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Communication in the brain
Moving, sensing, thinking, learning and of course reading this thesis are 
just a few examples of the endless list of actions that are controlled by 
the brain. Mankind has been puzzled by its function for many centuries. 
The first descriptions in the field of neuroscience appeared several 
hundred years B.C. Technological advances such as the invention of the 
microscope and new surgical techniques allowed the transition from mere 
macroscopic, descriptive anatomy to microscopic and functional analysis 
of the healthy and diseased brain. A major breakthrough occurred in the 
late 1800s when Santiago Ramón y Cajal for the first time visualized and 
described the nerve cell (neuron) as the structural and functional unit of 
the brain. The human brain consists of approximately 100 billion (1011) 
neurons that contact each other by forming about 100 trillion synapses 
(1014) (Williams and Herrup, 1988), making it an extremely powerful 
information processing system. A single neuron receives information from 
many others, integrates this information and transmits the result to other 
neurons in the brain. The outcome of the integration is dependent on the 
strength of the individual synaptic connections. A neuron is capable of 
modifying these connections through a process called synaptic plasticity, 
allowing the brain to learn. Although neurons differ widely in morphology, 
connectivity, discharge pattern and neurotransmitter production, the 
process of neuronal communication is highly conserved. 

Synaptic vesicle cycle
To process information, the different parts of the brain have to communicate 
with one another. Information is transmitted from the first cell (presynaptic 
neuron) via its axon to the dendrite of the second cell (postsynaptic neuron). 
In most cases, axon and dendrite are not directly connected, but are 
separated by a synaptic cleft. To bridge this gap, most neurotransmission 
is of chemical nature. Signaling molecules, so-called neurotransmitters, 
are packaged into synaptic vesicles in the presynaptic terminal (Figure 
1.1). Vesicles then dock at the plasma membrane at the active zone (AZ) 
and get ‘primed’ for fusion. To send information from one cell to another, 
an action potential (AP; a transient change in membrane potential) 
propagates to the presynaptic terminals of the sending cell, depolarizes 
the presynaptic membrane and opens voltage-gated calcium channels, 
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Figure 1.1 Neuronal networks. 
(A) Schematic representation of a neuronal network of two neurons. The axon 
(grey) from one cell makes contacts, synapses (blue), with the dendrite (black) 
of the other cell. (B) Schematic representation of a synapse. The axon terminal 
of the presynaptic cell (presynapse) contains synaptic vesicles, filled with 
neurotransmitters. When a vesicle fuses with the membrane at the active zone, 
neurotransmitter is released into the synaptic cleft. The neurotransmitter diffuses 
across the synaptic cleft and binds to receptors at the postsynapse, triggering a 
response. (C) Immunofluorescence image of two neurons stained with antibodies 
against the dendritic marker MAP2 (blue) and the synaptic vesicle marker VAMP2 
(red) to visualize the synaptic connections. (D) Zoom of a piece of dendrite (blue) 
with synapses (red). (E) Electron microscopy picture of a single synapse with 
presynapse in red and postsynapse in blue. Synaptic vesicles are localized in the 
presynapse and dock at active zone, visualized as darkening of the presynaptic 
membrane.
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Figure 1.2 The synaptic vesicle cycle. 
Neurotransmitter-filled vesicles fuse with the membrane upon calcium influx. 
Endocytosis retrieves vesicle membrane and recycled vesicles are refilled with 
neurotransmitter for a next round of fusion.
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leading to an influx of calcium (Ca2+) ions into the terminal. Ca2+ is sensed 
by proteins, mainly synaptotagmins, of the presynaptic release machinery 
and triggers fusion (also called exocytosis) of synaptic vesicles with the 
plasma membrane. As a consequence, neurotransmitter is released from 
the synaptic vesicle into the synaptic cleft and diffuses to the postsynaptic 
cell. Here, the neurotransmitter binds to receptors, which either causes 
changes in membrane potential or activates intracellular signaling 
cascades. On the presynaptic site, synaptic membrane is retrieved to 
form new synaptic vesicles during a process called endocytosis. These 
recycled vesicles are refilled with neurotransmitter for a next round of 
exocytosis (Figure 1.2) (for review see Sudhof, 2004). 

Presynaptic proteins involved in exocytosis
An orchestra of proteins is needed to assist and control each step of the 
synaptic vesicle cycle to allow fast and precisely timed neurotransmission. 
The next section will address the role of several synaptic vesicle proteins 
and will discuss the function of the two most relevant proteins for this 
thesis, Munc18-1 and liprin-a2, in further detail.  

Structural proteins
Neurotransmitter release takes place at a specialized site in the presynaptic 
terminal, the active zone. Active zones can be visualized by an electron 
microscope as an electron-dense band just above the presynaptic plasma 
membrane (see Figure 1.1B), due to a dense network of proteins, referred 
to as cytomatrix at the active zone (CAZ). These CAZ proteins are not only 
involved in the direct regulation of synaptic vesicle exo- and endocytosis but 
are also important to structurally stabilize a synaptic connection (Schoch 
and Gundelfinger, 2006; Zhai and Bellen, 2004). Hence, (posttranslational) 
regulation of CAZ composition has a great impact on synaptic strength 
and stability of synapses. Table 1.1 gives a brief overview of the most 
important CAZ proteins and their functions. The next section will focus 
on the liprin protein family. The role of family member liprin-a2 in mature 
synapses is studied in Chapter 2 of this thesis.  
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Protein Ortholog Presynaptic function References

Neuroligins Dnlg1, 
NLGN1

Formation of trans-synaptic 
complex with Neurexins to 
couple pre-and postsynaptic 
assembly

Banovic et al. 
(2010)

RIM RIM, 
UNC-10

Tethering of Ca2+ channels 
to AZ, assist priming by 
monomerizing Munc13

Kaeser et al. 
(2011)

CASK Caki, 
Lin-2

Multidomain scaffold, 
synaptogenesis

Hsueh et 
al. (2006); 
Samuels et 
al. (2007)

CAST BRP, 
ELKS

Drosophila: Clustering of 
Ca2+ channels, formation of 
T-bar 
Mammals: Inhibition of 
release and RRP size in 
inhibitory neurons, no effect 
on release in excitatory 
synapses

Kaeser et al., 
(2009); 

Kittel et al. 
(2006)

Liprin-a Dliprin, 
Syd2

Multidomain scaffold, 
synaptogenesis

Spangler and 
Hoogenraad 

(2007)

Syd-1 DSyd-1, 
syd-1

Assists in recruitment of 
Liprin-a

Owald et al. 
(2010)

Piccolo --- Synaptic vesicle clustering Mukherjee et 
al. (2010)

--- Synaptic vesicle clustering Mukherjee et 
al. (2010)

Rab3 Rab3, 
rab3

Modulation of release 
probability

Schlüter et 
al., 2002

Synapsin Synapsin, 
SNN-1

Synaptic vesicle clustering 
to cytoskeleton, regulation of 
reserve pool

Bogen et al., 
2011

Tabe 1.1 Mammalian active zone proteins and their functions. 
Column 2 shows orthologs in the fruit fly Drosophila melanogaster and worm 
Cenorhabditis elegans, respectively. 
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Liprin-a
The liprin-a protein family was first identified as binding partner of the 
receptor protein tyrosine phosphatase LAR (Serra-Pagès et al., 1995). 
Since then, many new interactors of the multidomain Liprin-a family have 
been identified (Figure 1.3). Besides LAR, liprin-a can bind to liprin-
beta, CaMKII, KIF1A, the postsynaptic proteins GRIP and GIT as well as 
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Figure 1.3 Liprin-a2 and its interactors. 
(A) Liprin-a2 has a N-terminal coiled-coil domain that mediates homo- and 
hetero-multimerization and 3 C-terminal SAM domains, important for binding to 
other proteins, ATP, RNA and lipids. (B) Liprin-a2 interacts with many different 
proteins. 
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Protein Ortholog Presynaptic function References

Munc13 dUNC-13, 
UNC-13

SV priming Basu et 
al. (2007); 

Varoqueaux 
et al. (2002)

CAPS CAPS, 
UNC-31

SV priming Jockusch et 
al. (2007)

Munc18-1 ROP, 
UNC-18

SV docking, postdocking 
role?

Verhage et 
al. (2000)

Syt1 syt1, syt1 Ca2+ sensor for 
synchronous release, 
fusion clamp

Geppert et 
al. (1994)

NSF dNSF1, 
NSF

binds to SNARE via SNAP 
proteins, SNARE recycling

Zhao et al., 
(2011b)

Synapto-
physin

Synapto-
physin, 
SYP

Exact function unknown

Complexin Cpx, cpx Priming, clamping of 
asynchronous release

Yang et al. 
(2010)

SV2 SV2, SV2 SV priming Custer et al. 
(2006)

Tabe 1.2 Mammalian SNARE interacting proteins and their functions. 
Column 2 shows orthologs in the fruit fly Drosophila melanogaster and worm 
Cenorhabditis elegans, respectively. 

the active zone components CAST, RIM and CASK, making it an ideal 
candidate to cluster multiple proteins into a large complex (Spangler and 
Hoogenraad, 2007). 
Studies of liprin-a orthologs in invertebrates strongly suggest a role in 
synapse development: SYD-2 loss of function mutants in C. elegans show 
enlarged active zones in which clustering of synaptic vesicle proteins is 
disturbed (Patel et al., 2006; Zhen and Jin, 1999). Synaptic transmission 
is decreased drastically resulting in abnormal egg-laying and increased 
sensitivity to the cholinesterase inhibitor aldicarb (Zhen and Jin, 1999). A 
similar phenotype in active zone morphology and neurotransmitter release 
was found in Drosophila Dliprin-a mutants. These mutants also have a 
reduced number of presynaptic boutons at the neuromuscular junction 



18

1
(NMJ) (Kaufmann et al., 2002). Liprin-as have evolutionary evolved from a 
single gene in invertebrates to four genes in mammals. Liprin-a2 and 3 are 
exclusively expressed in brain, while liprin-a1 and -4 also fulfill functions 
in other organs. Generally liprin-a proteins show a distinct regional and 
subcellular expression pattern in the brain (Spangler et al., 2011; Zürner 
et al., 2011). Until now, liprin-a‘s function has not been studied in knockout 
mice owing to early embryonic lethality. This is probably caused by a 
severe defect in neurite formation and synapse development. Chapter 2 of 
this thesis provides the first functional description of liprin-a2 in mammals 
and investigates the role of liprin-a2 in synaptic transmission in adult rat 
hippocampal neurons using a knockdown approach. 

Proteins of the release machinery
Generally, SNARE (soluble-N-ethylmaleimide-sensitive-factor accessory-
protein receptor) proteins catalyze fusion between membranes. Three 
distinct and highly conserved SNARE protein families have been described: 
Syntaxins (Bennett et al., 1992), SNAP proteins (Oyler et al., 1989) and 
synaptobrevins (Baumert et al., 1989; Elferink et al., 1989). Their SNARE 
motifs zipper together to form the coiled-coil four helix structure of the 
SNARE complex (Sutton et al., 1998). Different combinations of SNARE-
family members are selectively distributed on organelles and membrane 
domains and selective pairing of SNARE proteins regulates trafficking 
and membrane fusion between organelles or with the cell surface. In 
neurons, the main SNARE proteins involved in synaptic vesicle fusion are 
Syntaxin-1, SNAP-25 and VAMP2. Based on their localization, they can 
be categorized in two groups: Syntaxin-1 and SNAP-25 predominately 
reside at the target plasma membrane and are therefore referred to as 
t-SNAREs. v-SNAREs, such as VAMP2, are associated with synaptic 
vesicle membranes (Jahn and Scheller, 2006). 

Assembly of the SNARE complex can be divided into several steps 
(Figure 1.4): Initially, t-SNAREs form a Syntaxin-1/SNAP25 dimer, which 
serves as acceptor complex for synaptic vesicle docking. The presynaptic 
protein Munc18-1 binds and probably stabilizes this complex, which 
also interacts with the vesicle associated Ca2+ sensor synaptotagmin to 
initiate contact with the synaptic vesicle. Next, the N-terminus of t-SNARE 
VAMP2 interacts with the Syntaxin-1/SNAP25 acceptor complex (Pobbati 
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et al., 2006). Synaptotagmin is thought to stabilize the complex at this 
step to prevent asynchronous fusion. Upon Ca2+ entry into the nerve 
terminal, Ca2+-dependent conformational changes of synaptotagmin allow 
the C-terminus of VAMP2 to enter the coiled-coil four-helix bundle. This 
final zippering of the SNARE complex overcomes the energy barrier for 
fusion of synaptic vesicles with the plasma membrane. To conclude, the 
formation of specific SNARE complexes is generally believed to ensure 
compartmental specificity and to provide the energy to drive bilayer fusion 
(Sudhof, 2004). 

Not surprisingly, pathogens have evolved that target this important 
protein complex: Whereas tetanus toxin of the bacterium Clostridium 
tetani selectively cleaves VAMP2, different classes of botulinum toxins 
of the bacterium Clostridium botulinum can cleave various SNARE 
proteins (Schiavo et al., 1992; Schiavo et al., 1993). Poisoning by these 
toxins leads to inhibition of neurotransmitter release. Botulinum toxins 
inhibit acetylcholine release from neuromuscular junctions and cause 
paralysis of muscles, while tetanus toxins lead to muscle spasms by 
diminishing inhibition of motor neurons. Interestingly, botulinum toxin 
has gained publicity in the last decade not because of its life-threatening 
consequences, but because of its therapeutic or cosmetic use under the 
name Botox. 

Whereas SNAREs comprise the core machinery for fusion, many other 
proteins assist and regulate the formation of this complex (Table 1.2) (for 
review see (Gerst, 2003; Sudhof, 2004)). This thesis focuses on the role 
of the SNARE interactor Munc18-1, which will be introduced in more detail 
below.

Munc18-1
Munc18-1 is a member of the Sec1/Munc18-like (SM) protein family. 
Although this protein family has been studied extensively in the last 
decade, the action of Munc18-1 is complex and still not fully understood. 
Consensus has been reached on Munc18-1’s function in docking of 
synaptic vesicles to the plasma membrane. The post-docking role of 
Munc18-1 is however still under debate and will be discussed below. 
Initially, Munc18-1 was thought to inhibit vesicle fusion due to its high 
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Figure 1.5 De novo mutation in the STXBP1 gene underlying early infantile 
epilepsy. 
Mutations in the STXBP1 gene (A, indicated by arrow) lead to deletions or 
missense mutations at the protein level (B) and occur in all domains of the 
Munc18-1 protein. 

affinity binding to monomeric Syntaxin-1. In this state, Syntaxin-1 is in a 
closed conformation that is incompatible with SNARE complex formation 
(Misura et al., 2000). However, gene deletion studies have shown that SM 
proteins are essential for synaptic vesicle fusion in a variety of organisms 
(Harrison et al., 1994; Hosono et al., 1992; Novick and Schekman, 1979; 
Verhage et al., 2000; for review see Toonen and Verhage, 2003). 

Lately, other binding modes of Munc18-1 have emerged that are compatible 
with SNARE complex formation: Firstly, Munc18-1 interacts with assembled 
SNARE complexes in vitro, similar to other SM proteins (Dulubova et al., 
2007; Rickman et al., 2007; Shen et al., 2007). This is in line with the 
essential role of this protein and modifies traditional ideas, which were 
largely based on the crystal structure of the Munc18-1/Syntaxin-1 dimer 
(Misura et al., 2000). In earlier studies, the Munc18-1/SNARE complex 
interaction was probably masked by the approximately 10-fold higher 
affinity of the Munc18-1/Syntaxin-1 interaction (Dulubova et al., 2007). 
Secondly, Munc18-1 also interacts with Syntaxin-1 via a N-terminal binding 
mode. Deletion of the N-terminus of Syntaxin-1 diminishes the stimulatory 
effect of Munc18-1 in a liposome fusion assay (Shen et al., 2007). These 
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Learning and memory requires remodeling of 
synapses
Synaptic plasticity allows the brain to constantly adapt to changes in the 
environment. Generally, two forms of plasticity are distinguished: Short-
term plasticity refers to changes in synaptic strength on the time scale 
of milliseconds to minutes. This form of plasticity includes short-term 
facilitation, depression and post-tetanic potentiation and results from 
transient changes in release probability or RRP size (Zucker and Regehr, 
2002). In contrast, long-term plasticity lasts for hours to days or even 
months. Long-term plasticity together with structural plasticity, i.e. the 
rewiring of circuits, is thought to underlie learning and memory (Chklovskii 
et al., 2004). In recent years, another form of plasticity called homeostatic 
plasticity has been studied intensively. 

Homeostatic plasticity
Connections between neurons that repeatedly fire together are 
strengthened (Hebb’s rule). Computer simulations have shown that 
synapse strengthening during such plasticity phenomena, can result in an 

findings lead to the hypothesis that the N-terminal binding mode enables 
SM proteins to stimulate merging of membranes. However, a recent study 
using mutations in Munc18-1 that interfere with binding to the N-terminus 
of Syntaxin-1 shows that the N-terminal binding mode is dispensable in 
synaptic vesicle fusion in neurons (Meijer et al, submitted). Thus, despite 
extensive study of the different interaction models with members of the 
SNARE family (i.e. closed Syntaxin vs. SNARE complex vs. N-terminal 
binding), Munc18’s exact mode of action remains elusive although most 
data point towards a role in SNARE complex assembly (Figure 1.4). 

The importance of Munc18-1 in humans became evident when de novo 
mutations in the STXBP1 gene (STXBP1, syntaxin binding protein 1 or 
Munc18-1) were found in patients with severe neurological deficits, mostly 
resulting from only a single amino acid change. Patients suffer from early 
infantile epilepsy (such as Ohtahara syndrome or West syndrome), 
mental retardation, tremor or movement disabilities (Deprez et al., 2010; 
Hamdan, 2009; Mignot et al., 2011; Milh et al., 2011; Otsuka et al., 2010; 
Saitsu et al., 2008). The missense mutations occur in various parts of the 
protein (Figure 1.5). It is currently not understood how these mutations in 
Munc18-1 lead to development of neurological deficits. 
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endless loop of potentiation. Since this could have dramatic consequences 
for the stability of a network and result for instance in epileptic seizures, 
counteracting mechanisms exist in the brain. These processes, generally 
summarized as homeostatic plasticity, serve to keep the activity in a 
network close to a certain set point over a long period of time (Burrone et 
al., 2002; Turrigiano et al., 1998) (Figure 1.6). Different, and most likely 
opposing, homeostatic regulation mechanisms exist between excitatory 
and inhibitory neurons (for review see (Moulder et al., 2006; Turrigiano, 
2011). Because of the scope of this thesis, the following section will only 
focus on homeostatic plasticity in glutamatergic neurons. 
It is thought that each neuron is capable of sensing and regulating its 
own activity to contribute to the stabilization of the network (Davis, 2006; 
Marder and Goaillard, 2006; Turrigiano and Nelson, 2004), leading to cell-
autonomous regulatory mechanisms. Generally, a neuron regulates its 
activity via different mechanisms that are likely to act in concert:

1) Regulation of intrinsic excitability
A neuron can shift its input-output curve, i.e. the relationship between 
synaptic input and its firing rate, to modulate its activity. The precise 
molecular mechanisms underlying this regulation are still largely unknown 
(for review see (Moulder et al., 2006). 

2) Regulation of synaptic strength
Most knowledge on the regulation of synaptic strength comes from studies 
in neuronal cultures whose activity has been pharmacologically perturbed. 
While hyperactivity of the network leads to down-regulation of synaptic 
strength, silencing of neurons results in increased synaptic strength 
(Thiagarajan et al., 2005; Turrigiano et al., 1998). Further complexity and 
fine-tuning of homeostatic plasticity is achieved by different dimensions 
of action:

a) “Global” vs. “local” regulation
Mechanisms can either operate on all synapses of a neuron (“global”) 
or might only be present in certain subtypes of synapses (“local”), for 
instance depending on the connectivity with other neuronal subtypes (Yu 
and Goda, 2009).
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Figure 1.6 Homeostatic plasticity. 
Bidirectional regulatory mechanisms keep neuronal firing rates at an optimum: 
High neuronal activity leads to downscaling of synaptic strength, while neuronal 
silencing leads to upscaling of synaptic strength. 

b) Presynaptic vs. postsynaptic regulation
Regulation of synaptic strength can be divided in pre- and postsynaptic 
mechanisms. The latter has been studied extensively and is usually 
referred to as postsynaptic scaling. Pharmacological manipulation of 
network activity in neuronal cultures, leads to changes in the size of the 
postsynaptic density and number of postsynaptic glutamate receptors 
resulting in compensatory scaling of the amplitudes of spontaneous and 
evoked release (Cingolani and Goda, 2008; Gainey et al., 2009; Ibata et 
al., 2008; Rutherford et al., 1997; Seeburg et al., 2008; Turrigiano et al., 
1998; Watt et al., 2000; Wierenga et al., 2005). 
On the other hand, presynaptic transmitter release can be regulated by 
changes in size of the readily releasable pool or release probability, which 
can be accompanied by changes in the overall bouton or active zone size. 
A detailed description of presynaptic homeostatic mechanisms identified 
so far can be found below.
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c) Developmental regulation
Regulatory mechanisms do not necessarily have to be present at all ages 
but can depend on the developmental state of a cell. This phenomenon 
is well studied in the development of the visual cortex. Compensatory 
mechanisms are turned off in input layer 4 of the visual cortex upon 
completion of the critical period (Desai et al., 2002; Maffei et al., 2006; 
Maffei et al., 2004; Maffei and Turrigiano, 2008). In contrast, homeostatic 
plasticity mechanism only start at this time point in other layers of the 
visual cortex (Goel and Lee, 2007).

d) Cell-type specific regulation
Different signaling pathways have been identified to play a role in 
homeostatic plasticity. Differential expression of pathway components 
such as receptors by different cell-type might therefore play an important 
role in cell-type specific regulation of synaptic strength (Kim and Alger, 
2010; Rutherford et al., 1997). 

Presynaptic plasticity 
The number of synaptic vesicles released from a presynapse upon arrival 
of an action potential, the synaptic release probability (p

r
), depends on the 

number of vesicles in the readily releasable pool (RRP) and the vesicular 
release probability (P

ves
) (Del Castillo and Katz, 1954). Whereas some 

papers show simultaneous regulation of both parameters (Thiagarajan 
et al., 2007), others show that either RRP size or release probability is 
regulated during homeostatic plasticity. 

Regulation of RRP size
Early studies in Aplysia (Bailey and Chen, 1983; Wojtowicz et al., 1994) 
and crayfish neuromuscular junctions (NMJs) show that increased synaptic 
release correlates with an increase in the number of active zones, but also 
with larger RRP size. In Drosophila NMJs, RRP size is increased in GluRIIB-
only flies, an established model system for homeostatic synaptic plasticity. 
Increased levels of Bruchpilot (BRP) protein in the synapse are thought 
to be the morphological correlate for increased synaptic strength in this 
system. Other synaptic proteins however have not been investigated by 
the authors (Weyhersmüller et al., 2011). In mouse hippocampal cultures, 
RRP size is also modulated reciprocally: high frequency stimulation that 
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causes long-term depression correlates with decreased RRP size (Goda 
and Stevens, 1998) whereas several days of pharmacological silencing 
result in increased RRP size and release probability (Murthy et al., 2001). 
Moulder et al (2004) show that the apparent reduction in RRP size upon 
increased neuronal activity may be explained by a reduced number of 
active synapses (synaptic silencing) rather then a reduction in the number 
of releasable vesicles per synapse (Moulder et al., 2004). Thus, in addition 
to RRP changes we also need to take into account potential effects on the 
balance between dormant and awake synapses. 

Regulation of release probability
Generally, synaptic release probability is highly variable (Branco and 
Staras, 2009). Several studies have shown that changing network activity 
leads to a homeostatic adaptation in presynaptic Ca2+ influx and release 
probability (Moulder et al., 2003; Zhao et al., 2011a). Branco et al (2008) 
show that the decrease of synaptic release probability after enhanced 
activity depends on postsynaptic receptor activation. The opposite effect 
was observed after lowering network activity by blocking postsynaptic 
AMPA receptors (Jakawich et al., 2010). This implies that presynaptic 
Ca2+ influx can be bidirectionally regulated during homeostatic plasticity 
and that postsynaptic signals drive this phenomenon. Recent studies 
have shown that synaptic levels of vesicle priming proteins are changed 
during homeostatic plasticity (Lazarevic et al., 2011). Hence, additional 
presynaptic mechanisms might exist that regulate release probability 
upon changes in neuronal activity. Importantly, molecular mechanisms 
that explain how postsynaptic changes lead to presynaptic homeostatic 
adaption of release probability remain largely elusive. Several studies 
indicate that retrograde BDNF signaling may play a role in homeostatic 
regulation of synaptic strength. However, dendritic BDNF release is 
triggered by both high-frequency stimulation and postsynaptic silencing 
(Hartmann et al., 2001; Jakawich et al., 2010). Clearly, more research 
is needed to investigate how a neuron senses its own activity and how 
information flows from the postsynaptic neuron to the presynaptic neuron. 
Transsynaptic cell adhesion molecules and retrograde messengers, that 
trigger presynaptic signaling cascades and/or lead to posttranslational 
modifications of presynaptic proteins, are among the potential 
candidates.  
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Mechanisms underlying homeostatic plasticity
Different molecular principles underlie and contribute to homeostatic 
plasticity. The examples given in the next section illustrate mainly 
presynaptic mechanisms because of the scope of the research discussed 
in this thesis.

Protein levels
Protein levels in the synapse can be regulated in two ways: Firstly, by 
changing the balance between translation and degradation. This can 
occur globally in a neuron, but also locally in the synapse in an activity-
dependent manner. Secondly, the amount of protein within a terminal can 
be varied by activity-dependent recruitment or translocation of proteins 
out of the synapse. Chapter 3 focuses on the regulation of protein levels 
via degradation by the ubiquitin-proteasome system in the context of 
homeostatic plasticity. 

Posttranslational modifications
Posttranslational modifications (PTMs) are chemical modifications of 
(single) amino acids that take place after protein biosynthesis and change 
the function and/or structure of a protein. PTMs are dynamic and mostly 
transient since specific enzymes can reverse these modifications. A 
plethora of PTMs exist and many play a role in plasticity phenomena 
(Sunyer et al., 2008). Currently, phosphorylation is considered the most 
abundant PTM (Khoury et al., 2011). The following paragraphs will focus 
on the role of phosphorylation and ubiquitination (another PTM) in the 
brain, particularly in the context of homeostatic plasticity. 
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Phosphorylation

Phosphorylation, i.e. the addition of a phosphate moiety to a protein, is 
the most abundant posttranslational protein modification (PTM). This 
process requires energy, since a phosphorylating enzyme (kinase) splits 
ATP into ADP and phosphate and adds the latter to a target protein. 
Dephosphorylating enzymes (phosphatases) can reverse the process. 
Our brain contains many different protein kinases with different target 
recognition sites, activation mechanisms and different amino acids to 
which the phosphate is added (Ser, Thr, Tyr). Even more complexity is 
added by crosstalk of different phosphorylation pathways (for a description 
of crosstalk between ERK and Cdk5 see Cheung et al., 2007; Harada 
et al., 2001; Sharma et al., 2002). Many of these pathways have been 
implicated in neurotransmission, synaptic plasticity and learning. This 
thesis describes the role of two kinases, Cdk5 and ERK, which will be 
discussed here in further detail. 

CyClin-dependent kinase 5 (Cdk5)

The role of Cdk5 in the brain and synapse
Cyclin-dependent kinase 5 is a proline-directed serine/threonine kinase of 
the family of cyclin-dependent kinases because of its sequence homology. 
However, Cdk5 is not activated by cyclins but rather by binding of two 
small activator proteins p35 and p39 or their cleavage products p25 and 
p29, respectively. Cdk5 is expressed in many tissues, with the highest 
expression in postmitotic neurons of the brain (Cruz and Tsai, 2004; 
Meyerson et al., 1992; Tsai et al., 1993). Here it plays a role in various 
processes such as neuronal development and outgrowth (Ko et al., 2001; 
Nikolic et al., 1996; Ohshima et al., 1996), neurogenesis (Lagace et al., 
2008), protein trafficking (Samuels et al., 2007), synaptic transmission 
(Kim and Ryan, 2010) as well as learning (Fischer et al., 2002, 2003; 
Hawasli et al., 2007; Sananbenesi et al., 2007). 

Cdk5 activation
Until now, the exact mechanisms and extracellular stimuli that trigger 
Cdk5 activation in synapses remain unknown. It was hypothesized 
that Cdk5 activation would depend on increases in cellular levels of it 
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activator proteins p35 and p39. However, due to the time scale of Cdk5 
activation, translation of p35 and p39 can be excluded as major regulatory 
factor in controlling synaptic output. This implies that other yet unknown 
mechanisms exist that regulate Cdk5 activity. In addition, Cdk5 itself 
is homeostatically regulated since its activity increases after neuronal 
silencing (Mitra et al., 2011). 

Cdk5’s role in neurodegeneration
Cdk5 has been implicated in Alzheimer’s disease (Cruz and Tsai, 
2004). In these patients, cleavage of p35 to p25 by calpain is increased 
(Patrick et al., 1998; Patrick et al., 1999). Enhanced p25 levels lead to 
hyperactivation of Cdk5, which alters its cellular localization and substrate 
specificity. Amongst the off-targets is tau, a microtubule associated protein. 
Hyperphosphorylated tau is the principal component of neurofibrillary 
tangles in Alzheimer’s disease and leads to cytoskeletal disruption, 
morphological degeneration and finally apoptosis (Patrick et al., 1999). 
Interestingly, Fischer et al (2005) showed that p25 is not necessarily bad 
for the brain, but that its effects depend strongly on the time course of 
expression. Whereas a transient increase in p25 levels enhances learning, 
constant high levels are detrimental and result in synapse and neuronal 
loss as well as learning and memory deficits (Fischer et al., 2005).

Cdk5 substrates in the synaptic terminal
Cdk5 phosphorylates multiple proteins that are involved in exocytosis 
or endocytosis. Phosphorylation of the endocytic proteins dynamin, 
amphiphysin and synaptojanin under resting conditions prevents 
endocytosis. Calcium influx activates the protein phosphatase calcineurin 
that dephosphorylates these proteins. Dephosphorylated dynamin, 
amphiphysin and synaptojanin then engage in endocytosis, ensuring that 
synaptic vesicles are recycled after exocytosis (Cousin and Robinson, 
2001; Evans and Cousin, 2007; Lee et al., 2004; Liang et al., 2007; Smillie 
and Cousin, 2005; Tan et al., 2003; Tomizawa et al., 2003). 
Furthermore, Cdk5 also plays a role in exocytosis: A recent paper by 
Kim and Ryan (2010) uses optical assays and robust stimulation (600AP 
at 10Hz) to show that pharmacological inhibition or knockdown (KD) of 
Cdk5 activates previously inactive synapses and increases the number 
of vesicles in the recycling pool. A balance between Cdk5 and the Ca2+-
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dependent phosphatase calcineurin (CN) regulates this transition of 
vesicles from the resting to the recycling pool. Interestingly, Cdk5 levels 
are regulated by the activity status of the cell. This makes Cdk5 a suitable 
candidate for presynaptic homeostatic scaling (Kim and Ryan, 2010; 
Mitra et al., 2011). No targets of Cdk5 have been identified to regulate this 
process although several presynaptic Cdk5 targets have been described: 
Synapsin is phosphorylated by Cdk5, but the role of this phosphorylation 
on transmitter release remains elusive (Matsubara, 1996). Cdk5 
phosphorylation of Septin5 results in loss of Syntaxin-1 binding which is 
thought to hinder human growth hormone exocytosis in PC12 cells (Amin 
et al., 2008; Taniguchi et al., 2007). In addition, Cdk5 has been implicated 
in synapse formation as it affects transport of the active zone protein 
CASK to the synapse by regulating the liprin-CASK interaction (Samuels 
et al., 2007). Moreover, Munc18-1 phosphorylation by Cdk5 lowers the 
affinity to monomeric Syntaxin-1 (Fletcher et al., 1999; Shuang et al., 
1998). Inhibiting Munc18-1 phosphorylation decreases release in PC12 
cells (Lilja et al., 2004) and bovine chromaffin cells (Barclay et al., 2004). 
Chapter 4 of this thesis will investigate the role of Cdk5 phosphorylation 
of Munc18-1 in neuronal transmission. 
Interestingly, Cdk5 phosphorylation can act as trigger for other 
posttranslational modifications (Cheng et al., 2002; Fu et al., 2011; Liu 
et al., 2006). In the postsynapse, ubiquitination and degradation of the 
postsynaptic proteins SPAR and PSD95 is altered by Cdk5 phosphorylation 
(Bianchetta et al., 2011; Pak and Sheng, 2003; Seeburg et al., 2008). 

extraCellular signal-regulated kinase (erk)

The role of ERK in the brain and synapse
Extracellular signaling regulated kinases (ERKs), also called mitogen-
activated protein kinases (MAPKs), are Ser/Thr kinases that link 
extracellular stimuli to signaling cascades inside the cell. ERK1 and 
ERK2 (from hereon referred to as ERK) are highly homologous and play 
an important role during plasticity and learning in both invertebrates and 
vertebrates (Orban et al., 1999). 
In Aplysia, 5-HT signaling leads to autocrine release of BDNF, which 
binds to the tyrosine kinase receptor B (TrkB) and activates ERK. (Hu 
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et al., 2004; Purcell et al., 2003). ERK is required for 5-HT-induced 
intermediate-term facilitation (ITF) and long-term facilitation (LTF) but not 
basal synaptic transmission or short-term facilitation of sensory neuron 
synapses (Martin et al., 1997; Sharma et al., 2003). During ITF and LTF, 
ERK translocates from synapses to the nucleus of the presynaptic cell 
to induce CREB-mediated gene transcription (Martin et al., 1997), but 
also phosphorylates cytoplasmic targets (Bailey et al., 1997). Similarly, 
the ERK pathway is activated during classical conditioning in the sea 
slug Hermissenda, (Crow et al., 1998) and pont turtle Pseudemys scripta 
elegans (Li and Keifer, 2008).
In mammals, ERK also plays a critical role in different forms of behavior 
and can be activated both pre- and postsynaptically. Firstly, ERK is strongly 
activated when an animal is exposed to a novel or stressful stimulus. In 
active neurons, NMDA receptors trigger transient ERK activation, which 
peaks about 30 minutes after the stimulus. Various stimulus paradigms 
trigger NMDA-dependent ERK activation: During taste learning in 
rodents ERK is activated in the insular cortex after exposure to a new 
taste (Berman et al., 2000; Berman et al., 1998). Addictive drugs, such 
as cocaine, tetrahydrocannabinol (THC) and nicotine, trigger ERK 
activation in many brain areas, amongst them the hippocampus, via 
activation of NMDA and group I metabotropic glutamate receptors (for 
review see (Girault et al., 2007). ERK is also activated in an NMDA-
dependent manner during forced swim tests in rats, which contains both 
psychological (e.g. anxiety) as well as physical stressors (e.g. swimming, 
loss of body heat) (Chandramohan et al., 2008). In addition, injections 
of the ERK inhibitors PD98059 or U0126 into the hippocampus during 
fear conditioning paradigms have shown that ERK plays an important 
role in the extinction of fear (Fischer et al., 2007). Finally, the importance 
of the ERK signaling pathway in memory function was demonstrated in 
genetically modified mice. Hypomorphic ERK2 mutant mice have severe 
deficits in long-term memory (Satoh et al., 2007). On the other hand, ERK1 
knockout mice show enhanced striatum-mediated learning and memory, 
probably due to a compensatory upregulation of ERK2 (Mazzucchelli et 
al., 2002). Furthermore, overexpression of hyperactive H-Ras (H-RasG12V

) 
in forebrain strongly activates ERK and leads to increased spontaneous 
(but not evoked) release, more docked vesicles, increased long-term 
potentiation (LTP) as well as increased spatial learning and contextual 
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Figure 1.7 The ERK pathway. 
Activation of several receptors leads to activation of ERK via a sequence of 
phosphorylation events. Receptor activation either enhances (green) or reduces 
(red) neurotransmitter release. The best studied ERK target synapsin mediates 
enhancing effects on neurotransmitter release, while inhibitory ERK targets are 
still missing.

fear conditioning (Kushner et al., 2005). Together, these studies show that 
ERK activation plays an important role in learning, novelty, addiction as 
well as in fear and anxiety. 

Regulation of ERK activity
Generally, ERK is activated by a series of events: Extracellular stimuli 
trigger Ca2+ influx, which activates the small GTPase Ras. Ras activates 
a sequence of kinases including Raf (also called MAPKKK) and MEK 
(also called MAPKK), which then phosphorylates ERK (also called 
MAPK) (Boulton et al., 1991; Gómez and Cohen, 1991; Howe et al., 1992; 
Kyriakis et al., 1992; L’Allemain, 1994). Many extracellular stimuli are able 
to activate ERK in the brain (Figure1.7): 
Firstly, ERK can be activated by neurotrophic factors such as BDNF or 
neurotrophin-4/5 (NT-4/5) that activate G-protein coupled receptors such as 
the TrkB receptor (Boulton et al., 1991; Gómez and Cohen, 1991; Sugden 
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and Clerk, 1997). This route has recently been implicated in homeostatic 
plasticity, where BDNF, secreted from the postsynaptic cell, functions as a 
retrograde messenger to activate TrkB receptors on presynaptic terminals 
and regulate presynaptic strength (Hartmann et al., 2001; Jakawich et 
al., 2010). The effect of BDNF on neurotransmitter release has been 
studied extensively: Similar to ERK2 knockout mice, BDNF knockout 
mice have impaired LTP in the hippocampus (Korte et al., 1995; Patterson 
et al., 1996; Tyler et al., 2002). Whereas BDNF’s involvement in long-
term plasticity is undisputed (Crow et al., 1998; Gottschalk et al., 1998), 
it is less clear whether BDNF also influences basal neurotransmission. 
Studies report an increase, decrease or no effect on spontaneous or 
evoked release with varying percentages of cells that respond to BDNF 
application (Carmignoto et al., 1997; Kim et al., 1994; Lazarevic et al., 
2011; Lessmann et al., 1994; Lessmann and Heumann, 1998; Levine et 
al., 1995; Tanaka et al., 1997; Tyler and Pozzo-Miller, 2001). 
Secondly, the ERK pathway is also implicated in negative feedback 
regulation. During high neuronal activity, glutamate levels in the synaptic 
cleft strongly increase and glutamate will not only activate postsynaptic 
glutamate receptors but also AMPAR receptors or metabotropic glutamate 
receptors that are localized on the presynaptic terminal (Chang and De 
Camilli, 2001; Fabian-Fine et al., 2000; Lee et al., 2002; Satake et al., 
2000; Schenk and Matteoli, 2004). In addition to their ionotropic properties, 
AMPAR receptors also possess metabotropic properties when activated 
by high glutamate concentrations. Subsequently, the ERK pathway is 
activated via G proteins (Perkinton et al., 1999; Wang and Durkin, 1995; 
Wang et al., 1997) or lyn kinase (Hayashi et al., 1999; Wu et al., 2004), 
which in turn inhibits neurotransmitter release (Lee et al., 2002; Satake 
et al., 2000). ERK activation upon mGluR2 stimulation also negatively 
affects release (Kamiya et al., 1996; Mateo and Porter, 2007; O’Leary et 
al., 1997; Pinheiro and Mulle, 2008; Scanziani et al., 1997). 
Thirdly, ERK is activated upon retrograde endocannabinoid signaling which 
also functions as a negative feedback loop during high neuronal activity. 
NMDA receptor activation leads to production of endocannabinoids in 
the postsynaptic cell. Due to their lypophilic nature, endocannabinoids 
diffuse through the cell membrane and synaptic cleft where they activate 
receptors at the presynaptic cell. Activation of the G-protein coupled CB1 
receptors (CB1R) leads to activation of ERK via PLC and in turn decreases 
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neurotransmitter release (Kellogg et al., 2009). Hence, also consumption 
of plant-derived cannabinoids (i.e. THC from Cannabis sativa) might 
influence ERK signaling and disturb negative feedback regulation in the 
brain. 
In addition to the specific cascades described above, the ERK pathway 
is also regulated through crosstalk with different second messengers or 
kinase pathways such as DAG, Ca2+, cAMP, PKA and Cdk5 (for review 
see (Grewal et al., 1999).
Together, these studies show that ERK is activated via several (retrograde) 
signaling pathways and suggest an important role for ERK activation in 
homeostatic plasticity. Downstream targets of ERK that mediate these 
effects will be discussed in the next sections.

ERK’s role in mental retardation
Genetic defects in genes involved in the ERK signaling cascade lead 
to severe learning deficits and mental retardation (Krab et al., 2008; 
Stornetta and Zhu, 2011; Tidyman and Rauen, 2008). Mutations in Ras, 
Raf and MEK1/2 and other upstream regulators of ERK have been found in 
patients with neuro-cardio-facio-cutaneous syndromes, including Costello 
syndrome (Rauen, 2007; Rauen et al., 2011), cardio-facio-cutaneous 
(CFC) syndrome (Roberts et al., 2006), Neurofibromatosis type 1 (Cui et 
al., 2008; Denayer et al., 2008; Krab et al., 2008) and Noonan syndrome 
(Schubbert et al., 2007; Tidyman and Rauen, 2008). This group of orphan 
diseases is characterized by abnormal craniofacial features, cardiac 
defects, learning deficits and developmental delay. The exact mechanisms 
by which these mutations lead to disabilities in cognitive function are still 
poorly understood. Deregulation of AMPAR trafficking has been implicated, 
but with the multitude of ERK targets other or additional mechanisms will 
likely emerge. 

ERK targets
Many studies have focused on the identification of the downstream ERK 
targets involved in long-term potentiation and memory formation. During 
long-term potentiation ERK phosphorylates various postsynaptic proteins, 
ranging from nuclear, membrane-associated to cytoskeletal proteins (for 
review see (Grewal et al., 1999)). The transcription factor cAMP response 
element binding (CREB) protein is probably the best-described example. 
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Repetitive stimulation of the siphon-withdrawal reflex in Aplysia augments 
the response to the stimulus (long-term sensitization). During this process, 
ERK is activated in a cAMP/PKA-dependent manner and translocates 
to the nucleus. Here, ERK phosphorylates CREB1, which binds to the 
promoter element CRE to initiate transcription. Protein synthesis then 
results in short-term (via persistently active PKA) and long-term effects 
(via structural changes) of sensitization (for review see (Sharma and 
Carew, 2004). 

On the presynaptic site, the synaptic vesicle protein synapsin is thought to 
be the major ERK target. Phosphorylation of synapsin by ERK at P-sites 
4/5 and 6 abolishes F-actin binding. This mobilizes synaptic vesicles 
to transit between vesicle pools (Benfenati et al., 1989; Bähler and 
Greengard, 1987; Matsubara, 1996). Several studies in both invertebrates 
and mammals have shown that ERK phosphorylation of synapsin plays 
an important role in long-term potentiation (Angers et al., 2002; Chi et al., 
2003; Chin et al., 2002; Humeau et al., 2001; Kushner et al., 2005; Vara 
et al., 2009). Kushner et al (2005) suggest that synapsin phosphorylation 
mediates the behavioral effects of ERK activation. In their study they 
cross mice overexpressing hyperactive Ras (H-rasG12V

) with synapsin 
knockout mice to show that the enhancing effect of H-ras

G12V
 on LTP is lost 

in the absence of synapsin (Kushner et al., 2005). It is currently unclear if 
similar results would have been obtained in mice that specifically lost the 
ability to phosphorylate synapsin (i.e. using S>A mutations) or whether 
the changes in spontaneous release and docked vesicles in H-ras

G12V
 

mice can be attributed to synapsin phosphorylation as well. Additional 
presynaptic targets may exist that mediate the effect of ERK activation on 
(basal) synaptic transmission (Jovanovic et al., 2000). 
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weeks. The ubiquitin-proteasome system (UPS) mediates most of the 
protein turnover and degradation in eukaryotic cells. Ubiquitin is a small, 
76-amino acid protein that labels proteins for degradation when more than 
4 ubiquitin residues are covalently added as a poly-ubiquitin chain to lysine-
residues of a protein (Ciechanover and Schwartz, 1989; Schwartz and 
Ciechanover, 1992). On the other hand, mono-ubiquitination, the dynamic 
and reversible conjugation of a single ubiquitin to a target protein, leads 
to changes in protein signaling but not degradation. Ubiquitination occurs 
as a cascade of 3 enzymatic steps (Figure 1.8). Firstly, the E1 ubiquitin-
activating enzyme activates ubiquitin with ATP. Secondly, this high-energy 
intermediate is transferred by E2 ubiquitin conjugating enzymes to target 
proteins that have been recognized and bound by an E3 ligase. Cells 
contain many different E3 ligases to ensure target specificity, whereas 
only few different E1 and E2 ligases exist. Several E3 ligase families have 
been described based on their domain structure. E3 ligases can either 
act solitarily (such as the RING and HECT domain E3 ligases) or in multi-
domain E3 ligase complexes such as the anaphase-promoting complex/
cyclosome (APC/C) or the Skp/Cullin/F-box (SCF) complex (reviewed in 
Ardley and Robinson, 2005).

Role of ubiquitination in the brain
Ubiquitination is important for many basic cellular functions throughout the 
body such as cell cycle progression, cellular differentiation, migration, and 
organelle biogenesis. In neurons, ubiquitination and protein degradation 
plays an important role in neuronal development (for review see Kawabe 
and Brose, 2011). In addition, several studies have shown that ubiquitination 
and protein turnover are prerequisites for proper synaptic transmission and 
synaptic plasticity in the brain (for review see Haas and Broadie, 2008).  
Proteasome activity itself is homeostatically regulated since increased 
neuronal activity leads to an increase in proteasome activity (Jiang et 
al., 2010). In mammalian neurons, the UPS is an important regulator of 
postsynaptic functions as it regulates many of the key components such 
as AMPA receptors and PSD-95 (Bingol and Schuman, 2006; Burbea et 
al., 2002; Colledge et al., 2003; Dreier et al., 2005; Ehlers, 2003; Mabb 

Ubiquitination - targeting proteins for degradation
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Figure 1.8 Ubiquitination. 
A cascade of E1 ubiquitin activating enzyme, E2 ubiquitin conjugating enzyme 
and substrate-specific E3 ligases lead to ubiquitination of the substrate. Poly-
ubiquitinated proteins are degraded by the proteasome. 

and Ehlers, 2010; Pak and Sheng, 2003; Seeburg et al., 2008). Ehlers 
(2003) identified groups of proteins that are more abundant during 
elevated activity and degraded upon silencing of the neurons and vice 
versa. This shows that control of postsynaptic protein composition via 
ubiquitin-dependent protein turnover is bidirectional and reversible.

The UPS has also been implicated in the regulation of presynaptic 
function. Significant contributions come from work in invertebrates: In 
Aplysia, inhibition of the proteasome produces a long-lasting increase in 
synaptic strength between sensory and motor neurons and dramatically 
enhances serotonin-induced long-term facilitation (Fioravante et al., 2008; 
Zhao et al., 2003). In Drosophila NMJs, the UPS regulates presynaptic 
strength via PKA- and PLC-dependent degradation of the vesicle priming 
protein DUNC-13 (Aravamudan and Broadie, 2003; Speese et al., 2003). 
In contrast, synaptic levels of murine Munc13 are not affected by inhibition 
of the proteasome. Munc13 turnover was not affected by increased 
activity, but significantly reduced after blocking postsynaptic glutamate 
receptors with AP5 and CNQX (Kalla et al., 2006). Thus, steady-state 
Munc13 levels in mammals rather depend on the balance between loss 
and incorporation into the synapse but are not subjected to proteasomal 
regulation as in Drosophila.
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Nonetheless, the UPS also has an important regulatory role in presynaptic 
vesicle release in mammals. Particularly, the UPS modulates the size of 
the recycling pool (Willeumier et al., 2006) and contributes to presynaptic 
silencing during homeostatic plasticity (Jiang et al., 2010). RIM1 has been 
identified as a major presynaptic UPS target since high neuronal activity 
leads to ubiquitination of RIM1 by the Fbox-type E3 ligase SCRAPPER 
(Yao et al., 2007). RIM degradation during increased neuronal activity leads 
to lower Munc13 stability and protein levels, which together contribute to 
the observed presynaptic silencing (Jiang et al., 2010). 

A recent study investigated the effect of short, two-hour inhibition of the 
proteasome or E1 enzyme. This resulted in increased mEPSC frequency 
but not amplitude and thus shows that UPS acts mostly presynaptically at 
this time scale. The observed effects were not due to ubiquitination and 
degradation of the previously identified presynaptic proteasome targets RIM 
or Munc13, since their levels were unaltered after 2 hours of proteasome 
inhibition (Rinetti and Schweizer, 2010). Hence, other presynaptic targets 
likely exist that mediate this short-term effect of proteasome inhibition.  

Ubiquitination is crucial for proper brain functioning
Not surprisingly, dysfunction of the UPS has been implicated in many 
different brain diseases. For instance, mutations in the E3 ubiquitin ligase 
Ube3a lead to Angelman’s syndrome, causing mental retardation and 
seizures (Kishino et al., 1997; van Woerden et al., 2007). Furthermore, 
defects in protein degradation play a role in many neurodegenerative 
diseases such as ALS (reviewed in Okamoto et al., 2010), Parkinson’s 
disease (reviewed in Dawson, 2006), Huntington’s and other poly-
glutamine based diseases (Ehrnhoefer et al., 2011; Petrucelli and Dawson, 
2004). In most cases, the regulatory mechanisms that prime a protein for 
targeting to the ubiquitin-proteasome system remain elusive. 

anaphase promoting Complex/CyClosome (apC/C)
The Anaphase-promoting complex/cyclosome (APC/C) consists of multiple 
subunits, including the catalytic subunits APC2 and APC11 (Page and 
Hieter, 1999; Peters, 2002) (Figure 1.9). APC/C activator subunits Cdc20 
or Cdh-1 recognize target proteins via destruction box motifs (RxxLxxxxN, 
here x means any amino acid) (King et al., 1996) or KEN box motifs 
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(K-E-N) (Pfleger and Kirschner, 2000) and mediate their association with 
the core complex (Burton and Solomon, 2001; Pfleger et al., 2001). The 
phosphorylation state of the core subunits further controls the activity of the 
APC/C (Kraft et al., 2003; Kramer et al., 2000; Rudner and Murray, 2000).
APC/C was first characterized as an important ubiquitin ligase during the 
eukaryotic cell cycle (Vodermaier, 2004). However, core components of 
the APC/C and its activator Cdh1 are also highly expressed in postmitotic 
neurons (Gieffers et al., 1999).

In Drosophila NMJ, APC/C restricts the number of boutons per synapse, 
as shown by loss-of-function mutants of APC2/mr3. Loss of APC in 
Drosophila increases levels of the active zone protein Dliprin-a resulting in 
an increase in presynaptic bouton number and size. Furthermore, APC/C 
controls the number of postsynaptic glutamate receptors in the Drosophila 
muscle (van Roessel et al., 2004). In C. elegans, APC/C also regulates the 
abundance of glutamate receptors (GLR1) in the postsynaptic membrane 
(Juo and Kaplan, 2004) by regulating their recycling between postsynaptic 
membrane and endosomes. Liprin-a is implicated in this process via its 
interactions with the microtubule motor Kif1A and the GLR1-interacting 
protein GIT-1 (Teng and Tang, 2005). Besides modulation of the pre- and 
postsynapse, the APC/C plays a role in axonal outgrowth (Konishi et al., 
2004). 

Little is known about the effect of regulation of the mammalian liprin-a 
family by APC/C and the signals that induce liprin-a ubiquitination and 
degradation. A recent paper showed that liprin-a levels are regulated 
by neuronal activity (Lazarevic et al., 2011). Chapter 2 of this thesis 
investigates the role and regulation of the family member liprin-a2 in 
mature hippocampal neurons as well as the effect of APC/C regulation on 
liprin-a2 mobility. 

skp/Cullin/F-box (sCF) Complex

The Skp/Cullin/F-box (SCF) complex is a multidomain E3 ubiquitin ligase 
(Figure 1.10) and comprises a superfamily of E3 ligases that share the 
following features: Each SCF complex has a core domain composed of 
RBX1 and Cullin which serve as adapter between the target specificity 
domain and the E2 enzyme (Zheng et al., 2002). The substrate is 
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Figure 1.9 Structure of multi-domain E3 Ligase complexes. 
(A) The Anaphase-promoting complex/cyclosome (APC/C) binds its substrates 
via the Cdh1 protein. Adapted from van Roessel et al. (2004). (B) The Skp/
Cullin/F-box (SCF) complex recognizes its (phosphorylated) targets via a Fbox 
protein. 
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recognized by the target specificity domain, composed of Skp1 and an 
F-box protein (Cardozo and Pagano, 2004). In particular, the diversity 
of F-box proteins, of which 68 have been described in humans (Jin et 
al., 2004), ensures target specificity (Cenciarelli et al., 1999; Winston 
et al., 1999). Based on their substrate recognition domain 3 classes of 
F-box proteins exist: FBXW proteins use a WD40 domain for substrate 
recognition (Smith et al., 1999), FBXL proteins use Leucine rich repeats 
(LRRs) (Kobe and Kajava, 2001). A third class, the FBXO proteins, 
comprises all other proteins with a F-box domain that contain different or 
unidentified substrate recognition domains. Currently, little is known about 
the function of individual F-box proteins since only very few of them have 
been matched to their downstream target (Jin et al., 2004). In the brain, the 
F-box protein SCRAPPER (FBXL20) has been identified as an E3 ligase 
of the synaptic protein RIM that potently regulates synaptic transmission 
(Yao et al., 2007). FBXW7 controls neuronal stem cell differentiation and 
is required for cerebellar development (Jandke et al., 2011). Mutations 
in FBXO7 underlie the pathology of PARK15, an autosomal recessive 
neurodegenerative disease characterized by Parkinsonism and pyramidal 
disturbances (Di Fonzo et al., 2009; Zhao et al., 2011c). Chapter 3 of 
this thesis describes the function of a novel brain-enriched F-box protein, 
Fbxo41.
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Aim and Outline
The general aim of this thesis is to contribute to the understanding of the 
molecular machinery underlying synaptic transmission and its adaptation 
to changes in neuronal activity. Plasticity is crucial for the brain to adapt to 
changes in the environment and fine-tune neuronal networks accordingly. 
To date, genetic studies have elucidated the role of pre- and postsynaptic 
proteins in synaptic transmission. In addition, many signaling pathways 
and posttranslational modifications have been implicated in plasticity. 
Although the importance of these components is undisputed, little is 
known on how they are linked to orchestrate synaptic strength. This thesis 
focuses on the role of two presynaptic proteins, liprin- a2 and Munc18-1, 
and their regulation by posttranslational modifications. Both proteins are 
central components of the active zone and release machinery, respectively, 
implying a strong potential for regulation of synaptic strength. 

Chapter 2 investigates the role of the active zone proteins liprin-a1 
and liprin- a2 in synaptic transmission in mature synapses. We show 
that liprin- a2 but not liprin- a1 is important for proper spontaneous and 
evoked release. Loss of liprin- a2 leads to mislocalization of several other 
presynaptic proteins, showing that liprin-a2 is important for clustering 
presynaptic proteins and maintenance of the active zone. We show that 
liprin-a2 protein levels and turnover are regulated in an activity- and 
proteasome-dependent manner. Hence, liprin-a2 plays an important and 
upstream role in the modulation of synaptic strength. 

Chapter 3 describes a novel inhibitory ERK-dependent signaling pathway 
that controls synaptic transmission via phosphorylation of the presynaptic 
protein Munc18-1. We identify Munc18-1 as a substrate for ERK in vitro 
upon increased network activity and in vivo after footshock-induced 
stress. Phosphorylation recruits the synaptic E3 ligase subunit Fbxo41 
and triggers ubiquitination and subsequent proteasomal degradation of 
Munc18-1 and decreased vesicle release. Preventing phosphorylation 
leads to increased synaptic efficacy and blocks the inhibitory effect of 
retrograde signaling via the CB1 receptor. Thus, activity-dependent ERK 
phosphorylation of Munc18-1 homeostatically controls neuronal activity.
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Chapter 4 studies the effect of Cdk5 phosphorylation of Munc18-1. In 
neurons, Cdk5 activation results in reallocation of synaptic strength, 
including weakening of some connections while strengthening others 
(Mitra et al., 2011). We show that Cdk5 phosphorylation of the presynaptic 
protein Munc18-1 plays an important role in the regulation of synaptic 
strength. In the absence of phosphorylation, neurons show reduced 
spontaneous and evoked release, RRP size and release probability. Hence, 
Cdk5 phosphorylation of Munc18-1 does not underlie Cdk5-dependent 
silencing of synapses, but may play a role in neuronal silencing induced 
increase of presynaptic strength. 

Chapter 5 describes a novel software routine (SynD) for automatic 
analysis of neuronal morphology. The program allows extraction of 
morphological and intensity data for soma, neurites and synapses from 
immunofluorescent images and minimizes analysis time and observer 
bias.

Chapter 6 summarizes the main findings and attempts to generate a 
model on how synaptic strength is modulated in the brain by combinatorial 
action of posttranslational modifications.  In particular, I will focus on the 
regulation of Liprin-a2 and Munc18-1 and the possible implications for 
human health. 




