munc18-1 without affecting connected or 
surrounding cells. 

Discussion

In the present study, we tested the relation between presynaptic secretion 
and neuronal maintenance in vitro and in vivo using neurons with munc18-1 
null alleles as a model. We found that munc18-1 deficient neurons have no 
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synaptic secretion but have otherwise normal biophysical properties. These 
neurons degenerated in micro island, low density and organotypical cultures 
and in vivo. We found no evidence that synaptic activity delays or prevents 
degeneration. Trophic support either by exogenous application of trophic 
substances, glial support, or co-culturing with wild-type organotypic slices, 
delayed, but did not prevent degeneration. The effects of various treatments 
on survival of the mutant neurons are summarized in Fig. 8. Cell-specific 
deletion of munc18-1 expression in cerebellar Purkinje cells in vivo led to the 
specific loss of these neurons without affecting connected or surrounding 
cells.

Munc18-1 deficient neurons are healthy at early developmental 
stages

Degeneration of munc18-1 deficient neurons starts in the embryonic 
brain. Those brain areas that form synapses first, also show the first signs 
of degeneration (Verhage et al., 2000). However, the viability of mutant 
neocortical neurons was unimpaired during plating and the first 3DIV. 
Mutant neurons displayed normal resting membrane potentials, K+ and 
Na+ currents at 8DIV and expressed functional neurotransmitter receptors. 
Furthermore, mutant hippocampal neurons remained viable for up to 19DIV 
when co-cultured with control hippocampal slices. This suggests that 
mutant neurons were healthy at the time of plating and shortly thereafter 
and thus that munc18-1 expression is dispensable during early development 
and differentiation phases.

The lack of synaptic activity is an unlikely explanation for the 
degeneration of munc18-1 deficient neurons 

We previously suggested that the degeneration in munc18-1 null mutant brain 
could be the consequence of the lack of synaptic activity in these mutants. 
This suggestion was based on a large body of (indirect) evidence that synaptic 
activity regulates synapse stability (see Verhage et al., 2000 and references 
herein) and, more specifically, the fact that munc18-1 deficient primary 
sensory neurons were selectively spared from degeneration (Heeroma et al., 
2003). These neurons are different from the degenerating central neurons 
in the sense that they do not rely on synaptic transmission for their input, 
and are therefore expected to be the only neurons in the mutant that receive 
normal input. However, we show here that co-culturing munc18-1 deficient 
neurons with control neurons did not prevent or even delay degeneration, 
although we cannot rule out that the synapses onto the munc18-1 deficient 
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neurons may not have been functional. Still, specific deletion of munc18-
1 expression in vivo in cerebellar Purkinje cells, i.e., without affecting 
the synaptic input onto these cells, led to a specific degeneration of the 
Purkinje cells. Hence, providing synaptic input is not sufficient to prevent 
degeneration of munc18-1 deficient neurons. Recently, a second genetic 
deletion was described, which also renders neurons completely silent: 
null mutation of munc13-1 and munc13-2 expression. In contrast to the 
munc18-1 null mutant neurons, these munc13 double null mutant neurons 
survived in vivo and in vitro without signs of degeneration (Varoqueaux et 
al., 2002). Therefore, we conclude that receiving synaptic input per se is 
not important for neuronal survival and the lack of synaptic activity is an 
unlikely explanation for the degeneration of munc18-1 deficient neurons.
For motor neurons, there is clear evidence that synaptic activity at the 
terminals influences survival of the neurons (which have their soma in the 
spinal cord). Genetic (Banks et al., 2001) and pharmacological (Houenou 
et al., 1990) inhibition of transmission at the neuromuscular junction led 
to increased survival of motor neurons in the spinal cord. This suggests 
that neuronal output is an important factor in neuronal survival in this 
system, probably via a retrograde signal from the neuromuscular junction. 
In principle such a mechanism could explain the observed degeneration 

Figure 8: Summary of the effects of various treatments on the survival of munc18-1 null mutant neurons.
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in munc18-1 null mutant neurons. However, it is unknown if such output 
dependency also applies to other systems than the neuromuscular junction 
and the lack of degeneration in munc13 double null mutant neurons argues 
against this.

Trophic support delays, but does not prevent degeneration of 
munc18-1 deficient neurons

In addition to the lack of synaptic vesicle secretion, munc18-1 null mutants 
also have severe impairments in the secretion from other secretory vesicles, 
for instance in chromaffin cells and the pituitary (Voets et al., 2001; Korteweg 
et al., in preparation). As such vesicles are known to contain neurotrophic 
substances (Berg et al., 2000; Wang et al., 2003), degeneration of munc18-1 
deficient neurons might be due to a lack of trophic support. The ability to 
properly secrete the content of such secretory vesicles could also explain 
the difference between the degenerating munc18-1 deficient neurons and 
the viable munc13-1/2 deficient neurons. It is unknown if munc13-1/2 
deficient neurons are also impaired in other secretory routes than synaptic 
transmission. Indeed, treatment of munc18-1 deficient neurons with insulin 
or BDNF delayed degeneration. Culturing on glial cells allowed munc18-1 
deficient neurons to survive up to 10DIV or even 14DIV when insulin was 
added exogenously. In organotypic slices, munc18-1 deficient neurons were 
viable up to 19DIV, provided they were co-cultured with control slices. Still, 
eventually all mutant neurons degenerated. Also in vivo, cell-specific deletion 
of munc18-1, resulted in specific degeneration of cerebellar Purkinje cells. 
As the rest of the brain is unaffected, also connecting and surrounding 
neurons, it is unlikely that the trophic environment for these Purkinje cells 
was fundamentally different from control cells. Together, this indicates that 
neither trophic support nor the combination of trophic support and synaptic 
activity is sufficient to explain the degeneration of munc18-1 deficient 
neurons.
The observation that trophic support delayed degeneration of munc18-1 
deficient neurons may be explained in several ways. The trophic actions of 
substances like insulin and BDNF are multiple. Both substances reportedly 
stimulate neurite outgrowth, synapse formation, synapse activation and 
synaptic strength (Schulingkamp et al., 2000; Vicario-Abejon et al., 2002). 
Both substances are also known to exert survival-promoting effects, 
promoting survival under a-physiological conditions such as serum 
deprivation in culture (Yamada et al., 2001; Hamabe et al., 2003). Therefore, 
the observed delay in munc18-1 deficient neuronal degeneration might be 
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explained by suppression of apoptosis as well as promoting connectivity or 
both.

An additional cellular function of munc18-1 is essential for 
prolonged neuronal survival

Taken together, the currently available data suggest that absence of release 
from synaptic vesicles by itself has little effect on neuronal maintenance.  
The loss of secretion from other secretory vesicles is probably a negative 
factor, but still an insufficient explanation for the observed degeneration 
after deletion of munc18-1 expression. In this respect the munc18-1 gene 
is different from most other genes involved in secretion. Deletion of their 
expression dramatically reduces secretion and synaptic transmission in 
a number of cases (e.g. Schoch et al., 2001; Varoqueaux et al., 2002 ; 
Washbourne et al., 2002; Harrison et al., 1994; Deitcher et al., 1998; Zhao & 
Nonet, 2000; Misgeld et al., 2002; Brandon et al., 2003), but among these, 
very few show an equally strong phenotype as the munc18-1 null mutation, 
or have completely silent synapses: only the munc13-1/2 double null 
mutation in mice and probably syntaxin mutations in Drosophila (Verhage 
et al., 2000; Saitoe et al., 2001; Featherstone et al., 2002; Varoqueaux et 
al., 2002). Massive neuronal degeneration is only reported in munc18-1 null 
mutant mice and syntaxin null mutant flies (Schulze & Bellen, 1996; Verhage 
et al., 2000). The most likely explanation for this aspect of the phenotype is 
that munc18-1 has another, cell-intrinsic and essential function, distinct from 
its established role in secretion. One possibility is that munc18-1 is not only 
required to keep syntaxin-1 available for synaptic vesicle fusion, but also to 
prevent (other) neuronal syntaxins from promiscuous interactions in other 
cellular processes involving vesicular trafficking (Toonen & Verhage, 2003). 
Second, munc18-1 might be involved in the recognition of potential synaptic 
partners through MINT, CASK and neurexin (Biederer & Sudhof, 2000). Third, 
munc18-1 might be necessary for the proper targeting of ion channels and 
transporter proteins (Naren et al., 1997; Khan et al., 2001). Fourth, munc18-
1 has recently been shown to bind to cytoskeletal proteins, suggesting a role 
for munc18-1 in cytoskeletal rearrangement (Bhaskar et al., 2004). Finally, 
munc18-1 might exert another, yet unknown, function that is indispensable 
for long-term neuronal survival. Irrespective of what the additional role 
of munc18 proves to be, the results reported here demonstrate that the 
molecular mechanisms underlying the survival and maintenance of central 
nervous system neurons is less activity-dependent than those that have 
been inferred from studies of the neuromuscular junction or neurotrophin-



84 85

dependent than has previously been thought and instead involve novel cell 
intrinsic mechanisms.
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Abbreviations

BDNF brain derived neurotrophic factor
BSA bovine serum albumin
CMV Cytomegalovirus
dGBSS dissection Gey’s balanced salts solution
DIV days in vitro
E18 embryonic day 18
GAD glutamic acid decarboxylase
GFP green fluorescent protein
HBSS hanks balanced salts solution
LDCV large dense core vesicle
MAP2 microtubule associated protein 2
PFA Paraformaldehyde
TUNEL Terminal dUTP nick end labeling
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Abstract

Genetic and pharmacological studies of neuronal SNARE proteins have raised 
controversy on whether synaptic vesicle fusion contributes membrane to 
outgrowing neurites. Here we aimed to clarify this issue by analysing 
neurite outgrowth and branching of munc18-1 deficient neurons which are 
incapable of neurotransmitter secretion. We found that neurite outgrowth is 
normal during the first 3 days in vitro (DIV) and munc18-1 deficient neurons 
form a normal number of contacts. However, dynamic growth cone analysis 
revealed that after 3DIV, net neurite outgrowth is slower, while more and 
longer growth cone filopodia are formed. After 7DIV, munc18-1 deficient 
dendrites are shorter and have fewer branches and contact points. These 
results suggest that while initial neurite outgrowth and network formation 
is independent of munc18-1/synaptic activity, later stages of dendritic tree 
formation are regulated by munc18-1, possibly through its role in synaptic 
activity. 
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Introduction

SNAREs are important catalysts of regulated secretion. For instance, genetic 
deletion of snap-25 or synaptobrevin-2, dramatically reduces evoked 
neurotransmitter release (Schoch et al., 2001; Washbourne et al., 2002). 
During the process of regulated secretion, not only a cargo is delivered to the 
extracellular environment, but also the vesicular and plasmamembrane of the 
cell are fused. Therefore, regulated secretion could play a role in processes 
requiring membrane expansion, such as neurite outgrowth. In line with this, 
expanding growth cones were shown to secrete neurotransmitter (Poo et 
al., 1985; Young and Poo, 1983). However, the role of, SNARE-mediated, 
regulated secretion in neurite outgrowth has been under debate; gross brain 
morphology of mouse embryos deficient for snap-25 or synaptobrevin-2, 
is normal, suggesting these SNAREs are dispensable for neurite outgrowth 
(Schoch et al., 2001; Washbourne et al., 2002).

Still, exposing neurons to antisense oligonucleotides against SNAP-25 or 
cleaving SNAP-25 with botulinum neurotoxin A, greatly reduces axonal 
outgrowth, suggesting that indeed SNARE-mediated vesicular fusion is 
required for neurite extension (Osen-Sand et al., 1993; Osen-Sand et al., 
1996). This discrepancy might be explained by the presence of several 
functional homologues of SNAP-25 that can compensate for the genetic loss 
of snap-25 but are sensitive to snap-25 antisense and cleavage with BoNT-A. 
Indeed, for synaptobrevin, a redundant protein, TI-VAMP, has been identified 
that is involved in neurite outgrowth (Martinez-Arca et al., 2001). 

When SNARE proteins are involved in neurite outgrowth, the proteins that 
regulate vesicular secretion may be involved as well. One of the most potent 
regulators of neuronal secretion is munc18-1. Genetic deletion of munc18-
1 in mice completely abolishes spontaneous and evoked neurotransmitter 
release in neurons, and greatly reduces large dense core vesicle secretion 
in chromaffin cells (Verhage et al., 2000; Voets et al., 2001). Vice versa, 
overexpression of munc18-1 in micro island cultures of cortical neurons 
increases the frequency of spontaneous fusion events and the recovery 
rate of the readily releasable pool after high frequency stimulation and 
sucrose shock (Toonen et al., in preparation). Together, this suggests that 
munc18-1 is positively correlated to the number of synaptic vesicles that 
can fuse to the presynaptic membrane, and thus theoretically, to the amount 
of membrane that can be added to a growing neurite/the neuritogenic 
potential of a neuron. 
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Here we tested the correlation between munc18-1 and neurite outgrowth by 
comparing control and munc18-1 null mutant neurons in culture. We found 
that neurite outgrowth in mutant neurons was normal during the first 3 days 
in vitro (DIV). Dynamic growth cone analysis after 3DIV, however, indicated 
that net neurite outgrowth was reduced in mutant neurons while filopodial 
outgrowth was increased. After 7DIV, mutant neurons had significantly 
shorter neurites with less branching points, suggesting that munc18-1 
indeed is positively correlated with neurite outgrowth. 

Materials and Methods

Laboratory animals

Munc18-1 deficient mice were generated as described before (Verhage et 
al., 2000). 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.

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% β-mercaptoethanol. Low 
density cultures were plated on poly-L-lysin coated glass coverslips 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 coverslips. 
After drying and UV sterilization glial cells were plated at 600/cm2. For 
electrophysiological experiments, cultures were treated with 100 nM insulin 
to promote mutant neuron viability up to 9DIV. 50% of the medium was 
refreshed every week.

Organotypic cultures
Organotypic slice cultures from E18 hippocampi were prepared as follows. 
Mouse embryos were obtained by caesarean section of pregnant females 
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from timed heterozygous mating. GFP-expressing animals were identified 
by direct inspection using a Leica MZ12 dissection microscope fitted with 
fluorescence optics. Brains were dissected in ice-cold dissection Gey’s 
balanced salt solution (dGBSS, consisting of GBSS (Invitrogen) with 0.65 g 
glucose and 200µM kynurenate, pH 7.4) and cut into 400 µm thick slices 
using a McIlwain tissue chopper (Mickle Engineering, Gomshall UK). After 
separating individual slices, hippocampal region was dissected out and 
separated. These hippocampal slices were kept at 4°C in dGBSS for 45 min to 
recuperate. All subsequent procedures were identical to those described for 
organotypic slice cultures from P8 mice (Gahwiler et al., 1998).For confocal 
imaging slices were mounted in purpose-built chambers (Life Imaging 
Services, Olten Switzerland) and observed under continuous superfusion 
with 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 
and 2.5 mM CaCl2) saturated with 95% O2 /5% CO2 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)

Electrophysiological Recordings

Whole cell recordings were performed on cultured neurons on DIV 8 and 9. 
The patch pipette solution contained the following (in mM): 125 K+-gluconic 
acid, 10 NaCl, 4.6 MgCl2, 4 K2-ATP, 15 Creatine Phosphate, 1 EGTA and 20 
U/ml Phospocreatine Kinase (pH 7.30). The external medium used contained 
the following components (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 
HEPES, 10 Glucose (pH 7.30). For sucrose application 500 mOsm sucrose 
was added to normal external medium. Application of 500 mOsm sucrose 
was performed with an application pipette for a duration of 4 seconds (with 
picospritzer). α-latrotoxin was bath-applied at a final concentration of 1 nM. 
Axopatch 200A was used for whole-cell recordings. Signal was acquired 
using Digidata 1322A and Clampex 8.1. Clampfit 8.0 was used for offline 
analysis.

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. After washing with PBS the cells were permeated with 
0.1% Triton X-100 for 5 minutes. After washing with PBS the cells were ready 
for processing or storage. Before staining the cells were incubated in 4% fetal 
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calf serum for 20 minutes to block a-specific reactions. After washing with 
PBS the cells were incubated in a mixture of antibodies and 0.1% Triton X-100 
for 1 hour at room temperature of overnight at 4 °C. The antibodies used 
were: mouse anti MAP2, 1/200 (Boehringer Mannheim, Germany) and rabbit 
anti synapsin1, 1/1000 (E028). After washing 3 times 5 minutes with PBS, 
the cells were incubated for 1 hour at room temperature in goat anti rabbit 
Alexa488 and/or goat anti mouse Alexa546 (Molecular Probes, Oregon, 
USA). After washing in 3 times 5 minutes in PBS the coverslips 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 and network formation in 7DIV 
neurons a number of parameters were analysed; the number of primary 
dendrites and the total number of dendritic branching points were counted 
and the length of the longest primary dendrite was measured. The average 
and standard deviation of these parameters were compared (for control and 
munc18-1 deficient neurons) with 2-tailed paired t-tests.

Results

Electrophysiological properties of munc18-1 deficient neurons

A previous study pointed out that acute cortical slices of munc18-1 deficient 
mice are unable to secrete GABA in response to direct electrical stimulation 
(Verhage et al., 2000). To further study the secretion phenotype of munc18-
1 null neurons we used whole-cell patch clamp recordings of control and 
munc18-1 mutant neurons in low-density cultures of 9 days in vitro (DIV). 
One method to induce massive release of synaptic vesicles is the application 
of a high concentration of sucrose (500 mOsm) to the external medium, 
which is sufficient to trigger fusion of the entire readily releasable pool 
(Rosenmund and Stevens, 1996). Application of high sucrose to control 
neurons induced a large inward current (Fig. 1A). This inward current could 
be blocked by GABA-A receptor blocker bicucculine (data not shown), 
suggesting the current was evoked by GABA release. Sucrose application 
did not induce any current in munc18-1 deficient neurons, suggesting that 
sucrose does not elicit transmitter release in mutant neurons (Fig. 1B). The 
most potent induction of synaptic vesicle release that is currently known is 
by application of α-latrotoxin, a toxin derived from the black widow spider 
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(Schiavo et al., 2000). Recordings from control neurons show a massive 
increase in synaptic input following α-latrotoxin application (Fig. 1C). 
Munc18-1 deficient neurons, however, show no postsynaptic response to 
α-latrotoxin application (Fig. 1D). Since munc18-1 mutant neurons do have 
functional receptors (GABA, Acetylcholine, (Verhage et al., 2000); Glutamate, 
Heeroma et al., 2004), this suggests that the lack of postsynaptic responses 
in mutant neurons is due to the disability of synaptic vesicles to fuse with 
the presynaptic membrane.

Neurite outgrowth, network formation and dendritic branching

The data above support our previous findings that regulated secretion, and 
in particular, neurotransmitter secretion, is severely disturbed in munc18-
1 deficient neurons (Verhage et al., 2000). We have previously shown that 
basic neurite outgrowth and synapse formation occurs in the absence of 
munc18-1/regulated secretion but also found evidence that the later stages 
of neurite outgrowth and synapse formation are hampered (Heeroma et al., 
2003; Verhage et al., 2000). Here, the process of neurite outgrowth and 
network/synapse formation in the absence of munc18-1 was studied in 
more detail.

Figure 1: Munc18-1 deficient neurons are unable to release synaptic vesicles. Control and mutant neurons 
were recorded in low-density cultures (DIV 8). Application of high sucrose solution releases the ready 
releasable pool (Rosenmund and Stevens, 1996). Application of sucrose (indicated by black arrow in A and B) 
induced release in control neurons (n=3). However, no release is induced by sucrose in mutant neurons (n=2). 
Application of α-latrotoxin to cultured control neurons (DIV 8) induced massive release (C, n=4)). However, 
mutant neurons do not show any release after α-latrotoxin application (D, n=3).
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Control and munc18-1 deficient neurons were plated on poly-L-lysine coated 
coverslips and dendrite length was monitored at 0, 3 and 7DIV. At these 
time-points every dendrite, identified as any detectable protrusion positive 
for microtubule associated protein-2 (MAP2) staining, was measured relative 
to the diameter (D) of its soma and categorised into bins (0-1 D, 1-2 D or >2 
D), enabling quick and robust analysis of many dendrites. 
After 7 hours in vitro (0DIV), dendrite length was measured as a calibration/
starting point of later counts. For both control and mutant cultures, 96 
randomly chosen fields of 0.137 mm2 were analysed. As expected, the vast 
majority of control and mutant neurons had not yet grown dendrites (longer 
than 1 D, fig. 2). Relatively few neurons already had dendrites longer than 1 
D (control: 5.6% +/- 0.06, mutant: 7.1% +/-0.08). A chi-square test revealed 
that the average dendrite on mutant neurons was slightly, but significantly 
longer (p<0.001).
After 3DIV, 24 randomly chosen fields of control and mutant cultures were 

analysed. In general, neurons in both groups had grown more primary 
dendrites (not shown) and those dendrites were longer; 22% of dendrite of 
control neurons were still shorter than 1 D, 46% were between 1 and 2 D and 
32% was longer than 2 D (absolute values are listed under fig. 2). In mutant 
neurons, the length distribution was comparable with 33, 36 and 31% in the 
three categories respectively. 
After 7DIV, 48 randomly chosen fields of control and mutant cultures were 
analysed. In control neurons, dendrite length had increased again, with 11% 
of dendrite still shorter than 1D, 22% between 1 and 2 D and 67% longer 
than 2 D (absolute values are listed under fig. 2). The average length of 
dendrites from munc18-1 deficient neurons, however, had not dramatically 
changed with 40% still shorter than 1 D, 24% between 1 and 2 D and 36% 
longer than 2 D. Comparison with a chi-square test revealed that mutant 

Figure 2: Mutant neurons have normal neurite length at 3DIV but shorter neurites at 7DIV. Neurite length of control 
and mutant neurons was measured relative to cell body diameter (D). At 0DIV, 3DIV and 7DIV, 96, 24 and 48 randomly 
chosen field of 0.137 mm2 were analysed. To aid comparison, average neurite numbers per 24 fields are depicted. A chi 
square test revealed that control neurites were significantly longer at 7DIV (p<0.001).
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dendrites were highly significantly (p<0.001) shorter than control neurons. 
It must be noted, however, that by 7DIV most munc18-1 deficient neurons 
had already degenerated (discussed in Heeroma et al., 2004). These data 
suggest that dendrite length of control and munc18-1 deficient neurons 
were not different during the first 3DIV. Between 3 and 7DIV, however, most 
mutant neuron were lost. The neurons that remained in culture until 7DIV 
had significantly shorter dendrites. 
We also analysed the capacity of control and munc18-1 deficient neurons to 
form networks. Since only few synapses are formed before 7DIV, the number 
of contacts with other neurons was counted (defined as physical overlap of 
dendrites). At 0DIV, the number of contact points of each neuron was noted 
(as 0, 1, 2 or >2). As both control and mutant neurons had only extended a 
few short dendrites by this time (see above), the number of contact points 
was concomitantly low (Fig. 3). At 3DIV, the number of contact points 
between neurons was nearly identical for both groups; 38% of control 
neurons still had no contact with other neurons, 32% had 1 contact, 22% 
had 2 contacts and 8% had more contacts. Of munc18-1 deficient neurons, 
38% had no contacts, 32% had 1 contact, 23% had 2 contacts and 7% had 
more than 2 contacts (the absolute values are listed under fig. 3). At 7DIV, 

the begin of the synaptogenic period of cultured neurons, the number of 
contact points of control neurons had sharply increased; 5% still had no 
contact with other neurons, 19% had 1 contact, 30% had 2 contacts and 
46% had more than 2 contacts. At this time point most munc18-1 deficient 
neurons had degenerated (Heeroma et al., 2004). Of the remaining neurons 
the majority of approximately 80% had no contacts with other neurons and 
approximately 20% had one contact. These data suggest that the network 
forming capacity of munc18-1 deficient neurons is normal up to 3DIV, but 

Figure 3: Mutant neurons show normal network formation at 3DIV but have fewer contacts with other 
neurons at 7DIV. Network formation, defined as physical overlap of neurites was analysed for control and 
mutant neurons. At 0DIV, 3DIV and 7DIV, 96, 24 and 48 randomly chosen field of 0.137 mm2 were analysed. 
To aid comparison, average neurite numbers per 24 fields are depicted.
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is sharply declined at the onset of the synaptogenic period, which coincides 
with massive degeneration of munc18-1 deficient neurons.
When munc18-1 deficient neurons are grown on a glial feeder layer, these 
neurons can be maintained in culture up to 10DIV (Heeroma et al., 2004). 
After 7DIV, the amount of primary dendrites, the length of the longest 
primary dendrite and the total number of branching points were measured 
for control (n=6) and munc18-1 deficient neurons (n=10). The number of 
primary dendrites in munc18-1 deficient neurons (4,2 +/- 1,1) was not 
different from control neurons (4,5 +/- 0,5). The length of the longest 
dendrite, however, was significantly shorter (p=0.01) for munc18-1 deficient 
neurons (93,6 +/- 44,4 μm) than for control neurons (153,0 +/- 18,9 μm). 
The number of branching points was highly significantly less (p=10-7) for 
munc18-1 deficient neurons (3,2 +/- 2,4) than for control neurons (14,2 +/- 
2,0). Representative examples of control and mutant neurons are depicted 
in figure 4. Together, these results suggest that the presence of munc18-1 
is not of influence on the number of primary dendrites that are formed, 
their initial outgrowth or the formation of initial contacts between neurons. 

Figure 4: Neurite outgrowth of control and munc18-1 deficient neurons after 7DIV. Control (A, C) and mutant 
(B, D) neurons were cultured on microglial islands and stained for dendrite marker MAP-2. Mutant neurons 
have shorter dendrites with fewer branching points. Scale bar is 25 µm. 
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However, after 7DIV, the lack of munc18-1 results in shorter dendrites and 
fewer branching points.

Growth cone dynamics

The data above suggest that munc18-1 deficient neurons have normal 
neurite outgrowth and network forming characteristics during the first 
3DIV, but later on have reduced neurite outgrowth and branching. However, 
these assumptions are based on static data and thus do not reveal the 
actual effect of munc18-1 on neurite outgrowth. Therefore, we analysed the 
dynamic behaviour of control and mutant growth cones in 3DIV organotypic 
hippocampal cultures.
Contrary to the experiments above where the entire neuronal morphology 
was analyzed, here only growth cones were monitored enabling analysis 
in the more natural environment of organotypic slice cultures. To optimize 
growth cone visualization munc18-1 deficient and control mice were 
crossed with mice transgenically expressing plasmamembrane marker 
gfptkras (Roelandse et al., 2003). Hippocampal slices were cultured in 
a plasma clot (Gahwiler et al., 1991) to promote adhesion and support 
outgrowth of neurites from the slice (Fig. 5A). After 3DIV several neurites 
had protruded into the surrounding plasma clot enabling analysis of their 
morphology. Using a spinning disk confocal microscope growth cones could 
be tracked through time with minimal risk of phototoxicity. First the average 
outgrowth rate from the hippocampal slice into the surrounding plasma clot 
was calculated. The position of 16 control and 18 mutant growth cones 
was determined each minute for one hour and compared with compared 
with the initial X and Y coordinates (Fig. 5B). The average control growth 
cone grew 5.8 +/- 0.7 (SEM) µm/min in X direction and 6.3 +/- 0.6 µm/min 
in Y direction. The average outgrowth of mutant growth cones was highly 
significantly less (p(X)=10-5, P(Y)=10-4) with 0.9 +/- 0.9 (X) and 2.4 +/- 0.8 
(Y) µm/min outgrowth respectively (Fig. 5C). Second the number of newly 
appearing filopodia was determined on 21 control and mutant growth 
cones. Control growth cones on average formed 23.3 +/- 1 new filopodia 
per hour. Mutant growth cones formed significantly more (p=10-11) filopodia 
with 48.8 +/- 2.2 per hour (Fig. 6). Third, the average length of filopodia was 
measured. In controls, filopodia were on average 2.9 +/- 0.1 µm, which was 
significantly shorter (p=10-6) than mutant filopodia that on average were 3.4 
+/- 1.0 µm (Fig. 6). These data suggest that mutant neurites of 3DIV show 
less net elongation while forming more and longer filopodia.
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Figure 5: Growth cone dynamics in mutant and control organotypic cultures. A: Brightfield (BF) and 
fluorescent (GFP) pictures show mutant and control hippocampal organotypic cultures of 3DIV. B: Tracking 
growthcones for 60 minutes shows extension of control neurites and virtually no net movement of mutant 
growthcones. C: statistical analysis shows that net neurite extension in mutant neurons is only 15-30% of 
control values.
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Figure 6: Filopodial dynamics of control and mutant hippocampal organotypic cultures. A: Munc18-1 deficient 
growthcones are much more studded with filopodia than controls. B: The number of newly appearing filopodia 
on mutant growthcones is doubled compared to controls. The average length of filopodia is significantly 
greater in mutant cultures.
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Discussion

In the present study, we analysed neurite outgrowth, branching and network 
forming properties of munc18-1 deficient neurons that lack neurotransmitter 
secretion. Up to 3DIV, neurite outgrowth and network formation of mutant 
neurons was identical to control neurons. Dynamic analysis of mutant 
neurons indicated that at 3DIV, net growth cone protrusion was reduced, 
while the formation and length of filopodia was increased. After 7DIV, 
mutant neurons had shorter dendrites, less branching points and fewer 
contacts than control neurons.

We have previously shown that munc18-1 deficient neurons in an acute slice 
preparation do not release GABA after direct electrical stimulation (Verhage 
et al., 2000). Here, we applied sucrose and α-latrotoxin, the most potent 
stimulators of neurotransmitter secretion known at this point, to cultured 
cortical neurons. While control neurons showed a vigorous postsynaptic 
response after application of both substances, no postsynaptic response 
was measured in mutant neurons. Hence, we conclude that munc18-1 
deficient neurons are absolutely incapable of neurotransmitter secretion. 
This is, to date, the most dramatic secretion phenotype that has been 
described in mammalian neurons, rendering munc18-1 as a key regulator of 
neurotransmitter secretion.

Our finding that dendrite outgrowth and network formation are normal in 
munc18-1 deficient neurons during the first 3DIV suggests that munc18-1, 
and thus neurotransmitter secretion, is dispensable for membrane addition 
to outgrowing neurites in this period. This contradicts earlier suggestions, 
based on experiments with botulinum toxin which cleaves SNARE proteins 
(Williamson and Neale, 1998; Osen-Sand et al., 1993). A possible explanation 
for this discrepancy is that the SNARE proteins responsible for the regulated 
secretion of neurotransmitter are also involved in other membrane fusion 
processes such as the addition of membrane to growing neurites. Munc18-
1, on the other hand appears to be a specific regulator of neurotransmitter 
secretion and is does not influence dendrite outgrowth during the first 
3DIV. 

In later developmental stages, however, munc18-1 does appear to be 
involved in neurite elongation; net elongation of 3DIV mutant neuronal 
growth cones was slower and 7DIV munc18-1 deficient neurons had shorter 
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dendrites with fewer branches and formed less contacts with other neurons. 
This is in agreement with a study in cultured hippocampal neurons where 
overexpression of munc18-1 led to more branching and a larger neuritic tree 
(Steiner et al., 2002). It has previously been proposed that neurotransmitter 
mediated activity is a positive regulator of neurite outgrowth and branching 
(Lipton and Kater, 1989; Brewer and Cotman, 1989). Therefore, the effect 
of munc18-1 on neurite branching and outgrowth is possibly more related 
to its role in neurotransmitter secretion/neuronal activity than to its role 
in membrane fusion. In the initial phases of neuronal differentiation and 
neurite outgrowth, synapses and thus synaptic activity are scarce and 
presumably of little influence. For this reason, early neurite outgrowth is 
more likely to be directed by innate genetic programs rather than synaptic 
activity.This might therefore explain the discrepancy between the negative 
effect of munc18-1 deficiency on dendrite outgrowth and branching in 7DIV 
neurons and the lack of this effect in 3DIV neurons and in the developing 
brain (Verhage et al., 2000).
Apart from our experimental data there is also a theoretical constraint 
against synaptic vesicles subserving growth cone expansion. Given that 
an axon of 1μm diameter can grow up to 40 μm per hour this would take 
100.000 synaptic vesicles of 20 nm diameter (per hour) when these vesicles 
were the sole source of membrane at the growth cone. Fusion of 100.000 
vesicles per hour, or ~25 per second would be pushing the limits of the 
fastest mature synapses and are therefore extremely unlikely to occur at a 
growth cone that lacks fully differentiated synaptic vesicle fusion machinery. 
We therefore propose that if munc18-1 contributes to neurite outgrowth by 
regulating the addition of vesicles to the plasma membrane, this contribution 
is only marginal and only applies to the terminal stages of outgrowth. The 
mechanism by which munc18-1 mediated neuronal activity accounts for the 
remainder of neurite outgrowth remains elusive however.

We found that munc18-1 deficient neurons formed more new filopodia on 
their growth cones than control neurons, and that these filopodia were 
longer. Possibly, filopodia are formed by mechanical stretching of the 
present plasmamembrane. Alternatively, additional membrane for these 
protrusions might be delivered in a munc18-1 independent fashion. The 
higher incidence and larger size of growth cone filopodia might even 
be a combined consequence of constitutive, munc18-1 independent, 
plasmamembrane delivery to neurites and reduced neurite outgrowth which 
is correlated with the absence of munc18-1. In addition, the longer net 
length of filopodia suggests that mutant neurons have more active filopodia 
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than control neurons and thus that the lack of neurotransmitter secretion 
has a positive effect on filopodial movement. This agrees with a study of 
presynaptic filopodia of hippocampal mossy fiber terminals where high 
concentrations of kainic acid slowed filopodial movement down (Tashiro et 
al., 2003). Postsynaptically, similar principles apply since glutamate receptor 
activation was found to inhibit dendritic spine movement (Fischer et al., 
2000).

Data from a recent study by Niell et al. suggest that dendritic filopodia 
probe their environment for suitable synaptic partners and upon synapse 
stabilization serve as starting points for further dendrite outgrowth (Niell et 
al., 2004). Synaptic activity/neurotransmitter secretion is a likely candidate 
to be involved in synapse stabilization (Ackermann and Matus, 2003; 
Wong and Wong, 2000). Following this line of thought, the complete lack 
of neurotransmitter secretion in munc18-1 mutant neurons would impair 
synapse stabilization and thus subsequent extension of dendrites. The 
rudimental neurite outgrowth and synapse formation that is observed in 
munc18-1 deficient neurons is probably part of an innate genetic program 
that serves as a starting point for further, activity based, munc18-1-
dependent, formation of dendrites and synapses.

In this study we used munc18-1 deficient neurons to investigate the role 
of synaptic vesicle secretion in neurite outgrowth. We concluded that if 
synaptic vesicle secretion contributes to neurite expansion, this effect is 
marginal, restricted to late stages of outgrowth and probably mediated by 
neurotransmitters/synaptic activity rather than synaptic vesicles per se. In 
chapter 3, however, we speculated that munc18-1 might have additional 
cellular functions that are distinct from its role in regulated secretion. Indeed, 
recent studies have shown interactions between munc18-1 and cytoskeletal 
elements and proteins involved in synapse stabilization (Bhaskar et al., 
2004; Biederer and Sudhof, 2000). Perhaps, (mutant forms of) munc18-1 
can be used to resolve the respective roles of synaptic activity, cytoskeletal 
proteins etc. in neuronal network formation.
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Abstract

Apart from a lack of neurotransmitter secretion, munc18-1 deficient 
neurons are characterized by improper neurite outgrowth and premature 
degeneration (Heeroma et al., 2003; Heeroma et al., 2004 and chapter 4). In 
this study, we aimed to test whether these characteristics are due to a latent 
developmental defect and to generate a test system to analyze munc18-1 
mutant variants. Hereto, neocortical neurons from embryonic day 18 (E18), 
munc18-1 deficient mice were cultured and subsequently infected with lenti 
viruses that were mutated to drive the expression of munc18-1-egfp. We 
monitored these neurons up to 3 weeks in vitro and found that neuronal 
viability, dendrite outgrowth and neurotransmitter secretion were completely 
restored. Thus, munc18-1 deficient neurons do not degenerate due to latent 
developmental defects and lenti viruses could successfully transfer munc18-
1 and rescue the mutant phenotype. Therefore, lenti viruses can also be used 
to transfer mutant forms of munc18-1 on a null mutant background which 
should enable a proper analysis of the mutant phenotype. Here, we present 
the first preliminary data from mutants with suspected altered binding to 
syntaxin-1 and mint-1. We found that mutations to munc18-1 severely 
reduced affinity for syntaxin-1 and mint-1 (D34N and D34N;M38V) or 
syntaxin alone (S313D). Pilot data suggest that these mutants are all capable 
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of basic neurotransmitter secretion and are not compromised in neurite 
outgrowth or viability. In conclusion, cultured munc18-1 deficient neurons 
derived from E18 embryos are not prone to degenerate and, in conjunction 
with lenti viruses, form a promising tool to dissect the molecular function 
of munc18-1.   
       

Introduction

Munc18-1 is essential for neurotransmitter secretion (Heeroma et al., 2003; 
Verhage et al., 2000) and a strong positive regulator of large dense core 
vesicle secretion (Voets et al., 2001). After normal initial development 
munc18-1 deficient neurons degenerate both in vivo and in culture (Heeroma 
et al., 2003; Heeroma et al., 2004). This degeneration might be related to 
the lack of munc18-1 mediated synaptic secretion or neurotrophic support. 
The lack of neurotransmitter secretion alone is unlikely to cause neuronal 
degeneration as neurons deficient for both munc13-1 and 2, which have 
highly impaired synaptic vesicle fusion, can survive in culture for weeks 
(Varoqueaux et al., 2002).  In culture, providing trophic support, either 
direct, or by co-culturing with wildtype hippocampal slices or glial cells, 
delayed but could not prevent degeneration of munc18-1 deficient neurons 
(Heeroma et al., 2004). Possibly munc18-1 has a function in long term 
neuronal survival that is distinct from its established function in synaptic 
secretion. Alternatively, the lack of munc18-1 in utero, might have rendered 
munc18-1 mutant neurons prone to degenerate. 
Apart from its role in synaptic secretion, munc18-1 also has a marked effect 
on neurite outgrowth and synapse formation. In developing neocortex, the 
amount of synapses is less in mutants than in control littermates (Bouwman et 
al., 2004). In the peripheral nervous system, mutant mice have dramatically 
less neuromuscular junctions and show severely aberrant neurite branching 
and elongation (Heeroma et al., 2003). In cultured hippocampal neurons, 
overexpression of munc18-1 increases total neurite length by increasing the 
number of neurite branches (Steiner et al., 2002). Conversely, the absence 
of munc18-1 significantly decreases dendrite length and branching (chapter 
4). Thus, apart from synaptic secretion munc18-1 appears to regulate 
neurite outgrowth and synapse formation. One possibility is that munc18-1 
regulates membrane addition to growing neurites via synaptic vesicle fusion 
or a similar mechanism. 
Munc18-1 interacts with many partners ranging from synaptic proteins such 
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as DOC2 (Verhage et al., 1997), to structural proteins such as neurofilaments 
and microtubules (Bhaskar et al., 2004). Mint-1 and syntaxin-1 are probably 
the best known binding partners of munc18-1 and are primarily known 
for their involvement in regulated secretion (Biederer and Sudhof, 2000; 
Garcia et al., 1994; Hata et al., 1993; Wu et al., 1998). Possibly the various 
interactions of munc18-1 are involved in different aspects of the null mutant 
phenotype. Specific mutations of munc18-1 might therefore differentially 
affect regulated secretion, neurite outgrowth and neuronal viability.
In this study we tested if the impaired neurite outgrowth and degeneration 
of munc18-1 deficient neurons are the result of an acute lack of munc18-1 
function or latent defects from earlier development. In addition, we aimed 
to create a system in which we could test various mutant forms of munc18-
1. Hereto, we cultured late-embryonic neocortical neurons from munc18-
1 deficient mice and used mutated lenti viruses to induce expression of 
munc18-1-egfp. We found that munc18-1 restored neurite outgrowth, 
neurotransmitter secretion and neuronal survival. Thus, munc18-1 deficient 
neurons do not degenerate due to latent developmental defects and can 
be used together with lenti viruses to analyze the phenotype of munc18-
1 mutants on a null background. Preliminary data suggest that mutations 
to munc18-1 changed the affinity for syntaxin-1 and mint-1 (D34N and 
D34N;M38V) or syntaxin alone (S313D) but that this has no obvious effect 
on either neuronal survival, neurite outgrowth or basic neurotransmitter 
secretion.

Materials and Methods

Laboratory animals

Munc18-1 deficient mice were generated as described before (Verhage et 
al., 2000). Mouse embryos were obtained by caesarian section of pregnant 
females from timed heterozygous matings. Embryos, heterozygous for 
munc18-1, were indistinguishable from, and therefore pooled with, wildtype 
embryos to serve as control animals. Animals were housed and bred 
according to institutional, Dutch and U.S. governmental guidelines.

Generation and biochemical analysis of constructs

Munc18-1 mutants were generated using Quickchange (Stratagene) and 
subcloned in pcDNA3 (Invitrogen) expression plasmids. HEK293 cells 
were transfected with Munc18-1 wild-type or mutant cDNAs, metabolically 
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labeled with [35S]methionine/cysteine (Dupont New England Nuclear) for 
24 hours and lysed according to standard procedures. The amount of 
Munc18-1 expression in each lysate was analysed on SDS-PAGE and lysate 
volume was adjusted to correct for any expression differences. Hundred 
µg of cell lysate was incubated overnight at 4°C with syntaxin-1 coupled 
to glutathione-S-transferase (GST). One hour after addition of glutathione-
agarose beads, lysates were washed thoroughly with buffered saline. Beads 
were resuspended in SDS loading buffer, boiled and run on 12% SDS-PAGE. 
Gels were blotted onto PVDF membranes and radioactive proteins were 
quantified on a phosphoimager (Fuji, BAS1000).

Cortical cultures and lenti viral transduction

Cortices were dissected from embryonic day 18 (E18) mice and collected 
in Hanks Buffered Salts Solution (HBSS; Sigma), buffered with 7 mM Hepes. 
After removal of the meninges, cortices were minced and incubated for 20 
minutes in 0.25%? trypsine in HBSS at 37 °C. After washing the neurons 
were triturated with fire polished Pasteur pipettes, counted 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% β-mercaptoethanol. Neurons were plated at 6,000/cm2 
on micro 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 
coverslips. After drying and UV sterilization glial cells were plated at 600/
cm2. 50% of the medium was refreshed every week. Munc18-1 wild-type and 
mutant cDNAs linked to enhanced green fluorescent protein (EGFP) via an 
internal ribosomal entry site (IRES) were subcloned into pLenti vectors with 
pCMV promotors and viral particles were produced as described (Naldini et 
al., 1996a; Naldini et al., 1996b). Neurons were transduceed at 1DIV and 
EGFP fluorescence was detectable after 2 to 3DIV. Transduction efficiencies 
between 40 and 100% were routinely obtained.   

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. After washing with PBS the cells were permeated 
with 0.1% Triton X-100 for 5 minutes. After washing with PBS the cells were 
ready for processing or storage. Before staining the cells were incubated 
in 4% fetal calf serum for 20 minutes to block a-specific reactions. After 
washing with PBS the cells were incubated in a mixture of mouse monoclonal 
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anti-MAP2, 1/200 (Boehringer) and rabbit polyclonal anti-synapsin1, 1/1000 
(E028) antibodies and 0.1% Triton X-100 for 1 hour at room temperature or 
overnight at 4 °C. After washing 3 times with PBS, the cells were incubated 
for 1 hour at room temperature in secondary antibodies conjugated to Cy5 
or Alexa546 (Molecular Probes, Oregon, USA). After washing in PBS the 
coverslips were mounted with Dabco-Mowiol and analysed with a Zeiss 510 
Meta Confocal microscope (Heidelberg, Germany).

Electrophysiological Recordings

Whole cell voltage-clamp (Vm=-70 mV) recordings were performed on 
cultured neurons on DIV 10-15. The patch pipette solution contained the 
following (in mM): 125 K+-gluconic acid, 10 NaCl, 4.6 MgCl2, 4 K2-ATP, 15 
Creatine Phosphate, 1 EGTA and 20 U/ml Phospocreatine  Kinase (pH 7.30). 
The external medium used contained the following components (in mM): 140 
NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 HEPES, 10 Glucose (pH 7.30). Axopatch 
200A was used for whole-cell recordings. Signal was acquired using Digidata 
1322A and Clampex 8.1. Clampfit 8.0 was used for offline analysis.

Results

Introduction of munc18-1 on a null background restores neuronal 
viability and neurite outgrowth

Munc18-1 null mutant neurons can survive up to 10 days in vitro (DIV) 
when cultured on a glial feeder layer, but eventually degenerate (Heeroma 
et al., 2004). Here we tested whether munc18-1 mutant neurons are prone 
to degenerate due to a temporary lack of munc18-1 during embryonic 
development. In addition, we aimed to generate a test system to analyze 
mutant forms of munc18-1. Directly after plating we introduced a fusion 
protein of enhanced green fluorescent protein and munc18-1 (munc18-1-
EGFP) in munc18-1 null mutant neurons using lenti virus as a vector. After 
7DIV, munc18-1 deficient, neurons (Fig. 1A-C, see appendix) and munc18-1-
egfp expressing neurons (Fig. 1D-F, see appendix) were present in culture. 
At this point there is no obvious difference in survival rate of mutant and 
control neurons (Heeroma et al., 2004). After 10DIV, few munc18-1 deficient 
neurons (Fig. 1G-I, see appendix) were left in culture while munc18-1-EGFP 
expressing neurons (Fig. 1J-L, see appendix) were still abundant. After 
18DIV, only munc18-1-EGFP expressing neurons were left in culture (Fig. 
1M-O, see appendix). 
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Apart from neuronal survival, introduction of munc18-1 had a marked effect 
on neuronal morphology. Both after 7 and 10DIV, MAP2-positive dendrites 
(red) of munc18-1-egfp transduced neurons (Fig. 1D-F and J-L, see appendix) 
are dramatically longer than munc18-1 deficient neurons (Fig. 1A-C and G-I, 
see appendix). Also the number of dendrite branches appears to be higher 
in munc18-1 expressing neurons. No difference was observed in the number 
of primary dendrites in both groups of neurons. These data suggest that 
introduction of munc18-1 in cultured E18 null mutant neurons successfully 
rescued these neurons from degeneration and restored dendrite outgrowth. 
As introduction of wildtype munc18-1(egfp) rescued the null mutant 
phenotype, this system may also be suitable to test the phenotype of mutant 
forms of munc18-1.

Munc18-1 (mutants) restore neurotransmitter secretion in cultured 
cortical neurons

Munc18-1 deficient neurons show neither evoked nor spontaneous 

Figure 2: Basic electrophysiological characterization of munc18-1 deficient neurons rescued with munc18-
1-ires-egfp. Transduction of munc18-1 deficient neurons with ≠munc18-1-ires-egfp restored both miniature 
and single evoked release to control levels. A: Example traces of single evoked IPSCs in both control and 
rescued neurons. B: Both amplitude and decay time are restored, although the amplitude seems to be smaller 
in rescued munc18-1 deficient neurons as compared to control (p=0.08). C: Miniature event frequency, 
amplitude and decay time are all fully restored in rescued neurons.
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neurotransmitter secretion (Heeroma et al., 2004). To test if delayed 
expression of munc18-1 could restore synaptic function we expressed 
munc18-1-ires-egfp in autaptic island cultures of E18 munc18-1 deficient 
neurons and analyzed the electrophysiological properties in parallel with 
wild-type neurons.
Whole cell patch clamp analysis of munc18-1 deficient neurons, rescued 
with munc18-1-ires-egfp, indicated that basic neurotransmitter secretion 
is restored. Single electrical stimulation showed complete recovery of 
the autaptic response as compared to control recordings (Fig. 2A and B). 
Comparison of miniature events revealed that properties like amplitude, 
decay time and frequency were completely restored to control levels (Fig. 
2C). To test whether delayed expression of munc18-1 could also restore 
continuous neurotransmitter secretion, synaptic rundown was analyzed 
during a stimulation train of 10 Hz. Figure 3 shows that rescued munc18-
1 deficient neurons had a similar rundown pattern as control neurons, 
indicating that also the maintenance of the readily releasable pool of 
synaptic vesicles was fully restored. 

Figure 3: Characterization of synaptic vesicle recycling in munc18-1 deficient neurons rescued with munc18-
1-ires-egfp. Synaptic rundown was investigated using a 10 Hz stimulation train. Munc18-1 deficient neurons 
rescued with munc18-1-ires-egfp showed complete recovery of synaptic rundown as compared to control 
neurons.
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To test whether we could successfully introduce and analyze mutant forms 
of munc18-1 on a null mutant background we also expressed the mutants 
r39c, d34n, d34n;m38v and s313d which are reported to have altered 
affinity for syntaxin-1 and mint-1 (Harrison et al., 1994; Naren et al., 1997). 
Preliminary analysis of neurons expressing r39c-ires-egfp, d34n-ires-egfp, 
d34n;m38v-ires-egfp and s313d-ires-egfp indicated that all these variants 
restored basic (spontaneous) synaptic transmission (Fig. 4). More detailed 
analysis will reveal whether more demanding stimulation protocols do 
affect neurotransmitter secretion in these mutants. Nonetheless, these 

Figure 4: Mutant forms of munc18-1 restore basic neurotransmitter secretion in null mutant neurons. Null 
mutant neurons were transduced with r39c-ires-egfp, d34n-ires-egfp, d34n;m38v-ires-egfp or s313d-ires-
egfp directly after plating. Preliminary analysis of spontaneous events at 10DIV revealed that every mutant, 
in principle, was capable of neurotransmitter secretion. 
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data suggest that delayed expression of munc18-1 completely restores 
neurotransmitter secretion and that all tested mutants forms of munc18-1 
are capable of mediating synaptic vesicle fusion.

Mutations alter munc18-1 affinity for syntaxin-1 and mint-1

Munc18-1 interacts with syntaxin-1 and mint-1, proteins that are implicated in 
synaptic secretion and plasticity. Previously published data have described a 
number of mutant forms of munc18-1 that affect neurotransmitter secretion 
(Harrison et al., 1994; Naren et al., 1997). Here we tested the binding affinity 
of these mutant forms of munc18-1 for syntaxin-1 and mint-1. GST pull-
down experiments suggested that the D34N;M38V mutation abolished the 
interactions between munc18-1 and syntaxin-1 and mint-1 (Fig. 5). However, 
a more sensitive yeast two hybrid analysis revealed that there was a weak 
interaction between D34N;M38V and syntaxin-1 and mint-1 (Toonen et al., 
in preparation). The D34N mutation reduced the affinity for both syntaxin-1 
and mint-1. The interaction of syntaxin-1 and mint-1 with R39C was normal. 
The s313d mutation strongly reduced, but did not abolish, the interaction 
with syntaxin-1 (Fig. 5). Phosphorylation of munc18-1, which is simulated 
by the s313d mutation, does not affect mint-1 binding (E.C. Brian, personal 
communication). This suggests that every mutation of munc18-1 tested here 
is capable, in principle, of interactions with syntaxin-1 and mint-1, but the 
strength of these interactions varies. 

Figure 5: A) Effect of different point mutations in munc18-1 on affinity for syntaxin-1 and mint 1. GST 
pull-down assay with GST-syntaxin-1 and GST-mint 1 from cell lysates of metabolically labeled HEK293 cells 
expressing either wild-type munc18-1 or different mutant forms of munc18-1. Captured [35S] labeled munc18-
1 protein (68 kD) was visualized by phopsho-imaging. Syntaxin-1 and Mint-1 show reduced affinity for D34N 
and no affinity for D34N;M38V, while affinity for R39C appears normal). Syntaxin binding to S313D was 
severely reduced in vitro.
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Preliminary analysis: the affinity of munc18-1 for syntaxin-1 and 
mint-1 is not crucial for neuronal viability or outgrowth

To test whether the strength of the interaction between munc18-1 and 
syntaxin-1 and mint-1 influences neuronal viability, we analyzed munc18-1 
null mutant neurons expressing egfp, munc18-1-egfp, munc18-1-ires-egfp, 
r39c-ires-egfp, d34n-ires-egfp, d34n;m38v-ires-egfp or s313d-ires-egfp. Null 
mutant neurons were transduced with lenti virus after plating and fixed 
after 8 and 21DIV respectively. For morphological analysis, all cultures were 
stained with dendrite marker MAP2 (red in figures 6 and 7, see appendix) and 
synaptic vesicle marker synapsin (blue in figures 5 and 6, see appendix). 
Conform the data above munc18-1 deficient, egfp expressing neurons were 
present in culture after 8DIV (Fig. 6A-D, see appendix) but no munc18-1 
deficient neuron survived up to 21DIV. Neurons expressing any variant of 
munc18-1 were present in culture both after 8DIV (Fig. 6, see appendix) and 
after 21DIV (Fig. 7, see appendix). MAP2 staining in 8DIV neurons (Fig. 6A, 
E, I, M, Q, U, Y, see appendix) shows that all neurons, either expressing no 
munc18-1 or a mutant form of munc18-1 had a similar amount of primary 
dendrites. Munc18-1 null neurons (Figs. 1A-C, 1G-I and 6A, see appendix) 
have shorter dendrites and fewer branches that neurons expressing 
munc18-1 (Figs. 1D-F, 1J-L and 6E, see appendix).  No obvious difference 
was observed in general dendrite tree morphology of neurons expressing 
the various mutant forms of munc18-1 suggesting that every munc18-1 
mutant was able to restore dendrite length and branching (Fig. 6I, M, Q, U, 
Y, see appendix). 
We used the presence of synapsin-positive clusters (1 to 2 μm) in the direct 
vicinity of MAP2 staining as an indication of synapses (Fig. 6D, H, L, P, T, X, 
AB, see appendix). After 8DIV, synapses were found on every neuron, either 
munc18-1 deficient or expressing (a mutant form of) munc18-1. Apart from 
the apparent difference in the size of the dendrite tree, no evident difference 
was observed in the synaptic density of neurons expressing only egfp or (a 
variant of) munc18-1.
The binding affinity of munc18-1 for syntaxin-1 and mint-1 had no obvious 
effect on neuronal morphology after 8DIV. Possibly munc18-1 binding 
to syntaxin-1 and mint-1 only has a mild or long-term effect on neurite 
outgrowth and synapse formation. We therefore screened for differences in 
dendrite number, length, branching and synaptic density between neurons 
expressing munc18-1-egfp, munc18-1-ires-egfp, r39c-ires-egfp, d34n-ires-
egfp, d34n;m38v-ires-egfp or s313d-ires-egfp  after 21DIV (Fig. 7, see 
appendix). However, no clear differences were observed for any of these 
parameters. Although preliminary, these data suggest that in neocortical 
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neurons the presence of munc18-1 is required for long term neuronal 
survival, neurite elongation and branching, but not synaptogenesis per se. 
The affinity of munc18-1 for two of its main binding partners, syntaxin-1 
and mint-1, however, does not seem to be critically important for neuronal 
survival or morphology.
 

Discussion

The aim of this study was to test whether reduced neurite outgrowth and 
degeneration of munc18-1 deficient neurons are due to latent developmental 
or acute defects and to create a system to test various mutant forms of 
munc18-1 on a null mutant background. We modified lenti viruses to 
express munc18-1-egfp, r39c-ires-egfp, d34n-ires-egfp, d34n;m38v-ires-
egfp and s313d-ires-egfp in late-embryonic munc18-1 null mutant neurons 
and analyzed neuronal survival, dendrite outgrowth and neurotransmitter 
secretion. We found that munc18-1 could restore neuronal viability, dendrite 
outgrowth and neurotransmitter secretion and thus that munc18-1 deficient 
neurons can be used in combination with lenti viruses to analyze mutant 
forms of munc18-1. Preliminary data suggest that synaptic density is not 
severely influenced by the presence of munc18-1. In addition, mutations 
to munc18-1 could reduce the interaction with syntaxin-1 (S313D) alone 
or both syntaxin-1 and mint-1 (D34N and D34N;M38V), but the strength of 
these interactions did not appear to affect neuronal viability, morphology or 
basic neurotransmitter secretion.
We found that degeneration of munc18-1 deficient neurons in culture could 
be prevented by introduction of munc18-1 in cultured late-embryonic 
neurons. Therefore, neurons obtained from munc18-1 deficient embryos are 
not prone to degenerate and thus presumably healthy at the time of plating. 
The finding that delayed expression of munc18-1 on a null background also 
restored dendrite outgrowth and neurotransmitter secretion supports this. 
This suggests that the degeneration of munc18-1 deficient neurons that 
occurs both in vivo and in culture results from an acute munc18-1 related 
dysfunction, not from a latent defect. 
As neither the presence of munc18-1 nor its particular mutant form is 
of influence on the number of primary dendrites munc18-1-mediated 
processes such as synaptic secretion and neuronal activity do not influence 
this parameter. Therefore, basic neurite outgrowth is probably innate and 
regulated by other proteins, such as TI-VAMP and the exocyst complex 
(Martinez-Arca et al., 2001; Murthy et al., 2003). 
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The presence of munc18-1 is positively correlated with dendrite length 
and branching. This suggests that, contrary to basic neurite outgrowth, 
the growth of secondary or tertiary dendrites is regulated by munc18-1 
(mediated processes). Whether munc18-1 regulates neurite growth directly 
via fusion of vesicular and plasma membranes or indirectly, for instance 
through neuronal activity remains unknown. However, since munc18-1 
deficient motor neurons actually extended longer tertiary neurite branches 
(Heeroma et al., 2003) it is more likely that munc18-1 indirectly influences 
dendrite outgrowth.
Unlike the size of the dendrite tree, our first indications are that the presence 
of munc18-1 does not dramatically influence synaptic density. Therefore, 
the observed reduction in synapse number in developing mutant neocortex 
(Bouwman et al., 2004) might reflect reduced neurite outgrowth rather than 
impaired synaptogenesis per se. In a recent real-time imaging study of 
dendrite outgrowth in zebrafish it was shown that dendrites continuously 
extend filopodia in search of synaptic partners. A fraction of these 
filopodia, presumably opposing presynaptic terminals, stabilizes and form a 
branching/starting point for further dendrite outgrowth (Niell et al., 2004). 
One of the proposed criteria for synapse stabilization is the occurrence 
of synaptic transmission (Ackermann and Matus, 2003). This view is very 
compatible with our data; we observed a normal density of presynaptic 
synapsin clusters in the vicinity of dendritic MAP2 staining, indicating (the 
initiation of) synapse formation in munc18-1 deficient neurons. The lack of 
neurotransmitter secretion would prevent stabilization of these synapses 
and as a consequence impair further dendrite outgrowth. In line with this, 
we found that organotypic cultures of munc18-1 deficient neurons have 
reduced net neurite outgrowth, but increased filopodial activity, suggesting 
a lack of synaptic stabilization (chapter 4). 
Munc18-1 is predominantly known as an essential protein for neurotransmitter 
secretion and the observed degeneration of munc18-1 deficient neurons was 
therefore intuitively attributed to a lack of synaptic secretion (Verhage et al., 
2000). As munc18-1 is proposed to mediate synaptic secretion via interaction 
with syntaxin-1 and mint-1 (Biederer and Sudhof, 2000; Garcia et al., 1994; 
Hata et al., 1993; Wu et al., 1998), manipulation of these interactions could 
also be expected to interfere with neurotransmitter secretion and neuronal 
survival. Although preliminary, the results of the present study suggest that 
the affinity of munc18-1 for syntaxin-1 and mint-1 does not affect long-
term neuronal survival. Residual binding of munc18-1 with syntaxin-1 and 
mint-1 cannot be excluded however, leaving open the possibility that this 
is sufficient to promote neuronal survival and drive at least basic synaptic 
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secretion. Alternatively, the binding affinity of munc18-1 for syntaxin-1 or 
mint-1 might not be a critical determinant for synaptic vesicle fusion. In C. 
elegans replacement of wildtype syntaxin with a constitutively open form 
of syntaxin (LE) suppresses the phenotype of the unc18 mutant, increasing 
neurotransmitter secretion at the neuromuscular junction (Weimer et al., 
2003). On the one hand this illustrates the significance of the unc18-
syntaxin interaction in neurotransmitter secretion, but on the other hand this 
shows that, at least in worms, this interaction is not essential for secretion. 
However, in C. elegans unc18 itself is not essential for neurotransmitter 
secretion, while its orthologues rop in Drosophila and munc18-1 in mice 
are. Future experiments should elucidate whether the affinity of munc18-
1 for mint-1 and syntaxin-1 is of influence on neuronal survival and more 
demanding synaptic events such as sustained evoked secretion.
Similar to neurotransmitter secretion, our first indications are that dendrite 
outgrowth and branching are not strictly dependent on the interaction of 
munc18-1 with syntaxin-1 or mint-1.  Possibly, munc18-1 regulates neurite 
outgrowth in a way distinct from synaptic secretion. Munc18-1 was recently 
found to bind microtubules (Bhaskar et al., 2004) offering the possibility that 
munc18-1 is directly involved in structural reorganisation of the cytoskeleton.  
As cytoskeletal dynamics are involved in many basic cellular processes, this 
could not only explain defective neurite outgrowth but also sheds new light 
on the inevitable degeneration neurons that lack munc18-1. 
We used mutated lenti viruses to rescue munc18-1 deficient neurons and 
express a range of mutant forms of munc18-1 on a null background. This 
provides an excellent tool to dissect the different functions of munc18-1 
and explain the various aspects of the null mutant phenotype. Eventually, 
this approach might help to resolve whether the loss of regulated secretion, 
decreased dendrite outgrowth and neuronal degeneration, are unrelated 
phenomena caused by the lack of munc18-1, or are interconnected processes 
that actively regulate each other.
The main goal of these experiments was to validate the model system 
used in this thesis and test whether cultured munc18-1 deficient neurons 
are healthy at the time of plating. The qualitative description of neuronal 
viability, neurite outgrowth and synaptic function used here was sufficient 
to serve this purpose. In addition, these experiments yielded interesting 
data about the role of munc18-1, and the potential lack of relevance of 
mint-1 and syntaxin-1 affinity in these processes. Therefore, a quantitative 
study of the mutants used here could provide insight in the mechanism by 
which munc18-1 regulates neuronal viability, neurite outgrowth and synapse 
formation, as was described in this thesis. 
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General discussion

The aim of this thesis was to elucidate the role of regulated secretion in 
neurite outgrowth, synapse formation and neuronal viability. As genetic 
deletion of munc18-1 results in the most severe neurosecretory phenotype 
described to date (Verhage et al., 2000;Voets et al., 2001), the munc18-1 
null mutant mouse served as a model system for our experiments. 

In chapter 2 we aimed to describe motor neuronal survival, outgrowth, 
branching and synaptic development in diaphragm and intercostal muscles 
of munc18-1 deficient mouse embryos. We found that motor neurons 
projected to and branched at the muscle where synapses were formed. 
However, the final stages of branching were severely aberrant and synapses 
were scarce. In late embryonic development, motor neurons, but not sensory 
DRGs degenerated. Postsynaptically, AChRs were present, but receptor 
clusters were less uniformly shaped and distributed. Despite the presence 
of synapses, neither α-latrotoxin nor direct phrenic nerve stimulation elicited 
any postsynaptic response. 

The aim of chapter 3 was to focus on the relationship between presynaptic 
regulated secretion and neuronal survival. We found that also in culture 
munc18-1 deficient neurons did not secrete neurotransmitter but displayed 
otherwise normal biophysical properties. As was observed in utero, 
mutant neurons degenerated in culture and in vivo when munc18-1 was 
deleted in a cell specific manner. In dissociated cultures this degeneration 
was not prevented or delayed by co-culturing with wildtype neurons. 
Providing neurotrophic substances, glial support or co-culturing with 
wildtype organotypic slices delayed, but did not prevent mutant neuron 
degeneration.

In chapter 4 the aim was to analyse dendrite outgrowth and branching 
and growth cone dynamics of munc18-1 deficient neurons in culture. After 
plating, mutant neurons initially displayed normal dendrite outgrowth and 
network formation. After 3DIV, mutant growth cones showed reduced net 
outgrowth, while filopodial length and formation were increased. In later 
stages, mutant neurons had shorter dendrites with fewer branching points.

In chapter 5 we aimed to rescue cultured munc18-1 deficient neurons from 
degeneration and to create a system to analyze munc18-1 mutants on a null 
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background. Expression of munc18-1 in cultured late-embryonic neurons 
restored neuronal survival, dendrite outgrowth and neurotransmitter 
secretion, indicating that indeed, cultured munc18-1 deficient neurons are 
healthy at the moment of plating and degenerate due to acute munc18-1 
related defects. Preliminary data of munc18-1 (mutants) on a null background 
suggested that munc18-1 is not essential for synapse formation and reduced 
binding to syntaxin-1 and mint-1 does not affect dendrite outgrowth or basic 
neurotransmitter secretion.

Neurotransmitter secretion defect in munc18-1 deficient neurons

In chapter 2 we found that NMJs were present in munc18-1 deficient 
muscles at the time of electrophysiological analysis (E15 and E18). Direct 
stimulation of the phrenic nerve did not elicit any responses in the mutant 
muscle. Application of α-latrotoxin, the most potent stimulator of synaptic 
vesicle secretion known thus far, did not result in a postsynaptic response 
either. However, direct stimulation of AChRs elicited a muscle response in 
the mutant, suggesting normal development of the postsynaptic apparatus 
(Verhage et al., 2000).
Apart from functional GABA and ACh receptors (Verhage et al., 2000), 
munc18-1 deficient neurons in culture also express functional AMPA and 
NMDA receptors (chapter 3). In chapter 4 we found that mutant neocortical 
neurons in culture did not release neurotransmitter upon α-latrotoxin 
stimulation or sucrose application, which normally induces release of the 
entire readily releasable pool (Rosenmund & Stevens, 1996). Together these 
results indicate that the lack of synaptic transmission in munc18-1 deficient 
neurons is due to a lack of vesicular release and not a defect in postsynaptic 
signal reception.
Munc18-1 was the first gene to be identified as essential for “spontaneous” 
neurotransmitter vesicle fusion. In mice, a whole range of mutations of 
synaptic proteins have been described that depress neurotransmitter 
secretion to some extent. However, none of these mutants completely 
abolished both evoked and spontaneous neurotransmitter release. Even 
neurons of the munc13-1/2 double null mutant mouse sporadically released 
neurotransmitter quanta after α-latrotoxin application (Varoqueaux et al., 
2002). Interestingly, neurotransmitter secretion is not completely abolished 
in C. elegans deficient for unc18 (Weimer et al., 2003; Zhao & Nonet, 2000). 
One possible explanation for this discrepancy is that in nematodes, there is 
less biological need for the strict regulation of neurotransmitter secretion 
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that is observed in mammals. This might be reflected by the fact that 
mammals have three genes encoding munc18, munc18-1 being specific for 
the brain, whereas nematodes only have one (Toonen & Verhage, 2003). 
Since in mammals, munc18-1 is unique in that all synaptic vesicle secretion 
is blocked upon deletion, this implies that munc18-1 is currently the only 
protein identified to be essential in neuronal regulated secretion. This 
underlines the value of the munc18-1 deficient mouse as a model to identify 
the role of regulated secretion in neurite outgrowth and synapse formation.

Spontaneous vesicular fusion and postsynaptic receptor 
organisation

In Drosophila, NMJ development was found to be normal in synaptobrevin 
mutants in which evoked but not spontaneous neurotransmitter release is 
absent (Saitoe et al., 2001). The same group found that synaptic glutamate 
receptor clusters were not formed in mutants for dynamin or syntaxin 
in which spontaneous secretion is also absent, and thus suggested that 
spontaneous neurotransmitter secretion is necessary for glutamate receptor 
clustering. This result has however been challenged by another group, who, 
using similar mutants of the same genes, found no defects in glutamate 
receptor clustering (Featherstone et al., 2002). 
We found that AChR clusters were present in muscles from munc18-1 deficient 
mice, supporting the hypothesis that spontaneous neurotransmitter release is 
not required for neurotransmitter receptor clustering. This is also confirmed 
by the finding that AChR clusters are present in developing muscles before 
synapse formation (Lin et al., 2001; Yang et al., 2001). However, we did find 
that AChR clusters in munc18-1 deficient mouse diaphragms were distributed 
over a larger muscle area and often had a round shape, suggesting that less 
refinement of AChR cluster shape and localization had occurred. In snap-
25 deficient mice, no such aberrations were observed in the diaphragm 
(Washbourne et al., 2002). As snap-25 deficient neurons are still capable of 
spontaneous release, the observed difference in AChR cluster refinement 
may be ascribed to spontaneous neurotransmitter secretion. Thus, in mice, 
spontaneous release is not required for the induction of AChR clusters but 
rather for their refinement and alignment with presynaptic terminals.

In hippocampal island cultures it was found that the presence of 
glutamatergic terminals is required for clustering of AMPA, but not NMDA or 
GABA receptors (Rao et al., 2000). The most likely explanation for this is that 
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glutamate secretion is required for AMPA receptors to cluster. When action 
potential dependent synaptic secretion is blocked using tetrodotoxin, AMPA 
receptor mediated mEPSPs actually increased in amplitude and frequency 
(Lauri et al., 2003), suggesting that action potential dependent secretion is 
not necessary for AMPA clustering/cluster stability.
We found that GABA, ACh, NMDA and AMPA receptors are present, and 
functional in the absence of munc18-1. In addition, AChRs cluster (chapter 
2) and the kinetics of postsynaptic responses to GABA, AMPA and NMDA 
application suggest these receptors are clustered in the mutant as well (Keimpe 
Wierda, personal communication). This therefore suggests that neither 
evoked, nor spontaneous release is required for neurotransmitter receptors 
to cluster. With respect to the necessity for the presence of glutamatergic 
terminals in AMPA receptor clustering it might be that another compound 
from the presynaptic terminal is instrumental herein. In (glutamatergic) 
Drosophila NMJs, a vesicular factor other than neurotransmitter has been 
proposed to induce postsynaptic glutamate receptor clustering (Saitoe et al., 
2001). Indeed, in mammalian NMJs presynaptic agrin was found to induce 
synthesis and clustering of AChRs (Gautam et al., 1996). Agrin was proposed 
to serve a similar function in central synapses. However, here induction of 
the postsynaptic apparatus appears to be more controversial (Smith & 
Hilgenberg, 2002).

Neurite outgrowth in munc18-1 deficient neurons

We found no differences in early embryonic gross brain morphology 
of munc18-1 deficient mice (Verhage et al., 2000). In addition, mutant 
embryonic motor neuron outgrowth and cortical neuron outgrowth during 
the first 3DIV were unimpaired, suggesting that munc18-1 is not essential for 
neurite outgrowth (chapter 2 and 4). After 3DIV however, munc18-1 deficient 
growth cones showed less net elongation and after 7DIV mutant cortical 
neurons did have shorter neurites and fewer dendritic branches (chapter 
4). Concordantly, overexpression of munc18-1 in cultured hippocampal 
neurons led to increased branching and total neurite tree length (Steiner et 
al., 2002). Together, this suggests that especially the initial stages of neurite 
outgrowth are munc18-1-independent and possibly driven by TI-VAMP and/
or exocyst (Hazuka et al., 1999; Martinez-Arca et al., 2001; Murthy et al., 
2003). Terminal neurite outgrowth, however, might very well be stimulated 
by munc18-1. This does not reveal, however, whether munc18-1 functions 
in neurite outgrowth through regulation of membrane addition, or through 
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regulation of neuronal activity, which is also proposed to play a role (Brewer 
& Cotman, 1989; Lipton & Kater, 1989). 
In this respect it was interesting to find that the absence of munc18-1 
had opposite effects on the final stages of neurite outgrowth, branching 
and synaptogenesis in central and peripheral neurons. In 7/8DIV cultured 
neocortical neurons neurite outgrowth and branching were reduced while 
synaptic density appeared normal (chapters 4 and 5). In E18 diaphragms and 
intercostal muscles, terminal branching and synapses were also reduced, but 
tertiary branches were longer in mutants (chapter 2). One possible explanation 
for this discrepancy is a difference in function. During development motor 
neurons search for synaptic partners in a pre-defined region (Lin et al., 2001; 
Yang et al., 2001), and upon failure to form functional synapses, resprout 
and grow further in search of new synaptic partners (Banks et al., 2001; 
Brandon et al., 2003; Heeroma et al., 2003; Holland & Brown, 1980). Once 
a suitable synaptic partner is found this synapse remains. Central synapses 
on the other hand are predominantly plastic. Presumably, central synapses 
are also validated by functionality, but are continuously remodelled as brain 
activity patterns change throughout life. Thus, to maintain homeostasis 
in a functional network, neuronal activity might induce neurite outgrowth 
and branching without dramatically changing synaptic density (Burrone & 
Murthy, 2003; Lipton & Kater, 1989; Turrigiano & Nelson, 2000). 
In conclusion, embryonic brain morphology and normal neurite outgrowth 
during the first 3DIV suggest that initial neurite outgrowth is independent of 
munc18-1 mediated processes, therefore independent on neurotransmitter 
secretion and probably innate at least until synapse formation occurs. 
Reduced neurite length, net elongation and branching after 3DIV indicate 
that later stages of neurite outgrowth are munc18-1 dependent. As neurites 
are actually longer in munc18-1 deficient peripheral nerves, munc18-1 
probably does not modulate neurite outgrowth by regulating synaptic 
vesicle mediated membrane addition to growth cones. The finding that 
munc18-1 deficient growth cones extend more and longer filopodia also 
argues strongly against the necessity of munc18-1 for membrane expansion. 
Therefore, (munc18-1 mediated) regulated secretion is likely to modulate 
neurite outgrowth by regulating neuronal activity, which may have different 
effects in different neuronal systems.
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Synapse formation in munc18-1 deficient neurons

Similar to neurite outgrowth, basic synapse formation is possible in the 
absence of munc18-1. In the peripheral nervous system we found that 
munc18-1 (mediated secretion) is not required for postsynaptic receptor 
clustering but rather for their organisation and refinement. Peripheral 
synapse formation was not absent but severely impaired in the absence of 
munc18-1 (chapter 2). In developing neocortex, synapses are present but 
reduced in number (Bouwman et al., 2004). Also in cultured neocortical 
neurons fewer synapses were formed, but this appears to be better correlated 
with a reduction in total dendritic tree length than synaptic density per se 
(chapters 4 and 5). Thus the reduced number of synapses found on munc18-
1 deficient neurons might be caused by reduced neurite outgrowth rather 
than a reduced synaptogenic potential per se.
Dynamic growth cone analysis of munc18-1 deficient neurons revealed 
increased filopodial growth and motility (chapter 4). The increased number 
of outgrowing filopodia not only confirms that munc18-1 is not essential 
for nerve terminal outgrowth but actually indicates a negative correlation 
between the presence of munc18-1 and filopodium formation. Postsynaptic 
filopodia are regarded as postsynaptic precursors which transform into 
dendritic spines upon stabilization (Dailey & Smith, 1996; Prange & Murphy, 
2001; Ziv & Smith, 1996). By analogy, presynaptic filopodia might represent 
synaptic terminal precursors that are yet to be stabilized. Thus, the higher 
occurrence and motility of filopodia in munc18-1 deficient neurites might 
actually reflect a higher rate of attempted synapse formation combined with 
impaired, munc18-1 dependent, synapse stabilization. 
Early in development, dendritic filopodia are highly motile and in the process 
of synaptic network maturation (coinciding with filopodial transformation 
into spines) this motility decreases. This developmental decrease in motility 
is activity dependent, both in vitro and in vivo (Dailey & Smith, 1996; 
Dunaevsky et al., 1999; Fischer et al., 1998; Jontes & Smith, 2000; Lendvai 
et al., 2000; Ziv & Smith, 1996). Presynaptically, similar rules apply as mossy 
fibre filopodial movement decreases during development and this can be 
mimicked by increasing kainate receptor activation (Tashiro et al., 2003). 
Therefore, the observed increase in filopodial movement in munc18-1 
deficient neurons might indicate a lack of synaptic activity. Combined with 
the increased incidence of growth cone filopodia, this suggests that the 
lack of munc18-1 mediated neurotransmitter secretion increases filopodial 
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growth and movement and impairs synapse stabilization.
It must be noted, however, that munc18-1 might also indirectly influence 
synaptic stability, for instance through its interaction with mint-1, a 
molecule that is involved in synapse formation and plasticity (Biederer & 
Sudhof, 2000; Scheiffele et al., 2000). Thus, although regulated secretion 
and synapse stabilization are correlated, it cannot be concluded from our 
experiments that this relationship is causal.

Degeneration of munc18-1 deficient neurons

Munc18-1 deficient neurons develop normally as far as synapse formation 
but subsequently degenerate (Verhage et al., 2000). DRGs, which do not 
depend on neurotransmitter secretion for their synaptic input, appear to be 
less prone to degenerate (Heeroma et al., 2003). Hence, we hypothesized 
that munc18-1 deficient neurons degenerate due to a lack of synaptic 
input. Co-culturing with wildtype neurons did not prevent or even delay the 
degeneration of mutant neurons (chapter 3), but we could not determine 
whether munc18-1 deficient neurons actually received functional synaptic 
input in these cultures. Still, mutant neurons express and cluster functional 
AMPA and NMDA receptors (chapter 3) and direct application of glutamate, 
mimicking synaptic input, did not prolong mutant neuronal survival (data 
not shown in this thesis, JH). Moreover, specific deletion of munc18-1 
in cerebellar purkinje cells, which presumably have completely normal 
synaptic input, did not prevent degeneration of munc18-1 deficient neurons. 
Finally, neurons deficient for both munc13-1 and munc13-2, which show 
an almost complete block of neurotransmitter secretion, show no signs of 
degeneration, neither in vivo, nor in culture (Varoqueaux et al., 2002). Thus, 
munc18-1 deficient neurons most probably do not degenerate due to a lack 
of synaptic input.
One factor that cannot be excluded is the possibility that munc18-1 
deficient neurons degenerate due to a lack of retrograde signalling through 
their efferents. Munc18-1 deficient neurons may have a normal synaptic 
density, but in the period when degeneration sets in, mutant neurons do 
have a shorter dendrite tree with reduced branching, which might imply a 
similar defect in axonal outgrowth. Indeed, we did observe reduced axonal 
outgrowth in 3DIV mutant organotypic cultures (chapter 4). In addition, we 
found that mutant peripheral neurons had a severely reduced number of 
terminal nerve branches and neuromuscular synapses. In fact, there were 
three consistent differences between munc18-1 deficient mice and other 
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cases in which the effect of impaired neurotransmitter section on NMJ was 
studied (de Paiva et al., 1999;Houenou et al., 1990;Washbourne et al., 2002); 
1) munc18-1 deficient mice are the only mice in which both spontaneous and 
evoked neurotransmitter release are completely absent, 2) munc18-1 motor 
neurons form fewer synapses whereas motor neurons in the other studies 
formed more synapses and 3) munc18-1 deficient neurons degenerated 
while motor neurons in the other studies showed increased survival. Thus, 
when munc18-1 deficient neurons do not degenerate due to the absence 
of neurotransmitter secretion, a lack of retrograde signals through efferent 
synapses might be involved. Still, this does not explain why DRGs are less 
susceptible to degeneration than other munc18-1 deficient neurons. 

Munc18-1 deletion results in a 90% reduction in LDCV release in adrenal 
chromaffin cells (Voets et al., 2001). Neurosecretory cells in the pituitary show 
a similar reduction in vesicular secretion (Korteweg et al., in preparation), 
implying that LDCV secretion might be affected in central synapses as well. 
As these vesicles are known to contain neurotrophic substances (Berg et 
al., 2000; Wang et al., 2003), lack of trophic support was an alternative 
explanation for the degeneration of munc18-1 mutant neurons. In chapter 
4 we found that adding neurotrophic substances, such as BDNF or insulin, 
delayed, but did not prevent mutant neuronal degeneration, as did culturing 
mutant neurons on a glial feeder layer, or in (co-culture with wildtype) 
organotypic slices. One explanation for the observed delays in degeneration 
is that many trophic substances can promote temporal survival of neurons 
under conditions that would normally cause rapid cell death (Hamabe et 
al., 2003; Yamada et al., 2001). All attempts to increase trophic support 
to munc18-1 deficient neurons were in vitro experiments and thus an 
incomplete representation of physiological conditions. The failure to prevent 
mutant neuron degeneration therefore does not imply that trophic support 
cannot rescue munc18-1 deficient neurons in principle. However, it must be 
noted that growing on a glial feeder layer significantly delayed degeneration 
of munc18-1 deficient neurons. As glia are not known to express munc18-1, 
this delay in degeneration is not likely related to compensation of a munc18-
1 mediated neuronal function. Moreover, munc18-1 deficient purkinje cells 
also degenerated in an otherwise wildtype cerebellum where environmental 
conditions presumably were physiological. 
To recapitulate, if degeneration of munc18-1 deficient neurons can be 
ascribed to a lack of regulated secretion, this can involve a number of 
schemes. First although regulated secretion implies focused secretion both 



136 137

in a temporal and spatial sense, munc18-1 could also be involved in less 
regulated, more general secretion. Second, focused secretion is likely to 
occur at synaptic loci, this being at either afferent or efferent synapses. 
Third, regulated secretion can be divided into neurotransmitter secretion 
and the secretion of neurotrophic/modulatory substances.
General application of both neurotransmitter and neurotrophic substances 
failed to prevent degeneration of mutant neurons thus arguing against a 
defect in general secretion. Our finding that munc18-1 deficient neurons 
still degenerate in a Purkinje cell specific null mutant brain strongly argues 
against afferent defects being directly involved.  The normal viability of 
munc13-1/2 deficient neurons in mono-culture supports this and reduces 
the likelihood that munc18-1 mutant neuronal degeneration is due to a 
lack of synaptic efferent secretion of neurotransmitters. What cannot be 
excluded is the possible requirement autocrine secretion of neurotrophins 
(i.e., neurotrophins being both secreted and received by either a presynaptic 
terminal or a postsynaptic compartment) that cannot be mimicked by general 
application. Further, it cannot be excluded that munc18-1 is required for the 
secretion of a substance that in turn elicits an essential response, either 
anterogradely or retrogradely and might even be munc18-1 dependent 
itself. Finally, it is possible that munc18-1 has another function, distinct from 
regulated secretion that is indispensable for long term neuronal survival.

Interestingly the only other secretion mutant that shows neuronal 
degeneration is the syntaxin null mutant fly (Schulze & Bellen, 1996). 
Syntaxins are involved in a variety of cellular functions and as munc18-1 is a 
high-affinity binding partner of syntaxin-1, the lack of munc18-1 might allow 
syntaxin-1 to have promiscuous interactions (Toonen & Verhage, 2003). This 
could enable undesired fusion events which in turn might cause neurons 
to degenerate. However, syntaxin-1 does not appear to be mis-targeted in 
munc18-1 deficient neurons, thus reducing the likelihood that munc18-1 is 
required to prevent syntaxin-1 from having promiscuous interactions (data 
not shown in this thesis, JH). Munc18-1 has also been shown to regulate 
ion channel function through interaction with syntaxin-1 (Naren et al., 
1997). However, munc18-1 deficient neurons displayed normal biophysical 
properties, suggesting no defect in ion channel function. In addition, we 
did not observe any effect on survival in munc18-1 null mutant neurons 
that expressed mutant forms of munc18-1 with severely reduced affinity for 
syntaxin-1 (chapter 5). Thus, the absence of interaction with syntaxin-1 is 
not likely to underlie degeneration of munc18-1 deficient neurons.
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Munc18-1 might also be involved in synaptic recognition through 
interactions with mint-1 which binds to CASK and neurexin (Biederer & 
Sudhof, 2000). With regard to possible retrograde signalling (see above) 
this might be an interesting function of munc18-1. However, as many of 
the syntaxin-1 binding mutations described in chapter 5 also affect mint-1 
binding, it is unlikely that a defect in mint-1 binding underlies munc18-1 
deficient neuronal degeneration. Interestingly, mint-1 also regulates synaptic 
strength through modulation of beta amyloid protein metabolism. This 
function of mint-1 is dependent on the presence of munc18-1, but does not 
require direct binding to munc18-1 (Ho et al., 2002; Kamenetz et al., 2003). 
Therefore, defective beta amyloid protein metabolism, which also underlies 
neuronal degeneration in Alzheimers disease, might also be involved in the 
degeneration of munc18-1 deficient neurons.
Finally, munc18-1 binds cytoskeletal elements such as microtubules and 
neurofilaments, suggesting a role for munc18-1 in cytoskeletal dynamics 
(Bhaskar et al., 2004). In support of this, transduction experiments with 
munc18-1-EGFP often visualized cytoskeleton-like structures in cultured glial 
cells (data not shown in this thesis, JH). This offers interesting new possibilities 
for how munc18-1 might function in regulated secretion, neurite outgrowth 
and neuronal survival. First, in addition to munc18-1, munc18-2 has been 
found to bind microtubules, through which it regulates exocytosis in non-
neuronal cells (Martin-Verdeaux et al., 2003). Second, spectrin is a protein 
that binds to synapsin and actin, and injection of peptides interfering with 
spectrin binding completely blocked neurotransmitter secretion (Sikorski et 
al., 2000; Zimmer et al., 2000) presumably by physically shielding fusion 
sites. Correspondingly, in pancreatic acinar cells a negative correlation was 
found between the thickness of the actin shield and the level of exocytosis 
(Muallem et al., 1995). Third, apart from a direct interaction of munc18-1 
with microtubules, mint-1 interacts with an ADP ribosylation factor (ARF), 
which in turn is involved in axonal elongation and branching (Hernandez-
Deviez et al., 2004; Hill et al., 2003). Fourth, cypin, another microtubule 
binding protein, was recently found to increase neurite branching and 
elongation after stimulation of neuronal activity (Akum et al., 2004). Should 
munc18-1 have a similar function then it could regulate neurite outgrowth 
and branching not only by mediating neurotransmitter release but also 
by rearrangement of structural proteins. Finally, disruption of cytoskeletal 
rearrangements might directly cause a cell to enter apoptosis. For instance, 
it has been found that a defect in actin dynamics induces apoptosis in non-
neuronal cells, interestingly by becoming unresponsive to trophic support 
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(Morley & Bierer, 2001). Thus, the association of munc18-1 with the neuronal 
cytoskeleton might prove to be important, not only for neuronal survival 
but also, through yet unsuspected involvement, in regulated secretion and 
neurite outgrowth. However, according to our experiments, (the lack of) 
regulated secretion itself does not appear to be a crucial determinant of 
neuronal viability.

General conclusions

In this thesis munc18-1 deficient neurons were used as a model to 
investigate the role of regulated synaptic secretion in neuronal survival, 
neurite outgrowth and synapse formation. 
Our finding that cultured munc18-1 deficient neurons show absolutely 
no neurotransmitter secretion but display otherwise normal biophysical 
behaviour during the first 10DIV justifies the use of this model. As 
degeneration of munc18-1 deficient neurons could not be prevented by 
simulation of neurotransmitter secretion and/or neurotrophic support, 
munc18-1 can be assumed to be essential for long-term neuronal survival, 
but not necessarily through its role in regulated secretion.
Basic neurite outgrowth and some branching is observed in munc18-1 
deficient neurons and thus, regulated secretion is not essential for these 
processes. Later stages of neurite outgrowth and branching are aberrant in 
mutant neurons. Our finding that the absence of munc18-1 has an inverse 
effect on neurite length in peripheral and central neurons, combined with 
the increased formation and length of growth cone filopodia, minimizes the 
chance that munc18-1 mediated vesicular fusion actually regulates neurite 
outgrowth by providing membrane to growth cones. Regulated secretion 
might direct neurite outgrowth and branching through regulation of 
neuronal activity which might have different effects in central and peripheral 
neurons. Alternatively munc18-1 might regulate outgrowth and branching 
by directly binding to cytoskeletal proteins such as microtubules. Thus, 
there is a clear correlation between munc18-1 and neurite outgrowth and 
branching, but it is unclear to what extend regulated secretion is necessary 
for these processes.
Synapse formation does occur in the absence of munc18-1 and is therefore 
in principle not dependent on regulated secretion. Although preliminary, 
our data suggest that central synaptic density is not affected by the lack 
of munc18-1 and the reduced number of synapses observed in mutant 
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neurons is more likely to reduced dendrite outgrowth rather than a defect 
in synapse formation per se. The higher rate of new filopodium formation, 
but not filopodial number actually suggests an increase in synapse 
formation combined with a lack of synapse stabilization. Also peripherally, 
the lack of refinement of postsynaptic receptor clusters suggests a lack of 
synapse stabilization rather that formation. A lack of regulated secretion 
is likely to underlie this effect of munc18-1 on synapse stabilization, but 
alternatively other functions of munc18-1, such as binding to mint-1, might 
be involved. Thus, despite a high correlation between munc18-1, regulated 
secretion and synapse stabilization, it cannot be concluded that there is a 
causal relationship between regulated secretion and synapse formation or 
stabilization.
In conclusion, studying munc18-1 deficient neurons has not confirmed 
the suspected causal relationship between regulated secretion, neuronal 
survival, neurite outgrowth and synapse formation. Interestingly, munc18-1 
is not only essential for regulated secretion, but also performs several other 
cellular functions that might influence these parameters. Thus, munc18-
1 itself might regulate neuronal survival, neurite outgrowth and synaptic 
plasticity but not necessarily through its effect on secretion.

Future perspectives

As pointed out in the general introduction, conventional pharmacology is 
insufficient to explain the role of regulated secretion in neurite outgrowth, 
synapse formation and neuronal survival. Although confirming that these 
parameters are correlated, the model of munc18-1 deficient neurons has 
not provided a definitive solution. Thus, regulated secretion appears to be 
less directly involved in neuronal morphology and survival than anticipated. 
However, munc18-1 deficient neurons might still be a valuable tool to 
address this issue. Especially the system described in chapter 5 in which 
mutant forms of munc18-1 can be analyzed on a null mutant background 
might solve whether these parameters are interrelated or not. 
One of the major obstacles in this project was to keep munc18-1 deficient 
neurons in culture long enough to analyze synapse formation and turnover. 
With the development of glial islands and organotypic culturing methods 
and microscopes to monitor these cultures in real time, these points can now 
finally be addressed.
An alternative approach to test the relation between munc18-1, regulated 
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secretion and neurite outgrowth would be to compare wildtype neurons with 
munc18-1 overexpressing neurons. Normal pharmacology can now be used 
to stimulate or block secretion and/or the reception of neurotransmitters. 
In this way munc18-1 content, regulated secretion and neuronal activity 
can be isolated and their involvement in neurite outgrowth and branching 
addressed. In addition, new mutants such as vesicular neurotransmitter 
transporter deficient mice could be analysed and compared with existing 
models. 
Finally, it is intriguing that munc13-1/2 deficient neurons that are similar, 
but not identical to munc18-1 mutants in their secretion phenotype, are 
apparently unaffected in neurite outgrowth, synapse formation and neuronal 
survival. Closer examination of the differences and common features of 
these two mutants might therefore shine new light on the mysterious role of 
regulated secretion.
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Nederlandse samenvatting

De rol van gereguleerde secretie in neurietuitgroei, 
synapsformatie en neuronale overleving

Munc18-1 als een spin in het web

Zenuwcellen, ook wel neuronen genoemd, communiceren met elkaar door 
de afgifte van neurotransmitters en andere stoffen, zogeheten neurotrofe 
substanties. Die communicatie vindt plaats in de contactpunten tussen 
neuronen, de synapsen, en geschiedt door middel van de fusie van kleine, 
neurotransmittergevulde blaasjes  met het membraan van de cel. Om 
het brein te laten werken is het essentieel dat de communicatie tussen 
neuronen betrouwbaar is en dus dat de secretie (afgifte) van transmitters 
goed gereguleerd wordt. Er zijn talloze factoren geïdentificeerd die in 
meer of mindere mate neurotransmittersecretie beïnvloeden en daarmee 
dus neuronale communicatie en vermoedelijk de werking van de hersenen 
beïnvloeden. Een van deze factoren, munc18-1, onderscheidt zich  van 
de rest in die zin dat het absoluut noodzakelijk is voor neurotransmitter-
secretie; zonder munc18-1 geen secretie.
In tegenstelling tot wat lange tijd is aangenomen is het brein niet statisch 
maar bijzonder dynamisch. Voortdurend sterven er neuronen en komen er 
nieuwe bij. Er bestaan zelfs schattingen dat tot 20% van de ruwweg 150 
miljoen miljard synapsen in onze hersenen niet langer dan 1 dag bestaan. 
Het ligt voor de hand om aan te nemen dat deze plasticiteit in de hersenen 
verbonden is aan de functie van de hersenen, namelijk het opslaan van 
informatie. Hieruit volgt de aanname dat de neurotransmittersecretie die 
ten grondslag ligt aan hersenactiviteit een rol speelt bij het vormen en 
veranderen van de verbindingen tussen neuronen en daarmee de structuur 
van de hersenen beïnvloedt. 
Het doel van mijn promotieonderzoek was om te kijken in hoeverre 
gereguleerde secretie, en dan in het bijzonder neurotransmitter secretie, 
bepalend is voor de uitgroei van neurieten (verbindingen tussen neuronen) 
en voor de levensloop van neuronen en synapsen. Hiertoe heb ik de 
ontwikkeling van neuronen bestudeerd in een muis die genetisch zo 
gemanipuleerd is dat er geen munc18-1 meer wordt aangemaakt en er dus 
ook totaal geen gereguleerde secretie in deze neuronen plaatsvindt.
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In hoofdstuk 2 hebben we gekeken naar de embryonale ontwikkeling van de 
middenrifspier en de zenuw die deze aanstuurt. De relatief grote afmetingen 
en karakteristieke structuur van deze zenuw maken een nauwkeurige analyse 
mogelijk van wat er wel en niet goed gaat met de vorming van dit systeem 
(de interface tussen spier en zenuw) in de afwezigheid van neurotransmit
tersecretie. In munc18-1-loze muizen groeide de middenrifzenuw volledig 
uit naar de spier, vertakte deze in eerste instantie normaal en vormde zelfs 
synapsen met de spier. Ook leken de receptoren in de spier, die normaal 
gesproken het neurotransmittersignaal zouden omzetten in samentrekking 
van de spier, in normale hoeveelheden aanwezig en functioneel. Los van de 
initiële vertakking bleken de laatste fasen van zenuwvertakking abnormaal 
te zijn en er waren dan ook veel minder synapsen dan normaal aanwezig. 
Bovendien waren de receptoren in de spier, die dus vaak niet tegen een 
zenuwuiteinde aanlagen, abnormaal geclusterd en gedistribueerd door 
de spier. Dus, hoewel neurotransmittersecretie niet strikt noodzakelijk is 
voor de uitgroei van neurieten en de vorming van basale synapsen, lijkt 
het wel essentieel te zijn voor de bulkfase van synapsvorming alsmede 
de afwerking van deze synapsen. Tot slot stierven de middenrifzenuwen 
die de spier aansturen massaal af terwijl vreemd genoeg de sensorische 
zenuwen, die informatie uit de spier terugkoppelen naar de hersenen, niet 
aangedaan leken te zijn. Aangezien deze laatste groep zijn input niet krijgt 
via neurotransmittersecretie leidde dat tot de hypothese dat wellicht het 
ontvangen van input belangrijker is voor het in leven blijven van neuronen 
dan het genereren van output (de secretie van neurotransmitters).
In hoofdstuk 3 zijn we dieper op deze input-output kwestie ingegaan en 
hebben we geprobeerd gekweekte munc18-1 deficiënte neuronen in leven 
te houden door ze op allerlei manieren van input te voorzien. Het gemixed 
kweken van munc18-1-loze en normale neuronen, waarbij wordt aangenomen 
dat de normale neuronen de mutante neuronen van input voorzien, had geen 
effect op de levensvatbaarheid. Verrassend genoeg, leken mutante neuronen 
het langer uit te houden wanneer ze niet volledig gedissocieerd maar in 
hersenweefsel, omgeven door gliacellen, gekweekt werden. Dit effect werd 
versterkt door mutant weefsel in combinatie met normaal weefsel te kweken. 
Dit leidde tot de aanname dat mutante neuronen wellicht niet eens zozeer 
afhankelijk waren van neurotransmitter- secretie, maar meer  van de secretie 
van andere stoffen, de zogeheten neurotrofines. Het direct toevoegen van 
neurotrofe stoffen aan het kweekmedium, of het kweken op een voedende 
laag gliacellen kon inderdaad het afsterven uitstellen maar nooit voorkomen. 
Om de input op mutante cellen zo natuurgetrouw mogelijk te maken hebben 
we zelfs een mutante muis gemaakt waarin pas na de ontwikkeling van de 
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hersenen in een specifieke groep neuronen munc18-1 werd uitgeschakeld, 
maar ook deze mutante neuronen gingen dood. Op basis hiervan hebben we 
geconcludeerd dat neuronen zonder munc18-1 weliswaar dood gaan, maar 
dat dit niet noodzakelijk komt door het ontbreken van gereguleerde secretie 
maar door een ander, onbekend, effect.
In hoofdstuk 4 hebben we gebruik gemaakt van het levensverlengende 
effect van neurotrofe stoffen en gliacellen om langer naar de ontwikkeling 
van de neurieten en synapsen van munc18-1-loze neuronen te kunnen 
kijken. We vonden dat de uitgroei van neurieten van munc18-1-loze 
neuronen de eerste drie dagen in kweek volkomen normaal was, en dus 
niet afhankelijk van gereguleerde secretie. Echter, na drie dagen was de 
uitgroeisnelheid van deze neurieten wel minder terwijl er meer kleine 
uitlopers op deze neurieten zaten. Verder waren deze uitlopers, die ook 
wel gezien worden als voorlopers van synapsen, langer dan normaal. Na 
zeven dagen in kweek waren de neurieten in mutante neuronen korter dan 
normaal en hadden deze veel minder vertakkingen, terwijl op het eerste 
gezicht de dichtheid van synapsen op deze neurieten normaal was. Samen 
leidde dit tot het model dat de initiële uitgroei van neurieten onafhankelijk is 
van munc18-1/neurotransmittersecretie tot het begin van synapsformatie. 
Vanaf dit punt lijken functionele synapsen zichzelf te stabiliseren en een 
beginpunt voor verdere neurietvertakking en uitgroei te worden. Munc18-
1-loze neuronen lijken daarentegen continu nieuwe pogingen te wagen 
om synapsen te vormen die echter niet gestabiliseerd kunnen worden en 
verdere neurietuitgroei in de weg staan.
In hoofdstuk 5 wilden we uitsluiten dat munc18-1-loze neuronen in kweek 
sterven door een latent defect dat al tijdens de embryonale ontwikkeling 
was ontstaan en tegelijkertijd een systeem ontwikkelen om mutante vormen 
van munc18-1 te testen waarmee we uiteindelijk de verschillende functies 
van munc18-1 kunnen ontrafelen. We hebben virussen ontworpen om na 
de embryonale ontwikkeling alsnog munc18-1 in mutante neuronen aan 
te maken. Deze neuronen ontwikkelden zich volledig normaal, maakten 
normale uitlopers, vertakkingen en synapsen die normaal neurotransmitters 
konden secreteren. Dit betekende dus dat de mutante neuronen op het 
moment van kweken in principe gezond waren en dat we op vergelijkbare 
manier de werking van mutante vormen van munc18-1 konden analyseren. 
Uiterst preliminaire resultaten lijken aan te geven dat de meest voor de hand 
liggende interacties van munc18-1 niet zo strikt vereist zijn voor neuronale 
levensvatbaarheid, neurietuitgroei en gereguleerde secretie als wij van 
tevoren hadden aangenomen. 
Kort samengevat heb ik in dit promotieonderzoek getracht causale 
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verbanden te vinden tussen de functie (gereguleerde secretie/activiteit), 
de vorm (uitgroei en contacten) en de levensvatbaarheid van zenuwen. 
Hiertoe heb ik een genetisch gemanipuleerde muis geanalyseerd die geen 
munc18-1 maakt, hierdoor geen neurotransmitters kan uitscheiden en als 
gevolg volledig hersendood is. De resultaten van mijn studie geven aan dat 
de factoren “gereguleerde secretie”, “neurietuitgroei”, “synapsformatie” en 
“neuronale overleving” allemaal direct met munc18-1 verbonden zijn en op 
die manier met elkaar correleren. Echter, directe causale verbanden tussen 
deze factoren zelf heb ik niet kunnen aantonen. Vandaar dat ik via de titel 
en subtitel van dit proefschrift stel dat het niet zozeer hersenactiviteit, maar 
munc18-1 is dat als een spin in het neuronale web zit.
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in Utrecht en daarna aan de Vrije Universiteit in Amsterdam. De resultaten 
van dat onderzoek zijn in dit proefschrift beschreven. Inmiddels werkt 
Joost bij de vakgroep Experimentele Epilepsie van professor Kullmann aan 
het University College London waar hij onder andere de fijnregulatie van 
synaptische transmissie bestudeert en de rol hiervan in leren en geheugen. 

English version

Joost Heeroma was born on June 3rd 1975 in Zutphen, the Netherlands. He 
started grammar school in 1987 at the “Stedelijk Lyceum” where he graduated 
in 1993. That year he started to study Biology at the “Rijksuniversiteit 
Groningen”. During his specialisation he did two projects with professor 
Luiten. In 1996 he studied the interactions between PKC_ and 14-3-3 
proteins during learning tasks in rats. In 1997 he did research on the effects 
of corticosteroids and serotonin agonists on neurodegeneration after stroke. 
In 1998 he wrote a thesis under the supervision of professor Boddeke about 
genetic factors that are of influence on the proliferative status of neurons, 
how these factors are involved in both brain tumours and neurodegenerative 
diseases and how these factors could be used therapeutically. In a last 
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research project with professor Boddeke, he cloned a number of chemokine 
receptors and analysed their regulation during neuro-inflammatory processes. 
In 1999 Joost graduated in Neurobiology and Medical physiology. From 
1999 to 2004 he did his PhD research on the effects of regulated secretion 
on neurite outgrowth, synapse formation and neuronal viability. This was 
supervised by professor Verhage, first at the Rudolf Magnus Institute of 
Neuroscience in Utrecht, then at the “Vrije Universiteit” in Amsterdam. 
The results of that study are described in this dissertation. Joost is currently 
working at the department of Experimental Epilepsy, headed by professor 
Kullmann, at University College London, where, among other things, he 
studies mechanisms underlying subtle regulation of neurotransmitter 
secretion and their relationship to learning and memory.
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Appendix /Chapter 2

Figure 4. Synapses are formed in the mutant. At E15 and E18 there is a high degree of co-localization 
(yellow) of GAP-43/synapsin staining (green) and α-btx (red) in control diaphragms (A, D), indicating the 
presence of synapses. In E15 mutant diaphragms many AChR clusters are close to presynaptic staining but 
not in direct contact (B). There are some terminal branches in the mutant (arrow in B) and a few clusters 
co-localize with these terminal branches (arrowheads in B and C). Co-localization of clusters with higher 
order (i.e. not terminal) branches (asterisk in B) was considered to be coincidental and was not counted as a 
synapse. The bright yellow spots in C are autofluorescent erythrocytes. At E18 there are still some spots of 
co-localization in the mutant diaphragm (arrowheads in E, F). The scale bar is 30 µm (A, B, C, E, F) and 50 
µm (D) respectively.

Figure 6. Synapses are formed in mutant intercostal muscles. At E15 there is co-localization (C) of GAP-43/
synapsin stained nerve terminal branches (A) and AChR clusters (B), indicative of synapses. Mutant intercostal 
muscles also show co-localization (F) of nerve terminal branches (D) and AChR clusters (E) at E15 suggesting 
that synapses (examples are marked by arrows in C and F) are also formed in mutant intercostal muscles. 
Scalebar is 50 µm.
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Figure 7. Combined staining of GAP-43 (green) and α-btx (red) in control E18 intercostal muscles (A) show 
a highly organized innervation pattern in perfect co-localization (yellow) with all AChR clusters. In mutant 
muscle (B) co-localization of terminal branches with AChR clusters is absent. As in the diaphragm, the 
majority of AChR clusters is present in the central half of the muscle, but clearly some clusters are present in 
ectopic places (arrowheads). White lines demarcate the edges of the muscles. Scalebar is 100 µm.

Figure 8. Motor neuronal innervation is lost. GAP-43 staining in E18 diaphragms shows the characteristic 
motor neuronal innervation pattern (arrow in A) is lost in the mutant. Most neuronal staining in the mutant 
diaphragm has no apparent organization or orientation (arrow in B). The presumably sensory neuronal 
staining at the margin of the diaphragm (arrowheads in A, B) appears to be normal. The scale bar is 1000 
µm.
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Figure 3: Co-culturing gfp expressing wild-type neurons and munc18-1 deficient neurons resulted in the 
formation of neural networks of mixed origin (A – I). Left panels show only the gfp expressing neurons, middle 
panels show MAP2 counterstaining to identify neurons and right panels show an overlay of both. The higher 
magnifications (G – I) clearly underlined the fact that wild-type and munc18-1 deficient neurons intermingle. 
Together they formed dense neuronal networks suggestive of wild-type afferent innervation onto munc18 
deficient neurons. Co-cultures of gfp expressing, munc18-1 deficient and wild-type neurons show a rapid 
decline in the numbers of munc18-1 deficient neurons (J - O). At 4DIV, very few MAP2 positive green cells were 
present in culture (J - L), suggesting few neurons had survived up to 4DIV. At 14DIV, none of the gfp expressing 
cells was MAP2 positive (M - O), indicating that all the munc18-1 deficient neurons degenerated. Scale bar is 
50 μm (A - F), 25 μm (G - I) and 100 μm (J - O).
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Figure 5: Survival of hippocampal organotypic slice cultures of gfp expressing, munc18-1 deficient neurons 
with and without co-cultured wild-type slices. At 32DIV, the gross morphology of co-cultures of fluorescent 
and non-fluorescent (Dark Field) control slices was normal (A, mid panel). In a control hippocampal slice of 
9DIV, neurons were densely packed (A, right panel). In a munc18-1 deficient slice of 9DIV (B, mid panel), few 
MAP2 positive neurons were present (B, right panel). Co-culturing munc18-1 deficient slices with control slices 
prevented massive degeneration before 9DIV (C, mid panel) and many MAP2 positive, munc18-1 deficient 
neurons were present (C, right panel). At 19DIV in co-culture, the munc18-1 deficient slice had deteriorated 
(D, mid panel) and few munc18-1 deficient neurons were left (D, right panel). To maximize the innervation of 
wild-type axons we also made quadra-cultures of 3 gfp expressing wild-type slice co-cultured with 1 munc18-
1 deficient slice. In these cultures, counterstained with MAP2C (red) at 23 DIV, still most of the munc18-1 
deficient slice had deteriorated as indicated by the arrowheads (E, mid panel). However some neurons were 
nonetheless present and gfp expressing wild-type axons had innervated the munc18-1 deficient tissue. The 
scale bar is 300 µm (A-E, mid panels), 100 (A, left panel) and 40 µm (B-E, left panels), respectively.



156 157

Figure 6: Munc18-1 deficient glial cells remain in culture. When control and munc18-1 deficient – gfp 
expressing cortical cells were co-cultured for 21DIV, no munc18-1 deficient neurons were left in culture. There 
was extensive syntaxin staining, showing the presence of a dense neuronal network (A). There were a number 
of gfp expressing cells indicating that some munc18-1 deficient cells were still present (B). However, the gfp 
expressing cells showed no structural overlap with the syntaxin staining (C) and therefore were not syntaxin 
positive/of neuronal origin. When munc18-1 deficient cortical cells were plated in mono-culture, two cell types 
survived. Some of these remaining cells had the morphological appearance of oligodendrocytes (D) whereas 
others were S100β positive and resembled type 2 astrocytes (E). The scale bar is 50 µm.

Figure 7: Loss of munc18-1 deficient neurons in the cerebellum in vivo. The Cre-LoxP system was used to 
specifically delete munc18-1 in postnatal cerebellar Purkinje cells (E-H). Nissl staining showed normal gross 
cerebellar anatomy in adult mutant mice (E) compared to wild-types (A). Purkinje cells were present in wild-
types (B, arrows) but absent in mutants (F). Staining for Purkinje cell marker calbindin showed a normal 
pattern in wild-types (C), but no positive cells in mutants (G). Staining for GAD showed GABAergic interneurons 
and Purkinje cells in wild-types (D) but only interneurons in mutants (H). The scale bar is 100 µm.
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Figure 1: Transduction of munc18-1 prevents degeneration of munc18-1 deficient neurons. Neurons were 
stained for dendrite marker MAP2 (red). Panels A-C depict munc18-1 null mutant neurons after 7DIV. 
Munc18-1-egfp is transduced on a null background have a more pronounced neurite tree (D-F). After 10DIV, 
only few munc18-1 null mutant neurons are left in culture (G-I), but munc18-1-egfp transduced neurons are 
still abundant and extending large neurites (J-L). After 18DIV, only munc18-1-egfp expressing neurons survive 
(M-O). Scale bar is 50 µm.
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Figure 6: Cytochemical characterization of 8DIV munc18-1 deficient neurons transgenically expressing 
munc18-1 mutant proteins. Cortical neurons, deficient for munc18-1, were transduced with egfp, munc18-
1-ires-egfp, munc18-1-egfp, r39c-ires-egfp, d34n-ires-egfp, s313d-ires-egfp and d34n;m38v-ires-egfp (green 
in B, F, J, N, R, V and Z resp.) at div1. At 8DIV the neurons were stained for MAP2 (red in A, E, I, M, Q, T and 
Y resp.) and synapsin (blue in C, G, K, O, S, W and AA resp.). The overlays are in D, H, L, P, T, X and AB resp. 
The scale bar is 100 µm.



158 159

Figure 7: Cytochemical characterization of 21DIV munc18-1 deficient neurons transgenically expressing 
munc18-1 mutant proteins. Cortical neurons, deficient for munc18-1, were transduced with, munc18-1-ires-
egfp, munc18-1-egfp, r39c-ires-egfp, d34n-ires-egfp, s313d-ires-egfp and d34n;m38v-ires-egfp (green in B, 
F, J, N, R, and V resp.) at div1. At 21DIV the neurons were stained for MAP2 (red in A, E, I, M, Q, and T resp.) 
and synapsin (blue in C, G, K, O, S, and W resp.). The overlays are in D, H, L, P, T, and X resp. The scale bar 
is 100 µm.


