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ABSTRACT

The process by which cells release substances through fusion of vesicles with the plasma
membrane is called exocytosis. Regulated exocytosis needs to be tightly controlled in order to
respond to the large variation in stimuli and demands for release of neurotransmitters, peptides
and hormones. Disturbances in release underlie a multitude of neuropsychiatric disorders and
hormonal imbalances. This thesis aimed at exploring exocytotic regulatory mechanisms,
focusing on protein isoforms and phosphorylation.

Central for exocytosis is the formation of a trans-membrane SNARE protein complex,
consisting of VAMP2, Syntaxin 1 and SNAP-25. The in vivo importance of two SNAP-25
isoforms was investigated in a transgenic mouse model in which SNAP-25b expression was
replaced with supplementary SNAP-25a, thereby retaining physiological levels of SNAP-25.
SNAP-25a is expressed early in development whereas SNAP-25b is the dominant isoform in
adult brain. The SNAP-25b null mutants exist in two versions, unfloxed with a neo cassette
retained and reduced levels of SNAP-25 expression, and floxed with the selection gene
excised. Both models demonstrated reduced short-term plasticity in the hippocampus and
developed seizures with accompanying changes in neuropeptide expression. Unfloxed mouse
mutants had a more severe phenotype with developmental defects and early lethality. Adult
floxed mouse mutants show cognitive impairments with increased anxiety and deficits in
spatial learning and with time, morphological changes in the hippocampus appeared.

Cdk5 was initially identified as a kinase important for neurite outgrowth but is
emerging as a regulator of cell signaling. For activity Cdk5 is dependent on its activator
proteins, p35 and p39. We investigated the roles of Cdk5 and the activators in synaptic vesicle
and secretory granule exocytosis. In the neuroblastoma-glioma cell line NG108-15, Cdk5 and
p35 proteins were preferentially distributed to soluble pools. p39 was expressed at low levels
and primarily present in membrane and cytoskeletal fractions. Recordings of postsynaptic
membrane potentials in co-cultures with NG108-15 cells and differentiating muscle cells
demonstrated that a dominant negative Cdk5 mutant inhibited spontaneous transmitter release.
Overexpression of either Cdk5 activator p35 or p39 increased both the number of functional
synapses and the frequency of spontaneous neurotransmitter release.

Insulin release from the pancreatic beta cell is important for regulating blood glucose
levels and in Type II diabetes this process is impaired. We have previously identified Cdk5 as
an enhancer of beta cell exocytosis and now show that both CdkS5 activators are expressed in
mouse primary beta cells and associate with membranes. Muncl8-1 is a Cdk5 substrate
essential for neuronal exocytosis participating in SNARE complex assembly. Capacitance
recordings using phosphorylation mutants showed that Munc18-1 is a substrate of Cdk5/p39,
promoting Ca**-dependent beta cell exocytosis. Munc18-2 is preferentially expressed in cells
not expressing Munc18-1. We demonstrated that Munc18-2 is expressed in pancreatic beta
cells, in addition to Munc18-1. Munc18-2 showed a more cytosolic localization and Munc18-1
was selectively translocated to the plasma membrane after glucose-stimulation.
Phosphorylation mutants of Munc18-1 and Munc18-2 showed different subcellular localization
compared to wt proteins, implicating that phosphorylation is important for Munc18 cycling.

Thus, we have shown that in vivo the switch from SNAP-25a to SNAP-25b is essential
for developing and maintaining accurate synaptic performance in plastic brain areas. Cdk5
promotes exocytosis in both neuronal and pancreatic beta cells, in the latter via the p39
activator. Furthermore, we have identified Munc18 proteins as Cdk5 substrates in beta cells
and demonstrated a late role for Cdk5 phosphorylation of Munc18-1 in exocytosis.
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1 INTRODUCTION
1.1 EXOCYTOSIS
1.1.1 The exocytotic process

The way by which cells release substances through fusion of vesicles with the plasma
membrane is called exocytosis. Regulated exocytosis is a special feature of secretory
cells and comprises the release of neurotransmitters, peptides and hormones. There is a
series of discrete biochemical steps leading to release of signal substances and the final
stages in exocytosis are classified into docking, priming and fusion, all of which are
ATP- and Ca2+-dependent (Becherer & Rettig, 2006; Rorsman & Renstrom, 2003;
Stidhof, 2004). Vesicles are recruited and tethered to the plasma membrane where they
are docked. During priming N-ethylmaleimide-sensitive factor (NSF) attachment
protein receptor (SNARE) complexes are formed, vesicles are pulled closer to the
plasma membrane and mature into fusion-competence. At the fusion step a fusion pore
is formed by the mixing of vesicle and plasma membrane lipid bilayers and vesicle
content is released into the extracellular space (Margittai et al., 2003). Although
SNARE pairing and SNARE-SNARE interactions were initially proposed to provide
the overall specificity and mediate membrane trafficking and fusion, it is now clear that
there are additional proteins needed to provide accuracy and speed of exocytosis. The
exocytotic process is intensely orchestrated, with many players involved. Some proteins
may be necessary to keep exocytosis fine-tuned and serve as brakes, though at the end
being necessary for exocytosis to function properly.

1.1.2 The SNARE complex

VAMP \

—>

Docking Priming Fusion

Figure 1. The steps of exocytosis and the formation of the SNARE complex. Vesicles are
translocated to the plasma membrane where they are docked. Priming of vesicles involves
formation of SNARE complexes. Prior to assembly of the SNARE complex SNAP-25 and
VAMP has an unordered structure, thereafter adopting the characteristic SNARE
conformation. Finally, release occurs when vesicles fuse with the plasma membrane.

The molecular machinery acting in exocytosis is similar for all cellular vesicle
trafficking steps. Central for exocytosis is the formation of a trans-membrane soluble
SNARE complex (Sollner et al., 1993a; Sollner et al., 1993b). The SNARE complex
consists of three compartmentally defined proteins; the Vesicular-associated membrane
protein (VAMP)/Synaptobrevin, the target membrane anchored Syntaxin and the



cytoplasmic Synaptosomal-associated protein of 25 kD (SNAP-25) that associates with
membranes through palmitoylation (Archer et al., 1990; Bennett et al., 1992). The so
called SNARE motif each consists of 60-70 amino acids and four SNARE motifs are
forming a four a-helix coiled-coiled bundle, pulling the vesicle close to the target
membrane (Sutton et al., 1998). VAMP and Syntaxin have one SNARE motif each
adjacent to their C-terminal trans-membrane region and SNAP-25 has one N-terminal
and one C-terminal SNARE motif connected by a palmitoylated linker. The assembly
of the SNARE complex is believed to initiate at the N-terminal of the motifs,
proceeding towards the C-terminus. The interface between the helices is mainly
hydrophobic except for one charged amino acid of each SNARE motif, arginine (R) or
glutamine (Q). The SNAREs are classified into R (VAMP) and Q (Syntaxin and
SNAP-25) SNARESs according to which of these residues they contain (Fasshauer et al.,
1998). The mechanisms mediating formation of the initial fusion pore are still not fully
elucidated (Jahn & Scheller, 2006; Siidhof, 2004). However, the SNARE proteins are
believed to operate at the actual fusion event and have intrinsic, albeit slow, capabilities
to perform membrane fusion (Giraudo et al., 2006; Pobbati et al., 2006). Cleavage of
the SNARE proteins by clostridial neurotoxins abolishes release and have demonstrated
the necessity of the SNARE complex in fusion (Schiavo et al., 2000). After assembly of
the SNARE complex Complexin rapidly binds along the a-helix bundle (Chen et al.,
2002; Tang et al., 2006). The ATPase NSF and soluble NSF attachment proteins
(SNAPs) dismantle the SNARE complexes after fusion (Brunger, 2005). There exist
several closely related protein variants for the SNARE proteins, either obtained through
alternative splicing of different exons from the same gene or by expression from similar
but distinct genes (Hong, 2005). In general, higher evolved organisms exhibit a higher
number of protein isoforms. These protein variants, also referred to as isoforms,
provide SNARE:s for various intracellular trafficking steps as well as varying modes of
exocytosis at the plasma membrane. Syntaxins exhibits the greatest number of isoforms
with Syntaxin 1-4 showing plasma membrane preference. Some Syntaxins, including
Syntaxin 1, also has an N-terminal three-helix bundle called the Habc domain, that
when folded onto the SNARE motif hinders formation of SNARE complexes (Brunger,
2005). Expression of synaptic proteins and their alternatively spliced isoform variants is
strictly regulated, both anatomically and temporally (Elferink et al., 1989; Hepp &
Langley, 2001; Shimohama et al., 1998).

1.1.3 SNAP-25

The classical SNARE complex in regulated exocytosis consists of SNAP-25, Syntaxin
1 and VAMP2. SNAP-25 interacts with Syntaxin 1 at the plasma membrane and
participates in docking and initiation of priming prior to association with VAMP2
(Nagy et al., 2005; Serensen et al., 2003). SNAP-25 null mutant mice exhibit
embryonic lethality and evoked synaptic transmission is abolished. Despite the
complete absence of SNAP-25, early nervous system development and spontaneous
transmitter release are not affected (Molnar et al., 2002; Washbourne et al., 2002).
SNAP-25 has two splice variants, SNAP-25a and SNAP-25b, which differ in the
central palmitoylated domain that is responsible for membrane targeting (Bark, 1993;
Bark & Wilson, 1994; Gonzalo et al., 1999; Lane & Liu, 1997). SNAP-25a expression
precedes the expression of SNAP-25b during neuronal development but in adult brain
SNAP-25b comprises more than 90% of total SNAP-25 levels (Bark et al., 1995;



Boschert et al., 1996). However, SNAP-25a expression remains in certain brain
regions, such as some cortical and hypothalamic structures, and in endocrine and most
neuroendocrine cells SNAP-25a is the dominant isoform (Bark et al., 1995; Boschert et
al., 1996; Grant et al., 1999). A number of SNAP-25 homologs have been identified
that are involved in slower modes of exocytosis; SNAP-23/Syndet, SNAP-29 and
SNAP-47 (Chieregatti et al., 2004; Holt et al., 2006; Pan et al., 2005).

1.1.4 Sec1/Munc18 (SM) proteins

The Secl/Muncl8 (SM) protein family is involved in controlling all intracellular
vesicle trafficking steps. Three mammalian isoforms of Mammalian homolog of the
unc-18 gene (Muncl8) have been identified; Munc18-1 (with two alternatively spliced
variants, Munc18-1a and Munc18-1b), Munc18-2 and Munc18-3 (Garcia et al., 1994;
Hata et al., 1993; Hata & Siidhof, 1995; Pevsner et al., 1994; Tellam et al., 1995).
Munc18-1 appears to have a unique role in neurotransmitter release as null mutant mice
show completely abolished neurotransmitter release (Verhage et al., 2000). It has been
hard to reconcile the precise function(s) of Munc18-1 but it is becoming clear that this
protein is involved in several steps of the exocytotic pathway. This may explain the
conflicting data generated regarding whether Muncl8-1 is auxiliary or inhibitory
(Dresbach et al., 1998; Schulze et al., 1994; Zhang et al., 2000). One of the proposed
functions of Muncl8-1 is to hold Syntaxin 1 in a closed conformation, thereby
preventing Syntaxin 1 to participate in SNARE complex formation (Misura et al.,
2000). At the plasma membrane Syntaxin 1 fluctuates between a closed, to which
Muncl8-1 binds with high affinity, and an open conformation prior to SNARE
complex formation (Margittai et al., 2003). Munc18-1 is the only SM protein binding to
the closed conformation of Syntaxin 1 (Toonen & Verhage, 2003). In neuroendocrine
cells but not in neuronal cells, Munc18-1 is essential for docking of vesicles. A more
general feature of SM proteins is to bind to the N-terminal domain of Syntaxins,
suggesting a more transient interaction and a function in SNARE complex assembly. It
has been suggested that SM proteins confer specificity to SNARE complexes and
Munc18-1 specifically activates Syntaxin 1/SNAP-25/VAMP2/3 formation (Shen et al.,
2007; Toonen & Verhage, 2003). It was only recently shown that Muncl8-1 is
stimulating fusion when binding to the assembling SNARE complex (Dulubova et al.,
2007; Rickman et al., 2007; Shen et al., 2007; Zilly et al., 2006). Munc18-1 might
stabilize a half-open conformation of Syntaxin 1 and attract VAMP2. Importantly,
SNARE pairing must be initiated before this action of Munc18, thus separating it from
the docking function of Munc18-1. Munc18-2 expression is prominent in non-neuronal
epithelial and mast cells where it controls secretion (Martin-Verdeaux et al., 2003;
Riento et al.,, 2000). Munc18-3 is a partner of Syntaxin 4 in controlling insulin
stimulated translocation of the Glucose transporter-4 (GLUT-4) in muscle and adipose
tissue and in amylase release from parotid acinar cells (Imai et al., 2004; Ishiki & Klip,
2005; James, 2005).

1.2 RELEASE

1.2.1 Composition of the release site

Large scaffolding multidomain proteins such as Piccolo and Bassoon are involved in
structuring the release site and organizing the trafficking of vesicles (Schoch &
Gundelfinger, 2006). Rab3-interacting molecule (RIM) proteins interact with a number



of presynaptic proteins such as Rab3 and Mammalian homolog of the unc-13 gene
(Munc13) proteins (Betz et al., 2001; Wang et al., 1997), and have an established role
in priming (Kaeser & Siidhof, 2005). The essential priming factor Munc13 is believed
to mediate a conformational switch of Syntaxin necessary for SNARE complex
formation (Brose et al., 2000). Rab proteins, in particular Rab3a in brain, are associated
with vesicles in their GTP-bound state, mediate contacts with active zone proteins and
dissociate from membranes during exocytosis (Schluter et al., 2002). A common trait of
these proteins is that they appear to perform several actions in transmission. The actin
cytoskeleton is prominent at the plasma membrane. Besides providing structure, actin is
believed to be intimately linked to vesicle organization and trafficking and also serving
as a scaffold holding proteins involved in several transduction pathways (Dillon &
Goda, 2005; Goda & Davis, 2003).

1.2.2 Release stimulus

Ca” is an important second messenger and a local increase in Ca*‘-concentration is
considered as the trigger for regulated exocytosis. Arrival of an action potential opens
voltage-dependent Ca®'’-channels (VDCCs) and influx of Ca®" causes release-
competent vesicles to fuse with the plasma membrane. Neurotransmitter release
involves primarily P/Q- and N-type Ca’’-channels (members of the Ca,2 channel
family) (Evans & Zamponi, 2006), whereas hormone release relies on L-type Ca®'-
channels (Ca,1 channels) (Yang & Berggren, 2005; , 2006). The Ca**-concentration at
the site of release rises to the pM range, higher for neurotransmission than for hormone
release, and accordingly Ca*'-channels are tighter coupled to the release machinery in
neurons (Zucker, 1996). Synaptotagmin I is believed to be the main Ca®*-sensor for fast
synchronous release in neurons, by binding to formed SNARE complexes and initiate
fusion after Ca®™-entry (Brose et al., 1992; Rizo et al., 2006). The N-terminal
transmembrane domain of Synaptotagmin I is typically attached to vesicles and via two
Ca**-binding C2 domains it interacts with vesicle and plasma membranes (Bai &
Chapman, 2004). There are several isoforms of Synaptotagmins with different Ca®'-
affinities and some of them are plasma membrane located, providing cells with a
bouquet of Ca**-sensors (Siidhof, 2002). The Ca**-sensors in pancreatic beta cells are
more enigmatic, however a functional role for, in particular, Synaptotagmin IX has
been demonstrated (Grise et al., 2007; Iezzi et al., 2004). Contrary to action potential-
stimulated release, spontaneous release occurs in a potentially less regulated and Ca®'-
dependent manner and is not dependent on Synaptotagmin I (Geppert et al., 1994;
Melia, 2007). Recently Synaptotagmin-12, which does not bind Ca** but is regulated by
phosphorylation, was suggested to promote spontaneous release in mature neurons
(Maximov et al., 2007). Interestingly, spontaneous release seems to increase when
evoked release is disrupted and may indicate the recruitment of vesicles with other
components. Similar to spontaneous release of neurotransmitters, peptides and
hormones, constitutive exocytosis involves the continuous addition of lipids and
proteins into the plasma membrane. Many other synaptic proteins contain C2 domains,
which generally confers affinity for phospholipids in a Ca**-dependent or -independent
manner (Rizo & Siidhof, 1998). Phospholipids, and in particular phosphatidylinositol
4,5-bisphosphate (PIP,), are important for exocytosis, both as precursors of signaling
molecules, including diacylglycerol, and through interactions with proteins (Di Paolo &
De Camilli, 2006). Phospholipids provide links to two crucial requirements in



exocytosis, Ca*’-signaling and membrane proximity and regulation. For instance
Rabphilin3, RIM, Double C2-domain (DOC2) and Munc13 mediate Ca*"-dependent
actions in exocytosis, in the case of Muncl3 via Calmodulin (Groffen et al., 2006;
Junge et al., 2004; Oishi et al., 1996; Wang & Siidhof, 2003).

1.2.3 Neurotransmission

Classical neurotransmitters are predominantly released by synaptic vesicles (SVs) at
discrete sites called active zones in chemical synapses. Neurotransmitters are
considered to be released in quanta, i.e. fusion of one vesicle denotes the release of one
quanta as defined by electrophysiologically measured postsynaptic currents (Del
Castillo & Katz, 1954). Strength and efficacy of synaptic transmission change
continuously as a result of activity-dependent changes throughout development and
during neuronal rewiring in the mature nervous system, a process denoted as plasticity.
Short-term plasticity reflects the properties of a synapse to adapt to changes in response
to Ca*" without long-lasting effects (Zucker & Regehr, 2002). Long-term plasticity is
required for memory and learning and is induced by postsynaptic Ca®'-influx
(Lamprecht & LeDoux, 2004). It requires gene expression and structural reorganization
and via retrograde signaling results in activation and recruitment of new synapses and
increased release. The strength of a synaptic connection is reflected by the number of
release sites, the probability of transmitter release at each site and the amplitude of the
postsynaptic response (Choi et al., 2000). Expression of different protein isoforms can
provide cells with differential plastic properties (Basu et al., 2007; Kaeser & Siidhof,
2005; Rosenmund et al., 2002).

1.2.3.1 The neuromuscular junction

The neuromuscular junction (NMJ) where motor neurons synapse on muscle cells has
been extensively studied as it is more easily accessible than central synapses (Goda &
Davis, 2003). The main neurotransmitter at the NMJ is acetylcholine (ACh) that binds
to postsynaptic nicotinic or muscarinic ACh receptors. In essence, transmission at the
NMIJ resembles that of central synapses but differs in some aspects. For instance, NMJ
synapses depend on co-expression of Synaptotagamin I and II for evoked transmission
and during development transmission appears more important than for central synapses
(Goda & Davis, 2003; Pang et al., 2006).

1.2.4 The hippocampus

The hippocampus in the mesolimbic area of the brain is involved in cognitive function
and in particular learning and memory formation. Accordingly, it is a highly plastic
area able to change with altered neuronal activity. The dentate subgranular zone of the
hippocampus is one of few areas in brain where neurogenesis continues throughout
adulthood (Kee et al., 2007; van Praag et al., 2002). In the hippocampus, excitatory
synapses generally reflect synapses releasing the neurotransmitter glutamate and
inhibitory synapses reflect GABA (y-aminobutyric acid) release (Kandel et al., 2000).
At the postsynaptic site they generate excitatory currents via AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl d-aspartate)
receptors and inhibitory currents via GABA receptors. The major excitatory pathway in
the hippocampus originates in the hilar region of the dentate gyrus with the granule



cells, receiving input from the entorhinal cortex. Granule cells project large vesicle-
filled mossy fiber terminals with multiple discrete active zones onto CA3 pyramidal
neurons and contact inhibitory interneurons by axonal en passant boutons (Galimberti
et al., 2006). CA3 neurons then form Schaffer collateral synapses onto CA1 pyramidal
neurons (Charlton et al., 1982; Katz & Miledi, 1968).

Hippocampus
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Figure 2. The major excitatory pathway in the hippocampus and its location in rodent
brain. Figure is from (Purves et al., 2004) with permission from the publisher.

1.2.5 Insulin release

Hormones are stored in large dense core vesicles (LDCVs) or secretory granules in
neuroendocrine and endocrine cells and released upon stimulation. Similarly, in
neurons neuropeptides and neurotrophins are released from LDCVs (Hokfelt, 1991).
Classical neurotransmitters are also stored in LDCVs/granules together with these
substances, allowing co-transmission. Although the exocytotic machinery is similar for
neurotransmitter release and for hormone secretion there are also differences (Neher,
2006; Rorsman & Renstrom, 2003). There are no discrete release sites for hormone
release but fusion occurs in the vicinity of Ca**-channels. Hormone release requires a
higher magnitude and frequency of stimulation before fusion than neurotransmitter
release. The slower exocytosis mode has proven to be very useful in studying
exocytotic mechanisms that have been difficult to reconcile in fast neurotransmission.
Furthermore, it allows direct measurements of release from the secreting cell, instead of
indirect postsynaptic measurements, due to the large size of the LDCVs/granules and
thereby increases in membrane area after secretion. In the pancreas, beta cells from the
islets of Langerhans release insulin from secretory granules to maintain glucose
homeostasis in the body, through a process denoted as stimulus-secretion coupling
(Ashcroft et al., 1994; Berggren & Larsson, 1994; Lang, 1999). Elevation of blood



glucose levels induces glucose uptake into beta cells through GLUTs. Glucose
metabolism thereafter increases the ATP/ADP ratio in the cell and this allows for
closure of Karp-channels, resulting in depolarization of beta cells and opening of L-
type VDCCs and Ca*"-entry. Insulin release exhibits a biphasic pattern and only the
first phase of insulin release can be induced by K, whereas the second phase requires
stimulation by secretagogues such as glucose and metabolism (Gembal et al., 1992;
Rorsman & Renstrom, 2003; Straub & Sharp, 2002). In addition, an amplifying
pathway involving cAMP but not directly the Karp-channel appears to operate in beta
cells to mediate insulin release (Gembal et al., 1992). In Type II diabetes mellitus in
particular the first phase of insulin release is impaired and a reduction in expression of
exocytotic proteins has been noted (Del Prato et al., 2002; Zhang et al., 2002).

1.2.6 Vesicle pools and trafficking

Regulated exocytosis exhibits a remarkable variation in Ca**-sensitivity, rates of fusion,
latencies to fusion and persistence of secretion (Martin, 2003; Zucker, 1996). Release
occurs in a biphasic mode. The first phase consists of a fast and a slow component,
followed by lower, sustained release. All these steps are faster for exocytosis of SVs
than for LDCVs/granules (Martin, 2003). For instance, the fast component of the first
phase, called the exocytotic burst, lasts 1 ms for SVs and 1000 ms for beta cell
granules. Vesicles are categorized to belong to different pools depending on their
availability to be released (Becherer & Rettig, 2006). Normally, only few vesicles are
fusion-competent and require no further modifications prior to exocytosis. These
vesicles are referred to as the readily releasable pool (RRP) and are released during the
burst phase. Remaining vesicles need to undergo both ATP- and Ca®‘-dependent
maturation steps in order to be mobilized to the RRP (Becherer & Rettig, 2006;
Rorsman & Renstrom, 2003; Siidhof, 2004). This process, called priming, is required
for sustained release and is believed to recruit preferentially already docked vesicles. It
has been shown that the primed pool of LDCVs is unstable in contrast to SVs and
requires ATP (Heidelberger et al., 2002; Xu et al., 1998). Besides utilizing other protein
isoforms than for SVs, certain proteins appear to be more important for LDCV/granule
exocytosis, such as Ca*'-dependent activator protein for secretion (CAPS) (Wassenberg
& Martin, 2002). By binding PIP; in the plasma membrane and interacting with the
vesicle membrane, CAPS participates in priming (Grishanin et al., 2004; Olsen et al.,
2003). In central hippocampal synapses the size of the RRP of SVs has been estimated
to ~5-10 and that correlates with the number of fully docked vesicles (Dobrunz &
Stevens, 1997; Schikorski & Stevens, 2001). In contrast, the docked pool of
LDCVs/granules is large, concomitant with a lesser requirement for fast recycling and
pool replenishment. Whereas SVs are refilled in the synapse during local recycling,
hormones are taken up into granules via the Golgi pathway (Lang, 1999; Siidhof,
2004). In pancreatic beta cells ~2000 granules are located close to the plasma
membrane; ~600 are docked of which ~50 belong to the RRP (Barg et al., 2002a).
Vesicles located further away from the plasma membrane are considered belonging to
reserve pools. It is not fully established whether vesicles must undergo the sequential
steps via docking prior to fusion or whether they can be recruited directly (Neher, 2006;
Rizzoli & Betz, 2004). For example, the second phase of insulin release has been
suggested to be mediated by non-docked, newly recruited granules (Ohara-Imaizumi &



Nagamatsu, 2006). Furthermore, the sequential steps of exocytosis are not irreversal
(Nagy et al., 2004).

Actin seems to serve a dual role, both providing tracks for vesicles and acting as a
barrier (Dillon & Goda, 2005; Malacombe et al., 2006). In central neurons there is less
evidence for actin in vesicle trafficking, though actin cytoskeleton appears to
reorganize in response to activity (Dillon & Goda, 2005). The lack of discrete release
sites and the large number of vesicles located in the vicinity of the plasma membrane
suggest a more active role of actin in non-neuronal cells. There are differences in the
docking process compared to neuronal cells and it may involve the actin motor protein
Myosin V (de Wit et al., 2006; Rutter & Hill, 2006; Toonen et al., 2006a). Stimulation
of beta cells also induces granule movement more distal from the plasma membrane,
dependent on the microtubule cytoskeleton and the motor protein Kinesin-1 (Rutter &
Hill, 2006).

1.2.7 Fusion modes and vesicle retrieval

Exocytosis needs to be balanced by membrane retrieval in a process called endocytosis.
Fusion can occur in mainly two different modes (Harata et al., 2006). At full fusion the
vesicles merge completely with the plasma membrane. Endocytosis after this event is
slow and involves Clathrin coating of vesicles and recycling through endosomes.
Alternatively, vesicle content can be released through the fusion pore and vesicles
pinched off without full mixing of membranes, which is referred to as kiss-and-run
exocytosis. It is becoming clear that the mode of endocytosis can contribute to synaptic
strength but the extent of the two modes is not established (Harata et al., 2006; Rutter &
Hill, 2006). In particular kiss-and-run exocytosis may be functioning in
neurotransmitter release, as SVs are small and opening of a fusion pore would empty
the whole vesicle of small neurotransmitters. Retrieval of vesicles without full fusion
can speed up recycling which is important for synapses with small vesicle pools
(Siidhof, 2004). Modifying the conductance of the fusion pore can be a way of
regulating quantal content (Barclay et al., 2004). In beta cells insulin release through
the fusion pore seems negligible and most likely requires full fusion, though kiss-and-
run exocytosis has been suggested to have a functional role (Barg et al., 2002b; Rutter
& Hill, 2006).

1.3 PROTEIN PHOSPHORYLATION AND DEPHOSPHORYLATION

Phosphorylation by protein kinases provides a fast and powerful modification of
proteins. The addition of a phosphate group to serine, threonine or tyrosine residues
changes the properties of a protein, for example by activating or inactivating it, by
inducing a change in conformation or affinity for other proteins. Phosphorylation
affects for instance vesicle pool sizes and phosphorylation of ion channels may
modulate channel conductance and neuronal activity (Leenders & Sheng, 2005; Snyder
et al, 2006). The second messenger-activated serine/threonine kinases cAMP-
dependent protein kinase (PKA) and Protein kinase C (PKC) are prominent in secretion
(Leenders & Sheng, 2005). PKA phosphorylates for instance a-SNAP, Synapsin I,
Snapin and RIM1 (Lonart et al., 2003; Snyder et al., 2006). The conventional PKC
isoforms o, B and y are activated by diacylglycerol and Ca’*" and Muncl8-1,
Synaptotagmin I, NSF and Ca®'-channels are PKC substrates (Morgan et al., 2005;
Snyder et al., 2006). Ca*'/Calmodulin-dependent protein kinase II (CaMKII) is mostly



connected with postsynaptic plasticity but presynaptically CAMKII phosphorylates
VAMP2, Synaptotagmin I, Synaptophysin and N-type Ca®'-channels (Leenders &
Sheng, 2005; Snyder et al., 2006). Other kinases phosphorylating synaptic proteins are
Casein kinase I (CKI) (Syntaxin 1, Synaptotagmin I) and CKII (Syntaxin 1, VAMP2)
(Snyder et al., 2006). Cyclin-dependent kinase 5 (CdkS5) is one of few members in the
serine/threonine protein kinase family of Cdks that has only been implicated in
mechanisms unrelated to cell cycle control (Meyerson et al., 1992; Smith et al., 2001).
For activity, CdkS5 is dependent on association with one of its regulatory proteins, p35
or p39 (Lew et al., 1994; Tang et al., 1995; Tsai et al., 1994). Cdk5 is ubiquitously
expressed in mammalian tissues, but expression of the activators is enriched in brain.
CdkS5 is important for neuronal development but more recently a number of synaptic
substrates have been identified (see the results and discussion section).

To balance phosphorylation, phosphate groups are removed by protein
phosphatases (PPs) and this is equally important in regulation of protein function. The
abundant serine/threonine phosphatases PP1, PP2A and PP2B belong to the large
family of phosphoprotein phosphatases and participate in secretion (Sim et al., 2003). A
large number of subunits of these phosphatases provide diversity in substrate
recognition and much remains to be learnt about the substrates of phosphatases. The
activity of phosphatases is regulated by other proteins, including kinases.
Calcineurin/PP2B is the only phosphatase sensitive to Ca®'/Calmodulin and this
phosphatase is particularly active in endocytosis.



2 AIMS

This thesis aimed at describing release regulatory mechanisms in different mammalian
systems, from single cells to mice. Focus was on two aspects of exocytotic regulation;
protein isoforms and phosphorylation. Specifically, the following was investigated:

e The in vivo importance of the SNAP-25b isoform for brain function through
characterization of a gene targeted mouse mutant exclusively expressing SNAP-
25a.

e The roles of Cdk5 phosphorylation and activator proteins p35 and p39 in
exocytosis in spontaneous neurotransmitter release, in an in vitro model of the

neuromuscular junction, and in insulin secretion from pancreatic beta cells.

e Muncl8 proteins as Cdk5 substrates and as regulators of exocytosis in beta
cells.
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3 METHODOLOGIES

The basis for all studies in this thesis has been molecular biology techniques performed
by me and first authors of the included publications and preliminary results.
Collaborations have been carried out to improve the functional understanding of
exocytosis.

3.1 ANIMALS AND CELLS; ISOLATION AND CULTURE

All animal breeding and animal studies were done in accordance with the guidelines
from the local ethical committees. Cell culturing was carried out at 37°C in a
humidified atmosphere with 5 % CO,.

3.1.1 SNAP-25b null mice

The SNAP-25b null mice were generated by targeted gene replacement in embryonic
stem (ES) cells followed by positive selection for neomycin resistance (Mansour et al.,
1988). ES clones exhibiting a true homologous recombination were injected into
blastocysts that subsequently were implanted into pseudopregnant C57BL/6NCrl
females. Chimeric offspring demonstrating germline transmission were used as
founders, backcrossed on C57BL/6NCrl background until congenic and the neomycin
gene was excised using Prm1Cre mice that express the Cre recombinase in testis
(O'Gorman et al., 1997). Thereafter the Cre transgene was crossed out from the floxed
SNAP-25b null mouse mutant lines.

3.1.2 Brain

Mouse brain was isolated after terminal CO, anesthesia and tissue frozen in liquid N,
for RNA and protein analyses. In paper III, RNA was isolated from C57BL/6NCrl
mouse brain and ob/ob mouse brain was the source of RNA used in preliminary results.

3.1.3 Muscle cells and co-cultures

Newborn Wistar rats were decapitated and then rinsed in 70% ethanol. Rat hindlimb
muscle cells, isolated by trypsinization, were cultured in Dulbecco’s modified Eagle
medium (DMEM) for 7 days and grown to form myotubes 20-30 um in diameter and
>100 um long. Transfected NG108-15 cells were overlaid on the already fused and
contracting muscle cells. The co-cultures were maintained in DMEM supplemented
with 10% horse serum and 0.25 mM dibutyryladenosine cyclic monophosphate
(dBcAMP).

3.1.4 Primary beta cells

Primary beta cells from 10-12 months old ob/ob mice were used for detection of
endogenous expression. Ob/ob islets are relatively large and composed of more than
90% beta cells (Hellman, 1965; Nilsson et al., 1987). For electrophysiological
recordings female NMRI mice were used. Pancreatic islets were isolated by
collagenase digestion as previously described (Lernmark, 1974; Nilsson et al., 1987).
Single cells were prepared by shaking in a Ca*'-free solution. Cells were cultured for
up to 3 days in RPMI 1640 culture medium containing 11 mM glucose supplemented
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with 10% (v/v) heat-inactivated fetal calf serum, 100 IU/ml penicillin, 100 pg/ml
streptomycin and 2 mM L-glutamine. For subcellular fractionation primary beta cells
were incubated for 1 h in supplemented RPMI 1640 medium containing 3 or 17 mM
glucose.

3.1.5 Cell lines

The NG108-15 cell line, a hybrid between the mouse neuroblastoma cell line N18TG2
and the rat glioma cell line C6-BU-1, was cultured in DMEM, supplemented with 10%
fetal calf serum, 100 IU/ml penicillin, 100 pg/ml streptomycin and 4 mM L-glutamine.
Differentiation was induced by culturing the cells in 0.5 mM dBcAMP (Sigma) for 5-7
days. The NG108IIA1 cell line (NG108-15 cells stably overexpressing Synapsin Ila)
was cultured using the same conditions.

The mouse insulinoma MING6 cell line was cultured in DMEM supplemented as
for culture of primary beta cells including 64 uM B-mercaptoethanol. For subcellular
fractionation cells were starved for 1h in Ca-5 buffer (1.25 M NaCl, 59 mM KCl, 1.28
mM CaCl, and 12.0 mM MgCl,) and incubated under either unstimulatory (0.5 mM
glucose, DMEM) or stimulatory (25 mM glucose, DMEM) conditions for 30 min.

The rat insulinoma INS-1E cell line was cultured in RPMI 1640 medium
supplemented with 5% fetal calf serum, 1 mM sodium pyruvate, 50 um 2-
mercaptoethanol, 2 mM glutamine, 10 mM HEPES, 100 U/ml penicillin and 100 pg/ml
streptomycin.

3.1.6 Transfections

Primary beta cells, NG108-15 cells in mono-culture, MING cells and INS-1E cells were
transfected using the Lipofectamine 2000 technique (Invitrogen). After transfection
cells were cultured for 48-72 h, except for antisense oligonucleotide treated cells (24 h).
For co-cultures NG108-15 cells were transfected using Lipofectamine or Lipofectamine
plus (Invitrogen), harvested 1 day after transfection and co-cultured with myotubes for
1-7 days.

Expression vectors for preliminary results. Flag- and Myc-tagged Muncl8-1
constructs were obtained by PCR amplification of cDNA encoding the rat Munc18-1
wt sequence with three different and overlapping forward primers comprising tag
sequences (in bold) and restriction sites for BamHI and EcoRI (underlined). For Flag,
following forward primers were used: primer 1, 5° — tgaattcgccaccatggattacaaggatgac
— 3’; primer 2, 5’ — ggattacaaggatgacgacgataagggaggtec — 3’ and primer 3, 5’ —
gataagggaggtacceccattggectcaag — 3°. Myc-tag primers were: primer 1, 5° — tgaattcg
ccgccatggageagaaactcatete — 3°; primer 2, 5° — gagcagaaactcatctctgaagaggatetgg
gag — 3’ and primer 3, 5° — gaagaggatctgggaggtgcccecattggectcaag — 3°. Reverse
primer for all PCR reactions was 5’ - cgcttgttgatatcctccacaattgtg - 3°. To achieve a
more efficient translation initiation the first forward primers were modified to generate
a Kozak sequence. Generated PCR products were cloned into pIRES2-EGFP vector
using EcoRI/BamHI. For generation of a Munc18-1 CdkS5 phosphorylation mutant, part
of the Munc18-1 sequence containing the Thr'’*— Ala’™* mutation was cut out with
EcoRV/Apal from the pIRES2-EGFP construct from paper III, and inserted into
Munc18-1 wt YFP-C1 (Clontech), originally cloned using HindIII/Apal (a generous
gift from Dr. Y. Liu, unpublished). Construct encoding rat Munc18-2 wt in EGFP-C3
(Clontech) was provided by Dr U. Blank (Martin-Verdeaux et al., 2003). Munc18-2
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mutated in a potential Cdk5 phosphorylation site, Thr *"*— Ala®”, was created by PCR
amplification of DNA encoding rat Munc18-2 wt (pCMVmyc Munc18-2 wt construct,
a kind gift from Dr. T. Siidhof (Hata & Siidhof, 1995)). Forward primer was, 5’ —
aattgaattccaggegeectt ggggctgaag — 3’ (EcoRlI site in italics) comprising the ATG start
codon, and 5 pl of the PCR product from the following primers: forward, 5’ —
ataggctcttcccacatcctcgeaccaac — 37 (mutated site in bold) and reverse, 5° —
gagggagagggocggatcc — 3’ (BamHI site in italics) represents the reverse primer in the
final PCR amplification reaction. The amplified product was subcloned into pGEM-
Teasy vector (Promega) and thereafter inserted into a pEGFPC-1 vector (Clontech)
(EcoRI/BamHI). The different constructs were DNA sequenced (ABI Prism 377) after
amplification with the BigDye Terminator v3.1 Cycle Sequencing Kit (both Applied
Biosystems).

3.2 RNA ANALYSES; RT-PCR

Total RNA was extracted using RNAeasy Mini Kit (Qiagen) or the GenElute™
Mammalian Total RNA kit (Sigma). Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR) was performed on 0.5-1 pg RNA using the SuperScript' " RT-PCR System
(Invitrogen) in a GeneAmp PCR System 9700 (Applied Biosystems). The amplified
PCR products were separated by electrophoresis on 1-2% Tris-acetate-EDTA (TAE)
agarose gels and visualized by ethidium bromide staining. 1-Kilobase DNA ladder
(Invitrogen) was used as size marker. Purified gel fragments were sequenced as
described above.

Preliminary results. RT-PCR was performed as described in the other papers
with the exceptions that 39 cycles of amplification (20 cycles for semi-quantitative RT-
PCR) and an annealing step of 56 °C were used. For Munc18 the following primer pairs
were used: Muncl8-1a, 5’ — tcgtccgegtecttcagacac — 3” and 5° — tcagegtgtecageagttte —
3’; for Munc18-1b, 5* — tcgtecgegtecttcagacac — 3” and 5 — ctecattgttggagectgate — 375
and for Munc18-2, 5° — ccagcatgccaacgtgcag — 3” and 5° — cttgaggtcatcgaggaage — 3.
Amplification of Syntaxin isoforms were performed using Syntaxin specific primers
(Kang et al., 2002) with one nucleotide modification in Syntaxin 2 antisense and
Syntaxin 3 sense primers to match mouse Syntaxin cDNA sequences: Syntaxin 1A, 5’
— atgaaggaccgaacccaggage — 3’ and 5° — tctatccaaagatgeeccega — 3°; for Syntaxin 2, 5°
— atgegggaccggetgeegg — 3” and 5° — teatttgecaaccgacaagee — 3°; and for Syntaxin 3, 5°
— atgaaggaccggctggageat — 3’ and 5° — ttatttcagcccaacggacaatg — 3.

3.2.1 Semi-quantitative RT-PCR

Since there are no antibodies available that can discriminate between the SNAP-25
isoforms, relative gene expression levels of SNAP-25a and SNAP-25b were
determined from brain mRNA. RT-PCR was performed with 20 cycles of amplification
and slightly adjusted annealing temperature for different primers. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) primers were included in the reactions (25 pl) and
a trace of [a**P] dCTP (3000 pCi/mmol, PerkinElmer Life Sciences). The RT-PCR
products were separated on 8% polyacrylamide Tris-borate EDTA (TBE) gels that were
dried, and detected using a phosphoimager (BAS-1500, Fujifilm). Signal intensities
were quantified using Image Gauge V3.45 (Fuyjifilm).
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3.2.2 Determination of SNAP-25a/b mRNA ratio

Relative mRNA levels were solely determined at PN14. RT-PCR was run with SNAP-
25 primers used for mRNA quantification in a different program. Amplified PCR
products were EtOH precipitated and restriction enzyme digested with Pvul (restriction
site exclusive for exon 5a) and Styl (site only present in exon 5b) for 2 h in separate
reactions. The restricted RT-PCR products were separated on polyacrylamide gels and
fragments quantified as described above.

3.3 PROTEIN ANALYSES; WESTERN BLOTTING
3.3.1 Whole-cell homogenates

Mouse brain and pancreatic islets were homogenized in buffer containing (in mM): 20
HEPES, 2 EDTA, 1 MgCl,, and protease inhibitor cocktail (Roche Diagnostics
GmbH), pH 7.4. SNAP-25 mouse brain homogenates were thereafter lyzed with 1%
NP-40 (Sigma). NG108-15 cells were lyzed in 1% Triton X-100 PBS buffer with
protease inhibitor cocktail. MING6 cells were lyzed in 250 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 50 mM Tris-HCI pH 7.4 and protease
inhibitor cocktail.

3.3.2 Soluble-membrane/cytoskeletal fractionations

Soluble/membrane fractionation of NG108-15 cells. Cells were homogenized in buffer
containing (in mM): 20 HEPES, 2 EDTA, 1 MgCl, and protease inhibitor cocktail, pH
7.4. Samples were ultracentrifuged at 130,000 x g for 40 min and the supernatant was
saved as the soluble fraction. Pellets were dissolved in 1% Triton X-100 and then
centrifuged at 17,000 x g to remove cell debris.

Soluble/cytoskeletal fractionation of NG108-15 cells. Cells were lyzed in a 1%
Triton X-100 buffer containing (in mM): 10 imidazole, 100 NaCl, 1 MgCl,, 5 EDTA,
0.5 NaF, 0.1 uM okadaic acid and protease inhibitor cocktail, pH 7.4. To separate
soluble and Triton X-100 insoluble (cytoskeletal-associated) fractions samples were
ultracentrifuged at 130,000 x g for 20 min. The insoluble fraction was solubilized in
RIPA buffer (5 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 50 mM
Tris-HCI and protease inhibitor cocktail, pH 7.4).

Soluble/membrane fractionation of beta cell sucrose gradient fractions.
Fraction 10 (with maximal amounts of p35) and fraction 12 (with maximal amounts
of p39) from sucrose density gradients were diluted to a sucrose concentration of 0.25
M. Membrane-bound organelles were disrupted by freezing and thawing the diluted
fractions five times. The membrane and soluble fraction of F10 and F12 were
separated by ultracentrifugation at 100,000 x g for 1 h.

3.3.3 Sucrose density gradient fractionation

Brain (pulverized in liquid N;), NGI108-15 cells, islets or MIN6 cells were
homogenized in (in mM): 20 HEPES, 1 MgCl,, 250 D-sucrose, 2 EDTA and protease
inhibitor cocktail, pH 7.4, and supplemented with glucose when appropriate.
Homogenates were loaded onto a 4.4-ml linear sucrose density gradient (prepared from
0.6 and 2 M sucrose stock solutions). The gradient was centrifuged at 150,000 x g for
18 h and 15-16 fractions were collected from the top of the gradient. Percentage protein
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in plasma membrane fractions was calculated using Syntaxin 1 or the Na'/K" ATPase
a-1 subunit as plasma membrane marker.

3.3.4 Gel electrophoresis and Western blotting

Protein concentrations were determined using the Bradford assay (Bio-Rad), with the
exception that the bicinchoninic acid (BCA) assay from Pierce was used when lysis
buffer contained SDS. Equal amounts of protein were separated on 10% Tris-
glycine/NU-PAGE gels (Novex, Invitrogen) or 10% SDS polyacrylamide gels
(preliminary results) and electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (Amersham Biosciences). Membranes were blocked in PBS
containing 5% dry milk and 0.025% Tween 20 (VWR or Merck Eurolab) at room
temperature (RT), probed with primary antibodies at 4°C and secondary antibodies at
RT. For detection, membranes were treated with enhanced chemiluminescence (ECL
plus, Amersham Biosciences) and exposed on film or scanned with a CCD camera
(LAS 1000, Fujifilm). Quantification was done using the Image Gauge V3.45 software
(Fujifilm).

Antibodies used for preliminary results. Antibodies directed to different tags were
a mouse anti-c-Myc antibody (9E10, Santa Cruz Biotechnology) and a mouse
monoclonal anti-Green Fluorescent Protein (GFP) antibody (JL-8, Clontech, BD Living
Colors). A mouse anti-Munc18-1 antibody (Transduction Laboratories) and a rabbit
anti-Munc18-2 antibody (a kind gift from Dr V. Olkkonen), directed against different
Munc18 isoforms, were used. As a plasma membrane marker a mouse monoclonal anti-
Na'/K" ATPase a-1 antibody (C464, Upstate) was used.

3.4 HISTOLOGICAL AND IMMUNOCHEMICAL ANALYSIS
3.4.1 Histology and immunohistochemistry

Paper I: For histological analysis, PN14 and four month old mice were anesthetized
with isoflurane and transcardially perfused with PBS followed by 4%
paraformaldehyde in PBS. Organs were post-fixed overnight, dehydrated in ethanol and
embedded in paraffin. 4 pm sections were stained with hematoxylin-eosin or cresyl
violet. For immunohistochemistry in Figure 5 sections were collected on Superfrost
Plus slides, deparaffinized in xylene, dehydrated in ethanol, and washed using Tris-
buffered saline with Tween, pH 7.6. Sections were boiled by microwaving in 10 mM
citrate buffer (pH 6.0, Merck) for antigen unmasking and blocked in 5% goat serum.
Incubations of primary and secondary antibodies were done at 4°C and at RT,
respectively. Slides were mounted in Vectashield (Vector Laboratories) or ProLong
Antifade (Molecular Probes) and specimens observed as described for
immunocytochemistry.

For neuropeptide immunohistochemistry PN14, PN21 and two months old mice
were perfused with Ca®"-free Tyrode’s buffer, and a mixture of 4% paraformaldehyde
and 0.2 % picric acid in 0.16 M phosphate buffer, pH 6.9. Brains were postfixed at 4°C
and immersed in 10% sucrose/0.01% sodium azide/0.02% Bacitracin/0.1 M phosphate
buffer (pH 7.4) at 4°C, before freezing with CO,. 14 um sections were thaw-mounted
on aluminum gelatin-coated slides. Sections were incubated with primary antisera at
4°C and to visualize CCK and NPY immunoreactivity, sections were processed using
tyramide signal amplification (TSA", NEN Life Science Products). Secondary antibody
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incubations were carried out at RT and sections were coverslipped using 2.5% 1,4-
diazabicyclo[2.2.2]octane (DABCO, Sigma) in glycerol. Sections were examined and
photographs taken using a Nikon Eclipse E600 fluorescence microscope (Nikon) and a
Hamamatsu ORCA-ER C4742-80 digital camera, using Hamamatsu photonics Wasabi
150 software. For confocal analysis, a Bio-Rad Radiance Plus confocal scanning
microscope installed on a Nikon Eclipse E600 fluorescence microscope was used with
488 nm argon and 543 nm HeNe excitation lasers. Images were processed using Adobe
Photoshop software (Adobe Systems), as for immunocytochemistry below.

3.4.2 Immunocytochemistry

Paper II-IIl and preliminary results: Cells were fixed in 4% paraformaldehyde,
permeabilized in 0.4% saponin and blocked in 10% goat serum/PBS (Sigma). Primary
and secondary antibodies were applied at RT. For preliminary results a mouse
monoclonal anti-Syntaxin antibody, clone HPC-1, and for detection of Flag-tagged
Munc18-constructs a monoclonal anti-Flag, M2, antibody (both Sigma) were used.
Coverslips were mounted in mounting media Vectashield or Mowiol. In paper II
images were obtained using a Bio-Rad RadiancePlus laser scanning system (Bio-Rad)
with excitation wavelengths 488, 543 and 638 nm. Images for paper III were obtained
with a Leica TCS-SP2-AOBS confocal laser-scanner equipped with Argon and HeNe
lasers connected to a Leica DMLFSA microscope (Leica Microsystems Heidelberg
GmbH), using a 488, a 543 or a 633 laser in sequential scanning mode.

3.4.3 Determination of growth plate zones in hind limb

PN14 unfloxed SNAP-25b null hind limb specimen were fixed and stained with
hematoxylin and eosin as described above. Growth plates of tibia and femur were
scanned using a Zeiss Axiovert 35M microscope fitted with a LSR Astro Cam type
TE3/A/S digital camera. The images were analyzed using Concord software from Life
Science Resources Ltd.

3.5 ELECTROPHYSIOLOGY
3.5.1 Paired-pulse facilitation (PPF) recordings of hippocampal slices

Paper I: PN12-16 mice were terminally anesthetized with 100% CO, and sacrificed by
decapitation. Brains were placed in ice-cold low Ca**/high Mg®" artificial cerebrospinal
fluid (aCSF) containing (in mM): 124 NaCl, 5 KCl, 1.24 NaH,PO4, 0.5 CaCl,, 10
MgSOs, 26 NaHCOs3, and 10 glucose, and oxygenated with 95% 0,/5% CO, (pH 7.4).
Coronal hippocampal slices, 350 pum thick, were placed in regular aCSF (same
composition as above but with 2.4 mM CaCl, and 1.3 mM MgSO,). Patch-clamp
electrodes (6-10 MQ) were filled with (in mM): 135 Cs-methane sulphonate, 10
HEPES, 1 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 2-5 QX-314 and 8 NaCl (pH 7.25;
osmolarity 270-280 mOsm). Whole-cell voltage clamp (-70 mV) recordings of evoked
excitatory postsynaptic currents (EPSCs) were obtained at RT from the soma of CAl
pyramidal neurons of the hippocampus, visualized with differential interference
microscopy (DIC) using an Olympus BX50WI microscope. 50 uM picrotoxin (Sigma-
Aldrich) was added to block GABA, receptor-mediated transmission. EPSCs were
evoked by stimulation of Schaffer collaterals with fine concentric Pt/Ir bipolar
stimulation electrodes (Fredrik Haer & Co) placed in the stratum radiatum. DC square
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current pulses were delivered through the electrode at minimal intensity in order to
activate as few presynaptic fibers as possible but yet achieve stable responses.

3.5.2 mEPP recordings from myotubes in co-culture

Paper II: Postsynaptic activities were electrophysiologically studied by a conventional
intracellular recording method with sharp microelectrodes filled with 1 M potassium
citrate (5-20 MQ). Recording medium was 10 mM HEPES-buffered DMEM
supplemented with 2 mM CacCl, and 0.1 mM choline chloride. Membrane potentials of
myotubes were amplified via an Axoclamp 2A amplifier (Axon Instruments).
Membrane potentials of DC-coupled or high gain RC-coupled recordings were
monitored on a Nihon Koden thermal array recorder (model RTA-1100). The presence
of miniature endplate potentials (mEPPs) in a given myotube that showed a synaptic-
like connection to NG108-15 cells under a phase microscopy was judged by monitoring
waveform on a storage oscilloscope.

3.5.3 Capacitance measurements in single primary beta cells

Paper III: Beta cells from NMRI mice showing GFP overexpression were used for
whole cell patch clamp capacitance recordings of exocytosis. Cells were clamped at —
70 mV to avoid activation of voltage-dependent Ca**-channels. Pipettes were pulled
from borosilicate glass capillaries and coated with Sylgaard at their tips. The pipette
resistance was 2-4 MQ. The extracellular solution was composed of (in mM): 138
NaCl, 5.6 KCl, 2.6 CaCl,, 1.2 MgCl,, 5 HEPES (pH 7.4) and 5 D-glucose. The pipette
solution consisted of (in mM): 125 potassium glutamate, 10 KCl, 10 NaCl, 1 MgCl,, 5
HEPES, 3 Mg-ATP, 10 EGTA, 7 CaCl, (pH 7.15). The free Ca*'-concentration of the
resulting buffer was 500 nM. Recordings were made using an EPC-9 patch clamp
amplifier and the Pulse software (v. 8.35, HEKA Elektronik) at 33°C.

3.5.4 hGH release assay

Paper III: INS-1E cells co-transfected with human growth hormone (hGH) and the
plasmid of interest were incubated for 2 h in glucose-free medium and preincubated
for 30 min in glucose-free Krebs-Ringer bicarbonate HEPES buffer (KRBH)
consisting of (in mM): 135 NacCl, 3.6 KCI, 5 NaHCO3, 0.5 NaH,PO4, 0.5 MgCl,, 1.5
CaCl,, 10 HEPES and 0.1% BSA (pH 7.4). Following preincubation, cells were
incubated for 30 min in KRBH in the presence of 3 or 10 mM glucose. The
supernatant was centrifuged at 100 x g and hGH in the resulting supernatant is
referred to as secreted hGH. Cells were resuspended in 1 mM EDTA in PBS,
transferred to the remaining pellet and lyzed by six freeze-thaw cycles. Insoluble
material was pelleted and hGH in the supernatant is referred to as cellular h\GH. hGH
levels were measured using ELISA (Roche Diagnostics).

3.6 MOUSE BEHAVIOR ANALYSIS

Elevated plus-maze test. A plus-shaped maze made of gray Plexiglas was used, with
two opposite enclosed and two open arms (each arm 30x5 cm) connected by a central
area (5x5 cm) elevated 1 m above the floor (TSE, Bad Homburg). Each mouse was
placed in the central area facing an open arm and was allowed to explore the maze for 5
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min. Behavioral responses, recorded manually, were: the time spent in open arms and
in closed arms and the number of crossings between closed and opened arms.

The Morris water maze test. Animals were handled by the operator for five days
prior to the test. Spatial learning and memory were examined using a circular water
tank (180 cm in diameter and 45 cm in height), surrounded by several extra-maze cues.
The tank was filled with tap water (22-23°C) mixed with Latex®. The escape platform,
15 cm in diameter, was placed in the south-east quadrant of the pool, 1 cm below the
water level. The behavior of the animals in the water maze was monitored by a CCD
camera (JVC) located above the water tank connected to the WaterMaze Software. For
pre-training, the animals were tested 48 h prior to the spatial learning task (four trials)
with a visible platform and a random selection of starting points in the absence of
external cues. During training the hidden escape platform was located in the north-east
quadrant. The mice were trained for five consecutive days (four trials per day with 30
min between each trial). The maximum trial duration was 90 s with each mouse
spending 10 s on the platform at the end. During each trial, the mouse escape latency,
swim speed and swim length were recorded.

Locomotor activity test. Motor activity was recorded by means of a multi-cage
red- and infrared-sensitive motion detection system. The animals were habituated to the
experimental room for at least 60 min prior to the experiment and they were
individually tested in Macrolon locomotor cages for 60 min. The cages were equipped
with horizontal and vertical photocell detectors. Motility was defined as all movements
of a distance of 4 cm or more detected by 48 vertical photocells, and represents general
activity. Locomotion was measured by counting the number of times an animal covered
eight horizontal photocells or moved from one side of the cage to the other (at least 32
cm).

3.7 STATISTICAL ANALYSES

Student’s unpaired t-test was used for comparisons between mean values. In Paper 111
secretion data comparing multiple values was evaluated using Dunnett’s test. A 95%
confidence interval was used for determining levels relative to wt for mRNA and
protein analyses in Paper I. Different kinds of variance analyses were used for
statistical analysis of curves. Specifically, in Paper I growth curves and PPF ratios were
compared with two-way repeated measurements analysis of variance (ANOVA). Data
from the behavioral testing was analyzed by non-parametric statistics using Kruskal-
Wallis ANOVA followed by Mann-Whitney U as post-hoc test. For
electrophysiological measurements in Paper II, homogeneity of variances was tested
with Fisher’s F test followed by Student’s t test using two-way analysis of
homogeneous variance. All values are presented as means + S.E.M., except for Dcx in
paper I (S.D.).
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4 RESULTS AND DISCUSSION
41 PAPER I: GENE TARGETED MOUSE MUTANTS FOR SNAP-25

During early neuronal development exclusively SNAP-25a is expressed but in most
brain areas SNAP-25b becomes by far the major splice variant by the second postnatal
(PN) week, at a time when SNAP-25 expression increases dramatically (Bark et al.,
1995). Hence, in adult brain SNAP-25b has a prominent role in supporting regulated
exocytosis. In vitro, SNAP-25b containing SNARE complexes are more stable than
those formed with SNAP-25a and SNAP-25b has been demonstrated to enable a larger
exocytotic burst (Serensen et al., 2003; Sutton et al., 1998). We have now addressed
what this translates into for neuronal function under in vivo conditions. We have
developed SNAP-25b knock-out (KO)/SNAP-25a knock-in mouse mutants to evaluate
the significance of the alternatively spliced isoforms of SNAP-25. The expression of
SNAP-25b was replaced by supplementary SNAP-25a to retain physiological levels of
SNAP-25 and thus specifically study the importance of the SNAP-25b isoform.

4.1.1 Determination of expression levels of SNAP-25 and
developmental phenotype

Previously, a first attempt to investigate the functional importance of SNAP-25 variants
by interfering with the normal SNAP-25a/SNAP-25b splicing ratio resulted in changes
of synaptic plasticity and most of the homozygous mutants died during young
adulthood. In addition, it was discovered that the presence of a neomycin resistance
gene in the targeted SNAP-25 allele interfered with the expression of SNAP-25 (Bark
et al., 2004). In the mouse mutants described here, analysis of mRNA and protein levels
around PN14 revealed that before removal of the antibiotic selection gene SNAP-25
expression was repressed. These mice were termed unfloxed SNAP-25b mouse mutants
(Figure 1). The reduction in expression was larger on the mRNA level compared to wt,
suggesting that changes in protein levels are compensated for, for instance by increased
protein stability. After in vivo floxing of the selection gene, using the CreLox system,
SNAP-25 expression levels were restored to wt SNAP-25 levels and in addition slightly
elevated. These mice were termed floxed SNAP-25b mouse mutants (Figure 2).
Elevated SNAP-25a levels might be an attempt to compensate for the lack of SNAP-
25b. No differences were detected in protein levels of the SNAP-25 homolog SNAP-23
and the binding partner Syntaxin 1. Relative brain mRNAs levels of SNAP-25a and
SNAP-25b in wt at PN14 were 1:5 and homozygous mutants showed only SNAP-25a
expression.

Unfloxed SNAP-25b null mouse mutants exhibited developmental defects
(Figure 1F and G). Mutants were smaller in size, showed reduced bone growth and
delayed eye opening and acquiring of hearing compared to wt littermates. At the end of
the second PN week unfloxed mutants developed frequent episodes with hyperactivity
and seizures and were sacrificed in the third PN week. Hence, comparisons between
unfloxed and floxed mice were restricted to around PN14. Floxed mutants displayed
neither of the phenotypic traits of the unfloxed mutants during early PN weeks except
for that females exhibited reduced weight gain (Supplementary Figure 1). This suggests
that levels of SNAP-25 protein are also important during development. It could be
specific to early development when only SNAP-25a is expressed and at low levels, or
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could become important when SNAP-25 expression rises and the switch to SNAP-25b
occurs. In heterozygous SNAP-25 null mutants where expression is reduced but SNAP-
25b is expressed no such developmental defects are detected. Therefore, the increase in
SNAP-25 expression and/or the switch to SNAP-25b during postnatal development
when synaptic activity becomes important for neuronal development must be necessary
(Goodman & Shatz, 1993; Katz & Shatz, 1996). The Coloboma mouse has a
spontaneous deletion encompassing the Snap gene (Hess et al., 1992). Heterozygous
Coloboma mice show similar developmental defects such as hyperactivity as our
unfloxed mutants despite retained SNAP-25b expression. However, there is several
genes deleted in the Coloboma mice and this could represent features that are especially
vulnerable during development, pointing to that polygenecity or additional factors such
as malnutrition/stress may be required for neurological deficits to develop (Hess et al.,
1994). The Tkneo/Tkneo SNAP-25 mouse model, where the neomycin resistance gene
disturbed the alternative splicing, has reduced levels of total SNAP-25 and SNAP-
25a/SNAP-25b ratio shifted towards more SNAP-25a expression (Bark et al., 2004).
These mutant mice also exhibit spontaneous seizures and increased lethality, with a
median survival time of 27 days. Hence, the lack of SNAP-25b appears more
detrimental than reducing the total levels of SNAP-25 protein. If both the balance and
the levels are altered, a severe developmental phenotype is observed.

Taken together, all the different SNAP-25 mouse models provide clues to the
significance of SNAP-25 during neuronal development as well as in the mature nervous
system. Our model however, is the first with only SNAP-25a expression and it
specifically addresses the contribution of the two isoforms for SNAP-25 function. The
differences in phenotype between unfloxed and floxed SNAP-25b mutant mice allows
for additional comparison and evaluation of SNAP-25a and SNAP-25b during
development and in adult.

4.1.2 Plasma membrane association of SNAP-25a and SNAP-25b and
hippocampal short-term plasticity

The alternative splicing of SNAP-25 mRNA is an obligate choice between two exon Ss.
Nine of 206 amino acids differ between SNAP-25a and SNAP-25b in the central
domain of the protein where a quartet of cysteine residues are substrates for post-
translational palmitoylation which is required for membrane targeting (Gonzalo et al.,
1999; Lane & Liu, 1997). All four cysteines are retained in both SNAP-25a and SNAP-
25b but appear in different organization and sequence context. We were interested in
whether SNAP-25a and SNAP-25b showed a difference in association with the plasma
membrane, which has been difficult to address due to that the similarities between the
isoforms have prevented development of specific antibodies. As adult wt mice express
essentially only SNAP-25b in brain (Bark et al., 1995) and our mutants only express
SNAP-25a this allows for comparisons of subcellular localization of the SNAP-25
proteins. In sucrose density gradients, SNAP-25a was less associated with plasma
membrane fractions than SNAP-25b and appeared to be more cytosolic or associated
with synaptic vesicles (Figure 2E). This implies that SNAP-25a is less associated with
SNARE complexes close to or immediate upstream of fusion than SNAP-25b.
Similarly, tagged SNAP-25 proteins overexpressed in a glioma neuroblastoma cell line
displayed a difference in subcellular distribution (Andersson et al., 2000). Mutational
analysis of SNAP-23, a SNAP-25 homolog that resembles a combination of SNAP-25a
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and SNAP-25b in terms of cystein residue localization, showed that it is the conserved
residues that are required for membrane localization (Koticha et al., 1999). The number
of palmitoylated residues might confer a difference in plasma membrane preference as
SNAP-23 shows a higher degree of lipid raft association than SNAP-25 in PC12 cells
(Salaun et al., 2005). The different SNAP-25 isoforms have not been investigated in
raft association.

Short-term plasticity reflects the properties of a synapse to adapt to activity-based
changes without long-lasting effects such as gene expression (Zucker & Regehr, 2002).
Presynaptic short-term plasticity can be measured in paired-pulse facilitation (PPF)
experiments. Two pulses, generating action potentials, are applied with a short interval
so that residual Ca®" in the presynaptic terminal after the first pulse results in a higher
Ca’"-concentration after the second (Charlton et al., 1982; Katz & Miledi, 1968). This
process is faster than for mobilization of vesicles to refill the RRP. Thus only
remaining fusion-competent vesicles requiring a higher Ca®" concentration are released
and facilitation then reflects the size of the RRP. We investigated PPF of AMPA
receptor-mediated synaptic transmission at the Schaffer collateral-CA1 pyramidal
neuron synapses of the hippocampus. We analyzed PN12-16 animals for comparison of
unfloxed and floxed SNAP-25b KOs. Both mutants showed a reduction in PPF
compared to wt mice at low frequency stimulation and unfloxed animals also at higher
frequency stimulation (Figure 3A,B,C). Neither in the Tkneo/Tkneo nor in the
Coloboma SNAP-25 mutant mice was reduced PPF detected in the hippocampal
formation; instead the Thkneo/Tkneo mutants demonstrated an increase in PPF. This
suggests that reduced SNAP-25 protein levels do not affect hippocampal PPF as long as
SNAP-25b is present (Bark et al., 2004; Steffensen et al., 1996). The reduction in
facilitation indicates a reduced stability and size of the RRP. The synaptic active zone
holds few ready-releasable vesicles and is dependent on replenishment of the RRP,
which is regulated by synaptic activity (Stevens & Wesseling, 1998). PKA and PKC
phosphorylation of the SNAP-25 protein both enhance the releasable pool sizes but
specifically PKC increased binding to Syntaxin 1 and replenishment of the RRP in
chromaffin cells (Nagy et al., 2002; Nagy et al., 2004; Yang et al., 2007). The Rab3
effector Rabphilin interacts with SNAP-25 and potentially regulates the refilling of
vesicle pools after activity (Deak et al., 2006; Tsuboi et al., 2007). Changed short-term
plasticity can also have other causes than replenishment properties. For instance, the
size of the RRP has been inversely correlated with release probability of vesicles
(Dobrunz & Stevens, 1997; Murthy et al., 1997). Thus a reduction in facilitation,
signifying a smaller RRP, might be due to a general increase in release probability of
vesicles. The size of the vesicle pools and the probability of release should be measured
in our mutants to further establish plasticity changes.

In embryonic SNAP-25 null chromaffin cells introduction of SNAP-25b
showed higher ability to keep vesicles in the primed state than SNAP-25a, not due to
enhanced priming but rather dependent on a lower de-priming rate (Sgrensen et al.,
2003). SNAP-25b overexpression increased the size of the releasable pools,
demonstrated by an increased exocytotic burst (Sgrensen et al., 2003). It has been
demonstrated that SNAP-25b containing SNARE complexes are more stable than
those having SNAP-25a (Sutton et al., 1998), suggesting that SNAP-25b adds
constraint to the fusion reaction by requiring a higher stimuli prior to fusion. The
blind-drunk mouse, with a mutation in SNAP-25b increasing SNARE complex
stability even further, instead showed reduced spontaneous and evoked release (Jeans
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et al., 2007). This was proposed to be due to abnormalities to replenish the RRP,
which could result from impaired disassembly of the SNARE complexes. The higher
stability of the SNARE complexes in the presence of SNAP-25b may besides
increasing the RRP also allow for differences in affinity of a SNARE complex
binding protein. The difference in exocytotic burst capacity between SNAP-25a and
SNAP-25b was shown to be due to amino acids located in the N-terminal helix and
was suggested to regulate association with other proteins during the formation of the
SNARE complex (Nagy et al., 2005). Complexin does not bind directly to SNAP-25
but to Syntaxin 1 and VAMP?2 in the assembled SNARE complex and performs a yet
unidentified function, aiding the interaction with Synaptotagmin I (Melia, 2007).
Complexin appears to bind with different affinities depending on the state of
assembly of the SNARE complexes and thus is a candidate for differential SNAP-25
actions (Liu et al., 2006). Complexin I and II deficient mice exhibit no change in pool
sizes in neurons but a reduced probability of release reflected by increased facilitation
(Reim et al., 2001). Furthermore, specifically synchronous release is affected which
may indicate impaired Synaptotagmin I function. The vesicle-associated SNAP-25
binding protein Snapin is proposed to stabilize the pool of primed vesicles by
increasing the association of SNARE complexes with Synaptotagmin I as
demonstrated in Snapin-deficient chromaffin cells (Tian et al., 2005). Here a potential
difference for the SNAP-25 isoforms can be implicated, as the pool of primed
vesicles is more unstable in SNAP-25a containing neuroendocrine cells than in
neurons, with preferentially SNAP-25b (Heidelberger et al., 2002; Xu et al., 1998). In
neurons, with a small size of the RRP, Snapin appears not essential but merely to
enhance release probability and regulate plasticity when phosphorylated by PKA
(Thakur et al., 2004). Besides interacting with the SNARE complex Synaptotagmin I
may also bind to Syntaxin 1/SNAP-25 and all three proteins interact with Ca™-
channels (Rettig et al., 1996; Sheng et al., 1994). This may regulate channel
properties but also provide crucial proximity between Ca**-channels and the release
machinery (Evans & Zamponi, 2006). Furthermore, the active zone component RIM
performs several actions during exocytosis and one of them involves binding to
SNAP-25, Synaptotagmin I and Ca*-channels (Coppola et al., 2001). In the presence
of Ca™ the interaction with Synaptotagmin I of RIM was demonstrated to be increased
whereas the binding to SNAP-25 was reduced. SNAP-25 may also be subject to G
protein coupled inhibition, as GPy binds to the C-terminal of SNAP-25, both in
central synapses and in neuroendocrine PC12 cells (Blackmer et al., 2005;
Gerachshenko et al., 2005). This interaction is inhibited by binding of Synaptotagmin
I to SNAP-25 at the C-terminal (Blackmer et al., 2005; Gerona et al., 2000). Hence,
there are several links between SNAP-25 and the presumed Ca®-sensor
Synaptotagmin I, and preference of different Synaptotagmin isoforms themselves
may also differ for SNAP-25a or SNAP-25b containing SNARE complexes. The
differences in affinity for proteins, including their isoform variants, binding to SNAP-
25a or SNAP-25b SNARE complexes have so far been little studied.

The notion that spontaneous transmitter release is not affected in SNAP-25 null
mutants suggests that a SNAP-25 homolog can replace early developmental activities
of SNAP-25 (Molnar et al., 2002; Washbourne et al., 2002). Spontaneous release
occurs in the presence of basal Ca’’-concentrations, appears not to involve
Synaptotagmin I and can be performed by SNAP-23 (Chieregatti et al., 2004; Geppert
et al., 1994). Overexpression of the ubiquitously expressed SNAP-23 in SNAP-25 null
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chromaffin cells could partly rescue sustained secretion but the exocytotic burst
component was impaired, implying SNAP-23 in slower modes of exocytosis (Serensen
et al., 2003). In brain for instance glia cells express SNAP-23 and it could be involved
in GABAergic inhibitory transmission though this has not been clarified (Montana et
al., 2006; Tafoya et al., 2006; Verderio et al., 2004). A novel SNAP-25 homolog
termed SNAP-47 was recently reported, also showing ubiquitous expression and a
lower ability to support exocytosis than SNAP-25, with a proposed intracellular
function (Holt et al., 2006). Intriguingly, the SNAP-25 homolog SNAP-29, which lacks
a membrane anchor, appears to regulate SNARE complex disassembly in hippocampal
neurons, slowing recycling and recovery after exocytosis events (Pan et al., 2005;
Steegmaier et al., 1998). During high-frequency stimulation and short interpulse
intervals, the reduction of PPF was not significant in floxed SNAP-25b null mice
(Figure 3D). Thus, at physiological levels of SNAP-25 expression and more sustained
stimulation, SNAP-25a was as efficient as SNAP-25b in supporting release. Apparently
increased Ca’’-concentrations favor the priming process of SNAP-25a dependent
vesicles. Increased Ca’’-concentrations also overcome the release phenotype in
Complexinl/Il mutants (Reim et al., 2001).

Thus, SNAP-25b is required to meet the demands of synaptic transmission
including maintaining vesicle pools ready for release at the Schaffer collateral-CAl
synapse. SNAP-25a appears better adapted to slower release from LDCVs, being the
major isoform in neuroendocrine and endocrine cells. The difference between the two
SNAP-25 isoforms could be illustrated as SNAP-25b tighter holding the vesicles in a
highly release-ready state whereas SNAP-25a provides a looser arrangement, which
might affect interactions with proteins regulating release via the SNARE complex.
SNAP-25a would then be closer related to other identified SNAP-25 homologs than
SNAP-25b. Early synaptic development seems not to be highly dependent on neuronal
activity, at a time when only SNAP-25a is expressed (Goda & Davis, 2003). However,
during the first PN weeks functional neuronal circuits are developing and the
emergence of mature neuronal connections requires preferential signaling from active
synapses, while others with low activity are eliminated. PPF has been demonstrated to
peak around PN14 (Dekay et al., 2006; Muller et al., 1989) and reduced PPF in our
mutants could result in that the SNAP-25b KO mutants fail to develop accurate
neuronal circuits. Possibly unfloxed mutants experience additional impairments in
neuronal development that is reflected by lower short-term plasticity than in floxed
mutants.

4.1.3 Behavior analyses of floxed SNAP-25b null mice demonstrate
cognitive impairment

SNAP-25b is normally highly expressed in brain areas involved in cognitive function
(Bark et al., 1995; Oyler et al., 1989), and behavior testing of four months old floxed
SNAP-25b null mutants revealed broad cognitive impairment. The mutants exhibited
increased anxiety levels and almost complete absence of acquisition and retention of
spatial learning (Figure 4). Furthermore, mutants had low context-dependent
locomotor activity, suggesting less exploratory behavior (data not shown). All in all,
our mutants display a phenotype with impairments in hippocampus and amygdala. As
motor neurons reportedly only express SNAP-25b (Jacobsson et al., 1996), it was of
interest to see how the mutants handled muscle endurance tasks. The rotorod test of
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motor coordination and muscle strength was however cancelled due the bad condition
of the mutants after the Morris swim test of spatial learning, but preliminary results
showed signs of muscle weakness. The worse performance in the spatial learning test
and the lower locomotor behavior during initial exploration of the locomotor cages of
females, together with that some female mutants were lost during behavioral testing;
all suggest that females were in worse condition than males. Whether this depends on
developmental defects, as floxed females were smaller than wts during the second PN
week, or different sensitivity to alterations in synaptic plasticity we currently do not
know. Besides its well-known hypothalamic actions estrogen exerts effects on
hippocampal synapses (McEwen, 2002). Estrogen apparently directly influences
inhibitory presynapses and postsynaptic dendritic spines are sensitive to sex
hormones, which could potentially render our females more vulnerable.

The hyperactivity of young unfloxed mutants was not observed in floxed
animals and presumably does not develop in the absence of developmental defects.
Hyperactivity is detected in the Coloboma mouse, which shows developmental
defects, and is considered a model of attention deficit hyperactivity disorder, ADHD
(Hess et al., 1992). Despite that several genes are deleted in the Coloboma mouse
hyperactivity is abolished when reintroducing SNAP-25b and together with that
ADHD often improves with age, this implicates the importance of accurate
neurotransmission during development. In particular, dopamine and norepinephrine
release is impaired in these mice (Jones & Hess, 2003; Raber et al., 1997). Also,
corticosterone levels in response to stress were increased in Coloboma mice, which
could contribute to impairments in behavior (Raber et al., 1997). In humans,
polymorphisms in the Snap gene has been associated with vulnerability to develop
ADHD and interestingly, with intelligence (Faraone et al., 2005; Gosso et al., 2006;
Thapar et al., 2005). Imbalances in release of substances such as dopamine and
norepinephrine need to be addressed in both unfloxed and floxed SNAP-25b KO
mice as the importance of the isoforms has not been investigated. The blind-drunk
mouse with a mutation in SNAP-25b and increased SNARE complex affinity exhibits
ataxia and impaired sensorimotor gating (Jeans et al., 2007). These are behavior
problems associated with psychiatric disorders such as schizophrenia, to which
SNAP-25 has been linked (Mirnics et al., 2001). The SNARE complex binding
Complexins have also been associated with a number of psychiatric diseases
(Eastwood 2000). Complexin I and II double KO mice die at birth (Reim et al., 2001).
However, Complexin I or II deficient mice share some behavioral abnormalities with
the floxed SNAP-25b mutants, such as deficits in motor function, spatial learning and
exploratory behavior (Glynn et al., 2003; Glynn et al., 2005). Interestingly, cognitive
behavior deficits develop with age, as might be the case in our floxed mutants.
Complexins are linked to the degenerative Huntington’s disease and Complexin II
deficient mice show specifically impairment in mossy fiber long-term plasticity
(Gibson et al., 2005; Morton & Edwardson, 2001). Thus, accuracy in the last steps of
exocytosis after SNARE complex assembly appears important for long-term neuronal
function. Long-term plasticity is required for memory and learning and involves
structural rearrangements and gene expression and would be interesting to investigate
both in Schaffer collaterals and mossy fibers in the SNAP-25b KO mice.
Interestingly, both SNAP-25a and SNAP-25b were upregulated after long-term
potentiation induction, a form of long-term plasticity, and thus SNAP-25a could be
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involved in such rearrangements in the adult brain (Hou et al., 2004; Hou et al., 2006;
Roberts et al., 1998).

4.1.4 Hippocampal neuroprotective mechanisms in response to seizure
activity and morphological changes

During the high activity of synaptic maturation at PN weeks two and three, the brain is
particularly vulnerable to develop seizures (Swann & Brady, 1984). Altered synaptic
activity during this time point might initiate spontaneous seizures, which both unfloxed
and floxed SNAP-25b null mutants demonstrate. The unfloxed mutants are most
severely affected with frequently occurring seizures debuting around PN12-13, whereas
in floxed mutants seizure activity is rare prior to young adulthood. The developmental
phenotype of the unfloxed mutants as well as the distorted short-term plasticity could
contribute to the severe seizure activity. Epileptic seizures are characterized by high
neuronal activity eventually leading to brain damage (Wasterlain et al., 2002). Even
though seizures do not necessarily origin in the hippocampus, recurrent seizure activity
can be manifested in this area because of its ability to adapt to changes in activity. It is
particularly the naturally excitable CA3 neurons that may contribute to development of
recurring seizure activity (Congar et al., 2000; Scharfman et al., 2000).

Neuropeptides are involved in modulating a number of physiological functions in
brain such as energy balance, feeding behavior, mood, memory and learning (Hebb et
al., 2005; Vezzani & Sperk, 2004). The neurotrophin Brain-derived neurotrophic factor
(BDNF) has besides developmental effects also functions in the adult synapse, such as
mediating activity-dependent actions involved in memory and learning (Lu, 2003).
Typically expression of neuropeptides and BDNF is altered in the hippocampus after
seizures, in particular in the granule cell-mossy fiber system, and is considered to be a
neuroprotective mechanism (Gall et al., 1990; Schwarzer et al., 1996; Wasterlain et al.,
2002). We observed downregulation of Cholecystokinin (CCK) expression and
upregulation of Neuropeptide Y (NPY) and BDNF expression in the hippocampus of
our mutants after seizure onset (Figure 6). Increased NPY expression is believed to be
neuroprotective by dampening excitatory activity and BDNF can regulate NPY
expression (Koyama & Ikegaya, 2005; Vezzani & Sperk, 2004). However, what effects
long-term changes in expression have is not certain. BDNF overexpressing mice for
instance, are susceptible to seizures (Croll et al., 1999). BDNF signaling increases
synaptic protein levels and phosphorylation states and the number of docked vesicles
(Lu, 2003; Tyler et al., 2002). Furthermore, the same neuropeptide may exert both
excitatory and inhibitory modulation through binding to different receptors (Hebb et al.,
2005; Vezzani & Sperk, 2004). In the end, neuroprotective attempts might not always
be beneficial to highly plastic areas of the brain.

In the hippocampus neurogenesis frequently increases in rodents after seizures,
which we also detected in our mutants (Supplementary Information). Accordingly,
neuronal activity can induce neurogenesis (Deisseroth et al., 2004). In animals
displaying seizures however, the subgranular layer of neuronal precursor cells
frequently appears dispersed and ectopically located new neurons might contribute to
CA3 hyperexcitability (Jessberger et al., 2005; Parent et al., 1997). Though, it has been
shown that newly generated neurons after epilepsy exhibit dampening characteristics
(Jakubs et al., 2006; Scharfman et al., 2000). As both NPY and BDNF have been
suggested to promote neurogenesis their protective effects may also be mediated in this
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way (Howell et al., 2005; Scharfman et al., 2005). Immunohistochemical analysis
revealed that from two months of age mossy fibers in floxed mutants appeared
expanded and bundled together (Figure 5,6). The Synaptophysin positive nerve endings
appeared larger but less numerous, suggesting a locally decreased density of functional
nerve endings. The mossy fiber-CA3 synapses are highly plastic and can increase in
size in response to altered activity (Galimberti et al., 2006). Hence, the morphological
changes may be an adaptation to increased activity, supported possibly by increased
neurogenesis. Although altered synaptic transmission as well as seizure activity can
impair cognitive functions (Sutula et al., 1995), it should not be excluded that the
morphological changes per se highly contribute to behavioral impairment in our
mutants. Besides being generally resistant to seizure development, seizures do not seem
to affect performance in spatial learning of C57BL/6 mice (Royle et al., 1999). It has
been demonstrated that this mouse strain is fairly resistant to seizure-induced
hippocampal cell death and we could not observe any loss of cell layers in mutants with
histology, which might have had contributed to cognitive impairment.

Thus, the plastic hippocampus may adapt to increased activity by trying to
increase its excitatory routes such as the mossy fiber system. In fact, seizures have been
referred to as an extreme form of plasticity that may have gone too far (Scharfman,
2002). The combination of altered synaptic transmission during neuronal development
and subsequent seizure activity results in changes in plastic brain areas, with
accompanying cognitive dysfunction and brain damage.
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4.2 PAPERII: CDK5 IN DEVELOPMENT OF FUNCTIONAL SYNAPSES

Cdk5 plays a major role in neuronal migration during neuronal positioning and
differentiation (Dhavan & Tsai, 2001; Nikolic et al., 1996; Paglini et al., 1998). Gene
targeted removal of CdkS in mice leads to widespread disruption of neuronal layering
and neonatal death (Ohshima et al., 1996). Disruption of the p35 gene results in
aberrant layering of the neocortex (Chae et al., 1997). Gene targeting of the p39 gene
does not give an obvious phenotype, however the double p35/p39 KO resembles Cdk5
KO mice (Ko et al., 2001), indicating that p35 and p39 are the only activators of Cdk5.
The impaired neuronal positioning found in the Cdk5 and p35 KOs could partly be
caused by deregulated axon guidance. Cdk5 transduces cell surface-derived signals in
several intracellular pathways, resulting in cytoskeletal rearrangements. For example,
CdkS phosphorylation of B-catenin disrupts N-cadherin mediated cell adhesion thereby
promoting neuronal migration (Kwon et al., 2000). Cdk5 has also been implicated in
Integrin and Netrin 1 signaling (Del Rio et al., 2004; Ledda et al., 2002). CdkS5 is
involved in growth cone collapse during axon guidance and positioning, for instance
through phosphorylation of Collapsin response mediator protein-2 (CRMP-2) (Brown
et al., 2004; Gillardon et al., 2005), and Cdk5 inhibits Pakl (Nikolic et al., 1998;
Rashid et al., 2001). Thus, in the presynaptic terminal a number of actin modulating
proteins are Cdk5 substrates. CdkS5 influences cytoskeletal stability through
phosphorylation of Neurofilaments and Microtubule-associated proteins (MAPS)
(Kesavapany et al., 2004; Shea et al., 2004; Smith, 2003). In neurons p35 has been far
more studied than p39 and so far only Tau, normally functioning in tubulin plasticity,
has been shown to require p39 (Takahashi et al., 2003). Hyperphosphorylation of Tau
by Cdk5 is implicated in several degenerative diseases, but then interestingly with the
more stable Ca**-dependent calpain cleavage product of p35, p25 (Patrick et al., 1999).
In addition, Cdk5 phosphorylates a number of transcription factors important both in
differentiation of neuronal and non-neuronal cells (Rosales & Lee, 2006).

To investigate if CdkS5 is involved in the establishment of functional synapses and
SV exocytosis after outgrowth, we used the mouse rat neuroblastoma-glioma cell line
NG108-15. Upon dBcAMP-induced differentiation NG108-15 cells acquire a neuron-
like phenotype, express for example N-type Ca*'-channels, and can be stimulated to
release ACh (Higashida, 1988; Kasai & Neher, 1992; Tojima & Ito, 2004). NG108-15
cells do not form functional autaptic synapses but when co-cultured with differentiating
muscle cells functional d-tubocurarine-sensitive cholinergic synapses are formed
(Higashida et al., 1981; Kimura & Higashida, 1992; Nelson et al., 1976). The presence
of Cdk5 and both activator proteins p35 and p39 in the NG108-15 cell line was
determined with RT-PCR, Western blotting and immunocytochemistry (Figure 1-5).
Judging by Western blotting, levels of Cdk5 and p35 proteins increased with
differentiation, as seen in other cells of neuronal origin (Fu et al., 2002; Munoz et al.,
2000; Paglini et al., 1998; Tomizawa et al., 1996). p35 expression is upregulated by
Nerve-growth factor (NGF) induced differentiation through the Extracellular-signal-
regulated kinase (ERK) pathway (Harada et al, 2001). Cdk5 and p35
immunoreactivities were concentrated to low-density fractions where soluble proteins
and proteins associated with light membranes distribute (Figure 2). Using synaptic
proteins as markers for different subcellular compartments it was showed that in
differentiated cells Cdk5 and p35 distribution overlapped with that of plasma
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membrane and SVs. Levels of p39 remained low and its distribution overlapped mainly
with Synaptotagmin I, suggesting its localization to LDCVs or other organelles of high
density. Performing soluble/membrane or cytoskeletal fractionations revealed that
while Cdk5 predominantly localized to soluble fractions, p35 had a higher degree of
localization to membranes and p39 was almost exclusively associated with membrane
and cytoskeletal structures (Figure 3). Interestingly, in NG108-15 cells, despite having
a myriostylation site as does p39 (Patrick et al., 1998; Patzke & Tsai, 2002), p35 was
preferentially located to cytosolic fractions. This could be an artefact of a cell line but
also reflect that most p35 is not preferentially associated with structures but instead
cytosolic. Since most identified Cdk5 substrates are either membrane- or cytoskeletal-
associated proteins, or even cytoskeletal components themselves (Smith & Tsai, 2002),
it is possible that the detergent-insoluble pool of the Cdk5 activators is in close
proximity to, or even interacting with, potential substrate proteins (Floyd et al., 2001;
Humbert et al., 2000a; Nikolic et al., 1998; Nikolic et al., 1996). Hence, Cdk5 activity
might be spatially directed by the localization of the activators. In brain, the temporal
and spatial expression of p35 and p39 seem to be complementary, with p39 expression
initiated later in development (Cai et al., 1997; Wu et al., 2000; Zheng et al., 1998).
During development p39 expression is prominent in brain but in adulthood that remains
only in certain structures of the cerebellum (Jeong et al., 2003). The activators appear to
localize to distinct subcellular compartments, with some overlap, in growth cones and
synapses (Humbert et al., 2000a; Humbert et al., 2000b). Interestingly, when transiently
overexpressed in NG108-15 cells, most p35 protein accumulated in membrane and
cytoskeletal fractions. Prior to use, p35 might be attached to insoluble components and
after phosphorylation of the substrate the different components might be dissociated.
Immunoreactivities of p35 and p39 were prominent in developing neurites compared to
CdkS5, but were less plasma membrane localized than SNAP-25 (Figure 4,5 and data
not shown). It is difficult to study proteins in NG108-15 cells in co-culture with
myotubes, and levels and subcellular localization of the different proteins might very
well be different from when NG108-15 cells are cultured alone. Immunocytochemical
comparisons however showed no obvious differences in for instance plasma membrane
association.

To assess the impact of Cdk5 and its regulatory subunits on synaptic activities,
postsynaptic membrane potential fluctuations, due to spontaneous quantal transmitter
release, were recorded from myotubes co-cultured with transiently transfected NG108-
15 cells. By measuring miniature endplate potentials (mEPPs) in postsynaptic cells
demonstrating cell-cell contacts resembling synaptic structures, it is possible to analyze
the formation of functional synapses. The percentage of synaptic-like structures
exhibiting spontaneous quantal release day 5-7 in wtCdk5-transfected cells were not
different from controls (~43%). However, with a dominant negative (dn) Cdk5 the level
of active cell-cell contacts was decreased to 26%. By using NG108-15 cells stably
overexpressing Synapsin Ila, (NG108IIA1), expected to exhibit a higher efficiency in
forming active synaptic-like structures (Han et al., 1991; Zhong et al., 1999), dnCdk5
caused a similar reduction. An increase in frequency of postsynaptic currents is
considered to denote an increase in release from presynaptic release sites. To
investigate if spontaneous synaptic activity was altered as a result of transfection,
frequency of mEPPs was registered and gave similar effects as numbers of synaptic-
like structures. These results show that overexpression of dnCdk5 negatively affects
functional synapse formation. The changes in mEPP frequency for formed synaptic
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structures suggest that CdkS5 directly stimulates the exocytotic machinery. Considering
the differences in protein levels detected by Western blotting, the levels of Cdk5
activators, and not Cdk5, could be limiting for kinase activity. This has been
demonstrated in hNT cells where a substantial increase in CdkS5 activity is coupled to
an increase in p35 expression (Gompel et al., 2004). Overexpression of either of the
two activators, p35 or p39, showed a higher rate of functional synapse formation after
four days in co-culture (Figure 7). The levels of synaptic structures exhibiting
spontaneous release were similar in Cdk5/p35 and Cdk5/p39 overexpressing cells, 73%
and 75%, compared to 43% for non-transfected cells. Both p35 or p39 also increased
mEPP frequency, 5.8 and 8.4 events/min compared to ~4 in control, however p39
seemed more potent than p35. Thus, both p35 and p39 may mediate spontaneous
release from SVs. However the low endogenous levels of p39 after differentiation
suggest that p35 has a broader role in NG108-15 cells.

Transition of a growth cone into a presynaptic terminal requires, except for
structural changes, assembly of an exocytotic machinery that can support vesicular
fusion. In membrane transport Cdk5/p35 has been reported to play a role in the budding
of vesicles from the Golgi apparatus (Paglini et al., 2001), and kinesin-driven motility
is regulated by Cdk5 (Morfini et al., 2004). Synapsin I, a presynaptic protein involved
in tethering of vesicles to the actin cytoskeleton and in plasticity, has been shown to be
a Cdk5 substrate, although the functional implication of CdkS phosphorylation is not
clear (Matsubara et al., 1996; Siidhof, 2004). Synaptic transmission, including
spontaneous neurotransmitter release, is abolished in neurons from Muncl3 and
Munc18-1 null mouse mutants, indicating the Cdk5 substrate Munc18-1 as a factor in
mediating Cdk5 enhancement of release in our study (Varoqueaux et al., 2002; Verhage
et al., 2000). In these mice initial presynaptic assembly in central neurons appeared
normal in contrast to at the NMJ, where terminal growth of neurons was defect and
synapse numbers were reduced (Brandon et al., 2003; Goda & Davis, 2003; Misgeld et
al., 2002). Also, whereas spontaneous release at the NMJ was enhanced by Munc18-1
overexpression, it reduced the frequency of spontaneous release in central neurons (Ho
et al., 2006; Toonen et al., 2006b). This demonstrates differences in dependence on
transmission for development as well as in release mechanisms of these synapses. Also,
Cdk5/p35 regulates synaptic vesicle endocytosis by phosphorylating three of the
endocytotic dephosphin proteins, Dynamin 1, Amphiphysin 1 and Synaptojanin 1 (Lee
et al., 2004b; Tan et al., 2003; Tomizawa et al., 2003). These proteins are activated by
Calcineurin dephosphorylation and Cdk5 seems to maintain the resting state of these
proteins. All these events may enhance the rate of synapse formation and spontaneous
release in transfected NGI108-15 cells. However, in evoked transmission the
organization of the exocytotic machinery may differ to some extent as in the striatum
dopaminergic and glutamatergic transmission appears negatively regulated by Cdk5
(Chergui et al., 2004). This may occur via p35-mediated phosphorylation of the P/Q
Ca”"-channel, thereby disrupting its interaction with SNAP-25 and Synaptotagmin I
(Tomizawa et al., 2002; Yan et al., 2002).

The establishment of synapses at the NMJ displays a pattern of both independent
processes in neurons and muscles and in addition involves reciprocal intersynaptic
signaling (Goda & Davis, 2003). Agrin signaling supports clustering of postsynaptic
ACh receptors where innervation has occurred (Lin et al., 2001; McMahan, 1990). The
growth factor Neuregulin-1 signals via ErbB receptors and Cdk5/p35 appears to be
operating in this pathway, increasing ACh receptor expression and associating with
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ErbB receptors (Fu et al.,, 2001). In addition, Cdk5 was recently discovered to be
involved in dispersion of ACh receptors at non-innervated postsynaptic sites (Fu et al.,
2001; Fu et al., 2005). At the postsynaptic density of central neurons Cdk5
phosphorylates NMDA receptors and Post-synaptic density protein-95 (PSD-95) and
controls CAMKII in a Ca2+-dependent manner (Dhavan et al., 2002; Hosokawa et al.,
2006; Morabito et al., 2004; Wang et al., 2003; Wei et al., 2005b). Furthermore, Cdk5
was recently demonstrated to be required for BDNF induced dendritic growth (Cheung
et al., 2007). CdkS activity is thereby linked to long-term plasticity and neurotoxicity.

Thus, Cdk5 has an increasingly recognized pivotal role in both developing and
mature neurons and synapses and we have demonstrated that in establishment of
functional signaling, Cdk5 is promoting spontaneous synaptic activity via a presynaptic
mechanism. Both activator proteins are capable of supporting this action of Cdk5
though the effect of p39 overexpression was larger.

4.3 PAPERIIl: CDKS5 IN PANCREATIC BETA CELLS

Evidence has emerged showing that Cdk5 also has a function in non-neuronal tissues,
for instance in muscle development and wound healing (Rosales & Lee, 2006). Our
group has demonstrated that CdkS is endogenously expressed in pancreatic beta cells
and is able to enhance insulin secretion (Lilja et al., 2001). To continue this line of
research, we characterized the expression of the Cdk5 activators p35 and p39 and
investigated their role in insulin secretion. RT-PCR, Western blotting and
immunocytochemistry detected both CdkS5 activators p35 and p39 in primary beta cells
and p39 appeared to be the most abundant activator by Western blotting (Figure 1,2).
Subcellular fractionation showed that both activators were associated with intracellular
membranes, although of different densities, in both unstimulated and glucose-
stimulated beta cells (Figure 3). The activator p39 may be associated with secretory
granules as it is to some extent co-localized with insulin in subcellular fractionation
analyses. Both p35 and p39 showed partly co-distribution with a plasma membrane
marker and some p35 was also detected in the potentially soluble fraction. The
difference in localization of p35 in NGI108-15 cells and beta cells suggest some
differences between these cell types in terms of Cdk5 substrates present, not unlikely
for such morphologically diverse cells. Hence, localization and expression of the short-
lived activators are regulating CdkS5 activity (Patrick et al., 1998; Patzke & Tsai, 2002;
Wei et al., 2005b). The difference in localization of CdkS and the activators suggest
that the interactions are transient. It has been suggested that Cdk5 cycles between
cellular compartments whereas the activators are stationary, associated with insoluble
components, and help to target the kinase to its substrates (Cheng et al., 2002; Floyd et
al., 2001; Nikolic et al., 1996).

The effects of p35 and p39 overexpression on insulin exocytosis in mouse beta
cells were explored using capacitance measurements (Figure 4). This technique detects
cell surface area expansion reflecting Ca”’-dependent exocytosis. In cells transiently
transfected with p39 the rate of increase in cell capacitance was accelerated by 83%,
compared to mock transfected cells. Overexpression of p35 did not stimulate
exocytosis. WtCdk5 stimulated exocytosis by 44% whereas the dnCdk5 mutant
decreased the rate of capacitance increase with 33%. In order to investigate the role
CdkS and its activators play in the regulation of insulin exocytosis, we transfected cells
with antisense oligonucleotides. The rate of exocytosis was inhibited by 42% in cells
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treated with CdkS antisense oligonucleotides. Antisense treatment of p39, but not p35,
inhibited exocytosis to an extent similar to that of antisense Cdk5. To ensure that the
effects of Cdk5 and p39 on capacitance measurements were due to stimulation of
exocytosis and not influenced by endocytosis, we measured release of transfected
human growth hormone (hGH) from INS-1E cells (Figure 5). Co-transfection with
CdkS or p39, but not p35, enhanced glucose-induced hGH secretion by 112% or 122%,
respectively, whereas basal release was not changed.

A role of Cdk5/p35 in beta cells was recently demonstrated in regulation of the
insulin gene, implicated in glucotoxicity where p35 expression was upregulated (Ubeda
et al., 2006). Furthermore, Cdk5/p35 was demonstrated to have a negative effect on
high-glucose stimulated insulin secretion, both in primary beta cells and MING6 cells
(Wei et al., 2005a). The Cdk5/p35 phosphorylation of L-type Ca”'-channels also
interfered with Syntaxin and SNAP-25 binding in beta cells during glucose-stimulated
secretion mediating a moderate decrease in Ca” -influx (Wei et al., 2005a). However,
exactly how high-glucose conditions translate to physiological settings remains vague.
Apparently inhibition of Cdk5 had no effect on Ca*’-channels and secretion in the
absence of glucose and thus suggests Cdk5/p35 involvement in either the second phase
of insulin release or an amplifying pathway. This illustrates the complex regulation of
insulin release in beta cells.

It is not unlikely that the multifunctional protein Cdk5 has a number of yet
unidentified functions also in pancreatic beta cells and we have identified a role at a late
step in insulin release. The actions of Cdk5 are most likely intimately coupled to the
activator specific for each substrate. In terminally differentiated secretory cells
Cdk5/p39 can directly affect the exocytotic machinery, though involvement in earlier
steps cannot be excluded.

4.4 PAPERIIl: MUNC18-1 IN INSULIN SECRETION

In search for the mechanism by which Cdk5 enhances insulin secretion we focused on
proteins that operate close to the fusion event. Munc18-1 has been demonstrated to be a
PKC and Cdk5 phosphorylation substrate in other cell types, however, the role of
Munc18-1 in beta cell exocytosis as well as the function of the Cdk5 phosphorylation is
not characterized (Fletcher et al., 1999; Fujita et al., 1996; Shuang et al., 1998). We
confirmed the presence of Muncl8-1 in primary beta cells (Jacobsson et al., 1994;
Zhang et al., 2000) by Western blotting and immunocytochemistry (Figure 2,3). To
address the question if Cdk5/p39 could operate via phosphorylation of the Munc18-1
protein, we performed capacitance measurements on beta cells transiently transfected
with Munc18-1 wt and non-phosphorylatable templates in combination with Cdk5 and
the Cdk5 activators (Figure 6). Since the aim was to investigate if Cdk5 regulates
Munc18-1 function we tried to avoid activation of other kinases by excluding cAMP in
the patch pipette. To confirm that we did not activate PKC we included an expression
construct where all potential PKC phosphorylation sites were silenced. Overexpression
of Munc18-1 wt or the PKC phosphorylation mutant both had a small positive effect on
capacitance increase, an effect that was absent with the Cdk5 phosphorylation mutant.
Co-transfection of Muncl8-1 with Cdk5 or p39 increased insulin exocytosis
significantly, whereas co-transfection of p35 did not augment secretion. Hence, as
detected in our experimental setup Munc18-1 has a stimulatory function in beta cell
exocytosis, which is augmented by Cdk5/p39 phosphorylation.
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Both PKC and Cdk5 phosphorylation of Muncl8-1 reduce its affinity for
Syntaxin 1 (Barclay et al., 2003; de Vries et al., 2000; Fletcher et al., 1999; Fujita et al.,
1996; Gladycheva et al., 2004; Liu et al., 2004; Shuang et al., 1998). Hence,
phosphorylation might mediate Munc18-1 dissociation from Syntaxin 1 for SNARE
complex assembly as well as Munc18-1 functions not involving Syntaxin 1. However,
crystallization of Muncl8-1 in complex with the closed form of Syntaxin 1 has
revealed that the Cdk5 phosphorylation site at Thr''* is inaccessible (Misura et al.,
2000). Therefore, intermediate steps are likely to be present before CdkS
phosphorylation, which might then regulate Munc18-1 binding to the assembling
SNARE complex (Dulubova et al., 2007; Shen et al., 2007; Zilly et al., 2006). Munc13-
1 is a strong candidate to initiate loosening of the Syntaxin 1 and Munc18-1 interaction
and SNARE complex formation, as it is capable of binding both proteins and displace
Muncl18-1 from Syntaxin 1 (Betz et al., 1997; Gladycheva et al., 2004; Sassa et al.,
1999). This may also involve RIM interactions with Muncl3 (Betz et al., 2001).
Munc8-interacting protein (Mint) appears to associate with Munc18-1 at some stage,
possibly in Syntaxin-independent actions (Biederer & Siidhof, 2000; Ciufo et al., 2005;
Ho et al.,, 2006; Schutz et al., 2005). Furthermore, the vesicle-associated DOC2
translocates to the plasma membrane in a Ca’’-dependent manner and binds to
Munc18-1 and Muncl3 (Groffen et al., 2006; Orita et al., 1997; Verhage et al., 1997).
Interestingly, there is a Cdk5 phosphorylation consensus site in Munc13-1 (Barclay et
al., 2004). Phosphorylation of Syntaxin 1 by Death Associated Protein kinase (DAP-
kinase) also significantly reduces Muncl8-1 binding (Tian et al., 2003). Thus,
phosphorylation may in several ways facilitate initiation of SNARE complex formation
(Deak et al., 2006; Fletcher et al., 1999). Munc18-1 has also been implicated as one of
the proteins operating at the actual fusion event, but exactly in what way is still elusive
and it might be unrelated to Syntaxin (Ciufo et al., 2005; Fisher et al., 2001). However,
it has been demonstrated that both PKC and Cdk5 phosphorylation of Munc18 regulate
the rate of expansion and opening time of the fusion pore in chromaffin cells (Barclay
et al., 2004; Barclay et al., 2003). Phosphorylation narrows the kinetics of fusion pore
opening, suggesting increased kiss-and-run exocytosis. The late role of Munc18-1 may
be via regulation of Phospholipase D (PLD), an enzyme generating phosphatidic acid.
PLDI positively affects both phases of insulin secretion at a late step of exocytosis
(Hughes et al., 2004). In neurons and chromaffin cells Munc18-1 has been shown to
inhibit PLD prior to stimulation, after which inhibition is relieved (Lee et al., 2004a).

Docking of LDCVs seems highly Muncl8-1-dependent, unlike in synapses
where docking of SVs appears normal in the absence of Munc18-1 (Korteweg et al.,
2005; Toonen et al., 2006a; Voets et al., 2001). This difference may in part be
explained by the specific dependence of Syntaxin 1 for docking, as demonstrated in
chromaffin cells (de Wit et al., 2006). It also involves actin rearrangements, but this
seems independent of Syntaxin 1 (Nili et al., 2006; Toonen et al., 2006a). Granuphilin,
which shows structure homology to Rabphilin3, is specifically expressed in beta cells
and pituitary tissue and is involved in the tethering/docking step. Granuphilin is
associated with granules and binds to the closed conformation of Syntaxin 1 and
Munc18-1 and may in this way participate in Munc18-1-dependent docking (Coppola
et al., 2002; Torii et al., 2004; Yi et al.,, 2002). Rab27a, which is associated with
granules, interacts with Granuphilin but also with Myosin Va and via actin controls
beta cell granule movement (Ivarsson et al., 2005; Izumi et al., 2003).
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Hence, Muncl18-1 promotes exocytosis also in endocrine cells. Similarly, in
Munc18-1 deficient anterior pituitary cells hormone release was reduced (Korteweg et
al., 2005). This was accompanied by a lining up of LDCVs away from the plasma
membrane, suggesting defective docking in the absence of Munc18-1. We believe that
Cdk5 phosphorylation of Muncl8-1 occurs after initiation of SNARE complex
assembly as detected by capacitance recordings. However, given the multitude of
functions that the Munc18-1 protein appears to have, the Cdk5 phosphorylation might
also be operating at several other events influencing insulin secretion. Information on
possible biological differences between the CdkS5 activators p35 and p39 is limited but
the proteins differ structurally in that p39 has a longer C-terminal sequence (Tang &
Wang, 1996). That only p39 in complex with Cdk5 can promote Ca’’-stimulated
insulin exocytosis and mediate phosphorylation of Muncl8-1 suggests p39 as an
important activator in hormone release. Accordingly, in endocrine anterior pituitary
cells p39 was found to be the predominantly expressed activator (Xin et al., 2004).
Trio, a Rho GDP/GTP exchange factor (GEF) activating Rac, was demonstrated to be a
CdkS5 substrate in these cells (Xin et al., 2004). Inhibition of Cdk5 hindered granule
movement to the plasma membrane, a result presumably related to the role of CdkS5 in
reorganizing actin cytoskeleton, which might have a similar function in insulin release.
Thus, the Cdk5/p39 kinase appears to have a promoting role in hormone release that
also needs to be investigated in neuronal cells. In addition, in lens epithelial cells p39
associates with Muskelin and Myosin II that are connected to actin, further implicating
Cdk5/p39 in cytoskeletal rearrangements (Ledee et al., 2005; Ledee et al., 2007). At
least the interaction with Muskelin occurs via the C-terminal part of p39 that is absent
in p35, indicating a p39-specific role.
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4.5 PRELIMINARY RESULTS

To further explore the roles of Munc18 proteins in beta cells we investigated the closest
homolog of Muncl8-1; Muncl8-2. Munc18-2 shows high structure similarity and
approximately 67% sequence identity to Munc18-1 (Hata & Siidhof, 1995; Katagiri et
al., 1995; Tellam et al., 1995). Munc18-2 has mostly been studied in epithelial tissues
where it is the main Muncl8 isoform but it is reportedly present in low amounts in
neuronal, neuroendocrine and endocrine cells (Korteweg et al., 2005; Martin-Verdeaux et
al., 2003; Riento et al., 1996; Steiner et al., 2002). We compared Munc18-1 and Munc18-
2 mRNA levels and subcellular distribution of the proteins in beta cells. Furthermore, we
investigated the influence of Cdk5 phosphorylation on subcellular localization. Due to
the promiscuity of the available Muncl8 antibodies for the two isoforms, we have
created tagged constructs of intact and mutated templates to ensure that we were
specifically studying Munc18-1 or Munc18-2.

4.5.1 Munc18 and Syntaxin isoform levels in brain and beta cells
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Figure 3. Semi-quantitative RT-PCR of mRNA transcripts of Munc18 (A) and Syntaxin
(B) isoforms in ob/ob brain, ob/ob islets and MING6 cells. Note different scaling in the
graphs. Staples are representing the mean of RNA from three different animal or cell
preparations (each repeated three times) and bars represent + S.E.M.

RT-PCR amplification showed that the mRNAs of both splice variants of Munc18-1,
Munc18-1a and Munc18-1b, but also Munc18-2 were transcribed in mouse ob/ob
islets and the mouse insulinoma MING6 cell line, as well as in 0b/ob brain (not shown).
Semi-quantitative RT-PCR using GAPDH as internal control showed that Munc18-1a
mRNA was abundant and of similar levels in ob/ob brain, islets and MIN6 cells
(Figure 3A). Levels of Munc18-1b were lower and barely detectable in beta cells.
Munc18-2 is poorly expressed in brain but seems to be more abundant in pancreatic
islets and MING cells. Since Munc18 proteins function as accessory regulators via
interactions with Syntaxins, we investigated the presence and abundance of the
described Syntaxin partners of Munc18-1 and Munc18-2, Syntaxins 1-3, in pancreatic
beta cells (Katagiri et al., 1995; Pevsner et al., 1994; Riento et al., 1998). RT-PCR
with Syntaxin isoform specific primers detected Syntaxin 1A, 2 and 3 (not shown).
With semi-quantitative RT-PCR Syntaxin 1A expression was found to be prominent
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in brain, quite low in islets and yet lower in MING6 cells, comparable to Syntaxin 3
levels in islets and MING6 cells (Figure 3B). Syntaxin 3 mRNA in brain and Syntaxin
2 in all tissues analyzed were below the detection level in the assay. Syntaxin 2 has
been reported to be poorly expressed in beta cells and was not coupled to insulin
exocytosis (Nagamatsu et al., 1997). Although Munc18-1 and Munc18-2 can bind
Syntaxin 1-3 the affinities for all interactions may not be equal. It is tempting to
propose Syntaxin 3 as a partner of Munc18-2 in beta cells, as has been shown for
epithelial and mast cells (Fukuda et al., 2005; Martin-Verdeaux et al., 2003; Riento et
al., 2000). In the insulinoma beta cell line HIT Syntaxin 3 has also been detected as a
cytoplasmic protein in contrast to other plasma membrane Syntaxins (Kang et al.,
2002).

4.5.2 Subcellular localization of Munc18 protein variants in MING cells
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Figure 4. Subcellular fractionation distribution of Munc18-1 wt and Munc18-1 mutated
in PKC and Cdk5 phosphorylation sites in unstimulated (0.5 mM glucose) (A) and
glucose-stimulated (25 mM glucose) (B) MING6 cells. Na'/K" ATPase a-1 is used as
plasma membrane marker and is typically associated with fractions 4-8. All gradients
were repeated three times and Western blotting performed twice per condition.
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By stimulating MIN6 cells with glucose and performing sucrose density gradient
analysis, we investigated the localization and mobility of wt and mutated Munc18
proteins under resting conditions and after increased exocytotic activity. To ensure that
co-transfection with Syntaxin 1 was not needed for proper localization of
overexpressed Muncl8-1 or Muncl8-2 we also performed immunocytochemistry of
either Munc18 single transfections or in combination with Syntaxin 1 (data not shown).
The distribution of Munc18-1 wt in unstimulated MING6 cells is broad (Figure 4), with
no apparent membrane accumulation (37%). However, after glucose-stimulation there
was a translocation of Muncl8-1 wt to the plasma membrane (66%, p< 0.01).
Interestingly, in unstimulated cells the plasma membrane localization of the Munc18-1
Cdk5 and PKC phosphorylation mutants (63% and 55%) was higher than for wt (p<
0.05), comparable instead to wt levels in stimulated cells. Degree of plasma membrane
localization for the mutated constructs was not altered after stimulation (66% and
62%). Thus, Munc18-1 is not stably associated with membranes but recruited and
translocated after stimulation and phosphorylation/dephosphorylation may be needed
for Muncl18-1 cycling at the plasma membrane also in resting cells. In yeast the
Munc18 homolog Vps45p dissociates from the membrane in the absence of PPI
activity but reassociates after its reactivation (Bryant & James, 2003). Both PP1 and
PP2B remove PKC-mediated phosphorylation of Muncl8-1 (Craig et al., 2003), but
which phosphatase that regulates Cdk5 action is not known. Phosphorylation of
Munc18-1 appears to be required in beta cells under basal conditions, as the mutated
proteins are differently located than Munc18-1 wt. As demonstrated in PC12 cells, less
Munc18-1 protein is bound to Syntaxin than the high affinity suggests and maybe
phosphorylation is involved in regulating its localization (Zilly et al., 2006). In MIN6
cells apparently exocytotic activity is needed for recruitment of Muncl8-1 to the
plasma membrane, as glucose-stimulated cells show a significant increase in membrane
located Munc18-1. PKC phosphorylation of Munc18-1 was shown to be low under
basal conditions in brain terminals but to be induced by Ca®', with no detected
prominent change in Cdk5 phosphorylation (de Vries et al., 2000). Interestingly, PKC
phosphorylation, as well as increased levels of Munc18-1, were shown to stimulate
replenishment of the RRP in an activity-dependent manner but were not necessary for
release, nor docking (Nili et al., 2006; Toonen et al., 2006b). What regulates Cdk5
activity besides the activator proteins is not well recognized. However, in
neuroendocrine cells depolarization caused translocation of Cdk5 from the cytosolic to
a particulate cellular compartment (Fletcher et al., 1999). Similarly, in a previous study
we detected translocation of CdkS after glucose-stimulation in beta cells (Lilja et al.,
2001). Further comparisons of Cdk5 and PKC phosphorylation of Munc18-1 between
neurons and beta cells would be valuable to delineate potential differences in functions
for these cell types.
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Figure 5. A, sucrose gradient analysis of Muncl8-2 wt and Muncl8-2 Cdk5
phosphorylation mutant distributions in unstimulated MING6 cells. No obvious differences
were detected under stimulatory conditions (data not shown). B, comparison of subcellular
distribution of Munc18-1 and Munc18-2 wt proteins in unstimulated MING6 cells.

We identified a putative Cdk5 phosphorylation site in Munc18-2, located at a
corresponding position as the equivalent in Munc18-1. To explore if Munc18-2 is a
CdkS substrate we created a mutated construct potentially unable to become
phosphorylated (Thr °*— Ala’"). As for Muncl8-1, we investigated the subcellular
localizations of transfected Munc18-2 wt and the Cdk5 phosphorylation mutant in
MING cells (Figure 5A). Equally low amounts of both wt and mutated Munc18-2 were
present in plasma membrane fractions (~24%) in unstimulated cells. There was no
apparent translocation to the plasma membrane after glucose-stimulation for either wt
or mutated Munc18-2 proteins (~26%). Munc18-2 was located almost exclusively in
low-density fractions. However, the Cdk5 phosphorylation mutant peaked in a higher-
density fraction (fraction 5) than wt protein (fraction 3). This suggests that Cdk5 is
phosphorylating Munc18-2, and similar to Munc18-1, that it has a role in trafficking
and cycling of Munc18-2. Comparing Munc18-1 and Munc18-2 wt protein subcellular
localizations showed that Muncl8-2 was localized to lower-density fractions than
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Munc18-1 (Figure 5B) and less associated with plasma membrane fractions (p<0.01). A
thorough examination of co-localization of the different Muncl8 variants with
subcellular markers will be required to determine their precise cellular localization.
Given the differences in localization pattern we speculate that Munc18-2 has a different
role than Munc18-1 in beta cells. The higher expression levels of Muncl8-2 in beta
cells suggest a specific function in vesicle trafficking not present in neurons or
neuroendocrine cells. Prominent Munc18-2 expression was also recently detected in
endocrine anterior pituitary cells (Korteweg et al., 2005). This function is presumably
not associated with fusion events at the plasma membrane. In mast cells Munc18-2 is
connected to microtubules and stimulation of beta cells also induces granule movement
dependent on microtubule cytoskeleton in addition to actin (Martin-Verdeaux et al.,
2003; Rutter & Hill, 2006). In amylase secreting acinar cells the tethering/docking
factor Granuphilin interacts with Syntaxin 2/3 in a Muncl8-2-dependent manner
(Fukuda et al., 2005). Thus, Munc18-2 may function in mobilization of granules from
reserve pools. Alternatively, it may be involved in the second phase of biphasic insulin
exocytosis by recruitment of granules for fusion by an alternative route where the
docking requirement is bypassed (Ohara-Imaizumi & Nagamatsu, 2006). Our results
further suggest multiple involvement of Cdk5 phosphorylation of SM proteins in
insulin secretion, not only as a molecular switch to control Syntaxin 1. How vesicles
are recruited and selected to the fusion sites is not well characterized in beta cells but
we have now identified a new potential mediator of trafficking in insulin exocytosis.
Whether Munc18-2 function in beta cells involves a Syntaxin partner and how it is
regulated by phosphorylation needs to be determined.
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5 CONCLUSIONS AND GENERAL PERSPECTIVE

This thesis aimed at exploring differences, at the molecular level, in exocytotic events.
Specifically we were interested in investigating various types of exocytosis;
neurotransmitter release and hormone secretion.

The first part focused on the SNAP-25 protein, an essential part of the fusogenic
SNARE complex, and the functional difference between the two isoforms SNAP-25a
and SNAP-25b. This was assayed in a developed mouse mutant where SNAP-25b, the
major isoform in adult brain and important for evoked neurotransmission, was replaced
with supplementary SNAP-25a, a developmental earlier isoform that is also functioning
in neuroendocrine and endocrine exocytosis. The two resultant SNAP-25b mouse
mutants express only SNAP-25a at different but close to physiological levels of total wt
SNAP-25. We discovered that reduced levels of SNAP-25a in unfloxed mice during
early postnatal development, results in a severe phenotype with reduced growth,
hyperactivity, frequent seizures and early lethality. In floxed mice with restored total
levels of SNAP-25 no evident developmental defects were observed. However, both
models demonstrated reduced short-term plasticity in the hippocampus, which was
overcome at higher stimulation frequencies in floxed mutants. With time, seizure
activity developed also in floxed mice and there were long-term alterations in
neuropeptide and BDNF expression in the hippocampus. Adult floxed mice show
cognitive impairments with increased anxiety and deficits in spatial learning.

Our results demonstrate that in vivo, the alternative switch in splicing from
SNAP-25a to SNAP-25D is essential for developing and maintaining accurate synaptic
performance. We speculate that impairments manifested in our SNAP-25b null mutants
are consequences of early events during synapse formation and development of
neuronal circuitry. The SNAP-25a protein is apparently incapable in supporting both
normal short- and long-term synaptic plasticity which is affecting cognitive functions.
The disturbed synaptic function launches seizure activity that initiates neuroprotective
mechanisms with altered expression of neuropeptides and neurotrophic factors.
Gradually, abberrant neuronal activity becomes manifested as evident morphological
changes in susceptible and highly plastic brain areas. Our unfloxed mouse model
provides a tool for investigating vurnerability to levels of SNAP-25 and aberrant
exocytosis during development. Functional differences in signaling and release
properties for SNAP-25a and SNAP-25b containing SNARE complexes can be
addressed in neuronal cells using the floxed mouse model. In future studies, protein
interactions with SNAP-25a and SNAP-25b at the molecular and biochemical level can
be evaluated under in vivo-like conditions. Furthermore, the floxed animals can be
useful for investigating the importance of accurate neuronal signaling and plasticity for
degenerative processes.

The second part of the thesis concerned CdkS5, a kinase that was initially
identified as a kinase important for neurite outgrowth but is emerging as a regulator of
cell signaling. To study Cdk5 in neuronal exocytosis, we investigated Cdk5
phosphorylation and the role of the activators after initial establishment of synaptic
contact in an in vitro model of the neuromuscular junction. In the NG108-15 cell line
Cdk5 and p35 protein levels were prominent after cellular differentiation and both
proteins were preferentially distributed to soluble pools. p39 was expressed at low
levels and primarily present in membrane and cytoskeletal fractions. A dominant

39



negative Cdk5 inhibited spontaneous transmitter release. Overexpression of either
CdkS5 activator p35 or p39 increased both the number of functional synapses and the
frequency of spontaneous neurotransmitter release, though p39 was more potent.

Diabetes mellitus is a disease affecting millions of people worldwide and in Type
IT diabetes insulin release is impaired. We have previously identified Cdk5 as a
component and enhancer of pancreatic beta cell exocytosis (Lilja et al., 2001) and now
further explored this action of Cdk5. We found that both CdkS5 activators are expressed
in primary mouse beta cells and that they are distributed to membranous organelles of
partly different densities. Muncl8-1 is a Cdk5 substrate essential for neuronal
exocytosis that we identified as abundant in beta cells. The activator p39 potentiates
Cdk5 function in Ca*'-dependent exocytosis in beta cells via phosphorylation of
Munc18-1. We demonstrated that in mouse pancreatic beta cells, in contrast to in
neuronal and neuroendocrine cells, expression of the Munc18-2 isoform is prominent in
addition to Muncl8-1. Munc18-2 exhibits a different subcellular localization than
Munc18-1 and selectively Munc18-1 was translocated to the plasma membrane after
glucose-stimulation. This suggests the recruitment of Muncl8-1 under exocytotic
activity and a separate and specific function for Muncl8-2 in granule trafficking.
Phosphorylation mutants of Munc18-1 and Muncl18-2 showed different subcellular
localization compared to wt proteins, implicating the importance of phosphorylation in
Munc18 cycling and that Munc18-2 is a CdkS5 substrate.

Taken together, Cdk5 promotes exocytosis in both neuronal and pancreatic beta
cells. Activity might be regulated by the expression levels and localization of the
activator proteins and specifically p39 potentiates beta cell exocytosis and
phosphorylation of Munc18-1. We speculate that also in neuronal cells Munc18-1 is a
substrate of Cdk5/p39. Few substrates of p39 have so far been identified and this
activator could be prominent in hormone and peptidergic release. Munc18-2 might
have a specific role in trafficking in endocrine cells that may involve Cdk5
phosphorylation.

Exocytotic protein isoforms are increasingly being recognized as providing cells
with differential release properties. The precise temporal and spatial regulation of
expression is important for neuronal diversity and plasticity. Hormone release is based
on the same molecular components as neurotransmitter release but can be equipped
with certain protein variants. Furthermore, modification of exocytotic proteins by
posttranslational events such as phosphorylation provides additional and immediate
regulation that may translate into diversity in release properties. It is becoming clear
that disturbances in release underlie a number of neuropsychiatric disorders and
hormonal imbalances in the body and understanding of exocytosis is vital for
improving the treatment of such diseases.

40



6 ACKNOWLEDGEMENTS

This thesis work was carried out at the Rolf Luft Research Center for Diabetes and
Endocrinology at the Department of Molecular Medicine and Surgery and I am
sincerely grateful for the opportunity to have obtained my PhD here. During these years
I have met so many amazing people that have been so friendly and helpful to me.
Especially, I would like to express my thanks to:

My main supervisor, Christina Bark, for support, guidance and patience during all these
years and your pleasant manners. More could not be wished for from a supervisor. For
always being there, for teaching me scientific thinking as well as a number of lab
techniques and for introducing me to various collaborations. I am forever grateful to
you for showing me the world of neuroscience, guiding me and letting me find my way
in science.

Professor Per-Olof Berggren, lab head and my co-supervisor, for introducing me to the
pancreatic beta cell and for creating a challenging and exciting scientific environment.

Lena Lilja, Slavena Mandic and Juliette Janson, the outstanding members of the
exocytosis group. The support I have felt from you and you believing in me have meant
the world to me. Lena, it is not possible to get a better introduction into molecular
biology techniques and scientific thinking, and your unselfishness will guide me
forever. Slavena, my co-worker, you have made me feel that I could actually advise
you in the progress of your projects and at least I have enjoyed our time together... You
are the ones behind the beta cell projects in this thesis! Juliette, your expertise in a
number of areas as well as your input on life issues. Maria Bimer, for your help with
the SNAP-25 mice and for letting me co-supervise you.

My co-authors not already mentioned: at the Karolinska Institutet, Tomas Hokfelt,
Sven-Ove Ogren, Bjorn Rozell (for teaching us everything there is to know about
mice), Martin Wikstrom, Jesper Ericsson, Simret Beraki and Davor Stanic for
evaluation of the phenotype of our mice and stimulating collaborations. Haruhiru
Higashida and colleagues, Bjorn Meister, Jesper Gromada and Gabriel Fried. Your
“functional” contribution to my thesis is invaluable. Sometimes more than molecular
biology is needed...

Friends and colleagues, past and present members of the Rolf Luft Center, for making
this lab to what it is and creating an international atmosphere, and for always being
helpful whenever I was lost in beta cell issues. Martin Kéhler (for patience with my
confocal expeditions), Lisa Juntti-Berggren (Norrland support), Essam Refai (keeping
my blood glucose levels up), Rebecka Nilsson, Ingo and Barbara Leibiger (providing
endless supplies of not-so-fresh isotope), Tilo Moede, Sabine Uhles, Pilar Vaca
Sanchez, Chris Barker, Christopher Illies, Roberta Flume, Shao-Nian Yang, Jia Yu,
Lina Yu, Guang Yang, Sergei Zaitsev, Irina Zaitseva, Vladimir Sharoyko, Dominic-
Luc Webb, Gabriela Imreh, Per Moberg, Luosheng Li, Mikael Turunen, Elisabetta
Daré, Jelena Petrovic, Stephan Speier, Alejandro Bertorello, Rafael Krmar, Alex
Efanov, Qimin Zhang, Fan Zhang, Wei Zhang, Raf Lemmens. Everyone else at the

41



Rolf Luft Center. Miami, especially Over Cabrera and Alejandro Caicedo for
enlightening our Tuesdays and visits.

And in particular PhD students who have shared this journey with me: Nancy Dekki
Wenna, Daniel Nyqvist, Stefania Cotta-Doné and Olga Kotova. My room mates
through the years for sharing laughter and hardship. Having you has meant so much!

Annika Lindgren and Hannelore Rotter for always keeping the lab in order. Animal
department, Cecilia Broddling, Kicki Edwardsson, for always supporting our
experiments and all the help when I come running unannounced, and Natalie Sleiers
and Carina Astrom for keeping track of our breeding and taking so good care of our
precious critters.

All administrative staff and in particular, Katarina Breitholtz, Britt-Marie Witasp,
Christina Bremer, Kerstin Florell for all help with small and big things. Lennart
Helleday for endless computer assistance and discussions.

My friends from “outside”, for always being supportive and all the fun we have and for
turning me straight whenever my view of the world gets too twisted with the lab’s point
of view.

My family; my parents, my brother and his wife, my late grandmothers (I so wish that
you were here today): You are truly the solid ground on which I stand.

All the original authors that I have neglected to cite in my thesis work due to space and
effort limitations.

The work presented in this thesis has been supported by funding to one or more of the
authors by the following grant agencies, and we are sincerely thankful: The Swedish
Research Council, the Family Erling-Persson Foundation, the Novo Nordisk
Foundation, Juvenile Diabetes Research Foundation International, National Institutes of
Health, the Marianne and Marcus Wallenberg Foundation, the Knut and Alice
Wallenberg Foundation, EU, Wallenberg Consortium North, the Japanese Ministry of
Education, Sciences, Sports, Culture and Technology, Berth von Kantzow's
Foundation, Funds from Karolinska Institutet, Loo and Hans Ostermans Foundation,
Swedish Society for Medical Research, Magnus Bergvall’s Foundation, Alzheimer
Foundation Sweden, the Swedish Diabetes Association, OE and Edla Johansson’s
Foundation, Gun and Bertil Stohne’s Foundation, Clas Groshinsky’s Foundation,
Langmanska Foundation, Lars Hierta’s Foundation, Sigurd and Elsa Golje’s
Foundation, Ragnhild and FEinar Lundstrdm’s Foundation, and Edla and Erik
Smedberg’s Foundation. The author is also grateful for travel support from KI funds
and the Swedish Medical Society.

42



7 REFERENCES

Andersson J, Fried G, Lilja L, Meister B, Bark C. 2000. Differential sorting of SNAP-
25a and SNAP-25b proteins in neuroblastoma cells. Eur J Cell Biol 79:781-9

Archer BT, Ozcelik T, Jahn R, Francke U, Siidhof TC. 1990. Structures and
chromosomal localizations of two human genes encoding synaptobrevins 1 and
2. J Biol Chem 265:17267-73

Ashcroft FM, Proks P, Smith PA, Ammala C, Bokvist K, Rorsman P. 1994. Stimulus-
secretion coupling in pancreatic beta cells. J Cell Biochem 55 Suppl:54-65

Bai J, Chapman ER. 2004. The C2 domains of synaptotagmin--partners in exocytosis.
Trends Biochem Sci 29:143-51

Barclay JW, Aldea M, Craig TJ, Morgan A, Burgoyne RD. 2004. Regulation of the
Fusion Pore Conductance during Exocytosis by Cyclin-dependent Kinase 5. J
Biol Chem 279:41495-503

Barclay JW, Craig TJ, Fisher RJ, Ciufo LF, Evans GJ, Morgan A, Burgoyne RD. 2003.
Phosphorylation of Muncl8 by protein kinase C regulates the kinetics of
exocytosis. J Biol Chem 278:10538-45

Barg S, Eliasson L, Renstrdm E, Rorsman P. 2002a. A subset of 50 secretory granules
in close contact with L-type Ca2+ channels accounts for first-phase insulin
secretion in mouse beta-cells. Diabetes 51 Suppl 1:S74-82

Barg S, Olofsson CS, Schriever-Abeln J, Wendt A, Gebre-Medhin S, Renstrdm E,
Rorsman P. 2002b. Delay between fusion pore opening and peptide release
from large dense-core vesicles in neuroendocrine cells. Neuron 33:287-99

Bark C, Bellinger FP, Kaushal A, Mathews JR, Partridge LD, Wilson MC. 2004.
Developmentally regulated switch in alternatively spliced SNAP-25 isoforms
alters facilitation of synaptic transmission. J Neurosci 24:8796-805

Bark IC. 1993. Structure of the chicken gene for SNAP-25 reveals duplicated exon
encoding distinct isoforms of the protein. J Mol Biol 233:67-76

Bark IC, Hahn KM, Ryabinin AE, Wilson MC. 1995. Differential expression of SNAP-
25 protein isoforms during divergent vesicle fusion events of neural
development. Proc Natl Acad Sci U S 4 92:1510-4

Bark IC, Wilson MC. 1994. Human cDNA clones encoding two different isoforms of
the nerve terminal protein SNAP-25. Gene 139:291-2

Basu J, Betz A, Brose N, Rosenmund C. 2007. Munc13-1 C1 domain activation lowers
the energy barrier for synaptic vesicle fusion. J Neurosci 27:1200-10

Becherer U, Rettig J. 2006. Vesicle pools, docking, priming, and release. Cell Tissue
Res 326:393-407

Bennett MK, Calakos N, Scheller RH. 1992. Syntaxin: a synaptic protein implicated in
docking of synaptic vesicles at presynaptic active zones. Science 257:255-9

Berggren PO, Larsson O. 1994. Ca2+ and pancreatic B-cell function. Biochem Soc
Trans 22:12-8

Betz A, Okamoto M, Benseler F, Brose N. 1997. Direct interaction of the rat unc-13
homologue Munc13-1 with the N terminus of syntaxin. J Biol Chem 272:2520-
6

Betz A, Thakur P, Junge HJ, Ashery U, Rhee JS, Scheuss V, Rosenmund C, Rettig J,
Brose N. 2001. Functional interaction of the active zone proteins Munc13-1 and
RIMI1 in synaptic vesicle priming. Neuron 30:183-96

Biederer T, Stidhof TC. 2000. Mints as adaptors. Direct binding to neurexins and
recruitment of muncl8. J Biol Chem 275:39803-6

Blackmer T, Larsen EC, Bartleson C, Kowalchyk JA, Yoon EJ, Preininger AM, Alford
S, Hamm HE, Martin TF. 2005. G protein betagamma directly regulates
SNARE protein fusion machinery for secretory granule exocytosis. Nat
Neurosci 8:421-5

Boschert U, O'Shaughnessy C, Dickinson R, Tessari M, Bendotti C, Catsicas S, Pich
EM. 1996. Developmental and plasticity-related differential expression of two
SNAP-25 isoforms in the rat brain. J Comp Neurol 367:177-93

43



Brandon EP, Lin W, D'Amour KA, Pizzo DP, Dominguez B, Sugiura Y, Thode S, Ko
CP, Thal LJ, Gage FH, et al. 2003. Aberrant patterning of neuromuscular
synapses in choline acetyltransferase-deficient mice. J Neurosci 23:539-49

Brose N, Petrenko AG, Siidhof TC, Jahn R. 1992. Synaptotagmin: a calcium sensor on
the synaptic vesicle surface. Science 256:1021-5

Brose N, Rosenmund C, Rettig J. 2000. Regulation of transmitter release by Unc-13
and its homologues. Curr Opin Neurobiol 10:303-11

Brown M, Jacobs T, Eickholt B, Ferrari G, Teo M, Monfries C, Qi RZ, Leung T, Lim
L, Hall C. 2004. Alpha2-chimaerin, cyclin-dependent Kinase 5/p35, and its
target collapsin response mediator protein-2 are essential components in
semaphorin 3A-induced growth-cone collapse. J Neurosci 24:8994-9004

Brunger AT. 2005. Structure and function of SNARE and SNARE-interacting proteins.
O Rev Biophys 38:1-47

Bryant NJ, James DE. 2003. The Seclp/Munc18 (SM) protein, Vps45p, cycles on and
off membranes during vesicle transport. J Cell Biol 161:691-6

Cai XH, Tomizawa K, Tang D, Lu YF, Moriwaki A, Tokuda M, Nagahata S, Hatase O,
Matsui H. 1997. Changes in the expression of novel Cdk5 activator messenger
RNA (p39nck5ai mRNA) during rat brain development. Neurosci Res 28:355-
60

Chae T, Kwon YT, Bronson R, Dikkes P, Li E, Tsai LH. 1997. Mice lacking p35, a
neuronal specific activator of Cdk5, display cortical lamination defects,
seizures, and adult lethality. Neuron 18:29-42

Charlton MP, Smith SJ, Zucker RS. 1982. Role of presynaptic calcium ions and
channels in synaptic facilitation and depression at the squid giant synapse. J
Physiol 323:173-93

Chen X, Tomchick DR, Kovrigin E, Arac D, Machius M, Siidhof TC, Rizo J. 2002.
Three-dimensional structure of the complexin/SNARE complex. Neuron
33:397-409

Cheng K, Li Z, Fu WY, Wang JH, Fu AK, Ip NY. 2002. Pctairel interacts with p35
and is a novel substrate for Cdk5/p35. J Biol Chem 277:31988-93

Chergui K, Svenningsson P, Greengard P. 2004. Cyclin-dependent kinase 5 regulates
dopaminergic and glutamatergic transmission in the striatum. Proc Natl Acad
Sci US A101:2191-6

Cheung ZH, Chin WH, Chen Y, Ng YP, Ip NY. 2007. Cdk5 Is Involved in BDNF-
Stimulated Dendritic Growth in Hippocampal Neurons. PLoS Biol 5:¢63

Chieregatti E, Chicka MC, Chapman ER, Baldini G. 2004. SNAP-23 functions in
docking/fusion of granules at low Ca2+. Mol Biol Cell 15:1918-30

Choi S, Klingauf J, Tsien RW. 2000. Postfusional regulation of cleft glutamate
concentration during LTP at 'silent synapses'. Nat Neurosci 3:330-6

Ciufo LF, Barclay JW, Burgoyne RD, Morgan A. 2005. Munc18-1 regulates early and
late stages of exocytosis via syntaxin-independent protein interactions. Mol Biol
Cell 16:470-82

Congar P, Gaiarsa JL, Popovici T, Ben-Ari Y, Crepel V. 2000. Permanent reduction of
seizure threshold in post-ischemic CA3 pyramidal neurons. J Neurophysiol
83:2040-6

Coppola T, Frantz C, Perret-Menoud V, Gattesco S, Hirling H, Regazzi R. 2002.
Pancreatic beta-cell protein granuphilin binds Rab3 and Munc-18 and controls
exocytosis. Mol Biol Cell 13:1906-15

Coppola T, Magnin-Luthi S, Perret-Menoud V, Gattesco S, Schiavo G, Regazzi R.
2001. Direct interaction of the Rab3 effector RIM with Ca2+ channels, SNAP-
25, and synaptotagmin. J Biol Chem 276:32756-62

Craig TJ, Evans GJ, Morgan A. 2003. Physiological regulation of Munc18/nSecl
phosphorylation on serine-313. J Neurochem 86:1450-7

Croll SD, Suri C, Compton DL, Simmons MV, Yancopoulos GD, Lindsay RM,
Wiegand SJ, Rudge JS, Scharfman HE. 1999. Brain-derived neurotrophic factor
transgenic mice exhibit passive avoidance deficits, increased seizure severity
and in vitro hyperexcitability in the hippocampus and entorhinal cortex.
Neuroscience 93:1491-506

de Wit H, Cornelisse LN, Toonen RF, Verhage M. 2006. Docking of secretory vesicles
is syntaxin dependent. PLoS ONE 1:¢126

44



de Vries KJ, Geijtenbeek A, Brian EC, de Graan PN, Ghijsen WE, Verhage M. 2000.
Dynamics of muncl18-1 phosphorylation/dephosphorylation in rat brain nerve
terminals. Eur J Neurosci 12:385-90

Deak F, Shin OH, Tang J, Hanson P, Ubach J, Jahn R, Rizo J, Kavalali ET, Siidhof TC.
2006. Rabphilin regulates SNARE-dependent re-priming of synaptic vesicles
for fusion. Embo J 25:2856-66

Deisseroth K, Singla S, Toda H, Monje M, Palmer TD, Malenka RC. 2004. Excitation-
neurogenesis coupling in adult neural stem/progenitor cells. Neuron 42:535-52

Dekay JG, Chang TC, Mills N, Speed HE, Dobrunz LE. 2006. Responses of excitatory
hippocampal synapses to natural stimulus patterns reveal a decrease in short-
term facilitation and increase in short-term depression during postnatal
development. Hippocampus 16:66-79

Del Castillo J, Katz B. 1954. Quantal components of the end-plate potential. J Physiol
124:560-73

Del Prato S, Marchetti P, Bonadonna RC. 2002. Phasic insulin release and metabolic
regulation in type 2 diabetes. Diabetes 51 Suppl 1:5S109-16

Del Rio JA, Gonzalez-Billault C, Urena JM, Jimenez EM, Barallobre MJ, Pascual M,
Pujadas L, Simo S, La Torre A, Wandosell F, et al. 2004. MAPIB is required
for Netrin | signaling in neuronal migration and axonal guidance. Curr Biol
14:840-50

Dhavan R, Greer PL, Morabito MA, Orlando LR, Tsai LH. 2002. The cyclin-dependent
kinase 5 activators p35 and p39 interact with the alpha-subunit of
Ca2+/calmodulin-dependent protein kinase II and alpha- actinin-1 in a calcium-
dependent manner. J Neurosci 22(18):7879-91

Dhavan R, Tsai LH. 2001. A decade of CDKS5. Nat Rev Mol Cell Biol 2:749-59

Di Paolo G, De Camilli P. 2006. Phosphoinositides in cell regulation and membrane
dynamics. Nature 443:651-7

Dillon C, Goda Y. 2005. The actin cytoskeleton: integrating form and function at the
synapse. Annu Rev Neurosci 28:25-55

Dobrunz LE, Stevens CF. 1997. Heterogeneity of release probability, facilitation, and
depletion at central synapses. Neuron 18:995-1008

Dresbach T, Burns ME, O'Connor V, DeBello WM, Betz H, Augustine GJ. 1998. A
neuronal Secl homolog regulates neurotransmitter release at the squid giant
synapse. J Neurosci 18:2923-32

Dulubova I, Khvotchev M, Liu S, Huryeva I, Siidhof TC, Rizo J. 2007. Munc18-1
binds directly to the neuronal SNARE complex. Proc Natl Acad Sci U S A

Elferink LA, Trimble WS, Scheller RH. 1989. Two vesicle-associated membrane
protein genes are differentially expressed in the rat central nervous system. J
Biol Chem 264:11061-4

Evans RM, Zamponi GW. 2006. Presynaptic Ca2+ channels--integration centers for
neuronal signaling pathways. Trends Neurosci 29:617-24

Faraone SV, Perlis RH, Doyle AE, Smoller JW, Goralnick JJ, Holmgren MA, Sklar P.
2005. Molecular genetics of attention-deficit’hyperactivity disorder. Biol
Psychiatry 57:1313-23

Fasshauer D, Sutton RB, Brunger AT, Jahn R. 1998. Conserved structural features of
the synaptic fusion complex: SNARE proteins reclassified as Q- and R-
SNARE:s. Proc Natl Acad Sci U S A 95:15781-6

Fisher RJ, Pevsner J, Burgoyne RD. 2001. Control of fusion pore dynamics during
exocytosis by Munc18. Science 291:875-8

Fletcher Al, Shuang R, Giovannucci DR, Zhang L, Bittner MA, Stuenkel EL. 1999.
Regulation of exocytosis by cyclin-dependent kinase 5 via phosphorylation of
Muncl8. J Biol Chem 274:4027-35

Floyd SR, Porro EB, Slepnev VI, Ochoa GC, Tsai LH, De Camilli P. 2001.
Amphiphysin 1 binds the cyclin-dependent kinase (cdk) 5 regulatory subunit
p35 and is phosphorylated by cdk5 and cdc2. J Biol Chem 276:8104-10

Fu AK, Fu WY, Cheung J, Tsim KW, Ip FC, Wang JH, Ip NY. 2001. CdkS is involved
in neuregulin-induced AChR expression at the neuromuscular junction. Nat
Neurosci 4:374-81

45



Fu AK, Ip FC, Fu WY, Cheung J, Wang JH, Yung WH, Ip NY. 2005. Aberrant motor
axon projection, acetylcholine receptor clustering, and neurotransmission in
cyclin-dependent kinase 5 null mice. Proc Natl Acad Sci U S 4 102:15224-9

Fu WY, Fu AK, Lok KC, Ip FC, Ip NY. 2002. Induction of Cdk$5 activity in rat skeletal
muscle after nerve injury. Neuroreport 13:243-7

Fujita Y, Sasaki T, Fukui K, Kotani H, Kimura T, Hata Y, Siidhof TC, Scheller RH,
Takai Y. 1996. Phosphorylation of Munc-18/n-Secl/rbSecl by protein kinase
C: its implication in regulating the interaction of Munc-18/n-Secl/rbSecl with
syntaxin. J Biol Chem 271:7265-8

Fukuda M, Imai A, Nashida T, Shimomura H. 2005. Slp4-a/granuphilin-a interacts with
syntaxin-2/3 in a Munc18-2-dependent manner. J Biol Chem 280:39175-84

Galimberti I, Gogolla N, Alberi S, Santos AF, Muller D, Caroni P. 2006. Long-term
rearrangements of hippocampal mossy fiber terminal connectivity in the adult
regulated by experience. Neuron 50:749-63

Gall C, Lauterborn J, Isackson P, White J. 1990. Seizures, neuropeptide regulation, and
mRNA expression in the hippocampus. Prog Brain Res 83:371-90

Garcia EP, Gatti E, Butler M, Burton J, De Camilli P. 1994. A rat brain Secl
homologue related to Rop and UNC18 interacts with syntaxin. Proc Natl Acad
Sci US 491:2003-7

Gembal M, Gilon P, Henquin JC. 1992. Evidence that glucose can control insulin
release independently from its action on ATP-sensitive K+ channels in mouse B
cells. J Clin Invest 89:1288-95

Geppert M, Goda Y, Hammer RE, Li C, Rosahl TW, Stevens CF, Stidhof TC. 1994.
Synaptotagmin I: a major Ca2+ sensor for transmitter release at a central
synapse. Cell 79:717-27

Gerachshenko T, Blackmer T, Yoon EJ, Bartleson C, Hamm HE, Alford S. 2005.
Gbetagamma acts at the C terminus of SNAP-25 to mediate presynaptic
inhibition. Nat Neurosci 8:597-605

Gerona RR, Larsen EC, Kowalchyk JA, Martin TF. 2000. The C terminus of SNAP25
is essential for Ca(2+)-dependent binding of synaptotagmin to SNARE
complexes. J Biol Chem 275:6328-36

Gibson HE, Reim K, Brose N, Morton AJ, Jones S. 2005. A similar impairment in CA3
mossy fibre LTP in the R6/2 mouse model of Huntington's disease and in the
complexin IT knockout mouse. Eur J Neurosci 22:1701-12

Gillardon F, Steinlein P, Burger E, Hildebrandt T, Gerner C. 2005. Phosphoproteome
and transcriptome analysis of the neuronal response to a CDKS5 inhibitor.
Proteomics

Giraudo CG, Eng WS, Melia TJ, Rothman JE. 2006. A clamping mechanism involved
in SNARE-dependent exocytosis. Science 313:676-80

Gladycheva SE, Ho CS, Lee YY, Stuenkel EL. 2004. Regulation of syntaxinlA-
munc18 complex for SNARE pairing in HEK293 cells. J Physiol 558:857-71

Glynn D, Bortnick RA, Morton AJ. 2003. Complexin II is essential for normal
neurological function in mice. Hum Mol Genet 12:2431-48

Glynn D, Drew CJ, Reim K, Brose N, Morton AJ. 2005. Profound ataxia in complexin
I knockout mice masks a complex phenotype that includes exploratory and
habituation deficits. Hum Mol Genet 14:2369-85

Goda Y, Davis GW. 2003. Mechanisms of synapse assembly and disassembly. Neuron
40:243-64

Gompel M, Soulie C, Ceballos-Picot I, Meijer L. 2004. Expression and activity of
cyclin-dependent kinases and glycogen synthase kinase-3 during NT2 neuronal
differentiation. Neurosignals 13:134-43

Gonzalo S, Greentree WK, Linder ME. 1999. SNAP-25 is targeted to the plasma
membrane through a novel membrane-binding domain. J Biol Chem
274:21313-8

Goodman CS, Shatz CJ. 1993. Developmental mechanisms that generate precise
patterns of neuronal connectivity. Cell 72 Suppl:77-98

Gosso MF, de Geus EJ, van Belzen MJ, Polderman TJ, Heutink P, Boomsma DI,
Posthuma D. 2006. The SNAP-25 gene is associated with cognitive ability:
evidence from a family-based study in two independent Dutch cohorts. Mol
Psychiatry 11:878-86

46



Grant NJ, Hepp R, Krause W, Aunis D, Oehme P, Langley K. 1999. Differential
expression of SNAP-25 isoforms and SNAP-23 in the adrenal gland. J
Neurochem 72:363-72

Grise F, Taib N, Monterrat C, Lagree V, Lang J. 2007. Distinct roles of the C 2A and
the C 2B domain of the vesicular Ca 2+ sensor synaptotagmin 9 in endocrine
beta-cells. Biochem J

Grishanin RN, Kowalchyk JA, Klenchin VA, Ann K, Earles CA, Chapman ER, Gerona
RR, Martin TF. 2004. CAPS acts at a prefusion step in dense-core vesicle
exocytosis as a PIP2 binding protein. Neuron 43:551-62

Groffen AJ, Friedrich R, Brian EC, Ashery U, Verhage M. 2006. DOC2A and DOC2B
are sensors for neuronal activity with unique calcium-dependent and kinetic
properties. J Neurochem 97:818-33

Han HQ, Nichols RA, Rubin MR, Bahler M, Greengard P. 1991. Induction of
formation of presynaptic terminals in neuroblastoma cells by synapsin IIb.
Nature 349:697-700

Harada T, Morooka T, Ogawa S, Nishida E. 2001. ERK induces p35, a neuron-specific
activator of CdkS5, through induction of Egrl. Nat Cell Biol 3:453-9

Harata NC, Aravanis AM, Tsien RW. 2006. Kiss-and-run and full-collapse fusion as
modes of exo-endocytosis in neurosecretion. J Neurochem 97:1546-70

Hata Y, Slaughter CA, Siidhof TC. 1993. Synaptic vesicle fusion complex contains
unc-18 homologue bound to syntaxin. Nature 366:347-51

Hata Y, Siidhof TC. 1995. A novel ubiquitous form of Munc-18 interacts with multiple
syntaxins. Use of the yeast two-hybrid system to study interactions between
proteins involved in membrane traffic. J Biol Chem 270:13022-8

Hebb AL, Poulin JF, Roach SP, Zacharko RM, Drolet G. 2005. Cholecystokinin and
endogenous opioid peptides: interactive influence on pain, cognition, and
emotion. Prog Neuropsychopharmacol Biol Psychiatry 29:1225-38

Heidelberger R, Sterling P, Matthews G. 2002. Roles of ATP in depletion and
replenishment of the releasable pool of synaptic vesicles. J Neurophysiol 88:98-
106

Hellman B. 1965. Studies in obese-hyperglycemic mice. Ann N Y Acad Sci 131:541-58

Hepp R, Langley K. 2001. SNARESs during development. Cell Tissue Res 305:247-53

Hess EJ, Collins KA, Copeland NG, Jenkins NA, Wilson MC. 1994. Deletion map of
the coloboma (Cm) locus on mouse chromosome 2. Genomics 21:257-61

Hess EJ, Jinnah HA, Kozak CA, Wilson MC. 1992. Spontaneous locomotor
hyperactivity in a mouse mutant with a deletion including the Snap gene on
chromosome 2. J Neurosci 12:2865-74

Higashida H. 1988. Acetylcholine release by bradykinin, inositol 1,4,5-trisphosphate
and phorbol dibutyrate in rodent neuroblastoma cells. J Physiol 397:209-22

Higashida H, Kato T, Kano-Tanaka K, Okuya M, Miyake A, Tanaka T. 1981.
Proliferation and synapse formation of neuroblastoma glioma hybrid cells:
effects of glia maturation factor. Brain Res 214:287-99

Ho A, Morishita W, Atasoy D, Liu X, Tabuchi K, Hammer RE, Malenka RC, Stidhof
TC. 2006. Genetic analysis of Mint/X11 proteins: essential presynaptic
functions of a neuronal adaptor protein family. J Neurosci 26:13089-101

Hokfelt T. 1991. Neuropeptides in perspective: the last ten years. Neuron 7:867-79

Holt M, Varoqueaux F, Wiederhold K, Takamori S, Urlaub H, Fasshauer D, Jahn R.
2006. Identification of SNAP-47, a novel Qbc-SNARE with ubiquitous
expression. J Biol Chem 281:17076-83

Hong W. 2005. SNARESs and traffic. Biochim Biophys Acta 1744:493-517

Hosokawa T, Saito T, Asada A, Ohshima T, Itakura M, Takahashi M, Fukunaga K,
Hisanaga S. 2006. Enhanced activation of Ca2+/calmodulin-dependent protein
kinase IT upon downregulation of cyclin-dependent kinase 5-p35. J Neurosci
Res 84:747-54

Hou Q, Gao X, Zhang X, Kong L, Wang X, Bian W, Tu Y, Jin M, Zhao G, Li B, et al.
2004. SNAP-25 in hippocampal CAl region is involved in memory
consolidation. Eur J Neurosci 20:1593-603

Hou QL, Gao X, Lu Q, Zhang XH, Tu YY, Jin ML, Zhao GP, Yu L, Jing NH, Li BM.
2006. SNAP-25 in hippocampal CA3 region is required for long-term memory
formation. Biochem Biophys Res Commun 347:955-62

47



Hughes WE, Elgundi Z, Huang P, Frohman MA, Biden TJ. 2004. Phospholipase D1
regulates secretagogue-stimulated insulin release in pancreatic beta-cells. J Biol
Chem 279:27534-41

Humbert S, Dhavan R, Tsai L. 2000a. p39 activates cdk5 in neurons, and is associated
with the actin cytoskeleton. J Cell Sci 113 ( Pt 6):975-83

Humbert S, Lanier LM, Tsai LH. 2000b. Synaptic localization of p39, a neuronal
activator of cdk5. Neuroreport 11:2213-6

lezzi M, Kouri G, Fukuda M, Wollheim CB. 2004. Synaptotagmin V and IX isoforms
control Ca2+ -dependent insulin exocytosis. J Cell Sci 117:3119-27

Imai A, Nashida T, Shimomura H. 2004. Roles of Munc18-3 in amylase release from
rat parotid acinar cells. Arch Biochem Biophys 422:175-82

Ishiki M, Klip A. 2005. Minireview: recent developments in the regulation of glucose
transporter-4 traffic: new signals, locations, and partners. Endocrinology
146:5071-8

Ivarsson R, Jing X, Waselle L, Regazzi R, Renstrdom E. 2005. Myosin 5a controls
insulin granule recruitment during late-phase secretion. Traffic 6:1027-35

Izumi T, Gomi H, Kasai K, Mizutani S, Torii S. 2003. The roles of Rab27 and its
effectors in the regulated secretory pathways. Cell Struct Funct 28:465-74

Jacobsson G, Bean AJ, Scheller RH, Juntti-Berggren L, Deeney JT, Berggren PO,
Meister B. 1994. Identification of synaptic proteins and their isoform mRNAs
in compartments of pancreatic endocrine cells. Proc Natl Acad Sci U S A
91:12487-91

Jacobsson G, Piehl F, Bark IC, Zhang X, Meister B. 1996. Differential subcellular
localization of SNAP-25a and SNAP-25b RNA transcripts in spinal
motoneurons and plasticity in expression after nerve injury. Brain Res Mol
Brain Res 37:49-62

Jahn R, Scheller RH. 2006. SNARE:s - engines for membrane fusion. Nat Rev Mol Cell
Biol 7:631-43

Jakubs K, Nanobashvili A, Bonde S, Ekdahl CT, Kokaia Z, Kokaia M, Lindvall O.
2006. Environment matters: synaptic properties of neurons born in the epileptic
adult brain develop to reduce excitability. Neuron 52:1047-59

James DE. 2005. MUNC-ing around with insulin action. J Clin Invest 115:219-21

Jeans AF, Oliver PL, Johnson R, Capogna M, Vikman J, Molnar Z, Babbs A, Partridge
CJ, Salehi A, Bengtsson M, et al. 2007. A dominant mutation in Snap25 causes
impaired vesicle trafficking, sensorimotor gating, and ataxia in the blind-drunk
mouse. Proc Natl Acad Sci U S A 104:2431-6

Jeong YG, Rosales JL, Marzban H, Sillitoe RV, Park DG, Hawkes R, Lee KY. 2003.
The cyclin-dependent kinase 5 activator, p39, is expressed in stripes in the
mouse cerebellum. Neuroscience 118:323-34

Jessberger S, Romer B, Babu H, Kempermann G. 2005. Seizures induce proliferation
and dispersion of doublecortin-positive hippocampal progenitor cells. Exp
Neurol 196:342-51

Jones MD, Hess EJ. 2003. Norepinephrine regulates locomotor hyperactivity in the
mouse mutant coloboma. Pharmacol Biochem Behav 75:209-16

Junge HJ, Rhee JS, Jahn O, Varoqueaux F, Spiess J, Waxham MN, Rosenmund C,
Brose N. 2004. Calmodulin and Munc13 form a Ca2+ sensor/effector complex
that controls short-term synaptic plasticity. Cell 118:389-401

Kaeser PS, Siidhof TC. 2005. RIM function in short- and long-term synaptic plasticity.
Biochem Soc Trans 33:1345-9

Kandel ER, Schwartz JH, Jessell TM. 2000. Principles of Neural Science, 4th edition:
McGraw-Hill Companies, Inc.

Kang Y, Huang X, Pasyk EA, Ji J, Holz GG, Wheeler MB, Tsushima RG, Gaisano HY.
2002. Syntaxin-3 and syntaxin-1A inhibit L-type calcium channel activity,
insulin biosynthesis and exocytosis in beta-cell lines. Diabetologia 45:231-41

Kasai H, Neher E. 1992. Dihydropyridine-sensitive and omega-conotoxin-sensitive
calcium channels in a mammalian neuroblastoma-glioma cell line. J Physiol
448:161-88

Katagiri H, Terasaki J, Murata T, Ishihara H, Ogihara T, Inukai K, Fukushima Y, Anai
M, Kikuchi M, Miyazaki J, et al. 1995. A novel isoform of syntaxin-binding

48



protein homologous to yeast Secl expressed ubiquitously in mammalian cells. J
Biol Chem 270:4963-6

Katz B, Miledi R. 1968. The role of calcium in neuromuscular facilitation. J Physiol
195:481-92

Katz LC, Shatz CJ. 1996. Synaptic activity and the construction of cortical circuits.
Science 274:1133-8

Kee N, Teixeira CM, Wang AH, Frankland PW. 2007. Preferential incorporation of
adult-generated granule cells into spatial memory networks in the dentate gyrus.
Nat Neurosci 10:355-62

Kesavapany S, Amin N, Zheng YL, Nijhara R, Jaffe H, Sihag R, Gutkind JS,
Takahashi S, Kulkarni A, Grant P, et al. 2004. p35/cyclin-dependent kinase 5
phosphorylation of ras guanine nucleotide releasing factor 2 (RasGRF2)
mediates Rac-dependent Extracellular Signal-regulated kinase 1/2 activity,
altering RasGRF2 and microtubule-associated protein 1b distribution in
neurons. J Neurosci 24:4421-31

Kimura Y, Higashida H. 1992. Dissection of bradykinin-evoked responses by buffering
intracellular Ca2+ in neuroblastoma x glioma hybrid NG108-15 cells. Neurosci
Res 15(3):213-20

Ko J, Humbert S, Bronson RT, Takahashi S, Kulkarni AB, Li E, Tsai LH. 2001. p35
and p39 are essential for cyclin-dependent kinase 5 function during
neurodevelopment. J Neurosci 21:6758-71

Korteweg N, Maia AS, Thompson B, Roubos EW, Burbach JP, Verhage M. 2005. The
role of Munc18-1 in docking and exocytosis of peptide hormone vesicles in the
anterior pituitary. Biol Cell 97:445-55

Koticha DK, Huddleston SJ, Witkin JW, Baldini G. 1999. Role of the cysteine-rich
domain of the t-SNARE component, SYNDET, in membrane binding and
subcellular localization. J Biol Chem 274:9053-60

Koyama R, Ikegaya Y. 2005. To BDNF or not to BDNF: that is the epileptic
hippocampus. Neuroscientist 11:282-7

Kwon YT, Gupta A, Zhou Y, Nikolic M, Tsai LH. 2000. Regulation of N-cadherin-
mediated adhesion by the p35-CdkS5 kinase. Curr Biol 10:363-72

Lamprecht R, LeDoux J. 2004. Structural plasticity and memory. Nat Rev Neurosci
5:45-54

Lane SR, Liu Y. 1997. Characterization of the palmitoylation domain of SNAP-25. J
Neurochem 69:1864-9

Lang J. 1999. Molecular mechanisms and regulation of insulin exocytosis as a
paradigm of endocrine secretion. Eur J Biochem 259:3-17

Ledda F, Paratcha G, Ibanez CF. 2002. Target-derived GFRalphal as an attractive
guidance signal for developing sensory and sympathetic axons via activation of
CdkS5. Neuron 36:387-401

Ledee DR, Gao CY, Seth R, Fariss RN, Tripathi BK, Zelenka PS. 2005. A specific
interaction between muskelin and the cyclin-dependent kinase 5 activator p39
promotes peripheral localization of muskelin. J Biol Chem 280:21376-83

Ledee DR, Tripathi BK, Zelenka PS. 2007. The CDKS5 activator, p39, binds
specifically to myosin essential light chain. Biochem Biophys Res Commun
354:1034-9

Lee HY, Park JB, Jang IH, Chae YC, Kim JH, Kim IS, Suh PG, Ryu SH. 2004a. Munc-
18-1 inhibits phospholipase D activity by direct interaction in an epidermal
growth factor-reversible manner. J Biol Chem 279:16339-48

Lee SY, Wenk MR, Kim Y, Nairn AC, De Camilli P. 2004b. Regulation of
synaptojanin 1 by cyclin-dependent kinase 5 at synapses. Proc Natl Acad Sci U
S§A4101:546-51

Leenders AG, Sheng ZH. 2005. Modulation of neurotransmitter release by the second
messenger-activated protein kinases: implications for presynaptic plasticity.
Pharmacol Ther 105:69-84

Lernmark A. 1974. The preparation of, and studies on, free cell suspensions from
mouse pancreatic islets. Diabetologia 10:431-8

Lew J, Huang QQ, Qi Z, Winkfein RJ, Aebersold R, Hunt T, Wang JH. 1994. A brain-
specific activator of cyclin-dependent kinase 5. Nature 371:423-6

49



Lilja L, Yang SN, Webb DL, Juntti-Berggren L, Berggren PO, Bark C. 2001. Cyclin-
dependent kinase 5 promotes insulin exocytosis. J Biol Chem 276(36):34199-
205

Lin W, Burgess RW, Dominguez B, Pfaff SL, Sanes JR, Lee KF. 2001. Distinct roles
of nerve and muscle in postsynaptic differentiation of the neuromuscular
synapse. Nature 410:1057-64

Liu J, Ernst SA, Gladycheva SE, Lee YY, Lentz SI, Ho CS, Li Q, Stuenkel EL. 2004.
Fluorescence resonance energy transfer reports properties of syntaxinla
interaction with Munc18-1 in vivo. J Biol Chem 279:55924-36

Liu J, Guo T, Wei Y, Liu M, Sui SF. 2006. Complexin is able to bind to SNARE core
complexes in different assembled states with distinct affinity. Biochem Biophys
Res Commun 347:413-9

Lonart G, Schoch S, Kaeser PS, Larkin CJ, Siidhof TC, Linden DJ. 2003.
Phosphorylation of RIMlalpha by PKA triggers presynaptic long-term
potentiation at cerebellar parallel fiber synapses. Cell 115:49-60

Lu B. 2003. BDNF and activity-dependent synaptic modulation. Learn Mem 10:86-98

Malacombe M, Bader MF, Gasman S. 2006. Exocytosis in neuroendocrine cells: new
tasks for actin. Biochim Biophys Acta 1763:1175-83

Mansour SL, Thomas KR, Capecchi MR. 1988. Disruption of the proto-oncogene int-2
in mouse embryo-derived stem cells: a general strategy for targeting mutations
to non-selectable genes. Nature 336:348-52

Margittai M, Widengren J, Schweinberger E, Schroder GF, Felekyan S, Haustein E,
Konig M, Fasshauer D, Grubmuller H, Jahn R, et al. 2003. Single-molecule
fluorescence resonance energy transfer reveals a dynamic equilibrium between
closed and open conformations of syntaxin 1. Proc Natl Acad Sci U S A
100:15516-21

Martin-Verdeaux S, Pombo I, Iannascoli B, Roa M, Varin-Blank N, Rivera J, Blank U.
2003. Evidence of a role for Munc18-2 and microtubules in mast cell granule
exocytosis. J Cell Sci 116:325-34

Martin TF. 2003. Tuning exocytosis for speed: fast and slow modes. Biochim Biophys
Acta 1641:157-65

Matsubara M, Kusubata M, Ishiguro K, Uchida T, Titani K, Taniguchi H. 1996. Site-
specific phosphorylation of synapsin I by mitogen-activated protein kinase and
CdkS and its effects on physiological functions. J Biol Chem 271:21108-13

Maximov A, Shin OH, Liu X, Siidhof TC. 2007. Synaptotagmin-12, a synaptic vesicle
phosphoprotein that modulates spontaneous neurotransmitter release. J Cell
Biol 176:113-24

McEwen B. 2002. Estrogen actions throughout the brain. Recent Prog Horm Res
57:357-84

McMahan UlJ. 1990. The agrin hypothesis. Cold Spring Harb Symp Quant Biol 55:407-
18

Melia TJ, Jr. 2007. Putting the clamps on membrane fusion: How complexin sets the
stage for calcium-mediated exocytosis. FEBS Lett

Meyerson M, Enders GH, Wu CL, Su LK, Gorka C, Nelson C, Harlow E, Tsai LH.
1992. A family of human cdc2-related protein kinases. Embo J 11:2909-17

Mirnics K, Middleton FA, Lewis DA, Levitt P. 2001. Analysis of complex brain
disorders with gene expression microarrays: schizophrenia as a disease of the
synapse. Trends Neurosci 24:479-86

Misgeld T, Burgess RW, Lewis RM, Cunningham JM, Lichtman JW, Sanes JR. 2002.
Roles of neurotransmitter in synapse formation: development of neuromuscular
junctions lacking choline acetyltransferase. Neuron 36:635-48

Misura KM, Scheller RH, Weis WI. 2000. Three-dimensional structure of the neuronal-
Secl-syntaxin la complex. Nature 404:355-62

Molnar Z, Lopez-Bendito G, Small J, Partridge LD, Blakemore C, Wilson MC. 2002.
Normal development of embryonic thalamocortical connectivity in the absence
of evoked synaptic activity. J Neurosci 22:10313-23

Montana V, Malarkey EB, Verderio C, Matteoli M, Parpura V. 2006. Vesicular
transmitter release from astrocytes. Glia 54:700-15

50



Morabito MA, Sheng M, Tsai LH. 2004. Cyclin-dependent kinase 5 phosphorylates the
N-terminal domain of the postsynaptic density protein PSD-95 in neurons. J
Neurosci 24:865-76

Morfini G, Szebenyi G, Brown H, Pant HC, Pigino G, DeBoer S, Beffert U, Brady ST.
2004. A novel CDKS5-dependent pathway for regulating GSK3 activity and
kinesin-driven motility in neurons. Embo J 23:2235-45

Morgan A, Burgoyne RD, Barclay JW, Craig TJ, Prescott GR, Ciufo LF, Evans GJ,
Graham ME. 2005. Regulation of exocytosis by protein kinase C. Biochem Soc
Trans 33:1341-4

Morton AJ, Edwardson JM. 2001. Progressive depletion of complexin II in a transgenic
mouse model of Huntington's disease. J Neurochem 76:166-72

Muller D, Oliver M, Lynch G. 1989. Developmental changes in synaptic properties in
hippocampus of neonatal rats. Brain Res Dev Brain Res 49:105-14

Munoz JP, Alvarez A, Maccioni RB. 2000. Increase in the expression of the neuronal
cyclin-dependent protein kinase cdk-5 during differentiation of N2A
neuroblastoma cells. Neuroreport 11:2733-8

Murthy VN, Sejnowski TJ, Stevens CF. 1997. Heterogeneous release properties of
visualized individual hippocampal synapses. Neuron 18:599-612

Nagamatsu S, Sawa H, Nakamichi Y, Kondo Y, Matsushima S, Watanabe T. 1997.
Non-functional role of syntaxin 2 in insulin exocytosis by pancreatic beta cells.
Cell Biochem Funct 15:237-42

Nagy G, Matti U, Nehring RB, Binz T, Rettig J, Neher E, Sgrensen JB. 2002. Protein
kinase C-dependent phosphorylation of synaptosome-associated protein of 25
kDa at Ser187 potentiates vesicle recruitment. J Neurosci 22:9278-86

Nagy G, Milosevic I, Fasshauer D, Muller EM, de Groot BL, Lang T, Wilson MC,
Serensen JB. 2005. Alternative splicing of SNAP-25 regulates secretion
through nonconservative substitutions in the SNARE domain. Mol Biol Cell
16:5675-85

Nagy G, Reim K, Matti U, Brose N, Binz T, Rettig J, Neher E, Serensen JB. 2004.
Regulation of releasable vesicle pool sizes by protein kinase A-dependent
phosphorylation of SNAP-25. Neuron 41:417-29

Neher E. 2006. A comparison between exocytic control mechanisms in adrenal
chromaffin cells and a glutamatergic synapse. Pflugers Arch 453:261-8

Nelson P, Christian C, Nirenberg M. 1976. Synapse formation between clonal
neuroblastoma X glioma hybrid cells and striated muscle cells. Proc Natl Acad
Sci US A73:123-7

Nikolic M, Chou MM, Lu W, Mayer BJ, Tsai LH. 1998. The p35/CdkS5 kinase is a
neuron-specific Rac effector that inhibits Pak1 activity. Nature 395:194-8

Nikolic M, Dudek H, Kwon YT, Ramos YF, Tsai LH. 1996. The cdk5/p35 kinase is
essential for neurite outgrowth during neuronal differentiation. Genes Dev
10:816-25

Nili U, de Wit H, Gulyas-Kovacs A, Toonen RF, Serensen JB, Verhage M, Ashery U.
2006. Munc18-1 phosphorylation by protein kinase C potentiates vesicle pool
replenishment in bovine chromaffin cells. Neuroscience 143:487-500

Nilsson T, Arkhammar P, Hallberg A, Hellman B, Berggren PO. 1987.
Characterization of the inositol 1,4,5-trisphosphate-induced Ca2+ release in
pancreatic beta-cells. Biochem J 248:329-36

O'Gorman S, Dagenais NA, Qian M, Marchuk Y. 1997. Protamine-Cre recombinase
transgenes efficiently recombine target sequences in the male germ line of mice,
but not in embryonic stem cells. Proc Natl Acad Sci U S A 94:14602-7

Ohara-Imaizumi M, Nagamatsu S. 2006. Insulin exocytotic mechanism by imaging
technique. J Biochem (Tokyo) 140:1-5

Ohshima T, Ward JM, Huh CG, Longenecker G, Veeranna, Pant HC, Brady RO,
Martin LJ, Kulkarni AB. 1996. Targeted disruption of the cyclin-dependent
kinase 5 gene results in abnormal corticogenesis, neuronal pathology and
perinatal death. Proc Natl Acad Sci U S 493:11173-8

Oishi H, Sasaki T, Takai Y. 1996. Interaction of both the C2A and C2B domains of
rabphilin3 with Ca2+ and phospholipid. Biochem Biophys Res Commun
229:498-503

51



Olsen HL, Hoy M, Zhang W, Bertorello AM, Bokvist K, Capito K, Efanov AM,
Meister B, Thams P, Yang SN, et al. 2003. Phosphatidylinositol 4-kinase serves
as a metabolic sensor and regulates priming of secretory granules in pancreatic
beta cells. Proc Natl Acad Sci U S A 100:5187-92

Orita S, Naito A, Sakaguchi G, Maeda M, Igarashi H, Sasaki T, Takai Y. 1997.
Physical and functional interactions of Doc2 and Munc13 in Ca2+-dependent
exocytotic machinery. J Biol Chem 272:16081-4

Oyler GA, Higgins GA, Hart RA, Battenberg E, Billingsley M, Bloom FE, Wilson MC.
1989. The identification of a novel synaptosomal-associated protein, SNAP-25,
differentially expressed by neuronal subpopulations. J Cell Biol 109:3039-52

Paglini G, Peris L, Diez-Guerra J, Quiroga S, Caceres A. 2001. The Cdk5-p35 kinase
associates with the Golgi apparatus and regulates membrane traffic. EMBO
Rep. 2:1139-44

Paglini G, Pigino G, Kunda P, Morfini G, Maccioni R, Quiroga S, Ferreira A, Caceres
A. 1998. Evidence for the participation of the neuron-specific CDKS5 activator
P35 during laminin-enhanced axonal growth. J Neurosci 18:9858-69

Pan PY, Cai Q, Lin L, Lu PH, Duan S, Sheng ZH. 2005. SNAP-29-mediated
modulation of synaptic transmission in cultured hippocampal neurons. J Biol
Chem 280:25769-79

Pang ZP, Melicoff E, Padgett D, Liu Y, Teich AF, Dickey BF, Lin W, Adachi R,
Stidhof TC. 2006. Synaptotagmin-2 is essential for survival and contributes to
Ca2+ triggering of neurotransmitter release in central and neuromuscular
synapses. J Neurosci 26:13493-504

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowenstein DH. 1997.
Dentate granule cell neurogenesis is increased by seizures and contributes to
aberrant network reorganization in the adult rat hippocampus. J Neurosci
17:3727-38

Patrick GN, Zhou P, Kwon YT, Howley PM, Tsai LH. 1998. p35, the neuronal-specific
activator of cyclin-dependent kinase 5 (CdkS) is degraded by the ubiquitin-
proteasome pathway. J Biol Chem 273:24057-64

Patrick GN, Zukerberg L, Nikolic M, de La Monte S, Dikkes P, Tsai LH. 1999.
Conversion of p35 to p25 deregulates Cdk5 activity and promotes
neurodegeneration. Nature 402:615-22

Patzke H, Tsai LH. 2002. Calpain-mediated cleavage of the cyclin-dependent kinase-5
activator p39 to p29. J Biol Chem 277:8054-60

Pevsner J, Hsu SC, Scheller RH. 1994. n-Secl: a neural-specific syntaxin-binding
protein. Proc Natl Acad Sci U S A 91:1445-9

Pobbati AV, Stein A, Fasshauer D. 2006. N- to C-terminal SNARE complex assembly
promotes rapid membrane fusion. Science 313:673-6

Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia A-S, McNamara JO,
Williams SM. 2004. Neuroscience, 3rd edition: Sinauer Associates, Inc.

Raber J, Mehta PP, Kreifeldt M, Parsons LH, Weiss F, Bloom FE, Wilson MC. 1997.
Coloboma hyperactive mutant mice exhibit regional and transmitter-specific
deficits in neurotransmission. J Neurochem 68:176-86

Rashid T, Banerjee M, Nikolic M. 2001. Phosphorylation of Pakl by the p35/CdkS
kinase affects neuronal morphology. J Biol Chem 276:49043-52

Reim K, Mansour M, Varoqueaux F, McMahon HT, Siidhof TC, Brose N, Rosenmund
C. 2001. Complexins regulate a late step in Ca2+-dependent neurotransmitter
release. Cell 104:71-81

Rettig J, Sheng ZH, Kim DK, Hodson CD, Snutch TP, Catterall WA. 1996. Isoform-
specific interaction of the alphal A subunits of brain Ca2+ channels with the
presynaptic proteins syntaxin and SNAP-25. Proc Natl Acad Sci U S A
93:7363-8

Rickman C, Medine CN, Bergmann A, Duncan RR. 2007. Functionally and spatially
distinct modes of MUNC18-syntaxin 1 interaction. J Biol Chem

Riento K, Galli T, Jansson S, Ehnholm C, Lehtonen E, Olkkonen VM. 1998.
Interaction of Munc-18-2 with syntaxin 3 controls the association of apical
SNARE:s in epithelial cells. J Cell Sci 111 ( Pt 17):2681-8

52



Riento K, Jantti J, Jansson S, Hielm S, Lehtonen E, Ehnholm C, Keranen S, Olkkonen
VM. 1996. A secl-related vesicle-transport protein that is expressed
predominantly in epithelial cells. Eur J Biochem 239:638-46

Riento K, Kauppi M, Keranen S, Olkkonen VM. 2000. Munc18-2, a functional partner
of syntaxin 3, controls apical membrane trafficking in epithelial cells. J Biol
Chem 275:13476-83

Rizo J, Chen X, Arac D. 2006. Unraveling the mechanisms of synaptotagmin and
SNARE function in neurotransmitter release. Trends Cell Biol 16:339-50

Rizo J, Siidhof TC. 1998. C2-domains, structure and function of a universal Ca2+-
binding domain. J Biol Chem 273:15879-82

Rizzoli SO, Betz WJ. 2004. The structural organization of the readily releasable pool of
synaptic vesicles. Science 303:2037-9

Roberts LA, Morris BJ, O'Shaughnessy CT. 1998. Involvement of two isoforms of
SNAP-25 in the expression of long-term potentiation in the rat hippocampus.
Neuroreport 9:33-6

Rorsman P, Renstrom E. 2003. Insulin granule dynamics in pancreatic beta cells.
Diabetologia 46:1029-45

Rosales JL, Lee KY. 2006. Extraneuronal roles of cyclin-dependent kinase 5. Bioessays
28:1023-34

Rosenmund C, Sigler A, Augustin I, Reim K, Brose N, Rhee JS. 2002. Differential
control of vesicle priming and short-term plasticity by Muncl3 isoforms.
Neuron 33:411-24

Royle SJ, Collins FC, Rupniak HT, Barnes JC, Anderson R. 1999. Behavioural analysis
and susceptibility to CNS injury of four inbred strains of mice. Brain Res
816:337-49

Rutter GA, Hill EV. 2006. Insulin vesicle release: walk, kiss, pause ... then run.
Physiology (Bethesda) 21:189-96

Salaun C, Gould GW, Chamberlain LH. 2005. The SNARE proteins SNAP-25 and
SNAP-23 display different affinities for lipid rafts in PC12 cells. Regulation by
distinct cysteine-rich domains. J Biol Chem 280:1236-40

Sassa T, Harada S, Ogawa H, Rand JB, Maruyama IN, Hosono R. 1999. Regulation of
the UNC-18-Caenorhabditis elegans syntaxin complex by UNC-13. J Neurosci
19:4772-7

Scharfman HE. 2002. Epilepsy as an example of neural plasticity. Neuroscientist
8:154-73

Scharfman HE, Goodman JH, Sollas AL. 2000. Granule-like neurons at the hilar/CA3
border after status epilepticus and their synchrony with area CA3 pyramidal
cells: functional implications of seizure-induced neurogenesis. J Neurosci
20:6144-58

Schiavo G, Matteoli M, Montecucco C. 2000. Neurotoxins affecting neuroexocytosis.
Physiol Rev 80:717-66

Schikorski T, Stevens CF. 2001. Morphological correlates of functionally defined
synaptic vesicle populations. Nat Neurosci 4:391-5

Schluter OM, Khvotchev M, Jahn R, Siidhof TC. 2002. Localization versus function of
Rab3 proteins. Evidence for a common regulatory role in controlling fusion. J
Biol Chem 277:40919-29

Schoch S, Gundelfinger ED. 2006. Molecular organization of the presynaptic active
zone. Cell Tissue Res 326:379-91

Schulze KL, Littleton JT, Salzberg A, Halachmi N, Stern M, Lev Z, Bellen HJ. 1994.
rop, a Drosophila homolog of yeast Secl and vertebrate n-Secl/Munc-18
proteins, is a negative regulator of neurotransmitter release in vivo. Neuron
13:1099-108

Schutz D, Zilly F, Lang T, Jahn R, Bruns D. 2005. A dual function for Munc-18 in
exocytosis of PC12 cells. Eur J Neurosci 21:2419-32

Schwarzer C, Sperk G, Samanin R, Rizzi M, Gariboldi M, Vezzani A. 1996.
Neuropeptides-immunoreactivity and their mRNA expression in kindling:
functional implications for limbic epileptogenesis. Brain Res Brain Res Rev
22:27-50

53



Shea TB, Yabe JT, Ortiz D, Pimenta A, Loomis P, Goldman RD, Amin N, Pant HC.
2004. CdkS5 regulates axonal transport and phosphorylation of neurofilaments in
cultured neurons. J Cell Sci 117:933-41

Shen J, Tareste DC, Paumet F, Rothman JE, Melia TJ. 2007. Selective activation of
cognate SNAREpins by Sec1/Munc18 proteins. Cell 128:183-95

Sheng ZH, Rettig J, Takahashi M, Catterall WA. 1994. Identification of a syntaxin-
binding site on N-type calcium channels. Neuron 13:1303-13

Shimohama S, Fujimoto S, Sumida Y, Akagawa K, Shirao T, Matsuoka Y, Taniguchi
T. 1998. Differential expression of rat brain synaptic proteins in development
and aging. Biochem Biophys Res Commun 251:394-8

Shuang R, Zhang L, Fletcher A, Groblewski GE, Pevsner J, Stuenkel EL. 1998.
Regulation of Munc-18/syntaxin 1A interaction by cyclin-dependent kinase 5 in
nerve endings. J Biol Chem 273:4957-66

Sim AT, Baldwin ML, Rostas JA, Holst J, Ludowyke RI. 2003. The role of
serine/threonine protein phosphatases in exocytosis. Biochem J 373:641-59

Smith D. 2003. CdkS5 in neuroskeletal dynamics. Neurosignals 12:239-51

Smith DS, Greer PL, Tsai LH. 2001. CdkS5 on the brain. Cell Growth Differ 12:277-83

Smith DS, Tsai LH. 2002. Cdk5 behind the wheel: a role in trafficking and transport?
Trends Cell Biol 12:28-36

Snyder DA, Kelly ML, Woodbury DJ. 2006. SNARE complex regulation by
phosphorylation. Cell Biochem Biophys 45:111-23

Sollner T, Bennett MK, Whiteheart SW, Scheller RH, Rothman JE. 1993a. A protein
assembly-disassembly pathway in vitro that may correspond to sequential steps
of synaptic vesicle docking, activation, and fusion. Cell 75:409-18

Sollner T, Whiteheart SW, Brunner M, Erdjument-Bromage H, Geromanos S, Tempst
P, Rothman JE. 1993b. SNAP receptors implicated in vesicle targeting and
fusion. Nature 362:318-24

Serensen JB, Nagy G, Varoqueaux F, Nehring RB, Brose N, Wilson MC, Neher E.
2003. Differential control of the releasable vesicle pools by SNAP-25 splice
variants and SNAP-23. Cell 114:75-86

Steegmaier M, Yang B, Yoo JS, Huang B, Shen M, Yu S, Luo Y, Scheller RH. 1998.
Three novel proteins of the syntaxin/SNAP-25 family. J Biol Chem 273:34171-
9

Steffensen SC, Wilson MC, Henriksen SJ. 1996. Coloboma contiguous gene deletion
encompassing Snap alters hippocampal plasticity. Synapse 22:281-9

Steiner P, Sarria JC, Huni B, Marsault R, Catsicas S, Hirling H. 2002. Overexpression
of neuronal Secl enhances axonal branching in hippocampal neurons.
Neuroscience 113:893-905

Stevens CF, Wesseling JF. 1998. Activity-dependent modulation of the rate at which
synaptic vesicles become available to undergo exocytosis. Neuron 21:415-24

Straub SG, Sharp GW. 2002. Glucose-stimulated signaling pathways in biphasic insulin
secretion. Diabetes Metab Res Rev 18:451-63

Stidhof TC. 2002. Synaptotagmins: why so many? J Biol Chem 277:7629-32

Siidhof TC. 2004. The synaptic vesicle cycle. Annu Rev Neurosci 27:509-47

Sutton RB, Fasshauer D, Jahn R, Brunger AT. 1998. Crystal structure of a SNARE
complex involved in synaptic exocytosis at 2.4 A resolution. Nature 395:347-53

Sutula T, Lauersdorf S, Lynch M, Jurgella C, Woodard A. 1995. Deficits in radial arm
maze performance in kindled rats: evidence for long-lasting memory
dysfunction induced by repeated brief seizures. J Neurosci 15:8295-301

Swann JW, Brady RJ. 1984. Penicillin-induced epileptogenesis in immature rat CA3
hippocampal pyramidal cells. Brain Res 314:243-54

Tafoya LC, Mameli M, Miyashita T, Guzowski JF, Valenzuela CF, Wilson MC. 2006.
Expression and function of SNAP-25 as a universal SNARE component in
GABAergic neurons. J Neurosci 26:7826-38

Takahashi S, Saito T, Hisanaga SI, Pant HC, Kulkarni AB. 2003. Tau Phosphorylation
by Cyclin-dependent Kinase 5/p39 during Brain Development Reduces Its
Affinity for Microtubules. J Biol Chem 278:10506-15

Tan TC, Valova VA, Malladi CS, Graham ME, Berven LA, Jupp OJ, Hansra G,
McClure SJ, Sarcevic B, Boadle RA, et al. 2003. CdkS5 is essential for synaptic
vesicle endocytosis. Nat Cell Biol 5:701-10

54



Tang D, Wang JH. 1996. Cyclin-dependent kinase 5 (CdkS5) and neuron-specific Cdk5
activators. Prog Cell Cycle Res 2:205-16

Tang D, Yeung J, Lee KY, Matsushita M, Matsui H, Tomizawa K, Hatase O, Wang
JH. 1995. An isoform of the neuronal cyclin-dependent kinase 5 (Cdk5)
activator. J Biol Chem 270:26897-903

Tang J, Maximov A, Shin OH, Dai H, Rizo J, Siidhof TC. 2006. A
complexin/synaptotagmin 1 switch controls fast synaptic vesicle exocytosis.
Cell 126:1175-87

Tellam JT, McIntosh S, James DE. 1995. Molecular identification of two novel Munc-
18 isoforms expressed in non-neuronal tissues. J Biol Chem 270:5857-63

Thakur P, Stevens DR, Sheng ZH, Rettig J. 2004. Effects of PKA-mediated
phosphorylation of Snapin on synaptic transmission in cultured hippocampal
neurons. J Neurosci 24:6476-81

Thapar A, O'Donovan M, Owen MJ. 2005. The genetics of attention deficit
hyperactivity disorder. Hum Mol Genet 14 Spec No. 2:R275-82

Tian JH, Das S, Sheng ZH. 2003. Ca2+-dependent phosphorylation of syntaxin-1A by
the death-associated protein (DAP) kinase regulates its interaction with
Muncl8. J Biol Chem 278:26265-74

Tian JH, Wu ZX, Unzicker M, Lu L, Cai Q, Li C, Schirra C, Matti U, Stevens D, Deng
C, et al. 2005. The role of Snapin in neurosecretion: snapin knock-out mice
exhibit impaired calcium-dependent exocytosis of large dense-core vesicles in
chromaffin cells. J Neurosci 25:10546-55

Tojima T, Ito E. 2004. Signal transduction cascades underlying de novo protein
synthesis required for neuronal morphogenesis in differentiating neurons. Prog
Neurobiol 72:183-93

Tomizawa K, Matsui H, Matsushita M, Lew J, Tokuda M, Itano T, Konishi R, Wang
JH, Hatase O. 1996. Localization and developmental changes in the neuron-
specific cyclin- dependent kinase 5 activator (p35nck5a) in the rat brain.
Neuroscience 74:519-29

Tomizawa K, Ohta J, Matsushita M, Moriwaki A, Li ST, Takei K, Matsui H. 2002.
Cdk5/p35 regulates neurotransmitter release through phosphorylation and
downregulation of P/Q-type voltage-dependent calcium channel activity. J
Neurosci 22:2590-7

Tomizawa K, Sunada S, Lu YF, Oda Y, Kinuta M, Ohshima T, Saito T, Wei FY,
Matsushita M, Li ST, et al. 2003. Cophosphorylation of amphiphysin I and
dynamin I by Cdk5 regulates clathrin-mediated endocytosis of synaptic
vesicles. J Cell Biol 163:813-24

Toonen RF, Kochubey O, de Wit H, Gulyas-Kovacs A, Konijnenburg B, Serensen JB,
Klingauf J, Verhage M. 2006a. Dissecting docking and tethering of secretory
vesicles at the target membrane. Embo J 25:3725-37

Toonen RF, Verhage M. 2003. Vesicle trafficking: pleasure and pain from SM genes.
Trends Cell Biol 13:177-86

Toonen RF, Wierda K, Sons MS, de Wit H, Cornelisse LN, Brussaard A, Plomp JJ,
Verhage M. 2006b. Munc18-1 expression levels control synapse recovery by
regulating readily releasable pool size. Proc Natl Acad Sci U S A 103:18332-7

Torii S, Takeuchi T, Nagamatsu S, Izumi T. 2004. Rab27 effector granuphilin promotes
the plasma membrane targeting of insulin granules via interaction with syntaxin
la. J Biol Chem 279:22532-8

Tsai LH, Delalle I, Caviness VS, Jr., Chae T, Harlow E. 1994. p35 is a neural-specific
regulatory subunit of cyclin-dependent kinase 5. Nature 371:419-23

Tsuboi T, Kanno E, Fukuda M. 2007. The polybasic sequence in the C2B domain of
rabphilin is required for the vesicle docking step in PC12 cells. J Neurochem
100:770-9

Tyler WIJ, Perrett SP, Pozzo-Miller LD. 2002. The role of neurotrophins in
neurotransmitter release. Neuroscientist 8:524-31

Ubeda M, Rukstalis JM, Habener JF. 2006. Inhibition of cyclin-dependent kinase 5
activity protects pancreatic beta cells from glucotoxicity. J Biol Chem
281:28858-64

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH. 2002.
Functional neurogenesis in the adult hippocampus. Nature 415:1030-4

55



Wang J, Liu S, Fu Y, Wang JH, Lu Y. 2003. CdkS5 activation induces hippocampal
CAL1 cell death by directly phosphorylating NMDA receptors. Nat Neurosci
6:1039-47

Wang Y, Okamoto M, Schmitz F, Hofmann K, Siidhof TC. 1997. Rim is a putative
Rab3 effector in regulating synaptic-vesicle fusion. Nature 388:593-8

Wang Y, Siidhof TC. 2003. Genomic definition of RIM proteins: evolutionary
amplification of a family of synaptic regulatory proteins( small star, filled ).
Genomics 81:126-37

Varoqueaux F, Sigler A, Rhee JS, Brose N, Enk C, Reim K, Rosenmund C. 2002. Total
arrest of spontaneous and evoked synaptic transmission but normal
synaptogenesis in the absence of Munc13-mediated vesicle priming. Proc Natl
Acad Sci U S A 99:9037-42

Washbourne P, Thompson PM, Carta M, Costa ET, Mathews JR, Lopez-Bendito G,
Molnar Z, Becher MW, Valenzuela CF, Partridge LD, et al. 2002. Genetic
ablation of the t-SNARE SNAP-25 distinguishes mechanisms of
neuroexocytosis. Nat Neurosci 5:19-26

Wassenberg JJ, Martin TF. 2002. Role of CAPS in dense-core vesicle exocytosis. Ann
N Y Acad Sci 971:201-9

Wasterlain CG, Mazarati AM, Naylor D, Niquet J, Liu H, Suchomelova L, Baldwin R,
Katsumori H, Shirasaka Y, Shin D, et al. 2002. Short-term plasticity of
hippocampal neuropeptides and neuronal circuitry in experimental status
epilepticus. Epilepsia 43 Suppl 5:20-9

Wei FY, Nagashima K, Ohshima T, Saheki Y, Lu YF, Matsushita M, Yamada Y,
Mikoshiba K, Seino Y, Matsui H, et al. 2005a. Cdk5-dependent regulation of
glucose-stimulated insulin secretion. Nat Med 11:1104-8

Wei FY, Tomizawa K, Ohshima T, Asada A, Saito T, Nguyen C, Bibb JA, Ishiguro K,
Kulkarni AB, Pant HC, et al. 2005b. Control of cyclin-dependent kinase 5
(Cdk5) activity by glutamatergic regulation of p35 stability. J Neurochem
93:502-12

Verderio C, Pozzi D, Pravettoni E, Inverardi F, Schenk U, Coco S, Proux-Gillardeaux
V, Galli T, Rossetto O, Frassoni C, et al. 2004. SNAP-25 modulation of
calcium dynamics underlies differences in GABAergic and glutamatergic
responsiveness to depolarization. Neuron 41:599-610

Verhage M, de Vries KJ, Roshol H, Burbach JP, Gispen WH, Siidhof TC. 1997. DOC2
proteins in rat brain: complementary distribution and proposed function as
vesicular adapter proteins in early stages of secretion. Neuron 18:453-61

Verhage M, Maia AS, Plomp JJ, Brussaard AB, Heeroma JH, Vermeer H, Toonen RF,
Hammer RE, van den Berg TK, Missler M, et al. 2000. Synaptic assembly of
the brain in the absence of neurotransmitter secretion. Science 287:864-9

Vezzani A, Sperk G. 2004. Overexpression of NPY and Y2 receptors in epileptic brain
tissue: an endogenous neuroprotective mechanism in temporal lobe epilepsy?
Neuropeptides 38:245-52

Voets T, Toonen RF, Brian EC, de Wit H, Moser T, Rettig J, Stidhof TC, Neher E,
Verhage M. 2001. Muncl8-1 promotes large dense-core vesicle docking.
Neuron 31:581-91

Wu DC, Yu YP, Lee NT, Yu AC, Wang JH, Han YF. 2000. The expression of Cdk5,
P35, p39, and CdkS kinase activity in developing, adult, and aged rat brains.
Neurochem Res 25:923-9

Xin X, Ferraro F, Back N, Eipper BA, Mains RE. 2004. Cdk5 and Trio modulate
endocrine cell exocytosis. J Cell Sci 117:4739-48

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

Yan Z, Chi P, Bibb JA, Ryan TA, Greengard P. 2002. Roscovitine: a novel regulator of
P/Q-type calcium channels and transmitter release in central neurons. J Physiol
540:761-70

Yang SN, Berggren PO. 2005. Beta-cell CaV channel regulation in physiology and
pathophysiology. Am J Physiol Endocrinol Metab 288:E16-28

Yang SN, Berggren PO. 2006. The role of voltage-gated calcium channels in pancreatic
beta-cell physiology and pathophysiology. Endocr Rev 27:621-76

56



Yang Y, Craig TJ, Chen X, Ciufo LF, Takahashi M, Morgan A, Gillis KD. 2007.
Phosphomimetic Mutation of Ser-187 of SNAP-25 Increases both Syntaxin
Binding and Highly Ca2+-sensitive Exocytosis. J Gen Physiol 129:233-44

Yi Z, Yokota H, Torii S, Aoki T, Hosaka M, Zhao S, Takata K, Takeuchi T, Izumi T.
2002. The Rab27a/granuphilin complex regulates the exocytosis of insulin-
containing dense-core granules. Mol Cell Biol 22:1858-67

Zhang W, Efanov A, Yang SN, Fried G, Kolare S, Brown H, Zaitsev S, Berggren PO,
Meister B. 2000. Munc-18 associates with syntaxin and serves as a negative
regulator of exocytosis in the pancreatic beta -cell. J Biol Chem 275:41521-7

Zhang W, Khan A, Ostenson CG, Berggren PO, Efendic S, Meister B. 2002. Down-
regulated expression of exocytotic proteins in pancreatic islets of diabetic GK
rats. Biochem Biophys Res Commun 291:1038-44

Zheng M, Leung CL, Liem RK. 1998. Region-specific expression of cyclin-dependent
kinase 5 (cdk5) and its activators, p35 and p39, in the developing and adult rat
central nervous system. J Neurobiol 35:141-59

Zhong ZG, Noda M, Takahashi H, Higashida H. 1999. Overexpression of rat synapsins
in NG108-15 neuronal cells enhances functional synapse formation with
myotubes. Neurosci Lett 260:93-6

Zilly FE, Serensen JB, Jahn R, Lang T. 2006. Munc18-bound syntaxin readily forms
SNARE complexes with synaptobrevin in native plasma membranes. PLoS Biol

4:e330

Zucker RS. 1996. Exocytosis: a molecular and physiological perspective. Neuron
17:1049-55

Zucker RS, Regehr WG. 2002. Short-term synaptic plasticity. Annu Rev Physiol
64:355-405

57



