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1. Summary

Synaptic development is a very complex and dynamic process. So far, mechanisms

regulating synaptic development are still not well understood.

In this study, the Drosophila neuromuscular junction is used as a model to investigate
mechanisms regulating synaptic development. An unbiased forward genetic screening
indentified unc-104"", which is a missense mutation of a conserved residual (R561H) in
the forkhead associated (FHA) domain of the Drosophila kinesin-3 homolog unc-104.
unc-104°" mutant larvae are characterized by the distinct synaptic assembly phenotype
that about 30% of the glutamatergic synapses at the neuromuscular junction (NMJ) are
devoid of the presynaptic active zone (AZ) protein Bruchpilot (Brp), whereas in wildtype
larvae less than 5% of the synapses which are nascent lack presynaptic Brp. What is
more, unc-104"" mutant NMJs have much smaller synaptic boutons, and the
subsynaptic reticulum (SSR), an elaborate membranous structure formed by the muscle
membrane which surrounds the NMJ, is not well developed. unc-104"" mutant larvae
die at late 3" instar stagel/early pupal stage and suffer from severe locomotion

impairments.

The objective of this study is to systemically characterize the synaptic assembly
phenotype and to identify the mechanisms underlining the impaired synaptic

development in unc-104°" mutants.

In the first set of experiments, | find that the level of total Brp at unc-104"" mutant NMJs
drops to half of that in wildtype. Excessive Brp deposit is found at the cell body region of
the ventral nerve code\tﬁC) in unc-104°" mutant larvae. However, the decreased Brp
puncta formation at presynaptic active zone cannot be totally explained by decreased
Brp level because overexpression of Brp restores the level of total Brp at the NMJ but
only has limited effect on rescuing Brp puncta formation at the synapse. Furthermore,
other major active zone components including the Ca?" channel subunit protein
Cacophony (Cac), the LAR protein-tyrosine phosphatase-interacting protein (Liprin-o)
and serine-arginine protein kinase at 79D (SRPK79D) are also absent from the Brp(-)

synapses in unc-104"" mutants, suggesting that AZ assembly is abolished in these
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synapses. Importantly, Cac and Liprin-a. do not depend on Brp for their AZ localization,
thus the concomitant absence of Cac, Liprin-a and Brp in a subset of unc-104"" mutant
synapes is not secondary of abortive Brp assembly at these synapses. Localization of
synaptic vesicle (SV), SV associated proteins and peptide filled dense core vesicles
(DCV) are severely reduced at unc-104°" mutant NMJs as a result of reduced kinesin-3
function. Synaptic activity is also impaired at unc-104°" mutant NMJs, which can be
rescued by presynaptic reexpression of unc-104 cDNA. Postsynapticly, recuitment of
the inotropic glumate receptor subunit GIuRIIA, but not GIuRIIB is selectively reduced at
unc-104°" mutant NMJs, implying that a transsynaptic signaling regulating receptor

clustering is perturbed by mutation in this neuronal kinesin.

In the second set of experiments, the mechanism underlying the synaptic development
phenotype in unc-104"" mutant is investigated. unc-104"™ mutant NMJs have much
smaller synaptic bouton, which is accompanied by doubled overall NMJ length. This
closely resembles the NMJ overgrowth phenotype in larvae which have enhanced dual-
leucine zipper kinase (DLK, the Drosophila homolog of which is Wallenda (Wnd))
activity. Indeed, downregulating the Wnd MAPK pathway by loss of function mutation in
wnd, or expression of dominant negative form of downstream signaling components
similarly inhibited the NMJ overgrowth phenotype in unc-104"" mutants. What is more,
downregulation of the Wnd MAPK pathway also rescues the AZ assembly and SSR
underdevelopment phenotype in unc-104"" mutants. No ameliorated axonal transport is
observed in unc-104"";wnd double mutant larvae, suggesting that the rescuing effects
of Wnd MAPK pathway downregulation is independent of axonal transport. An E3
ubiquitin ligase, Highwire (Hiw) has been shown to negatively regulate Wnd level and
hence inhibit the Wnd MAPK pathway. Actually, loss of function mutation in hiw and
Wnd overexpression both lead to AZ assembly phenotype reminiscent of unc-104°"
mutants without causing obvious axonal transport defects. Therefore, we propose that
Wnd MAPK overactivation is underlining the synaptic development phenotype in unc-
104" mutants. The level of Hiw is decreased in unc-104"" mutants, which may lead to
increased Wnd level and contribute to MAPK overactivation. Importantly, despite the

ameliorated NMJ morphology, downregulating MAPK pathway in unc-104"" mutants



rescues neither the locomotion impairment nor larval lethality, suggesting that other
crucial MAPK independent functions of Unc-104 is important for normal larval activity

and survival.

In summary, this work shows that Unc-104, the Drosophila kinesin-3, is an important
regulator of synaptic development. A novel function of Hiw as well as the Wnd MAPK
pathway in regulating active zone assembly is indentified. Unc-104 controls the level of
Hiw, and further modulates Wnd MAPK pathway activity to promote normal synaptic

development.
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2. Introduction

Synapse is the structure which a neuron uses to communicate with other neurons or
with cells of other kinds, e.g. muscle cells or gland cells. Two major types of synapses
exist in the nervous system, electrical synapses and chemical synapses. In the
beginning of the 20™ century, there was heated debate about which synapse type was
the major form in the mammalian central nervous system (CNS). Following the
discovery of neuronal inhibition in the 1950", chemical synapse became widely
accepted to be the major synapse type responsible for the communication between
CNS neurons (Brock et al., 1952).

2.1 Structure, function and composition of chemical synapses

Unlike electrical synapses which enable bidirectional signal transmission, chemical
synapses generally only allow unidirectional signal propagation. The unsymmetrical
structure of chemical synapses underlines the unidirectional nature of synaptic

transmission.

2.1.1 The presynaptic active zone

The “presynaptic side” of a chemical synapse is where neurotransmitter is released.
Neurotransmitters are stored at presynaptic compartment in the form of synaptic
vesicles (SV). Active zone (AZ) is the highly specialized architecture at presynaptic
compartment which enables tethering, docking, and fusion of SVs (Couteaux and
Pecot-Dechavassine, 1970). Despite variation between organisms, the ultrastructural
appearance of active zone is characterized by an electron-dense cytometrix close to the
plasma membrane, which is sometimes coupled with protrusions of various shapes and
sizes extending into the cytoplasm. High density of synaptic vesicles forms a “halo” in

close approximation with the electron dense structures.
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Plasma membrane at the active zone

Several classes of proteins localize to the plasma membrane at the active zone. The
first important class of proteins are the voltage gated Ca®" channels, which enables
Ca?" influx upon the arrival of active potential, and further triggers synaptic vesicle
fusion (Kawasaki et al., 2004; Kittel et al., 2006; Robitaille et al., 1990). The soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex is crucial
for mediating the membrane fusion between synaptic vesicle and plasma membrane
during neurotransmitter release (Jahn et al., 2003; Rizo, 2003). Although not restricted
to presynaptic membrane, t-SNARE proteins syntaxin and SNAP-25 has been shown to
enrich at active zone (Kawasaki and Ordway, 2009; Schulze et al., 1995). Another class
of proteins localizing to the presynaptic plasma membrane are adhesion molecules,
including integrins (Chavis and Westbrook, 2001), cadherins (Shapiro and Colman,
1999; Yagi and Takeichi, 2000), Fasciclin Il (Davis et al., 1997)/ NCAM (Rougon and
Hobert, 2003), sidekicks (Yamagata et al., 2002), neurexins (Li et al., 2007; Ushkaryov
et al., 1992), ephrinB (Dalva et al., 2000) and SynCAMs (Fogel et al., 2007), which
associate with their corresponding post synaptic partners. These pairs of interactions
enable the proper apposition between pre- and postsynaptic side, and also play
important roles in synaptogenesis and modulation of synaptic activity (Ferreira and
Paganoni, 2002; Kohsaka et al., 2007; Packard et al., 2003; Scheiffele, 2003).

Cytometrix at the active zone (CAZ)

The CAZ appears electron dense under electron microscopy (EM), suggesting its
proteinaceous nature. Machineries facilitating the tethering and docking of synaptic
vesicles are assembled here. Finer structure of the cytometrix at the active zone in frog
NMJ was revealed by an elegant study combining electron microscopy and tomography
(Harlow et al., 2001). The cytometrix in these synapses arranges in a net like structure,
which presumably connects synaptic vesicles and calcium channels. The observed
structure is consistent with the function of facilitating synaptic vesicle docking and

regulating transmitter release.
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Some type of synapses have more prominent electron-dense structures which protrude
into the cytoplasm. These include the “T-bar” of the Drosophila neuromuscular
synapses and CNS synapses (Fouquet et al., 2009; Yasuyama et al., 2002), the ribbon-
like dense projection in the synapses between the rod photoreceptor and horizontal cell
in rat visual system (Dick et al., 2003) and in frog inner ear hell cell (Lenzi and von
Gersdorff, 2001). Synaptic vesicles are shown to be closely associated with these
protrusions (Zhai and Bellen, 2004). Studies have shown that these protrusions have
specific function of tethering synaptic vesicle to the active zone. Deletion of critical
domains which mediate association between active zone proteins and synaptic vesicle
abolishes the tethering of synaptic vesicle at the active zone, and leads to synaptic
depression (Hallermann et al., 2010). Despite its role in tethering and clustering
synaptic vesicles, these projections are not indispensable for neurotransmitter release.
In mice where formation of synaptic ribbons is severely impaired in retinas, ribbon like
structures float in the cytoplasm and have synaptic vesicles attached to them. Retina of
such mice has normal response to low-intensity light, but shows very severely reduced
reaction of high-intensity light (Dick et al., 2003).

Intense study in recent years have indentified numerous proteins localizing to the CAZ,
which plays different roles in maintaining different aspects of the functional integrity of
synapses. These include the RIM1/unc-10 (Wang et al., 1997; Weimer et al., 2006),
Muncl3/unc-13 (Weimer et al., 2006), Bassoon (tom Dieck et al., 1998),
Piccolo/Aczonin (Fenster et al., 2000), CAST/ERC/Brp (Fouquet et al., 2009; Ohtsuka et
al., 2002), Liprin-o/Syd-2(Fouquet et al., 2009), Dsyd-1/ RhoGAP100F(Owald et al.,
2010), RIM-binding proteins (Hibino et al., 2002; Liu et al., 2011), etc. These proteins
exhibit complex interactions with one another, forming sophisticated tertiary structures
to facilitate proper synaptic function (Takao-Rikitsu et al., 2004). During synaptogenesis,
these proteins assemble at a defined temporal and spatial order, although the
mechanisms regulating the formation of CAZ are still not very well understood (Fouquet
et al., 2009; Owald et al., 2010).
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2.1.2 The postsynaptic density

The “postsynaptic” side of a synapse is where the receptors of neurotransmitters are
anchored. Ultrastructurally, it is characterized by an electron dense region closely
aligned with the presynaptic active zone, and thus normally called the postsynaptic
density (PSD). Apart from adhesion molecules which associate with their presynaptic
partners, the most important proteins at the plasma membrane of PSDs are
neurotransmitter receptors and voltage-gated ion channels. Depending on synapse
types, various neurotransmitter receptors localize to the plasma membrane at the PSD
(Gong and Lippa, 2010). Neurotransmitter receptors can be classified into the following

two major categories.

lonotropic neurotransmitter receptors, which open or close upon binding with their
ligands and thus change their permeability to certain ions, can directly trigger either
excitative or inhibitory postsynaptic response. These receptors fall into the superfamily
of ligand gated ion-channels. Major ionotropic receptors include the NMDA, AMPA and
Kainate types of glutamate receptors (GluNs, GluAs and GluKs), GABAa receptors,
Glycine receptors (GlyRs), serotonin receptors (5-HT3), nicotinic acetylcholine receptors
(nAchRs), Zinc-activated ion channel (ZAC) and ATP-gated channels (Collingridge et al.,
2009).

The second major type of neurotransmitter receptors is the metabotropic receptors,
which fall into the G-protein coupled receptor (GPCRs) superfamily. Rather than directly
altering postsynaptic membrane potentials, they are coupled with secondary
messengers and responsible for modulating synaptic strength. Major metabotropic
receptors include dopamine receptors (D;-Ds), Serotonin receptors (5-HTi1 2 4 s),
metabotropic glutamate receptors (MGIURs), neuropeptide receptors, muscarinic
acetylcholine receptors (mAchRs) and GABAg receptors (Chen et al., 2005; Eglen, 2006;
Pin and Acher, 2002).

Underneath the postsynaptic plasma membrane, important signing molecules including
Ca?*/Calmodulin-dependent protein kinases Il (CAMKII) and SynGAPs exist which have

important role in modulating synaptic strength including LTP induction, and are involved
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in memory formation (Gardoni et al., 2001; Rumbaugh et al., 2006; Strack et al., 1997).
Scaffold proteins including PSD-95/Dlg, Shanks and SAPAP/GKAP play important role
in organizing the PSD structure (Kim and Sheng, 2004; Sala et al., 2001). These
scaffold proteins mostly contain the PSD95/DIg/Zo-1 (PDZ) domain, which associates
with receptors, adhesion molecules, cytoskeletons and signaling molecules (Kim and
Sheng, 2004).

2.2 Synaptic development
2.2.1 The general process of synaptic development

After the process of a neuron navigates to the surface of its target cell, synaptic
connection starts to be established. The process of synaptic formation is referred to as
synaptogenesis, which is a complex and highly dynamic process (Jin, 2005; Waites et
al., 2005).

2.2.1.1 Initiation of synaptogenesis

Interaction between presynaptic and postsynaptic adhesion molecules has been
established to be the priming step for synaptogenesis (Akins and Biederer, 2006). The
cell adhesion protein Cadherin has been implicated in the initial establishment synaptic
contacts (Waites et al., 2005). Cadherins localizes at innate axon-dendrite contacts
(Benson and Tanaka, 1998; Fannon and Colman, 1996); blocking Cadherin function
has been shown to delay synaptic formation, leading to reduced synapse size,
abnormal synaptic maturation and perturbed synaptic function (Bozdagi et al., 2004).
However, Cadherin function does not seem to be indispensable for synaptic formation.
In cultured hippocampal neurons at 10 days in vitro, blocking Cadherin function does
not affect synaptic formation (Bozdagi et al., 2004). In developing chick optic tectum,
introduction of antibody blocking N-cadherin causes excessive filopodia formation from

retinal ganglion cell axons but does not abolish synapse formation (Inoue and Sanes,
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1997). Absence of N-cadherin in Drosophila ommatidium leads to axon mistargeting but

synaptic formation is preserved (Lee et al., 2001).

Protocadherins are also involved in the induction of synaptic specification.
Protocadherins localize to synapses (Phillips et al., 2003), and loss of function studies in
mouse and fly both suggest that protocadherin mainly functions to facilitate the
establishment of proper synaptic contact but not essential for downstream synapse
formation (Lee et al., 2003; Wang et al., 2002).

Study in C. elegans demonstrated that the interaction between SYG-1 in HSN neurons
and SYG-2 in vulval epithelial cells is important for the establishment of proper synaptic
connects controlling egg-laying. The epithelial cells serve as guideposts to lead growth
cone extension and define the sites for presynaptic assembly (Shen and Bargmann,
2003; Shen et al.,, 2004). Concentration of SYG-1 at the nascent synaptic contact is
crucial for recruiting active zone proteins to the HSNL synapses and thus for initiating
synaptic assembly (Patel et al., 2006). There are homologs of the syg-1 and syg-2 gene
in flies and vertebrates as well, but it is not yet clear to what extent their function is

conserved across species.

2.2.1.2 Active zone assembly

Assembly of synaptic machinery closely follows initial establishment of synaptic contact.
Mechanisms regulating presynaptic active zone assembly are so far best characterized

in Drosophila neuromuscular synapses and in C. elegans.

Interaction between presynaptic neurexins and postsynaptic neuroligins across the
synaptic cleft has been shown to be crucial for recruiting synaptic proteins to start
synaptic assembly (Akins and Biederer, 2006; Sudhof, 2008). Expression of Neuroligin
in non-neuronal cells can trigger synapse formation in contacting axons. This effect is
mediated via the interaction of Neuroligin with axonal Neurexin; the synaptogenetic
effect of ectopically expressed Neuroligin is blocked by the addition of a soluble form of
Neurexin into the medium (Scheiffele et al., 2000).
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The C-terminus of Neurexin extends into the cytoplasm. It contains a sequence for
binding to the class-Il PDZ domain of a membrane associated guanylate kinase
(MAGUK) CASK, and a binding site for protein 4.1 which promotes actin/spectrin
microfilaments formation (Biederer and Sudhof, 2001; Hata et al., 1996). Through its
interaction with CASK and protein 4.1, cytoskeleton scaffold necessary for assembling
the active zone structure is formed and tethered to nascent active zone via Neurexin
(Biederer and Sudhof, 2001). Establish of actin filaments at nascent active zone has
been recently proved important for continued active zone maturation in C. elegans. The
adaptor protein neurabin (NAB-1) has been shown to form ternary complexes with the
active zone protein SYD-1 and SYD-2/Liprin-a.. Through its association with the F-actin
network at immature active zones, NAB-1 recruits SYD-1 and SYD-2 to the active zone
(Chia et al., 2012).

Downstream of adhesion molecules

SYD-1 and SYD-2/ Liprin-o. seem to be the major organizers of active zone maturation
acting downstream of adhesion molecules. Localization of several active zone proteins
has been shown to be dependent on SYD-1. Mutation in syd-1 leads to mislocalization
of several active zone proteins at the HSNL synapses in C. elegans, including SYD-2/
Liprin-a, ELKS-1/ERC and UNC-10/RIM (Dai et al., 2006; Hallam et al., 2002; Patel et
al., 2006). SYD-1 functions at the active zone at least partially through SYD-2, as SYD-
2 gain-of-function allele can suppress the synaptic assembly defects in HSN neurons in
syd-1 mutants (Dai et al., 2006; Taru and Jin, 2011).

SYD-2/Liprin-a mutant C. elegans shows lengthened but less condensed synaptic
structures, as well as more diffused distribution of synaptic proteins (Zhen and Jin,
1999). In flies, mutations in SYD-2/Liprin-o. and SYD-1 lead to similarly enlarged active
zone (Fouquet et al., 2009; Kaufmann et al., 2002; Owald et al., 2010). Superresolution
microscopy study revealed that in Drosophila neuromuscular junction both SYD-

2/Liprin-a. and SYD-1 form discrete puncta at the lateral border of active zone. In both
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SYD-2/Liprin-a. and SYD-1 mutants, assembly of Brp at the active zone is disorganized
and the segregation between neighboring synapses is seemingly compromised
(Fouquet et al., 2009; Owald et al., 2010). This is consistent with the notion that SYD-
2/Liprin-a. and SYD-1 may function to delineate the active zone boundary and to

maintain the constricted active zone conformation.

However, in many cases it is hard to clearly define an upstream-downstream
relationship between AZ proteins during synaptic assembly; synaptic proteins frequently
show a synergistic interaction to straighten each other's assembly at the active zone.
Although SYD-1 has been shown to be important for proper synaptic localization of
SYD-2/Liprin-a in C. elegans and flies (Owald et al., 2010; Patel et al., 2006), a gain-of-
function allele of syd-2 can restore the normal localization of SYD-1 in syg-1 mutant of
C. elegans. Synaptic localization of the ERC/CAST homolog ELKS-1 is severely
impaired in syd-2 mutant C. elegans, indicating the dependence of ELKS-1 on SYD-2
for its proper localization (Patel et al., 2006). Yeast two-hybrid experiment revealed that
SYD-2/Liprin-a. directly associates with ERC/CAST in rat hippocampal neurons (Ko et
al., 2003). This interaction is also important for the active zone localization of SYD-
2/Liprin-a. as coexpression of ERC with SYD-2/Liprin-a has the effect of recruiting the

latter to synaptic sites (Ko et al., 2003).

There are evidences supporting the notion that at least some of the active zone
components are already “preassembled” before arriving at their final destination and
integrate into the active zone as a “module”. In vertebrates, Piccolo and Bassoon
transport vesicles (PTVs) which contain several important active zone proteins are are
believed to be active zone precursor vesicles (Shapira et al., 2003; Sorra et al., 2006;
Zhai et al., 2001). Synaptic content of Piccolo, Bassoon and RIM conforms nicely to a
unitary model of integration (Shapira et al., 2003). Furthermore, morphology study
showed that in rat primary hippocampal neuron culture Bassoon is recruited to and
immobilized at functional active zones in the form of particles rather than from a diffuse
pool (Bresler et al., 2004).
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Anchoring Ca?* channel to the active zone

In vertebrates, localization of Ca?* to the active zone has been shown to depend on its
interaction with the PDZ domain of RIM (Coppola et al., 2001; Han et al., 2011; Kaeser
et al.,, 2011). Primary neuron culture of RIM knockout mice shows dramatically
decreased Ca?* channel localization to the active zone and reduced Ca?®" transient.
Interestingly, reexpression of the C-terminus PDZ domain of RIM is sufficient to restore
Ca?* channel localization and Ca*" influx, whereas the N-terminus is important for
synaptic vesicle priming (Kaeser et al., 2011). Rim interacts both with t-SNARE protein
SNAP-25 and n-SNARE synaptotagmin, which may mediate its function in priming
synaptic vesicles to the release-ready pool (Coppola et al., 2001). In C. elegans,
mutation of unc-10/rim and syd-2/liprin-« leads to similar disassociation of synaptic

vesicles with dense projections at the active zone (Stigloher et al., 2011).

In Drosophila neuromuscular synapses, the ERC/ELKS/CAST homolog Bruchpilot (Brp)
was shown to be the major constituting component of the electron-dense projections
(the “T-bar” ), which was believed to be the ribbon involved in synaptic vesicle tethering
as well as mediating the close coupling of Ca?* influx with synaptic vesicle fusion
(Fouquet et al., 2009; Hallermann et al., 2010; Kittel et al., 2006). brp mutants show
reduced Ca®" channel abundance at neuromuscular synapses, impaired evoked
response and the conspicuous T-bar structure at the active is missing (Fouquet et al.,
2009; Kittel et al., 2006; Wagh et al., 2006). Brp puncta formation at the active zone is
clearly several hours after the initial assembly of the active zone, and is suggested to be
a sign of structural maturation of synapses (Fouquet et al., 2009; Rasse et al., 2005).

Orchestration of counteracting signals

The dynamics of active zone assembly seems to be the result of the crosstalk between
pro-assembly and counter-assembly factors. In C. elegans, regulator of
synaptogenesis-1 (RSY-1) has been shown to be a negative regulator of presynaptic

assembly. Lose of RSY-1 function leads to enhanced synaptic formation and
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recruitment of excessive synaptic proteins to the active zone (Patel and Shen, 2009). In
Drosophila, mutation of a serine—arginine protein kinase (SRPK79D) leads to the
formation of Brp-containing electron-dense puncta along the axon, which resemble the
T-bar structure at the active zone of neuromuscular synapses. Synapse vesicles are
also shown to be tethered to these electron dense structures in the axon.
Overexpression of SRPK79D in an otherwise wildtype background reduces the size of
Brp puncta at the active zone. These suggest that SRPK79D functions as a negative
regulator of active zone assembly, which is important for inhibiting “premature assembly”
of active zone components before integrating into the active zone machinery (Johnson
et al., 2009; Nieratschker et al.,, 2009). At Drosophila neuromuscular junction, Rab3
seems to merit a pro-assembly mechanism at the active zone. About 30% of synapses
at rab3 mutant NMJs form extra-large active zones; crucial presynaptic proteins are
absent from the reset of synapses, although postsynaptic differentiation is grossly
normal. Reexpression of Rab3 at late developmental stages can rapidly restore the
formation of active zone at the previously active zone-free synapses, revealing a

function of Rab3 in facilitating active zone assembly (Graf et al., 2009).

2.2.1.3 Postsynaptic density formation

Expression of the presynaptic cell adhesion molecule Neurexin in COS cells has been
shown to be sufficient to induce postsynaptic assembly in contacting cocultured
hippocampal primary neurons, and this synaptogenetic effect of Neurexin is shown to
be mediated by the interaction between Neuroligin and Neurexin (Graf et al., 2004; Nam
and Chen, 2005). In Drosophila nlgl mutants, synapses at the neuromuscular junction
have presynaptic active zones but some lack postsynaptic specifications (Banovic et al.,
2010).

Neuroligins have been shown to be important upstream regulator of structural and
functional maturation of PSDs. In mice there are four variants of NIgs (NIgl-4). It was
shown that NIgl only localizes to glutamatergic synapses, and NIg2 only to GABAergic

synapse, and this differential localization underlines their regulation of synaptic
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development and function at specific cell types (Budreck and Scheiffele, 2007;
Chubykin et al., 2007; Graf et al., 2004; Song et al., 1999; Varoqueaux et al., 2004).

The intracellular domain of Neuroligin binds with class- PDZ domain containing proteins,
including PSD95/DIg which is a postsynaptic MAGUK protein (Irie et al., 1997).
Furthermore, PSD95/DIg also interacts with GKAP, which forms complex with Shanks
(Naisbitt et al., 1999). Synaptic localization of Shank is inhibited by a spicing variant of
GKAP that lacks the Shank binding sequence (Naisbitt et al., 1999).

Other cell adhesion molecules also have been shown to be involved in the early stage
of PSD formation. At Drosophila neuromuscular junction, Fasciclin Il (Fasll), an
immunoglobulin-related cell adhesion protein has been shown to localize to synaptic
contact site soon after nerve arrival. A mutant allele of fasll abolishes DIg localization to
the PSD, and also reduces glutamate receptor incorporation (Kohsaka et al., 2007).
Interactions between cell adhesion molecules and synaptic organizing proteins are
important for recruitment of other proteins to the PSD which contribute to further PSD
assembly leading to functional maturation (Lardi-Studler and Fritschy, 2007; Scheiffele,
2003; Sudhof, 2008).

The NR2 subunits of NMDA type glutamate receptors show specific interaction with the
first two PDZ domains at the C-terminus of PSD95/DIg (Niethammer et al., 1996), which
has been shown to be crucial for recruiting NMDA receptors to the postsynaptic
membrane (Kim and Sheng, 2004). Also through its first two PDZ domains, PSD95/Dlg
directly associates with the Shaker-type K* channel and facilitates its anchoring to the

postsynaptic membrane (Kim et al., 1995).

Through the interaction between the C-terminal leucine zipper domain of Shank and the
PDZ domain binding motif of PIX, Shank, PIX and associated signaling molecule p21-
associated kinase (PAK) form a ternary complex (Park et al., 2003). PIX is a guanine
nucleotide exchange factor for the Racl and Cdc42 small GTPases (Bagrodia et al.,
1998; Manser et al., 1998), and PAK is a downstream effector of Rac1/Cdc21 (Bagrodia
and Cerione, 1999). Overexpression of Shank leads to increased PAK and PIX

localization to the dendritic spines in cultured rat hippocampal neurons (Park et al.,
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2003). Thus along with promoting the functional coupling of Racl/Cdc42 and PAK,
Shank also anchors these proteins to the PSD. Shank also has been shown to
associate with Homers, another class of postsynaptic scaffold proteins (Tu et al., 1999).
A constitutively expressed isoform of Homer oligomerizes and forms complexes with
group-l mGIuRs (Xiao et al., 1998). The PSD-enrichment of Homer-mGIuR complexes
is also mediated by their interaction with Shank (Tu et al., 1999; Tu et al., 1998).

To sum up, synaptogenesis and maturation is a which involves the interplay between
many intracellular and intercellular signals. The resultant synaptic structure is highly
dynamic and plastic, which is up to strengthening or elimination under physiological or
pathological conditions. Intensive studies have revealed several important signaling
pathways regulating synaptic development, some of which is going to be discussed
below.

2.2.2 Signaling pathway regulating synaptic development
2.2.2.1 The Wnt pathway

Wnt signaling has been implicated in controlling vast aspects of development, including
cell proliferation, tissue polarity establishment, cell migration and cell fate determination
(van Amerongen and Nusse, 2009). Studies also establish a role of Wnt signaling
pathway in regulating synaptic development in the nervous system (Budnik and Salinas,
2011).

In the canonical Wnt pathway, Wnt binds to its receptor Frizzled (Fz), leading to
activation of the downstream effector Dishevelled (Dvl). Dvl in turn inhibits
phosophorylation of B-catenin by GSK-3B, which normally directs pB-catenin for
degradation. Increased (-catenin level in the cytoplasm enhances its nuclear
translocation, which enables B-catenin to bind transcription factors and to regulate gene

expression (van Amerongen and Nusse, 2009). However, due to the many variants of
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Wnts, as well as the discovery of many non-canonical Wnt receptors, Wnt signaling has

been found to function in an increasing complex network (Budnik and Salinas, 2011).

The role of Wnt pathway in regulating synaptic development was first described in mice,
where secreted Wnt7a from the granule cell guide the mossy fiber axons to form the
characteristic synaptic pattern (Hall et al., 2000). Blocking Wnt7a activity impairs the
normal patterning of mossy fiber, and also inhibits synapse formation in the cerebellum.
Wnt7a regulates axonal terminal remodeling through stabilization of microtubule
cytoskeleton. This effect is achieved by inhibiting GSK-3p3, which leads to decreased
phosophorylation of microtubule associated protein 1B (MAP1B) and thus increased
microtubule stability (Lucas et al., 1998).

The function of Wnt signaling in controlling microtubule stability is also implicated in
growth cone dynamics as well as formation of synaptic boutons in Drosophila
neuromuscular junction (Dent et al., 1999; Roos et al., 2000). Blocking Drosophila Wnt1
secretion inhibits synaptic bouton formation and disrupts microtubule structure at the
NMJ; synaptic development is severely disturbed, leading to formation of “ghost
boutons” lacking both presynaptic active zone and postsynaptic differentiation,
apparently leaving only the neuronal membrane at the NMJ (Packard et al., 2002).

In vertebrates, Wnt7a overexpression has been shown to enhance presynaptic
assembly. Frizzled-5 (Fz5) and Dvll seem to be the downstream effectors mediating
this effect. Inhibition of Fz5 activity strongly affects presynaptic assembly in rat
hippocampal neurons (Ahmad-Annuar et al., 2006; Sahores et al., 2010).

The function of non-canonical Wnt ligand Wnt5a seems to be mainly postsynaptic. In rat
hippocampal neurons, Wnt5a recruits PSD95 to dendritic spines from cytoplasmic pool
without affecting its expression. This effect involves activation of postsynaptic JNK
pathway rather than changing B-catenin levels (Farias et al., 2009). Wntl1r has been
implicated in regulating the prepatterning of AchRs in muscles during vertebrate
neuromuscular synaptogenesis. Wntllr activates the tyrosine kinase receptor MuSK,

which triggers downstream signaling cascade mediating AChR clustering (Jing et al.,
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2009; Luo et al., 2002). Consistently, dvl1 knockout mouse also shows disturbed AchR
prepatterning (Henriquez et al., 2008).

Apart from the pro-synaptic effect of Wnt pathway, study in C. elegans showed that Wnt
can also merit inhibitory information during synaptogenesis. The DA9 motor neuron
form en passant synapses with muscles along the dorsal ventral axis. Interaction
between the Fz/LIN-17 at the asynaptic segment of the DA9 motor neuron axon and the
Wnt/LIN-44 expressed by the cells near the tail inhibits synaptic formation at this region.
Worms carrying the lin-17 mutant and lin-44 mutant both display ectopic synapse

formation (Klassen and Shen, 2007).

2.2.2.2 The TGF-B pathway

The transform growth factor-f (TGF-B) signaling has been implicated in controlling
various events during development and disease (Derynck et al., 2001; Massague and
Wotton, 2000). In the canonical TGF-B pathway, TGF-B ligand actives the type-Il and
type-l serine/threonine kinase receptors, and further induces Smad dependent
transcription events (Moustakas et al., 2001). The non-Smad pathway is not dependent
on Smad induced transcription, and instead is mainly mediated by activation of MAPK
and PI3K pathways (ten Dijke et al., 2000). The TGF-B superfamily can be further
divided into TGF-B, bone morphogenic proteins (BMPs) and activins which bind with

their distinct receptors and trigger different downstream events (Moustakas et al., 2001).

The role of TGF-p pathway in regulating synaptic development is best characterized in
the NMJs (Bayat et al., 2011; Wu et al., 2010). In Drosophila, mutation in the homolog
of type-lIl BMP receptor wishful thinking (Wit) leads to significantly reduced NMJ size
and severely impaired synaptic function (Aberle et al., 2002; Marques et al., 2002). Wit
expression is restricted to neurons, and reexpression of Wit in motor neuron is sufficient
to rescue the NMJ phenotypes, suggesting a specific presynaptic function. Loss of
function mutations in other TGF-B signaling molecules, including the BMP ligand

homolog glass bottom boat (Gbb), the type-I receptor homologs saxophone (Sax) and
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thickveins (Tkv), as well as the Smad homologs Mad and Medea cause similar synaptic
growth and functional defects at Drosophila NMJ (McCabe et al., 2004; McCabe et al.,
2003; Rawson et al., 2003). These evidences establish TGF-B pathway as a retrograde

signaling controlling synaptic development.

TGF-B pathway is also implicated in synapse stabilization. Disruption of TGF- pathway
in Drosophila leads to formation of distinct synaptic “footprints”: in some part of the NMJ
the postsynaptic specification persists, however presynaptic structures are retracted. In
parallel with activating Mad regulated transcriptions, the function of TGF-f pathway in
synapse stabilization is also partially mediated by LIM kinasel (DLIMK1). It was shown
that Wit directly associates with DLIMK1, and neuronal overexpression of DLIMK1
rescues both the synaptic retraction as well as the functional impairment in wit mutants
(Eaton and Davis, 2005). Misregulated TGF-B pathway is also implicated in the
pathogenesis of neurodegenerative diseases including hereditary spastic paraplegia
(HSP), amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), multiple
sclerosis (MS) and Huntington’s disease (Bayat et al., 2011; Wang et al., 2007).

2.2.2.3 The mitogen-activated protein kinase (MAPK) pathway

The MAPK pathway is a highly complex signal cascade connecting extracellular
signaling with intracellular responses. Three major subgroups of MAPKs have been well
characterized, including the extracellular signal-related kinases (ERKs), p38 MAPKs
and c-jun N-terminal kinases (JNKs). MAPKs are activated by specific MAP2Ks:
MEK1/2 for ERKs, MKK3/6 for p38 MAPKs and MKK4/7 for JNKs (Chang and Karin,
2001). MAP2Ks are further regulated by MAP3Ks, which are activated by various
stimulus including growth factors, peptide hormones, cytokines, cell stress and others.
Expression of many MAPK regulators and components has been shown to be enriched
in the nervous system, and MAPK signaling has been shown to be involved in neural

development and neurological diseases (Impey et al., 1999; Jover-Mengual et al., 2007).
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In Drosophila, loss of function mutation in the serine threonine kinase unc-51 leads to
accumulation of active zone components along the axon, impaired presynaptic active
zone formation, decreased synapse number as well as reduced synaptic function at the
NMJ(Wairkar et al., 2009). Mechanistic study reveals that Unc-51 inhibits the activity of
the ERK MAPK pathway to promote synaptic development. Mutation in the Drosophila
ERK homolog rolled rescues the synaptic development phenotype as well the impaired
synaptic activity in unc-51 mutants (Wairkar et al., 2009). Consistently, overexpression
of Ras and Raf which are the upstream activators of the MAPK pathway, as well as gain
of function allele of rolled leads to overgrowth of NMJ in Drosophila (Fischer et al., 2009;
Koh et al.,, 2002). This function of regulating synaptic growth is mediated by the
adhesion molecule Fasll (Koh et al., 2002).

The postsynaptic effect of Wnt5a in recruiting the synaptic scaffold protein PSD95 to the
dendritic spine is also through a non-canonical Wnt signaling pathway involving JNK

activation (Farias et al., 2009).

A series of studies delineate a conserved MAPK pathway in regulating synaptic
development, axonal regeneration and plasticity. Mutations in a Drosophila E3 ubiquitin
ligase highwire (Hiw) lead to extremely lengthened neuromuscular junction, reduced
synaptic bouton size as well severely impaired synaptic function (Wan et al., 2000).
Further study revealed that Hiw inhibits the level of a dual-leucine zipper kinase (DLK)
to restrict NMJ development (Collins et al., 2006). Loss of function mutations in a DLK
homolog wallenda (wnd) as well as expression of dominant negative forms of the JNK
homolog basket (Bsk) or dominant negative forms of the transcription factor Fos can
rescue the NMJ development phenotype of hiw mutants. In C. elegans, the Hiw
homolog regulator of presynaptic morphology-1 (Rpm-1) localizes to the presynaptic
terminal. Loss of function mutant of rpm-1 leads to vast synaptic development
abnormalities. Some rpm-1 mutant synapses have multiple active zones, whereas many
others have none; motor neurons also show disturbed axonal branching (Nakata et al.,
2005; Schaefer et al., 2000; Zhen et al., 2000). The function of Rpm-1 in regulating
synaptic development is also dependent on its role in controlling the signal strength of
the DLK as well as p38 MAPK pathway in the nematode (Nakata et al., 2005).
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Interestingly, the Wnd MAPK signaling cascade also has been shown to regulate axonal
regeneration after injury, which is also a conserved function between flies, worms and
vertebrate (Miller et al., 2009; Xiong et al., 2010; Yan et al., 2009).

In the present study, | am going to show that the Wnd MAPK pathway also regulates
synaptic assembly. Overactivated Wnd MAPK pathway is involved in the synaptic
development defects caused by of a hypomorph allele of Kinesin-3 homolog in

Drosophila.

Apart from the signaling pathways discussed above, some other signal cascades also
have been shown to regulate synaptic development (Wu et al., 2010). Interaction
between neuron and glia also plays important role during synaptic establishment and
maturation. These mechanisms work together to regulate synaptic formation ensure the

accurate wiring of neural network.

2.2.3 Molecular motors and synaptic development

Synapses normally form at the tips of neuronal processes, which can be extremely
distant from neuronal cell body at a cellular scale. For instance, in humans the somatic
motor neurons controlling toe movement extend axons of more than one meter long to
establish synaptic connection with appropriate muscle. Synaptic proteins, synaptic
vesicles, mitochondria, etc have to be transported to the synaptic site, and proteins to
be degraded have to be transported back to the cell body. Very efficient and tightly
controlled intracellular transport is of vital importance both for the establishment of the

synaptic structure as well as maintenance of synaptic function (Cai and Sheng, 2009).

2.2.3.1 Major molecular motors

Motor proteins responsible for intracellular transport belong to three major groups:
kinesins, dyneins and myosins. Both kinesins and dyneins are microtubule associated
motors which travel along microtubule tracks (Vale, 2003). In vitro analysis
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demonstrates that most kinesins are plus-end directed motors, whereas dyneins are
minus-end directed. Because microtubules in axons arrange uniformly, having plus-end
pointing to the axonal terminal and minus-end pointing to the cell body, kinesins are
believed to be the major anterograde motor transporting cargos to the synapses while
dyneins are mainly responsible for retrograde transport to carry cargos back to the cell
body. In proximal region of dendrites, there is a mixed microtubule polarity, but at distal
region the microtubule bundles are also unidirectional, having the plus-ends pointing to
the tips.

Microtubule tracks normally extend till some distance away from the plasma membrane
and are continued by actin filaments (F-actins) based cytoskeletons. Unconventional
myosins are actin associated motors which is responsible for transporting cargoes along
actin filaments. Although so for less well understood than microtubule based transports,
local transport of cargoes along actin filaments is of crucial importance as this is always
the immediate step before cargoes arrive at their final destination or the priming step for
microtubule based transport (Bridgman, 2004). Here we focus on the function of kinesin
based intracellular transport.

Systematic study indentifies 45 Kinesin super family proteins (KIFs) in mouse genomes,
38 of which are expressed in the brain (Miki et al., 2001). All KIFs share a highly
conserved “head domain”, which contains an ATP binding motif and microtubule binding
motif. The head domain hydrolyzes ATP, which causes conformational change to the
head domain and leads to processability (Hirokawa and Noda, 2008). Apart from the
head domain, kinesins also contain a “stalk” region and “tail” region, which are both
highly variable. The stalk region contains coiled-coil domains which enable formation of
functional kinesin dimers. The tail regions are important for cargo recognition. The
conventional kinesins (KIF5s in vertebrate) are also coupled with kinesin light chains
(KLCs) to facilitate cargo binding (Gyoeva et al., 2004), thus KIF5s are also called
kinesin heavy chains (KHCs). Many adaptor proteins also have been indentified, which
modulate kinesin-cargo interaction (Hakimi et al., 2002; Kamm et al., 2004; McGuire et

al., 2006). Due the various cargo binding specificities, activity regulation mechanisms
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and expression profile, kinesin based transport is involved in regulating various aspects

of synaptic development.

2.2.3.2 Kinesin and synaptic development

Anterograde transport of t-SNARE proteins including SNAP-25 and syntaxin, which
localized to the presynaptic plasma membrane, seems to be mainly carried out by
Kinesin-1/KIF5s. SNAP-25 has been predicted to associated with the Kinesin-
1/KIF5/KHC, and its direct interaction with the cargo-binding domain of the human KHC
was proved by yeast two-hybrid experiments (Diefenbach et al., 2002). Syntaxin
transport has been shown to be regulated by the microtubule associated protein
syntabulin (Su et al., 2004). Because syntabulin is associated with the Kinesin-1 family
member KIF5B and acts as an adaptor protein to mediate cargo binding, the tight
Syntaxin-Syntabulin association strongly suggests the synaptic delivery of Syntaxin is
also Kinesin-1 based (Cai et al., 2007).

Several lines of evidence suggest that at least some presynaptic active zone proteins
are transported by Kinesin-1/KIF5s. Immunoisolation experiments show that in rat
brains KIF5B is associated with Bassoon containing membranous organelles. These
organelles are presumably active zone precursors because they also contain other
active zone proteins including Piccolo, N-Cadherin, Syntaxin as well SNAP-25 (Cai et
al., 2007). In primary hippocampal neurons, knockdown of the KIF5 adaptor protein
Syntabulin and disrupting its association with KIF5 or Syntaxin both strongly inhibit
axonal transport of these Bassoon containing active zone precursor vesicles, leading to
accumulation of Bassoon containing vesicles in neuronal cell bodies (Cai et al., 2007).
Furthermore, this Syntabulin dependent transport of active zone precursor vesicles is
crucial for activity dependent structural plasticity, as formation of new synapse after
stimulation is strongly inhibited by Syntabulin knockdown, whereas Syntabulin

overexpression enhances this process (Cai et al., 2007).
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The Kinesin-3/Unc-104 family is a class of motors with major neuronal functions.
Structurally the Kinesin-3 motors contain a distinct forkhead —associated (FHA) domain,
which is important for regulating motor dimerization, microtubule affinity and
processability (Lee et al., 2004). Members of the kinesin-3 family have been shown to
be the major transporters of synaptic vesicle precursors (SVPs), and they have
important role in regulating synaptic development. Unc-104 in C. elegans is the first
indentified member of the kinesin-3 family. unc-104 mutant worms have few synaptic
vesicles in the axon terminals, forming less synapses which are also smaller. At the
same time, synaptic vesicles like aggregates are found in motor neuron cell body (Hall
and Hedgecock, 1991). In the mouse genome there are three subtypes of Kinesin-3
motors, KIF1A, KIF1B and KIF1C (Miki et al., 2001). Both kif1A knockout and kiflB
knockout mice show similar severely reduced synaptic vesicle density at nerve
terminals as well as decreased synapse number (Yonekawa et al., 1998; Zhao et al.,
2001). In vitro assay also proved a direct association of KIF1Bj3, one of the KIF1B
variants, with synaptic vesicle precursors marked by Synaptotagmin, Synaptophysin
and SV2 (Zhao et al., 2001). In Drosophila, loss of function mutations in the kinesin-3
homolog unc-104/imac lead to embryonic lethality (Pack-Chung et al., 2007). In unc-104
mutant fly embryos, transport of synaptic vesicle precursors as well as peptide filled
dense core vesicles (DCVs) is severely impaired, motor neuron terminals fail to
transform into synaptic boutons, and few neuromuscular synapses form (Pack-Chung et
al., 2007). Another two hypomorphic alleles of Drosophila unc-104 lead to lethality at
late larval stage or pupal stage, but leading to similar impairment of SVP and DCV
transport (Barkus et al., 2008).

Mitochondria at the synaptic terminals are crucial for synaptic development as well for
generating energy for proper synaptic activity (Morris and Hollenbeck, 1993; Shepherd
and Harris, 1998). What is more, mitochondria also have been shown to be involved in
Ca?* buffering mechanism in some forms of synaptic plasticity (Tang and Zucker, 1997).
Kinesin-1/KIF5s have been shown to be the major anterograde mitochondria
transporters (Cai et al., 2005; Glater et al., 2006; Stowers et al., 2002). Cell from the

kif5B knockout mouse shows prominent perinuclear localization of mitochondria, which
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can be rescued by exogenous kif5B expression. Subcellular fractionation experiment

also shows that mitochondria associate with KIF5B (Tanaka et al., 1998).

Mitochondria do not seem to depend on kinesin light chain (KLC) for binding with KIF5s.
Instead, several other adaptor proteins have been implicated in mediating motor-cargo
binding and KIF5 recruitment during mitochondria transport. Miro proteins are Ras
GTPases localizing to mitochondria membrane (Fransson et al., 2003). Miro binds to
Milton, an adaptor protein associated with KIF5/KHC and forms a complex mediating
mitochondria transport (MacAskill et al., 2009; Stowers et al., 2002; Wang and Schwarz,
2009). Importantly, Miro mediates a Ca®" dependent regulation of mitochondria
transport. In vertebrates, Ca** binding to the EF hand calcium binding domain of Miro
leads to dissociation of the mitochondria-Miro-Milton complex with KHC, while in
Drosophila Ca?* binding to Miro cause KHC detachment from microtubule (MacAskill et
al., 2009; Wang and Schwarz, 2009). In both cases, Ca** binding negatively regulate

mitochondria transport.

Syntabulin is another adaptor protein regulating KIF5/Khc based mitochondria transport.
Syntabulin is targeted to mitochondria via its C-terminal sequence. In primary neuron
cultures, Syntabulin is co-transported with mitochondria along neuronal processes.
Interfering Syntabulin interaction with KHC and knockdown of Syntabulin both strongly
inhibit mitochondria localization in neurites, and also reduce mitochondria anterograde
transport (Cai et al., 2005).

Other kinesin associated proteins also have been implicated in regulating kinesin based
transport. The presynaptic active zone component Liprin-a has been shown to
associate with KHC in Drosophila (Miller et al., 2005). While Liprin-a. association with
kinesin is probably important for its synaptic delivery, Liprin-a also seems to play a role
in regulating the behavior of motor proteins. In the axons of liprin-a mutant larvae, there
IS excessive synaptic vesicle deposit, which is accompanied by decreased anterograde
axonal transport and increased retrograde transport of Synaptobrevin-GFP labeled
vesicles. Through direct and indirect interactions, Liprin-o. may function to regulate the

activity of multiple motors and thus coordinate proper axonal transport (Miller et al.,

31



2005). In C. elegans, where Liprin-a is shown to bind the Kinesin-3 homolog Unc-104,
Liprin-o. seems to be important for facilitating the association of Unc-104 with synaptic
vesicles as well as enhancing Unc-104 processability (Wagner et al., 2009). In mouse
primary hippocampal neurons, the GIuR2 interaction protein GRIP1 is able to recruit
KHC to the somatodendritic region, whereas the kinesin binding domain of JNK/SAPK-
associated protein-1 (JSAP-1) leads to KHC accumulation at the somatoaxon area
(Setou et al., 2002).

Although less well understood than presynaptic functions, some important roles of
kinesin in regulating postsynaptic differentiation also have been revealed. KIF17 is a
brain enriched kinesin which is implicated in NMDA receptor subunit transport in
dendrites. In mouse neurons the NR2B subunit of NMDA receptor forms protein
complex containing mLin-10/Mint11/X11, mLin-2/CASK and mLin-7/MALS. KIF17 is
shown to directly bind to the PDZ domain of mLin-10 and transport NR2B containing
complex in vitro (Setou et al., 2000). In primary mouse hippocampal neuron cultures,
YFP tagged KIF17 colocalized with NR2B subunits along dendrites; knockdown of
KIF17 or blocking motor function by expression of a truncated form of KIF17 reduces
synaptic localization of NR2B and leads to its accumulation in neuronal cell body
(Guillaud et al., 2003). Transport of the AMPA receptor subunit GIuR2 in mouse
neurons is found to be Kinesin-1 dependent. The GluR2 interaction protein GRIP1 has
been shown to directly bind KHC, and recruit it for GIuR2 transport in the dendrites.
Blocking KHC function impaired dendritic localization of both GRIP1 and GIuR2 (Setou
et al., 2002).

Recent study also reveals that transport of mRNA to the synapses to enable local
translation is important for structural plasticity. In sensory neurons, treatment with
Serotonin leads to synapse specific long term facilitation which can last for more than
72 hours (Casadio et al., 1999). Maintenance, but not induction of this long term
facilitation is dependent on the expression and axonal transport of the Aplysia

eukaryotic translation elongation factor 1a as well as its mMRNA (Giustetto et al., 2003).
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2.3 The Drosophila neuromuscular junction

The fruit fly, Drosophila melanogaster has been established as a valuable model
organism for biological sciences. The fly genome has been among the first ones to be
fully sequenced; many proteins as well as important biological processes are conserved
between Drosophila and vertebrates (Adams et al., 2000). The genetic background of
Drosophila is well characterized, and powerful genetic tools have been established. The
widely used UAS-Gal4 system enables efficient spatial and temporal control of gene
expression (Brand and Perrimon, 1993). Transposon based mutagenesis as well as
transgenic technique enable convenient and low-cost generation of transgenetic
animals. Drosophila is easy to maintain, with relatively short life cycle, making it a
favorable organisms for performing large scale mutagenesis and unbiased screening
(Bellen et al., 2004; Medina et al., 2006).

The Drosophila neuromuscular junction is a well established model system for studying
synaptic development and for modeling neurological disorders. The arrangement of
larval neuromuscular system is very well characterized. Each segmental unit of the
larval body wall musculature contains 30 muscles, which are innervated by 32 motor
neurons in the ventral nerve cord. The arrangement of muscles and arborization of
motor neuron terminals are both stereotyped, making it possible to reliably identity and

compare the neuromuscular junctions of interest.

The Drosophila neuromuscular junctions are glutamatergic, which resembles the
excitatory synapses in vertebrate central nervous system. A neuromuscular junction
normally comprises up to 20-50 synaptic boutons, which are connected by neuronal
membrane. Within each synaptic bouton, there are about 10 single synapses. During
development, along with the growth of muscles, new synaptic boutons are added into

NMJs and new synapses can form within preexisting as well as new boutons.

Various experimental techniques are easily applicable to NMJs, including
electrophysiology, immunohistochemistry as well as electron microscopy. Especially
thanking to the transparent nature of the larval cuticle and availability of various

fluorescently tagged proteins, non-invasive live imaging of protein and organelle
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Figl. The Drosophila neuromuscular junction. (A), illustration of the musculature of a filleted
Drosophila larva opened along dorsal longitudinal axis of the body. Segmental nerves extend from the
ventral nerve cord and innervate defined muscles. (B), (C) and (D), sample neuromuscular junction (B),
synaptic bouton (C) and glutamatergic synapse (D), respectively. In (B-D), Larvae were stained with the
neural membrane marker HRP (blue), presynaptic active zone marker Brp (red) and postsynaptic density
marker GIURIIC (green). Scale bars, in (B), 20um; in (C), 2um; in (D), 500nm.

dynamics has provided important new insight for understanding neural development at

native setting (Fuger et al., 2007; Rasse et al., 2005).

In this thesis, Drosophila is used as a model organism to study the mechanisms
regulating synapse development and maintenance of neuronal function. The synaptic
phenotype caused by a hypomorph allele of the Drosophila kinesin-3 homolog, unc-
104°™ is to be investigated and the underlying mechanism causing the observed
structural and functional abnormalities is to be explored. With these efforts, this work will
hopefully help to gain new insight in understanding how various signals orchestra to
enable normal synaptic development, and further to shed light in the pathogenesis of

related neurological disorders.
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3. Materials and methods

The electrophysiology experiments and most of the data analysis pertaining to
electrophysiology were performed by Dr. Doychin Stanchev. These data are included

with his permission.

Fly Stocks

Flies were cultured on standard soft media seeded with live yeast at 25°C if not
otherwise indicated. w*''8, UAS-fos™, UAS-bsk™, elav-Gal4, unc-104*°% UAS-cac-
gfp were from Bloomington Stock Center. unc-104"" was from Jay E. Brenman (Medina
et al.,, 2006). UAS-mito-gfp, D42-Gal4, and UAS-anf-gfp, D42-Gal4 recombination
stocks were from William Saxton (Barkus et al., 2008). GIuRIIA-mRFP and GIuRIIB-
GFP with native promoters and UAS-brp and UAS-brp-RNAi (C8) were gifts from
Stephan Sigrist (Rasse et al., 2005; Wagh et al., 2006). UAS-srpk79d-gfp was from
Erich Buchner (Nieratschker et al., 2009). hiw™, UAS-wnd, UAS-hiw-gfp, wnd1l and

wnd3 stocks were from Aaron DiAntonio (Collins et al., 2006).

Immunohistochemistry

Larvae were dissected in Ca®*-free HL3 solution and fixed in 4% formaldehyde in PBS
for 3 minutes (staining with native fluorescent proteins) or for 10 minutes (for staining
with only immunofluorescent labeling). Mid third instar stage larvae were used for
dissection if not otherwise indicated. Primary antibodies incubation was done overnight
at 4°C in PBS with 0.05% Triton-X and 5% normal goat serum. Fillets were then washed
and incubated with fluorescent-conjugated secondary antibodies at room temperature
for 2 hours. Larval fillets were mounted on a glass slide in mounting media (Vectashield,
Vector). Primary antibodies used were: mouse monoclonal anti-DIlg (4F3) at 1:50 and
mouse monoclonal anti-Brp (NC82) at 1:100 (Developmental Studies Hybidoma Bank),
rabbit anti-GIuRIIC at 1:2000 (Stephan Sigrist), rabbit anti-DVGlut at 1:1000 (Hermann
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Aberle), rabbit anti-Rab3 at 1:1000 (Graf et al., 2009). Fluorescent-conjugated
secondary antibodies used were: goat anti-mouse Alexa 488 or Alexa 568 and goat
anti-rabbit Alexa 488 or Alexa 568 (Molecular Probes); goat anti-mouse Atto 647
(Sigma). Goat anti-HRP conjugated with Cy3 (Dianova) was added together with

secondary antibodies. All used at 1: 500.

Images were captured using a Zeiss LSM 710 confocal microscope, with a 40x plan
apochromat 1.3 N.A. oil objective and the ZEN software. Pixel size of 0.1umx0.1um and
0.5um interval between frames were constantly kept during imaging. Pinhole was kept 1
or 1.5 during imaging. ImageJ 1.43 (NIH) was used for image processing and

subsequent data analysis.

Quantifications of Brp puncta/PSD Size and Intensity

Image processing and quantification were essentially performed as previously described
(Fuger et al., 2007). Larvae to be compared are dissected on the same day, stained in
the same tube, mounted on the same slice, and imaged using the same settings. On the
original image stack, “Gaussian blur” filter with a radius of one was applied
(Processffilters/Gaussian blur). Subsequently, a maximum projection of the image stack
was made and scaled by two (Image/scale). A threshold was set to create a binary
mask so that the less than 5% of the smallest synapses are lost and most of the
structure of interest are preserved with appropriate size (Image/adjust/threshold). The
mask was then projected to the original image (Process/image calculator/operation
“Min”) to create a new image in which only the intensity and shape of structure of
interest are preserved and the background has a value of zero. Manual segmentation
was done on the resulted picture using the pencil tool with line thickness of two pixels
and “color picker” value of zero. Area and average intensity of discrete structures in the
segmented picture were analyzed (Analyze/ Analyze particles). To Measure the
intensity and area of structures within the NMJ (DVGIlut, Mito-GFP, Rab3, ANF-GFP,
etc.), a region of interest was defined by applying a mask generated from the
corresponding HRP channel.
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Electrophysiology

Current clamp intracellular recordings were performed on muscle 6 segment A2 of third
instar stage larvae. The larvae were pinned and stretched in a Sylgard-coated perfusion
chamber and visualized on Olympus BX51WI microscope. "Bee-stinger" sharp
electrodes (10-15 MQ), made of borosilicate glass (outer diameter 1.5 mm) were filled
with 3 M KCI. Only cells with resting potential between -55 and -80 mV and input
resistance higher than 4 MQ were included in the analysis. Recordings were performed
in HL3 Stewart saline (Stewart et al., 1994) containing (in mM): 70 NaCl, 5 KCI, 20
MgCl,, 10 NaHCOg, 5 trehalose, 115 sucrose, and 5 HEPES; the concentration of
calcium was 1, pH adjusted to 7.2. All experiments were performed at 18°C. Stimulation
of the segmental nerve was executed by pulling the cut end of the nerve into a self-
made suction electrode (5-6 pum in diameter) filled with HL3 and passing a brief (0.3 ms)
bi-polarizing pulse across the nerve. Stimulation was accomplished with a ISO-STIM
01D stimulus isolation unit (NPI electronics GmbH, Tamm, Germany). The signal was
acquired with an Axoclamp 900A amplifier (Axon Instruments), digitized with a Digidata
1440A analog to digital board, recorded with a PC used pClamp 10.3 (Axon Instrument)
and analyzed with AxoGraph X software. The amplitudes of the EJPs were corrected for
nonlinear summation (Kim et al., 2009; McLachlan and Martin, 1981). To be specific,

the following equation was used:
EJP, =EJP./[1-f(EJP,/D)]

in which EJP;, is the adjusted EJP after correction for non-liner summation; EJP, is the
measured amplitude of active potential; D is the driving force, which equals to (resting
potential-reversal potential), and the reversal potential for Drosophila NMJ is assumed
to be OmV; f is the membrane capacitance factor, whose value at Drosophila NMJ is
0.55. Only EJPs which are higher than 15% of the resting potential are corrected for
non-linier summation using the above equation. The quantal content was calculated by

dividing the average of corrected EJP by the average mEJP amplitude.
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Larval locomotion assay

Larvae between the ages of about 36 hours AEL and 84 hours AEL were combined and
recovered from the media by dispersing briefly in 15% sucrose solution followed by
rinsing with tap water. Subsequently, larvae were kept at 25°C with 70% humidity for 45
minutes, before being transferred to a 15x15 agar plate for 10 minutes filming.
Locomotion speed and larval size (area) were analyzed with custom-built software
(AnimalTracer, Rasse et al., unpublished results). Larval length was calculated from the
measured size assuming that the ratio between the length and width of larva is 3.5.
Larvae were grouped according to their length and the average locomotion speed of
larvae in the same length group was calculated.

Statistics

Statistical tests were performed following the procedure below. Data sets were first
tested for normality. According to the result of normality test and number of groups in
the data set, statistical test were done in one of the four following ways. 1) For data sets
with two groups which were both normally distributed, student’s t test was used. 2) For
data sets with two groups, and at least one of which was not normally distributed, Mann
Whitney test was used. 3) For data set with three groups or more which were all
normally distributed, one way ANOVA was used followed by Tukey's multiple
comparison test. 4) For data set with three groups or more, and at least one of which
were not normally distributed, Kruskal-Wallis test were used followed by Dunn's multiple
comparison test. In every case, P>0.05 was regarded not significantly different and
indicated by “n.s.” in charts; P<0.05, P<0.01 and P<0.001 were indicated by “*”, “**,

and ™**” in charts, respectively.
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4. Results

The electrophysiology experiments and most of electrophysiology related data analysis
were performed by Dr. Doychin Stanchev. Data was included with his permission.

The ratio data analysis in section 4.1.5 was performed with the help of Baran Kog.

4.1 Characterization of the phenotype in unc-104°" mutant

Using forward genetics screening we have previously identified a mutant allele of the
Drosophila kinesin-3 homolog, unc-104"", which leads to three major synaptic
development defects. Firstly, unc-104°"™ NMJs shows impaired presynaptic AZ
assembly. Whereas in wild type larvae only less than 5% of the synapses at the
neuromuscular junction are negative for the presynaptic AZ organizing protein Brp,
about 30% of the unc-104°" mutant synapses are found unopposed by Brp (Kern et al.,
unpublished observations). Secondly, unc-104"™ NMJs are much more elongated,
which is accompanied by significantly reduced size of synaptic boutons. Thirdly,
development of the subsynaptic reticulum (SSR), a postsynaptic membranous system

surrounding synaptic boutons, is greatly reduced.

4.1.1 Brp mislocalization in unc-104°" mutant is not downstream of insufficient
Brp at the NMJ

A null allele of Drosophila unc-104 leads to severe reduction of Brp at motor neuron
terminals at late embryonic stage (Pack-Chung et al., 2007). It is also shown that Brp
abnormally accumulated in the neuronal cell bodies in the ventral ganglion of unc-104°"
mutant larvae (Kern et al., unpublished observations). Comparing the total amount of
Brp per NMJ between control and unc-104"" mutant revealed that the quantity of Brp at
unc-104°" mutant NMJs dropped to only half of that in control (Fig. 2 A, B). The size of
presynaptic Brp puncta in unc-104"" mutant also reduced by half (Fig. 2 A, C).
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One possible explanation of the observed Brp mislocalization at unc-104°" mutant

neuromuscular synapses is that it is a result of insufficient supply of Brp to the NMJ. In
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Fig2. Brp overexpression modifies the AZ assembly defect in unc-104"" mutants. (A) Confocal
images of neuromuscular synapses immunostained with Brp (magenta) and GIuRIIC (Green) in control,
unc-104""* and unc-104b”s;brp-OE larvae. Arrows indicate synapses devoid of presynaptic Brp puncta.
Bar, 5um. (B-D) Quantification of the amount of Brp per NMJ, Brp quantity at single punctum (AreaX
Intensity), as well as the percentage of synapses devoid of Brp in groups stated in (A). (B) The amount of
Brp per NMJ in unc-104°" mutants was about half of wildtype control. Pan-neural overexpression of Brp
cDNA induced by elavX-Gal4 in an otherwise unc-104"" background at 29°C doubled Brp quantity at the
NMJ, to a similar level with controls (control: 2306+ 283.0 a.u.; unc-104b”s_: 1252+ 133.3 a.u.; unc-
104°";brp-OE: 2697+180.9 a.u.. control vs. unc-104""™: P<0.01; unc-104"" vs. unc-104"";brp-OE:
P<0.001; control vs. unc-104"":brp-OE: P>0.05). (C) Size of presynaptic Brp punctum in unc-104""
mutant NMJs was also about of half wildtype control. Brp overexpression in the unc-104"" background
doubled Brp puncta size to a similar level with wildtype control (control: 1.392 + 0.081 a.u.; unc-104"";
0.709 + 0.030 a.u.; unc-104"";brp-OE: 1.522 + 0.102 a.u.. control vs. unc-104"": P<0.001; unc-104°"" vs.
unc-104°":brp-OE: P<0.001; control vs. unc-104°";brp-OE: P>0.05). (D) The percentage of synapses
devoid of presynaptic Brp puncta in unc-104"" NMJs was over 8 folds higher than wildtype control. Brp
overexpression partially rescued the percentage of Brp(-) synapses in unc-104°" mutants, but it was still
5 times higher than wildtype (control: 2.21 + 0.54%; unc-104"": 20.92+1.46%; unc-104"" ;brp-OE: 12.70
+ 1.61%. control vs. unc-104"": P<0.001; unc-104"" vs. unc-104"";brp-OE: P<0.001; control vs. unc-
104°";brp-OE: P<0.001). Number of NMJs quantified in (B-D): control: N=9; unc-104"": N=8; unc-
104°";brp-OE: N=8. Experiments performed at 29 °C. Statistical test: One-way ANOVA followed by
Tukey's Multiple Comparison Test. **, P<0.01; ***P<0.001. Error bars indicate the SEM.
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order to test this hypothesis, Brp was overexpressed at the NMJs in an otherwise unc-
104°" mutant background. Pan-neural overexpression of Brp using the elav-Gal4 driver
at 29°C doubled Brp level in unc-104"™ mutant NMJs, to a similar level with wildtype
control (Fig.2 A, B). Concurrently, Brp overexpression also brought the presynaptic Brp
puncta size in unc-104°";Brp-OE group back to a level similar with wildtype (Fig.2 A, C).
Brp overexpression also significantly reduced the percentage of synapses devoid of
presynaptic Brp puncta (thereafter Brp(-) synapse) in unc-104™ mutants. However,
despite the full rescue of Brp quantity at the NMJ, the percentage of Brp(-) synapses in
the unc-104°";Brp-OE NMJs was still 5 times higher than wild type control (Fig.2 A, D).
Importantly, Brp overexpression also failed to rescue the other phenotypes including
larval lethality, NMJ overgrowth (unpublished observation). Therefore, our result shows
that it is not likely that the reduced Brp assembly at active zone in unc-104"" mutant
synapses is secondary of reduced Brp availability at the NMJ. Instead, the above result
speaks for a reduced ability of clustering Brp at the presynaptic compartment of these

Brp(-) synapses.

4.1.2 Systemic AZ assembly defects at NMJ in unc-104°" mutant larvae.

Apart from Brp, recent studies have identified several other AZ proteins in Drosophila.
These include the voltage gated Ca®* channel subunit Cac, Syd-2/Liprin-a, the SR
protein kinase SRPK79D, the multidomain RhoGAP-like protein DSyd-1 and most
recently the RIM binding protein DRBP (Fouquet et al., 2009; Johnson et al., 2009;
Kittel et al., 2006; Liu et al., 2011; Nieratschker et al., 2009; Owald et al., 2010). These
AZ proteins are involved in maintaining various aspects of the structural and functional
integrity of synapses. During synaptic development, these proteins are incorporated into
the AZ at defined temporal sequence (Fouquet et al., 2009; Owald et al., 2010; Owald
and Sigrist, 2009).

In order to detail the AZ assembly phenotype caused by the unc-104"" mutation, GFP-

tagged AZ proteins were expressed in unc-104°" mutant larvae and their localization at
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Fig3. Systemic AZ assembly defects in unc-104 mutant NMJs. (A-C) Confocal images of
Drosophila NMJs immunostained with synaptic prote|ns Synapses were marked by GIuRIIC staining
(Red) shown in the first row of each group. (A) Cac** channel clustering at AZs in wildtype control, unc-
104" and brp-RNAI larvae expressing Cac-GFP. Brp(-) synapses in unc-104"" animals are also devoid
of Cac** channel (arrows). In contrast, Brp(-) synapses in Brp-RNAi animals are mostly Cac-GFP positive
(arrowheads). (B) Liprin-a. clustering at AZs in wildtype control, unc-104"" and brp-RNAi larvae
expressing Liprin-a-GFP. Liprin-a-GFP does not localize to Brp(-) synapses in unc- -104" animals
(arrows), whereas in brp-RNAi animals Liprin-o-GFP is eV|dent at Brp(-) synapses (arrowheads). (C)
SRPK79D localization at AZs in wildtype control, unc-104"" and brp RNAI larvae expressing SRPK79D-
GFP. SRPK79D did not concentrate at Brp(-) synapses in unc-104"" group (arrows). At brp-RNAi NMJs,
SRPK79D also failed to concentrate at Brp(-) synapses (open arrowheads); large aggregation of
SRPK79D-GFP is evident in the bouton (open arrows). Bar, 2um. (D) Confocal |mages of Drosophila
NMJs |mmunosta|ned with GIURIIC (red) and Brp (blue& grey) in unc-104"", unc-104"";brp-RNAi and
unc-104""; ;brp-OE larvae expressing Cac-GFP. Arrows: [Brp(-), Cac(-)] synapses; open arrows: [Brp(-),
Cac(+)] synapses; arrowheads: [Brp(-), Cac(+)] synapses; open arrowheads: [Brp(+), Cac(-)] synapses.
(E) Quantification of Brp(-)synapses and Cac( ) synapses in groups stated in (D). Brp-RNAi doubled the
percentage of Brp(-) synapses in unc-104 ®’S mutant NMJs while brp-OE decreased it by half (unc- 104"
vs. unc-104"";brp-RNAi: P<0.001; unc-104""™ vs, unc-104"";brp-OE: P<0.001). Brp-RNAi did not change
the percentage of Cac() synapses in unc- 104" mutant NMJs, Whlle brp-OE decreased it mildly (unc-
104" vs. unc-104°";brp- RNAl P>0.05; unc-104"" vs. unc-104"":brp-OE: P<0.05). Number of NMJs
quantified in (E): unc-104"": N=8; unc-104°";brp-RNAi: N=7; unc-104"";brp-OE: N=8. Experiments
performed at 29 °C. Statistical test: One-way ANOVA followed by Dunnett's Multiple Comparison Test. *,
P<0.05; ***P<0.001; n.s., P>0.05. Error bars indicate the SEM.
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synapses was examined. Mid third instar stage larvae were co- stained with GIURIIC as
marker for PSD and the presynaptic AZ marker Brp. The examined AZ proteins
colocalized tightly with Brp in unc-104°" mutant NMJs (Fig. 3 A-C ). Brp(-) synapses at
unc-104"" mutant NMJs were also negative for Cac, Liprin-a and SRPK79D (Fig. 3 A-C,
arrows ), and Brp(+) synapses were positive for the examined AZ proteins. Thus the
Brp(-) synapses at unc-104°"™ mutant NMJs virtually did not contain any of the
examined, essential AZ components. These results reveal that AZ assembly is

abolished at a subset of synapses in unc-104"" mutant larvae.

4.1.3 The unc-104°"S mutation perturbs a mechanism regulating AZ assembly

Brp has been proposed to play a central role in AZ assembly in Drosophila
neuromuscular synapses (Fouquet et al., 2009). Cac shows very tight colocalization
with Brp in Rab3 mutant larvae where the distribution of presynaptic Brp puncta at the
neuromuscular synapses is limited to a small subset of synapses (Graf et al., 2009). It is
not known yet how Brp affects the localization of Liprin-o and SRPK79D. The systemic
AZ assembly defect in unc-104"" mutant synapses is possibly secondary of altered Brp
localization or rather consequence of the perturbation of a mechanism regulating the

clustering of all examined proteins at the AZ.

In order to elucidate how Brp affect the localization of other AZ proteins, we decreased
the level of Brp at Drosophila NMJs by pan-neural expression of a brp-RNAI construct
driven by the elav-Gal4 driver in larvae coexpressing GFP-tagged AZ proteins. Brp
knockdown resulted in large population of synapses unapposed by Brp (solid
arrowheads in Fig. 3 A, B, and open arrowheads in Fig. 3 C). Unlike unc-104°" mutants,
the Brp(-) synapses in brp-RNAI larvae are clearly positive for Cac and Liprin-a (Fig. 3 A,
B, arrowheads). These results show that localization of Cac and Liprin-ato AZ is not
dependent on Brp, thus it is unlikely that the coincidental absence of Cac and Liprin-a
with Brp at a subpopulation of unc-104"" mutant synapses is secondary of the absence

of Brp at these synapses.
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In brp-RNAI larvae, SRPK79D-GFP signal was still present across the bouton and
concentrated at Brp(+) synapses, but it showed poor enrichment at Brp(-) synapses (Fig.
3 C, open arrowheads). Large cloud of SRPK79D-GFP with strong signal was evident in
the bouton (Fig. 3 C, open arrows), possibly a sign of self-aggregation due to the
absence of AZ localizing signal. These results suggest that the association with Brp is

instrumental for SRPK79D’s AZ localization.

To further examine the nature of coincidental Brp and Cac localization at unc-104""
mutant synapses, we modulated Brp quantity in unc-104™ mutant larvae expressing
Cac-GFP. Decreasing Brp quantity by a brp-RNAi construct doubled the percentage of
Brp(-) synapses in unc-104°" mutant NMJs, resulting ~ 60% of synapses unapposed by
presynaptic Brp puncta (Fig. 3 E); however no change in the percentage of Cac(-)
synapses between unc-104"" and unc-104°";Brp-RNAI larvae was observed (Fig. 3 F).
Actually in unc-104°";Brp-RNAI larvae there were large number of synapses having
Cac but devoid of Brp (Fig. 3 D, arrowheads). However, it is noteworthy that the size of
these Cac puncta at Brp(-) synapses were significantly smaller than those at Brp(+)
synapses (open arrows), suggesting that Brp plays a role in maintaining the normal
quantity, but not the presence of Cac at the AZ. Brp overexpression in unc-104°" |arvae
decreased the percentage of Brp(-) synapses (Fig. 3 E); There was also a decrease in
Cac(-) synapses upon Brp overexpression (Fig. 3 F), which might be due to an increase
in overall activity upon Brp-OE. Brp(+), Cac(-) synapses are evident in unc-104"":brp-
OE NMJs (Fig. 3 D, open arrowheads).

Taken together, the absence of AZ proteins at a subset of synapses in unc-104°"
mutants is not secondary of Brp mislocalization. A mechanism controlling the assembly
of synaptic proteins at AZ is disrupted by the unc-104°" mutation.

4.1.4 Impaired synaptic functions in the unc-104""* mutant

To assess the effect of the unc-104"" mutation on synaptic function, current clamp

recording on mid third-instar stage larval NMJ was performed. Evoked excitatory
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junctional potentials (EJPs) were severely impaired in unc-104"" mutants compared
with controls (Fig. 4 A, B). These were fully rescued by pan-neural expression of wild

type unc-104 cDNA driven by the elav-Gal4 driver.
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Fig4. Impaired synaptic transmission in unc-104"" mutant NMJs. (A) and (C), Representative traces

of evoked release and spontaneous release recorded from wildtype control, Unc-104-OE, unc-104°" and
unc-104""-Rescue group. (B) and (D-F) Quantification of average EJP amplitude, mEJP amplitude,
guantal content and mEJP frequency in the same groups. unc-104"" mutant NMJs showed significant
reduction in all of the four quantified parameters, and these were rescued by pan-neural expression of
unc-104-mcherry induced by the elav-gal4 driver. Neural overexpression of unc-104 in an otherwise
wildtype background increased mEJP frequency compared with wildtype NMJs. 6-11 NMJs were
guantified for each group. Martin’'s correction for nonlinear summation (see material and methods) was
applied for EJPs shown in (B) and for calculating quantal content. Statistical test: One-way ANOVA
followed by Tukey's Multiple Comparison Test. *, P<0.05; **, P<0.01; **P<0.001; n.s., P>0.05. Error bars
indicate the SEM.

45



Spontaneous activity was also assessed by measuring the amplitude and frequency of
miniature excitatory junctional potentials (MEJPs). Compared with controls, mEJP
frequency was dramatically decreased in unc-104"" mutant NMJs (Fig. 4 C, F); mEJP
amplitudes were also significantly reduced in unc-104"" mutants (Fig. 4 C, D). Both the
decrease in mEJP frequency and mEJP amplitude were restored by pan-neural
expression of unc-104 cDNA. Interestingly, unc-104 overexpression in an otherwise

wildtype background led to higher mEJP frequency than wildtype (Fig. 4 C, F).

We also calculated quantal content, which is an estimation of synaptic vesicles released
at evoked release event. Quantal content of unc-104"" mutant NMJs decreased by half
compared with control, implying significantly less synaptic vesicles being released at
evoked event. Quantal content reduction in unc-104°" mutant was also rescued by pan-
neural reexpression of unc-104 cDNA (Fig. 4 E). Taken together, unc-104"" mutation
caused significant reduction in both spontaneous and evoked synaptic activity, leading

to severe impairment of synaptic function at Drosophila NMJs.

4.1.5 Defects in postsynaptic maturation in the unc-104"" mutant

Crosstalk between pre- and postsynaptic compartments is essential in coordinating
synaptic function. Presynaptic abnormality is almost inevitably associated with
postsynaptic changes (Graf et al., 2009; Owald et al., 2010), which may either reflect a
reaction to lesion or a complimentary response to maintain synaptic transmission.
Observing the distinct AZ assembly phenotype and change in synaptic activity in unc-
104" mutants, it is interesting to know if there are also postsynaptic abnormalities
caused by this mutation. Two types of ionotropic glutamate receptors have been
identified at the Drosophila neuromuscular synapses, the IIA-type and the IIB-type,
which differ in their subunit composition. Apart from the three compulsory subunits
(GIuRIIC, GIURIID and GIuRIIE), they either contain GIuRIIA or GIuRIIB as a fourth
subunit to form a functional heterotetrameric receptor. The IIA- and IIB-type glutamate

46



Merge

GIuRIB-GFP

GIuRIIA-GIuURIIB Ratio

O

GluRIIA-mRFP
AreaxIntensity (a.u.)

1.59

GlURIBEGFP

P E R .o,
* = * *
1.04 ‘-4__!—_!'AL-!
2l
0.51
- Control
- unc‘104bns
0.0+r—"—""—"—"T"—"T"T"7
NSk 5 O A
A ¥ o oF o7 o o o
IRV ARNIEN PPN
Synapse Size (pmz)
8000, —— XXk

@

GIuRIIB-GFP
AreaxIntensity (a.u.)

Synapse Size (um?)

0.59

0.44

0.31

0.24

=1
=
o
o
I

B
=
o
o
i

N
=
(=
(=]
L

Fig5. Glutamate receptor
composition in control and unc-
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Confocal images of neuromuscular
synapses stained with Brp (blue) in
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receptors exhibit very distinct electrophysiological properties (DiAntonio et al., 1999;
Marrus et al., 2004; Petersen et al., 1997; Qin et al., 2005). Every neuromuscular

synapse contains a mixture of [IA- and IIB-type glutamate receptors.

We expressed mRFP-tagged GIuRIIA and GFP-tagged GIuRIIB together in control and
unc-104°" mutant larvae and investigated their localization at neuromuscular synapses.
GIURIIA localization at unc-104°" mutant synapses was severely impaired-- there was a
significant reduction of GIURIIA-mRFP intensity in unc-104°"™ mutant synapses
compared with wildtype control, which was especially pronounced in small synapses
(Fig. 5 A, arrowheads and B). The localization of GIuRIIB appeared grossly normal in
unc-104"" mutants (Fig. 5 A, arrowheads and C).

It is reported that the receptor composition changes during the development of
Drosophila neuromuscular synapse: immature synapses are typically rich in IIA-type
receptors, whereas the two types of receptors are balanced as synapses mature
(Schmid et al., 2008). We quantified the IIA/lIIB ratio and found that consistent with
reported, the small synapses in control group appeared slightly “lIA-rich” compared with
mature ones which had more balanced GluRs (Fig. 5 D). Synapses in unc-104°"
mutants lost the normal IIA/1IB ratio, and became overall 1IB-rich. Small synapses in the
unc-104°" mutant larvae showed the strongest deviation from the normal IIA/IIB ratio;
bigger synapses demonstrated higher 11A/IIB ratio, yet still being significantly lower than

synapses of the same size in control (Fig. 5, D).

The change in GIuR composition in unc-104"" mutant synapses is consistent with the
reduction in mEJP amplitude, as the IlA-type receptors has higher single channel
conductance than IIB-type ones (DiAntonio et al., 1999). Because properly controlled
GluR receptor composition at synapse is important for normal synaptic function, the
altered GIuR incorporation in unc-104™ mutant synapses demonstrates a previously

unknown role of Kinesin/Unc-104 in regulating PSD maturation.

4.1.6 Impaired axonal transport at the NMJ in unc-104°"S mutant
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Kinesin-3/Unc-104 is a very important neuronal motor protein. Previous studies have
shown that unc-104 null mutants have severe defect in dense core vesicles (DCV) and
SVs transport (Pack-Chung et al., 2007). Two unmapped hypomorphic alleles of unc-
104 lead to larval lethality at late larval or pupal stage, showing similar impairment in
DCV transport but with no obvious abnormality in mitochondria localization (Barkus et
al., 2008). In rat primary hippocampus neuron cultures, shRNA knockdown of kifla
leads to very similar axonal transport abnormality with unc-104 hypomorphs in flies (Lo
et al., 2011). Interaction between the FHA domain and CC2 domain of Unc-104/KIF1A
has been shown to be important for the regulation of its monomer-to-dimer transition,
microtubule binding as well as processability (Lee et al., 2004). It is interesting to know
how the disruption of FHA domain by the unc-104°" mutation affects the transport of

cargoes to NMJs.

Localization of SV and SV associated protein Rab3 at the NMJ were first examined. Mid
third instar larvae were stained with the Drosophila vesicular glutamate transporter
(DVGIut) antiserum as a marker for SV (Daniels et al., 2004). HRP staining was used to
mark neuronal membrane. In control NMJs, intense DVGlut signal marked SVs filling
entire synaptic boutons (Fig. 6 A); distribution of Rab3 is very similar with SV (Fig. 6 C).
In unc-104™ mutants which there were much thinner NMJ branches and smaller
boutons, DVGIut staining became very low and was almost undetectable at some distal
segments where the NMJ was particularly thin and boutons scarcely formed (Fig. 6 A,
arrows and B). The same sharp reduction also held true for Rab3 immunoreactivity in
unc-104°" mutant NMJs (Fig. 6 C arrows and D). The above results proved that the
unc-104"" mutation disrupted the function of Unc-104 in maintaining the normal
localization of SV and SV associated proteins at the NMJ. Notably, the reduction in SV
as well as Rab3, which is implicated in SV recycling, is also consistent with reduced
guantal content in evoked release (Fig. 4 E).

We next examined the localization of DCV and mitochondria to the NMJs. ANF-GFP
and Mito-GFP have been shown to mark neuropeptide containing DCVs and

mitochondria respectively (Rao et al., 2001); these constructs were driven by the D42-
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Fig6. Effect of the unc-104"" mutation on the locolization of different synaptic protein and
organelles at the NMJ. (A) Confocal images of NMJs stained with DVGIut as a marker for SVs in

wildtype control and unc-104"" mutants. Neuronal meml%rane was labeled by HRP (magenta). The
ris

number and density of SVs reduced dramatically at unc-104™" mutant NMJs. (B) Quantification of DVGlut
at the NMJs shown in (A), normalized by HRP area (control: 54.70 + 2.75 a.u.; unc-104°": 8.92 + 1.04
a.u.. P<0.001). (C) Similar with (A), Rab3 (green) quantity also dropped very significantly at unc-104""
mutant NMJs. (D) Quantification of Rab3 at the NMJs shown in (C), normalized by HRP area (control:
46.69 + 3.25 a.u.; unc-104"": 4.77 + 0.46 a.u.. P<0.001). (E) and (G), confocal images of NMJs in control

bris

and unc-104"" mutant larvae expressing ANF-GFP(Green, in E) or Mito-GFP(Green, in G) induced by the

D42-Gal4 driver. ANF-GFP was barely present in unc-104"" mutant NMJs, in contrast with its affluent
abundance in control NMJs. Mito-GFP localization was only mildly affected in unc-104"" mutant NMJs. (F)

and (H), quantification of ANF-GFP and Mito-GFP at the NMJ as shown in (E) and (G), normalized by
HRP area. ANF-GFP in unc-104"" mutant NMJs dropped to only 2% of that in control (control: 17.84 +
1.56 a.u.; unc-104"": 0.34 + 0.10 a.u.. P<0.001); Mito-GFP affluence in unc-104"" mutant NMJs also
decreased, but to a far lesser extent (control: 59.09 + 6.84 a.u.; unc-104""; 34.77 + 4.13 a.u.. P<0.01).
N=9-13 NMJs in each group. Statistical test: Student’s t test. **, P<0.01; ***P<0.001. Error bars indicate
the SEM.

Gal4 driver which predominantly expresses in motor neurons. Mid third instar stage
larvae were stained with HRP as neuronal membrane marker, and subjected to cofocal
imaging. ANF-GFP positive DCVs were abundant in wildtype NMJs, while in unc-104°"
mutant NMJs the signal was extremely compromised, dropped to merely about 2% of
wildtype (Fig. 6 E, F). Mitochondria quantity normalized by HRP area at unc-104°"
mutant NMJs also dropped by about 40% when compared with wildtype (Fig. 6 G, H).
All in all, the unc-104"" mutation in the FHA domain severely disrupted the normal
function of the Kinesin-3 and led to drastic reduction in the delivery of multiple important
cargos to the NMJ.

4.1.7 Overexpression of Rab3 ameliorate the AZ assembly phenotype in unc-
104" mutants

Rab3 has been shown to regulate presynaptic AZ assembly in Drosophila
neuromuscular synapses; rab3 mutant and unc-104"" mutant NMJs share the similarity
that AZs formation is impaired in a subset of synapses (Graf et al., 2009). As Rab3
localization at the NMJs was severely reduced in unc-104"" mutant (Fig. 6 C, D), it is
possible that the reduced Rab3 is involved in the AZ assembly phenotype in the unc-
104" mutant. In order to test this possibility, rab3 cDNA was expressed using the pan-

neural driver elav-Gal4 in unc-104"" mutant larvae (Fig. 7).
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Fig7. Rab3 overexpression partially rescues the AZ assembly defect in unc-104""" mutants. (A)
Confocal images of neuromuscular junctions immunostained with presynaptic active zone protein Brp
and PSD marker GIURIIC in unc-104"" and unc-104"";UAS-rab3 larvae. Expression was induced by the
pan-neural driver elav-Gal4. Arrows indicate synapses devoid of presynaptic Brp puncta. Bar, 5um. (B-E)
Quantification of the percentage Brp(-) synapses (B), total Brp quantity per NMJ (C), average presynaptic
punctum Brp size (Area X Intensity) (D), as well as synapse number per NMJ (E) in groups demonstrated
in (A). Number of NMJs quantified in (B-E): N =8. Statistical test: student’s t test. *, P<0.05; n.s., P>0.05.
Error bars indicate the SEM.
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Rab3 overexpression in the unc-104°" mutant background reduced the percentage of
Brp(-) synapses by about 30% percent (Fig. 7, A, B). Itis proposed that Rab3 regulate
AZ assembly by increasing the probability that Brp clusters at the AZ. In rab3 mutant
NMJs, the quantity of overall Brp is not different compared with wildtype, however Brp
concentrates at a subset of synapses, forming “super AZs” at these site while leaving
the other presynaptic site apparently empty (Graf et al.,, 2009). The effect of Rab3
overexpression in reducing the abundance of Brp(-) synapses at unc-104" mutant
NMJ could also possibly be the result of a similar effect, i.e. by redistributing the
available Brp at the NMJ more among more synapses but leaving the total Brp quantity
at the NMJ unaltered. Surprisingly, Rab3 overexpression strongly increased the total
Brp quantity at unc-104°" mutant NMJs by almost 70% (Fig. 7, C). Rab3 reexpression
in rab3 mutant NMJs leads to disperse of “super AZs” and even redistribution of Brp
among presynaptic sites, and hence reduces average AZs size (Graf et al., 2009).
However, no detectable change in AZ size was found in unc-104°" mutants with Rab3
overexpression; actually there was even a mild trend of increasing Brp puncta size by
Rab3 overexpression, but it was not statistically significant (Fig. 7).

Taken together, these results show that Rab3 overexpression ameliorates the AZ
assembly phenotype in unc-104"" mutants. Rab3 overexpression strongly increased
overall Brp quantity at unc-104"" mutant NMJs, while had little effect on AZ size.

4.1.8 Impaired synaptic activity contribute little to the AZ assembly phenotype in

unc-104°"s mutants

Synaptic activity has been shown to play a role both in modifying synaptic strength in
mature synapses as well as in regulating synaptic development (Ataman et al., 2008;
Rebola et al.,, 2010; Samson and Pare, 2005). As there was severe impairment of
4bris

synaptic activity in unc-10 mutant NMJs (Fig. 4), we also sought to test if the

decreased synaptic activity played a role in leading to the AZ assembly phenotype.
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Fig8. Effect of blocking synaptic transmission on synaptic development. (A) Confocal images of
neuromuscular junctions immunostained with presynaptic active zone protein Brp and PSD marker
GIURIIC in larvae of the following four groups: control, TNT, unc-104"" and unc-104"" TNT. Expression
was induced by the motor neuron specific driver OK319-Gal4. Arrows indicate synapses devoid of
presynaptic Brp puncta. Bar, 5um. (B-C) Quantification of the percentage of PSDs unapposed by
presynaptic Brp (B) and average PSD size in terms of GIURIIC area in groups demonstrated in (A).
Number of NMJs quantified in B: N=4 for all groups. Number of PSDs quantified in C: N>650 for all
groups. Statistical test: For B, One-way ANOVA followed by Tukey's multiple comparison test. For C,
Kruskal-Wallis test followed by Dunn's multiple comparison test. ***, P<0.001; n.s., P>0.05. Error bars
indicate the SEM.

Tetanus toxin (TNT) cleaves Synaptobrevin and blocks synaptic vesicle fusion. In
Drosophila, neuronal expression of tetanus toxin has been used as a tool to effectively

block synaptic transmission (Schmid et al., 2008).
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Using the motor neuron specific driver OK319-Gal4, TNT was expressed in an
otherwise wildtype or unc-104°" mutant background. At 25°C, expressing TNT in
wildtype larvae led to strikingly reduced locomotion speed and lethality at late larval
stage. However, despite the severely impaired behavior, NMJ development was grossly
normal in TNT expressing larvae (Fig. 8 A, B). There was a mild tendency of increased
abundance of Brp(-) synapses in TNT expressing larvae, however it was not statistically

significant (Fig. 8 B).

Interestingly, an increase in PSD size was observed in TNT expressing NMJs.
Expressing TNT in unc-104™ mutant larvae further worsened the already impaired
larval movement. TNT expression in the unc-104™" mutant background also did not
alter the abundance of Brp(-) synapses. Unlike the case of TNT expression at wildtype
background, TNT expression at unc-104"" mutant background led to reduced PSD size
(Fig. 8 C), implying that the postsynaptic compensatory mechanism of increasing PSD
size upon blocking synaptic vesicle release is abolished in unc-104"" mutants. Actually
the average PSD size between wildtype control and unc-104"" mutant were also not
different, despite the difference in synaptic activity (Fig. 8 C).

Taken together, blocking synaptic transmission does not have an obvious effect of
affecting AZ assembly. TNT expression at neither wildtype background nor unc-104°"
mutant background leads to worsened active zone assembly, thus synaptic activity
likely contribute little to the presynaptic AZ assembly phenotype at unc-104°" mutant
NMJs.

55



4.2 Overactivation of the Wnd MAPK pathway leads to the synaptic development

phenotypes in unc-104"" mutant

A series of work indentified an MAPK signaling cascade which controls NMJ growth in
Drosophila (Collins et al., 2006; Tian et al., 2011; Wan et al., 2000; Xiong et al., 2010).
Highware (Hiw), which is an E3 ubiquitin ligase, has been shown to be a negative
regulator of this MAPK pathway (Collins et al., 2006). Mutation in the hiw gene leads to
very similar NMJ morphology with unc-104°" mutants including elongated NMJ and
much smaller synaptic bouton (Wan et al., 2000). Hiw inhibits MAPK pathway through
downregulating the level of a dual leucine zipper kinase (DLK) homolog, Wallenda
(Wnd). Loss of function mutation in wnd, expression of a dominant negative form of JINK
homolog Basket (Bsk™), as well expression of a dominant negative form of a
downstream JNK effector Fos (Fos™) have similar effect of inhibiting the NMJ
overgrowth phenotype in hiw mutants (Collins et al., 2006). We sought to investigate if

this MAPK pathway also plays a role in the unc-104"" mutant phenotype.

4.2.1 Downregulation of a MAPK signaling pathway rescues NMJ overgrowth in

unc-104°"S mutant

We first investigated the effect of wnd mutation on the NMJ overgrowth phenotype in
unc-104°" mutants. Loss of function mutations in wnd were combined with unc-104°"
mutation and NMJ morphology was assessed in double mutant larvae. Compared with
unc-104"" mutant larvae, NMJ length was dramatically reduced in unc-104°";wnd
double mutant larvae (fig. 9 A, B). Importantly, compared with wildtype control, wnd
mutation itself did not show an effect of limiting NMJ growth (fig. 9 A, B, compare
“Control” with “wnd”), thus the inhibition of NMJ overgrowth in unc-104"™ by wnd

mutation is due a specific inhibition rather than a general effect.

Next, the effect of disrupting JNK and Fos function on the NMJ overgrowth phenotype of
unc-104°" mutants was tested. In the Drosophila genome, there is a single JNK gene,

basket (bsk). A T181A mutation in bsk produces a nonphosphorylatable dominant
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Fig9. Downregulating MAPK pathway rescues the NMJ overgrowth phenotype in unc-104
mutants. (A) and (C), Confocal images of neuromuscular junctions immunostained with HRP antiserum
labeling neuronal membrane in larvae of the following four groups for (DA’J control, wnd, unc-104_b”s and
unc-104"":wnd, and the following six groups for (C): control, UAS-fos™, UAS-bsk®™, unc-104"", unc-
104°";UAS-fos™ and unc-104"";UAS-bsk®™. Expression was induced by the motor neuron specific driver
OK319-Gal4. Bar, 5um. (B) and (D), Quantification of NMJ length in groups shown in (A) and (C),
respectively. Number of NMJs quantified in B and D: N>=8 for all groups. Statistical test: One-way ANOVA
followed by Tukey's multiple comparison test. ***, P<0.001; n.s., P>0.05. Error bars indicate the SEM.

negative form of this MAPK (Bsk"™) (Adachi-Yamada et al., 1999). A truncated form of

Fos with the DNA binding domain and dimerization domain, but lacking the
transcriptional activation domain results in a dominant negative form of Fos (Fos™")
(Eresh et al., 1997). The motor neuron specific driver OK319-Gal4 was used to induce

kPN and Fos®M each in an otherwise wildtype or unc-104°" mutant

kDN

the expression of Bs

background. Expression of bs and Fos® both significantly reduced the NMJ length

in unc-104"" mutant larvae (Fig. 9 C, D). Similar with the effect of wnd mutant,
disrupting JNK or Fos function in wildtype background also did not result in decreased

NMJ length (Fig. 9 C, D).

The above results demonstrated that downregulating the Wnd MAPK pathway had a
potent and specific effect of inhibiting the NMJ overgrowth phenotype in unc-104°"

mutants.

4.2.2 Downregulation of the Wnd MAPK pathway also rescued the AZ assembly

phenotype in unc-104"" mutant

Observing that the NMJ overgrowth phenotype in the unc-104"" mutant can be inhibited
by downregulation of the Wnd MAPK pathway, it is interesting to know if the synaptic
assembly phenotype in unc-104°" mutant can also be rescued by Wnd MAPK pathway

downregulation.
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Fig10. Downregulating MAPK pathway inhibits the AZ assembly phenotype in unc-104"" mutants.
(A), (C) and (E), confocal images of neuromuscular junctions immunostained with the presynaptic active
zone protein Brp and PSD marker GIuRIIC in larvae of the following four groups for (A): control, wnd, unc-
104°™ and unc-104"";wnd, and the following four groups for (C): control, UAS-bsk™™, unc-104"", and
unc-104"":UAS-bsk®, and following four groups for (E): control, UAS-fos®™, unc-104"", unc-104"":UAS-
fos®™. Arrowheads indicate PSDs unapposed by Brp. (B), (D) and (F), Quantification of the percentage of
PSDs unapposed by Brp in groups shown in éA), (C) and (E), respectively. Loss of function mutation of
wnd, as well as expression of Fos™ and Bsk®" can all strongly inhibit the AZ assembly phenotype in unc-
104" mutants. (G), Cac localization at AZs was rescued by Fos™™ expression. Confocal images of
neuromuscular junctions immunostained with Brp and GIURIIC in control, unc-104"" and unc-104"";UAS-
fos®™ larvae expressing Cac-GFP. Arrowheads indicate synapses that are negative for both Cac-GFP and
Brp. Note the close colocalization of Brp and Cac-GFP in all three groups. For larvae in (A), (C), (E) and
(G), expression were induced by the motor neuron specific driver OK319-Gal4. Scale bars, 5um. Number
of NMJs quantified: N>=6 for all groups. Statistical test: Student’s t test. ***, P<0.001; **, P<0.01; *,
P<0.05. Error bars indicate the SEM.

The precentage of Brp(-) synapses in unc-104"" mutant and unc-104"":wnd double
mutant larvael was first assessed. Wnd loss-of-function dramatically reduced the
abundance of Brp(-) synapses (Fig. 10 A, B). Similar with wnd mutant, expression of
Bsk®™ and Fos®™ using the motor neuron specific driver OK319-Gal4 also very
significantly reduced the percentage of Brp(-) synapses in unc-104"" mutant larvae.

kPN and FosPN did not have obvious effect on AZ formation in

Notably, wnd mutant, Bs
wildtype background (Fig. 10 A, C, E). Thus downregulation of the Wnd MAPK cascade
also has specific effect of inhibiting the AZ assembly phenotype in unc-104"" mutant

NMJs.

As shown previously, the Brp(-) synapses in unc-104" mutant NMJs also lacks other
essential AZ components, including the Ca®* channel subunit Cac (Fig. 3, A). The effect
of restoring AZ assembly by downregulating the MAPK pathway could be limited to Brp
or common for other AZ components. In order to test this notion, we examined the
localization of Cac in larvae expressing a GFP tagged Cac construct driven by OK319-
Gal4. Expression of Fos®™in unc-104"" mutant larvae also restored localization of Cac-
GFP (Fig. 10 G). Importantly, the close colocalization of Cac with Brp was also
preserved in unc-104"™ larvae with Fos®™ expression. The above results revealed that
downregulation of Wnd MAPK pathway has the function of systemically rescuing the AZ

assembly phenotype in unc-104"" mutant.
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4.2.3 No ameliorated axonal transport in unc-104°"S:wnd double mutant larvae

Rescue of the AZ assembly phenotype in unc-104°" mutants by MAPK downregulation
could be the result of a direct effect of this pathway in regulating active zone assembly,
or possibly result of an indirect effect through enhancing the impaired axonal transport.
In unc-104°" mutants, Brp accumulates in the cell body region of VNC, where normally
Brp is scarcely present (fig. 11 A). The abnormal Brp localization is possibly due to
disturbed cargo loading caused by the unc-104"" mutation. We checked if this ectopic
Brp deposit is rescued by wnd mutation; surprisingly, Brp deposition in the cell body
region of VNC became even more severe in unc-104°";wnd double mutant larvae (Fig.
11 A).

Wnd MAPK pathway has been suggested to play a role in motor-cargo binding. Bsk™™
expression and loss of function mutation in wnd both lead to excessive Brp puncta
deposit along the axon (Horiuchi et al., 2007). In our experiments, we found that in wnd
mutants the excessive Brp deposit is restricted in the axon, but not in neuronal cell
bodies at VNC like unc-104"" mutants (fig. 11 A, B). unc-104°" mutants do not have
the phenotype of excessive Brp deposit in the axon, however in unc-104"";wnd double
mutant larvae there is similar Brp deposit in the axon like wnd mutants (fig. 11 A, B).
Taken together, wnd mutation did not show an effect of rescuing the ectopic Brp deposit
in the VNC of unc-104"" mutants, and it further led to Brp deposit along the axon, thus

it is unlikely that wnd mutation rescues through ameliorating axonal transport.

We also compared the quantity of total Brp at the NMJ between unc-104"" and in unc-
104°":wnd double mutants. Brp quantity at the NMJ in the latter group was significantly
higher than unc-104°" mutants (Fig. 11, C). Because wnd mutation did not rescue
axonal transport function, the increased synaptic Brp is very likely a due to enhanced
Brp stabilization as a result of improved AZ assembly.

It has been shown that wnd mutation also leads to increased DVGIut containing
deposits in the axon, similar with its effect on Brp (Horiuchi et al., 2007). We also
showed that localization of SV associated cargoes, Rab3 and DVGIut, is severely
4bris

reduced at unc-10 mutant NMJs (fig. 6 A-D). Unlike its effect on Brp, wnd mutation

61



“Control

[
L

CNNC

T ?O4hn._5. “; I._..‘. v I_'. o . unc-1 04@15;“{nd

**k%

)

—
o
S
g

Quantity of
Brp per NMJ (a.u
N b O ®
o O 0 O
e 8o

unc-104°" unc-104"":wnd

o
1

Figll. Mutations in wnd do not ameliorate axonal transport in unc-104"" mutants. (A) and (B),
confocal images of VNC (A) and segmental nerve (B) in larvae immunostained with Brp and neural
membrane marker HRP in control, wnd, unc-104"" and unc-104°";wnd larvae. Note the ectopic
deposition of Brp puncta in the cell body region of VNC in unc-104°" mutants in (A). Presence of wnd
mutation in unc-104"" mutants worsened this phenotype. (B), presence of wnd mutation leads to
excessive Brp puncta along the nerve in unc-104"”S larvae, similar with the phenotype of wnd mutants. (C),
quantification of total Brp at NMJs in unc-104"" and unc-104"";wnd larvae (unc-104"": 419.2+ 38.4 a.u.;
unc-104"":wnd: 794.0+ 61.6 a.u.. P<0.001). Presence of wnd mutation significantly increased the
quantity of Brp at unc-104"" NMJs. Scale bars, A, 50um; B, 10um. Number of NMJs quantified in (C):
N>=6 for both groups. Statistical test: Student’s t test. ***, P<0.001. Error bars indicate the SEM.
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did not increase the quantity of DVGlut at unc-104"" mutant NMJs (fig. 12 A, C), further
supporting the notion that wnd mutation does not have an effect of ameliorating axonal
transport.

4.2.4 The SSR underdevelopment phenotype in unc-104°"S mutants NMJs is also
rescued by downregulation of MAPK pathway

Another striking phenotype at unc-104™" mutants NMJs is underdevelopment of the
subsynaptic reticulum (SSR), which is an elaborate postsynaptic membranous system
surrounding synaptic boutons. Electron microscopy data shows that the SSR in unc-
104" mutants NMJs is far simpler, with much fewer layers of membrane structure
(Kern et.al, unpublished observations). Localization of the postsynaptic MAGUK protein
Dlg at SSR is dramatically reduced in unc-104"" mutants NMJs (fig. 12 A, B).

We observed that wnd mutant was also able to partially rescue the SSR
underdevelopment phenotype in unc-104"" mutants. DIg intensity at unc-104""; wnd
double mutant larvae were significantly higher than unc-104°" mutants. Actually there
was also a mild trend that wnd mutant leads to higher Dlg intensity at the NMJ
compared with wildtype control, but it was not statistically significant (Fig. 12 A, B).
Rescue of the SSR underdevelopment phonotype by wnd mutation is also not likely a

result of general effect of Wnd in inhibiting SSR development.

4.25 The locomotion defects in unc-104"" mutant larvae is not rescued by
downregulation of MAPK pathway

The unc-104""™ mutant larvae also suffer from severe beavior abnormalities. Locomotion
speed of unc-104"" mutant larvae dropped to only about 10% of the widltype larvae
(Kern et al., unpublished observations). Observing the above result that downregulating
MAPK pathway inhibits the synaptic development phenotypes in unc-104°" mutant, it is
interesting to know if MAPK downregulation also rescue the beavior abnormalities.
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Fig12. Mutations in wnd suppress SSR underdevelopment in unc-104"" mutants, but do not affect

SV localization at NMJ. (A) confocal images of neuromuscular junctions immunostained with the SV
associated protein DVGlut (red), the SSR associated protein DIg (green) and neural membrane marker
HRP (blue) in control, wnd, unc-104"" and unc-104"";wnd larvae. (B) and (C), quantifications of Dlg
intensity at SSR (B) and DVGlut intensity (C) in groups shown in (A). In (B), DIg intensity was dramatically
reduced compared with control (P<0.001); wnd mutation significantly increased Dlg intensity in unc-104°™
NMJs (unc-104""; 25.84+ 0.94 a.u.; unc-104"";wnd: 39.53 + 2.15 a.u. P<0.05). There is a mild trend that
wnd mutation increased Dlg intensity at SSR in wildtype background, but it was not statistically significant
(control: 62.26+ 2.86 a.u.; wnd: 73.70+ 4.92 a.u. P>0.05). In (C), wnd mutation did not show an obvious
effect on NMJ localization of DVGlut either in wildtype background or unc-104"" mutant background
(control: 40.35+ 3.74 a.u.; wnd: 41.94 +3.26 a.u.; unc-104"": 5.97+ 0.63 a.u.; unc-104""wnd: 6.96+ 1.23
a.u.. control vs. wnd: P>0.05; unc-104"" vs. unc-104°*;wnd: P>0.05). Scale bars, 20um. Number of
NMJs quantified: N>=8 for all groups. Statistical test: One-way ANOVA followed by Tukey's multiple
comparison test. *** P<0.001; *, P<0.05; n.s., P>0.05. Error bars indicate the SEM.
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A larval locomotion assay was performed to assess the effect of loss of function
mutation in wnd on the locomotion speed of unc-104°" mutant larvae. Compared with
unc-104"" mutant larvae, unc-104""; wnd double mutant larvae did show an enhanced
locomotion behavior; although there is a mild trend of increasing locomotion speed, it
was not statistically significant (Fig. 13). Interestingly, when comparing the locomotion
speed between wildtype and wnd mutant larvae, the latter actually had an increased
locomotion speed in the 3-4 mm length group (Fig. 13 B). Actually the wnd mutant
larvae did seem more restless than wildtype larvae when performing the locomotion

assay.

Therefore, despite the ameliorated synaptic morphology by downregulating MAPK

pathway in unc-104"" mutant larvae, the larval locomotion phenotype was not rescued.
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Fig13. Mutations in wnd do not rescue the locomotion impairments in unc-104°""

_ _ mutant larvae. (A)
and (B), locomotion speed of control, wnd, unc-104"" and unc-104"";wnd larvae which belong to the
length group of between 1-3 mm(A) and 3-4 mm(B), respectively. unc-104"" mutant larvae have a
locomotion speed of about 10% of control (P<0.001). unc-104"":wnd double mutant larvae do not have a
higher locomotion speed than unc-104"" mutant larvae. In (B), wnd mutant larvae of the 3-4 mm have
higher locomotion speed than control. Number of movies quantified: N=4 for all groups, no less than 45
trajectories quantifed in each movie. Statistical test: One-way ANOVA followed by Tukey's multiple

comparison test. *** P<0.001; *, P<0.05; n.s., P>0.05. Error bars indicate the SEM.
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4.2.6 Overactivation of the Wnd MAPK pathway is sufficient to cause AZ

assembly phenotype resembling unc-104°" mutants

The data so far support a model that unc-104"" mutation leads to MAPK overactivation
and causes NMJ overgrowth as well as impaired AZ assembly. It is already known that
both hiw loss of function mutation and Wnd overexpression causes NMJ overgrowth
(Collins et al., 2006). To test if MAPK overactivation also causes impaired AZ assembly
independent of Unc-104, we stained Brp and GIURIIC in larvae carrying the hiw loss of
function allele hiw™™ and in larvae expressing a cDNA construct UAS-wnd driven by the
pan-neural driver Elav-Gal4 at 25°C. Both hiw*N mutation and Wnd overexpression led
to AZ assembly defect reminiscent of unc-104"" mutation (Fig. 14 A, B). Apart from the
reported NMJ overgrowth and reduced boutons size, a large amount of GIURIIC clusters
in these hiw™ and Wnd-OE NMJs are unapposed by presynaptic Brp puncta. Notably,
the AZ assembly defect in Wnd overexpression larvae is especially pronounced at distal
ends of NMJ branches (Fig. 14 B). Hence, overactivation of MAPK pathway caused by
either hiw loss of function mutation or Wnd overexpression is sufficient to cause AZ

assembly defects.

We also examined Brp localization at the VNC of hiw®™ mutant larvae. No ectopic Brp
puncta localization in cell body region of VNC was observed (Fig. 14 C). This further
confirmed that the ectopic Brp deposition is characteristic of impaired Unc-104 function.
Impaired AZ assembly at the NMJ is the consequence of MAPK overactivation in unc-

104°" mutants, which is genetically separable with ectopic Brp deposition at VNC.

4.2.7 Reduced Hiw level in unc-104°" mutants

The data above strongly suggested overactivation of MAPK pathway is mediating the
NMJ overgrowth and AZ assembly phenotypes that in unc-104°" mutants. We next

sought to indentify proof of MAPK pathway overactivation in unc-104"" mutants.

66



Fig14. Overactivation of MAPK pathway leads to AZ assembly phenotype reminiscent that of unc-
104°" mutants. (A) and (B), confocal images of neuromuscular junctions immunostained with the
presynaptic active zone protein Brp (Magenta) and PSD marker GIuRIIC (Green) in control and hiw"
mutant larvae (A), and control and Wnd overexpression larvae (B). Note the dramatically increased
number of PSDs unapposed by Brp (indicated by arrowheads) in hiw™ mutant as well as Wnd-OE NMJs.
In Wnd-OE larvae, this phenotype is especially pronounced in distal ends of NMJs (highlighted by yellow
box and insets). (C), single confocal image frame of larval VNC immunostained with Brp and neural
membrane marker HRP in control and hiw™ mutant larvae. Note in hiw®" mutant larvae there is no
ectopic Brp deposition in the cell body region of VNC. For (B), expression was induced by the pan-neural
driver elav-Gal4. Scale bars, in (A), 5um; in (B), 2um; in (C), 20um.

The E3 Ubiquitin-ligase Hiw has been shown to negatively regulate Wnd protein level in
Drosophila nervous system. To test if the level of Hiw is altered in unc-104"" mutants, a
GFP-tagged Hiw construct was expressed in both wildtype control and unc-104°"
mutant larvae, driven by the pan-neural driver elav-Gal4. Compared with controls, Hiw-
GFP level in the VNC of unc-104""™ mutant larvae was reduced by about 50% (fig. 15 A,
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B), implying that a posttranscriptional mechanism downregulating Hiw level is probably
involved in MAPK overactivation in unc-104"" mutants. Directly detecting Wnd level
using Wnd anti-serum also has been tried, but so far the Wnd antiserum has not been

working in our hands.
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Fig15. Reduced level of Hiw in the CNS of unc-104"" mutant Iarvae (A), confocal images of VNCs
immunostained with membrane marker HRP in control and unc-104°" larvae expressmg GFP tagged Hiw.
(B), quantification of Hiw-GFP intensity at VNC (control: 19.43+ 2.57 a.u.; unc-104"":9.55+ 0.99 a.u.

P<0.001). Expression was induced by the pan-neural driver elav-Gal4. Number of larvae quantified: N=5
for both groups. Statistical test: Student’s t test. ***, P<0.001. Error bars indicate the SEM. (C), confocal
images of NMJs immunostained with neural membrane marker HRP in control and unc-104°" larvae. The
lookup table “fire” was used for visualization. Arrowheads indicate vesicle like structure with intense HRP

staining. Scale bars, in (A), 50um; in (C), 10um.
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4.3 larval genotypes in each figure

Fig. 2

elavX-Gal4/+;;; (control)

elavxX-Gal4/+;unc-104"" junc-104"%%
elavX-Gal4/+;unc-104"" junc-104"%%* UAS-brp/+;

Fig. 3 A

elavX-Gal4,UAS-cac-gfp/+;;; (control)
elavX-Gal4,UAS-cac-gfp/+; unc-104" junc-104%110%*::
elavX-Gal4,UAS-cac-gfp/+;; UAS-brp-RNAI/+;

Fig. 3B

elavX-Gal4/+;;Rab7-lip-gfp/+; (control)

elavxX-Gal4/+; unc-104"" func-104""?*:Rab7-lip-gfp/+;
elavX-Gald/+;; Rab7-lip-gfp/UAS-brp-RNAI;

Fig.3C

elavX-Gald/+;;UAS-srpk79d-gfp/+ ;(control)
elavX-Gal4/+;unc-104"" junc-104"%%*:UAS-srpk79d-gfp/+ ;
elavX-Gald/+;;UAS-srpk79d-gfp/UAS-brp-RNAI ;

Fig. 3D-F

elavX-Gald UAS-cac-gfp/+;unc-104"" junc-104°1%%;;
elavX-Gal4,UAS-cac-gfp/+;unc-104"" unc-104°"%%*: UAS-brp-RNAi/+;
elavX-Gal4,UAS-cac-gfp/+;unc-104" junc-104"*"9%*:UAS-brp/+;
Fig. 4

wie (control)

elavX-Gal4/+ ;;UAS-unc-104-mcherry/+;

:unc-104"" func-104"1%%;;

elavX-Gal4/+ ; unc-104"" junc-104"°%*;UAS-unc-104-mcherry/+;
Fig.5

;:glurllA-mrfp, glurllB-gfp/+;(control)

:unc-104"" junc-104"°%*;glurllA-mrfp,glurliB-gfp/+;
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Fig. 6 A-B

we (control)

:unc-104"" func-104"1%%;;

Fig. 6 C-D

we (control)

:unc-104"" func-104"1%%;;

Fig. 6 E-F

;;D42-Gal4, UAS-anf-gfp/+;(control)

:unc-104°" func-104"%%*:D42-Gal4,UAS-anf-gfp/+;
Fig. 6 G-H

;;D42-Gal4,UAS-mito-gfp/+;(control)

:unc-104°" func-104"%%*:D42-Gal4,UAS-mito-gfp/+;
Fig. 7 A-E

elavX-Gal4/+;unc-104"" junc-104119%*;
elavX-Gal4/+;unc-104"" junc-104""%%* UAS-rab3/+;
Fig. 8 A-C

;OK319-Gal4/+;; (control)

;OK319-Gal4/UAS-tnt;;

:OK319-Gal4,unc-104" junc-104"%%*;
;0K319-Gal4,unc-104"" JUAS-tnt, unc-104"%%*;;
Fig. 9 A-B

we (control)

;wnd1l/wnd3;

:unc-104"" func-104"11°%;;

:unc-104"" func-104"'°%*; wnd1/wnd3;

Fig. 9 C-D

;OK319-Gal4/+;; (control)
;0K319-Gal4/+;UAS-fos”"/+;
;0K319-Gal4/+;UAS-bsk™ /+;

;OK319-Gal4,unc-104"" Junc-104"%%;
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;OK319-Gal4,unc-104"" /unc-104°"*;UAS-fos™"/+;
:OK319-Gal4,unc-104°" junc-104"%*UAS-bsk™/+;
Fig. 10 A

we (control)

;wndl/wndg3;

:unc-104"" junc-104110%4:

‘unc-104"" junc-104"°%*; wnd1/wnd3;

Fig. 10B

:unc-104"" junc-104%110%4:

:unc-104"" junc-104"°%*; wnd1/wnd3;

Fig.10C

;OK319-Gal4/+;; (control)
;OK319-Gal4/+;UAS-fos™/+;
:OK319-Gal4,unc-104"" junc-104"1%%;
:OK319-Gal4,unc-104"" junc-104"%*UAS-fos™/+;
Fig. 10D

:OK319-Gal4,unc-104"" junc-104"%%*;
:OK319-Gal4,unc-104"" junc-104"%**:UAS-fos™/+;
Fig. 10 E

;OK319-Gal4/+;; (control)
;OK319-Gal4/+;UAS-bsk™/+;
:OK319-Gal4,unc-104°" junc-104"%*;
:OK319-Gal4,unc-104" junc-104"%*:UAS-bsk™/+;
Fig. 10 F

:OK319-Gal4,unc-104"" junc-104"%*;
:OK319-Gal4,unc-104°" junc-104"%*UAS-bsk™/+;
Fig. 10 G

;OK319-Gal4/+;UAS-cac-gfp/+; (control)
:0K319-Gal4,unc-104°" junc-104"*"9%*:UAS-cac-gfp/+;

:OK319-Gal4,unc-104"" junc-104"1°%*:yAS-fos®/UAS-cac-gfp;
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Fig. 11 A-B

w8 (control)

;;wnd1l/wnd3;

:unc-104°" func-104%11024::
;unc-104"" /unc-104"***;wnd1/wnd3;
Fig.11C

:unc-104"" func-104"11°%;;
;unc-104"" func-104""***wnd1/wnd3;
Fig. 12 A-C

w8 (control)

;wnd1/wnd3;

;unc-104"" junc-104""%%*;;
:unc-104"" junc-104°"%?*\wnd 1/wnd3;
Fig. 13 A-B

w8 (control)

;;wnd1/wnd3;

;unc-104"" func-104"%%;
;unc-104"" func-104""***wnd1/wnd3;
Fig. 14 A, C

w8 (control)

hiw"

Fig. 14 B

elavX-Gald/+;;; (control)

elavX-Gal4/+;UAS-wnd/+;;

Fig. 15 A-B

elavX-Gal4/+;;UAS-hiw-gfp/+; (control)
elavX-Gal4/+;unc-104"" func-104"*9%*: UAS-hiw-gfp/+;
Fig.15C

w8 (control)

,unC_104bI‘IS /UnC-104d11024;;
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5. Discussions

This study shows that a point mutation in the Drosophila kinesin-3 homolog unc-104,
unc-104"", leads to systemic presynaptic active zone assembly defect as well as
overgrowth of the neuromuscular junction. Mechanistic study reveals that overactivation
4bris

of a Wnd MAPK pathway is underlying the synaptic phenotypes in unc-10 mutants.

5.1 A neuronal kinesin regulating AZ assembly

The unc-104°" mutation leads to a very distinct AZ assembly phenotype. The AZ
organizing protein Brp, along with other major AZ proteins including Cac and Liprin-a
are concomitantly absent from a subset of synapses at unc-104°" mutant NMJs,

implying that AZ assembly is abolished at these synapses.

Morphological studies in Brp-RNAI larvae revealed that Brp is not indispensible for the
AZ localization of either Cac or Liprin-a. Consistent with report showing reduced Cac
localization in brp mutants, Brp(-) synapses in Brp-RNAi larvae have less Cac
compared with Brp(+) ones (Fig. 3 A). The C terminus of Cac has been shown to
physically interact with the N terminus of Brp (Fouquet et al., 2009). This interaction
may be important for the continued incorporation of Cac during synapse maturation, but
not its initial localization to the AZ. Actually Cac has been shown to appear at the AZ
even slightly earlier than Brp (Fouquet et al., 2009). The Brp(-) synapses in Brp-RNAI
larvae also did not show obvious Liprin-a localization abnormality (Fig. 3 B), suggesting
that localization of Liprin-a at AZ is also not dependent on Brp. Liprin-a clusters localize
at the border of AZ, and Liprin-a has the function of regulating the size and shape of Brp
clusters located at the AZ center (Fouquet et al., 2009; Kaufmann et al., 2002). Our
result shows that Brp does not have an obvious converse effect on Liprin-a localization.
SRPK79D has been shown to colocalize with Brp puncta both at the synapses as well
along the segmental nerve (Johnson et al., 2009; Nieratschker et al., 2009). Brp-RNAI
experiments showed that localization of SRPK79D to AZ is passively determined by Brp.
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Comparison between unc-104"" mutants and Brp-RNAi larvae suggests that the AZ
assembly phenotype in unc-104°" mutants is not secondary of impaired Brp puncta
formation at unc-104"" mutant synapses. Although Cac and Liprin-a persist in the Brp(-)
synapses in Brp-RNAI larvae, there are absent from the Brp(-) synapses in unc-104°"
mutants (Fig. 3 A-C). Synaptic proteins assemble at the AZ following defined temporal
order during synaptogenesis (Fouquet et al., 2009; Owald et al., 2010). The importance
of this order may imply that localization of some components to the AZ at early stage
provide the priming unit for other proteins to build upon. If a synapse cannot complete
the critical, rate-limiting AZ seeding step, AZ assembly may stop and reverse. The
mechanism controlling initial AZ assembly seems to be disrupted in unc-104°" mutants.

The fact that Brp overexpression does not effectively rescue Brp assembly at AZ implies
that decreased availability of AZ components at the NMJ is not the major cause for the
AZ assembly defect in unc-104°" mutants. The surplus of Brp provided by
overexpression preferably goes to AZs already having Brp, leading to an increase in
average Brp puncta size by one fold while leaving more than 10% of all synapses still
having none (Fig. 2 A, C). The presynaptic side of Brp(-) synapses in unc-104"" mutant
appears to have limited ability to form Brp clusters. It is likely that the observed
reduction of total Brp at unc-104°"™ mutant NMJs is also predominantly the
consequence of decreased ability to stabilize components at the AZ. Conversely,
excessive Brp puncta deposition in the neuronal cell body region at the VNCs in unc-
104°™ mutants might be a sign of ectopic AZ formation due to sequestering of certain

pro-AZ assembly signaling components in neuronal soma (Fig. 11 A).

5.2 An MAPK pathway regulating synaptic development

This study reveals a novel function of the E3 ubiquitin ligase Hiw and the Wnd MAPK
pathway in regulating AZ assembly in Drosophila. MAPK pathway overactivation in
hiw®™ mutants and Wnd overexpressing larvae leads to both the NMJ overgrowth and
AZ assembly impairments reminiscent of unc-104"" mutants (Wan et al., 2000 and Fig.
2, 9 &14 in this work).
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In C. elegans, mutation in the highwire homolog rpm-1 is shown to cause abnormal
synaptic organization. In rpm-1 mutant worms, formation of RIM1 positive presynaptic
structures is reduced, and spacing between synapses is enlarged (Schaefer et al.,
2000). The function of Rpm-1 in regulating presynaptic development is dependent on its
function of inhibiting MAPK pathway activity; in C. elegans, Rpm-1 downregulates the
level of Wallenda homolog DLK-1 (Nakata et al., 2005). Loss of function mutation in
MKK4, an MAP2K downstream of DLK-1, suppresses the synaptic phenotype in rpm-1
mutants; overexpression of MKK4 is sufficient to cause similar synaptic phenotype with
rpm-1 mutants (Nakata et al., 2005).

The synaptic phenotype in rpm-1 mutant C. elegans resembles the AZ assembly
phenotype in hiw™™ mutant NMJs in Drosophila shown in this study (Fig. 13 A). Hiw also
has the function of downregulating Wnd level in flies (Collins et al., 2006), and Wnd
overexpression causes similar AZ assembly phenotype with hiw®N mutants (Fig. 13).
Out data shows that the function of Hiw and Wnd MAPK signaling pathway in regulating

synaptic development is conserved between worms and flies.

Downstream of Wnd, the Drosophila JINK homolog, Bsk, and the transcription factor Fos
are required for the NMJ overgrowth and AZ assembly phenotype in unc-104"" mutants.
Therefore, the function of MAPK pathway in regulating AZ assembly presumably
involves modulation of gene expression by Fos. Notably, it is also reported that Fos®",
but not dominant negative form of another JNK regulated transcriptional factor Jun
(Jun®), inhibits the NMJ overgrowth phenotype in hiw mutant larvae (Collins et al.,
2006). Further work to investigate genes whose expression profiles are altered upon
Wnd MAPK pathway overactivation will help to clarify factors directly contributing to the

characteristic synaptic phenotype.

One attractive candidate for the direct effector causing MAPK dependent NMJ
overgrowth is MSPS/XMAP215, which is a processive microtubule polymerase
(Brouhard et al., 2008; Howard and Hyman, 2009). In Drosophila, induction of new axon
formation after axontomy in the ddakE sensory neuron has been shown to be dependent

on JNK activity (Stone et al., 2010). After axontomy, enhanced MSPS activity is crucial
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for the increased microtubule dynamics as well as inverted microtubule polarity, which is
necessary for the conversion of one dendrite into axon (Stone et al., 2010). JNK
signaling pathway is necessary for the enhanced MSPS function after axon severing.
Observing the similarity between the NMJ overgrowth phenotype in hiw mutant larvae
and the enhanced growth of some dendrites upon axontomy, it is intriguing to test if in
these mutants there is overactivation of MSPS activity and if MSPS is involved in the

NMJ overgrowth phenotype.

It is shown that the Wnd MAPKSs have the function of inhibiting Brp puncta deposition in
the axon (Horiuchi et al., 2007). Loss of function mutation in wnd and expression of
dominant negative form of JNK leads to formation of Brp deposits along segmental
nerve, which resemble Brp puncta at the active zone. In this study, we show that MAPK
overactivation leads to decreased Brp puncta formation at the presynaptic active zone.
The above phenotypes upon upregulation and downregulation of the MAPK pathway
converge on a function of inhibiting AZ assembly by the Wnd MAPKs. The axonal
deposits of Brp puncta in wnd mutants is probably a result of enhanced AZ assembly,
which leads to formation of AZ like structure outside of synaptic region. Further EM
studies to show if these Brp containing puncta in wnd mutant nerves form “T-bar” like
structure, and if synaptic vesicles are associated with them will help further elucidate the
nature of these puncta, and confirm the function of Wnd MAPKSs in inhibiting AZ
assembly.

5.3 MAPK overactivation mediates the synaptic development abnormities in unc-
104°"'S mutants

Impaired Kinesin-3/Unc-104 function leads to MAPK overactivation

Our result shows that the Wnd MAPKs are necessary for the AZ assembly as well as
NMJ overgrowth phenotypes in unc-104°" mutants. Overactivation of the Wnd MAPK

mediates the major synaptic phenotypes in unc-104"" mutants.
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We found that MAPK overactivation in unc-104"" mutants is probably the result of
downregulated Hiw level (Fig. 15). One identified mechanism regulating Hiw abundance
is the autophagy related pathway (Shen and Ganetzky, 2009; Tian et al., 2011).
Overexpression of Atgl, one of the core components of autophagy machinery has been
shown to cause NMJ overgrowth in Drosophila (Shen and Ganetzky, 2009). Notably,
the role of Atgl in regulating NMJ growth depends on its autophagy-promoting function
to downregulate Hiw level and thus to cause overactivation of the MAPK pathway. Atgl
dependent NMJ overgrowth is abolished by loss of function mutations in wnd and
expression of Bsk®™ (Shen and Ganetzky, 2009). Indeed, vesicular structures with
intense HRP staining which resemble autophagosomes are frequently observed at unc-
104" mutant NMJs (Fig. 14 C), supplying a sign of possibly enhanced autophagy
activity. Further studies are yet needed to elucidate if these vesicles contain autophagy
markers as well to indentify how impaired Kinesin-3/Unc-104 function leads to increased

autophagy.

In C. elegans, Unc-104 is shown to undergo ubiquitin based proteolysis upon reaching
axonal terminal and not transported back to neuronal soma (Kumar et al., 2010). My
colleague found that in unc-104"™ mutants, Unc-104 forms aggregates both in the
ventral nerve cord of larval CNS as well at the tips of NMJs, whereas in wildtype larvae
Unc-104 does not form aggregates (Kern et al., unpublished observations). This implies
that the unc-104"" mutation leads to a pro-aggregation and proteolysis-resistant form of
Unc-104. These Unc-104 aggregates may disrupt proteasome function or compete with
Wnd for degradation, which leads to higher Wnd level and MAPK pathway

overactivation.

It cannot be totally excluded that Hiw independent mechanisms may also contribute to
the MAPK overactivation upon impaired Kinesin-3/Unc-104 function. Wnd is associated
with membranes, transported along the axon and located at the NMJ in Drosophila
(Collins et al., 2006; Xiong et al., 2010). Axonal transport of Wnd may be perturbed in
unc-104°" mutants, which in turn leads to ectopic MAPK overactivation.
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JNK interacting proteins (JIPs) may also be involved in the MAPK activation in unc-104
mutants. In C. elegans, JIP3/Unc-16 has been identified as an Unc-104 binding partner
(Hsu et al., 2011). JIP3-associated Unc-104 localizes predominantly in neuronal soma,
whereas binding to other partners like Liprin-a and DNC-1/Glued directs Unc-104 to
axonal and axon terminal specific localization (Hsu et al., 2011). On the other hand,
JIP3 shows specific interaction with JNKs in mammalian cells (Ito et al., 1999). JIP3
also interacts directly with the MAP3K MKK1 and MAP2K MEK with different regions,
and works as a scaffold to enable the association of MAPK components and facilitate
their function; overexpression of JIP3 leads to enhanced JNK activity (Ito et al., 1999).
The unc-104°" mutation may disrupt the interaction between Unc-104 and JIP3, which

in turn enhances JIP3-MAPKSs association and leads to MAPK overactivation.

MAPK overactivation is one of the consequences of impaired Kinesin-3/Unc-104

function

It is noteworthy that although Wnd is necessary for the NMJ overgrowth and AZ
assembly phenotype in unc-104°" mutants, Brp deposition in the cell body region of
VNC is not rescued by loss of function mutations in wnd (Fig. 11 A). Mutations in hiw
lead to similar NMJ overgrowth and AZ assembly phenotype with unc-104°" mutants
without showing obvious impairment of AZ protein transport (Fig.13 C). Therefore, Brp
deposition in the cell body region of VNC is probably caused by disrupting certain
aspect of Unc-104 function, which contributes little, if any, to the impaired AZ assembly
in unc-104"" mutants (Fig. 16). Possibly reduced transport of AZ proteins may
exacerbate, but is not a major cause, of the AZ assembly phenotype in unc-104""

mutants.

kPN or Fos®N in motor

Neither loss of function mutation in wnd, nor expression of Bs
neurons rescued the larval lethality and locomotion defects in unc-104°" mutants (Fig.
13). What is more, hiw™ mutant flies which also show MAPK overactivation are viable
and fertile, with grossly normal behavior, despite the electrophysiological impairments

as well as synaptic abnormalities (Wan et al., 2000). Therefore, MAPK overactivation is
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one of the consequences of impaired Unc-104 function, which causes the NMJ
overgrowth, and synaptic assembly phenotype. MAPK overactivation is not likely the
cause for locomotion defects or larval lethality in unc-104 mutants. Other MAPK

independent functions of Unc-104 are required for normal behavior and survival.
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Figl6. A schematic illustration of the functions of Unc-104 and the Wnd MAPK
pathway. Unc-104 inhibits the activity of the Wnd MAPK pathway through promoting
Highwire function and also possibly through Highwire-independent mechanism.
Mutation in unc-104 leads to MAPK overactivation and causes the NMJ overgrowth, as
well as AZ assembly phenotype. The Function of inhibiting ectopic Brp deposition in the
cell body region of ventral nerve cord is an Unc-104 function which is genetically
separable with MAPK pathway activity.

Other possible factors contributing to the morphological changes in unc-104°"s
mutants

The AZ assembly phenotype in unc-104"" mutants shows certain similarity with
Drosophila rab3 mutants, where AZs appear to be absent from two thirds of the
synapses at NMJ, while the rest are with enlarged presynaptic Brp puncta as well as
bigger Cac cluster. Based on this phenotype, Rab3 has been proposed to facilitate AZ

assembly in Drosophila. (Graf et al., 2009). The reduced AZ formation in unc-104°"
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mutant may involve insufficient Rab3 at the NMJ (Fig. 6 C, D), observing the
ameliorated AZ assembly phenotype by Rab3 overexpression (Fig. 7). The result that
Rab3 overexpression increased the quantity of Brp at unc-104°" mutant NMJs is a bit
surprising, as Rab3 has been suggested to have the function of regulating AZ
components distribution among synapses but not of changing their overall abundance at
the NMJ.

One possibility is that apart from regulating the distribution of AZ components, Rab3
may have the function of maintaining the normal quantity of AZ components at NMJ,
which overlaps with other proteins. In unc-104"™ mutants, mechanisms maintaining the
guantity of AZ components at the synapse were severely impaired (Fig. 2 &Fig. 3), thus
the function of Rab3 to increase Brp quantity at the NMJ is uncovered. Rab3
overexpression only mildly rescues the AZ assembly phenotype in unc-104"" mutants,
which is probably also due to the reduced function of transporting SV associated
proteins including Rab3 to the NMJ (Fig. 6). Actually Rab3 may even function as an
indirect downstream effector of the Wnd MAPK pathway. In hiw®™ mutant larvae, which
show MAPK overactivation and similar AZ assembly phenotype with unc-104"" mutants,

the level of Rab3 at the NMJ is also reduced (unpublished observations).

It remains elusive to what extent the defect in Neuropeptide signaling contributes to the
observed morphological change in unc-104°" mutants. As shown by others (Barkus et
al., 2008; Lo et al., 2011; Pack-Chung et al., 2007) and in our study, Kinesin-3 family
members are the major transporters for peptide containing large DCV. A neuropeptide
signaling pathway has been reported recently to regulate NMJ growth through the
cAMP-PKA-CREB cascade (Chen and Ganetzky, 2012). Mutation in gene encoding the
neuropeptide drosulfakinin (DSK) or its presynaptic receptor, the cholecystokinin-like
receptor (CCKLR) which is a G-protein coupled receptor (GPCR), leads to NMJ
undergrowth, decreased bouton number and apparently larger bouton size. Excessive
activation of this pathway by overexpressing CCKLR or CREB leads to NMJ overgrowth,
resembling the NMJ phenotype in unc-104°"™ mutants (Chen and Ganetzky, 2012).
Whether there is change in synapse morphology in case of overactivation of this DSK-
CCKLR pathway is not yet known, although fewer synapses form in dsk or ccklr mutants
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without obvious abnormality in AZ morphology (Chen and Ganetzky, 2012). It is
interesting to investigate the synapse morphological change caused by DSK-CCKLR
pathway overactivation, and compare with that in unc-104°" mutants. So far we still
only have limited understanding about the role of neuropeptide signaling pathway in
regulating synaptic development. It is very intriguing to indentify other neuropeptides or
DCV associated signaling molecules and figure out their synaptic development related

functions.

Comparison between different alleles of unc-104

Two published hypomorphic alleles of unc-104, unc-104°*? and unc-103°%, lead to
reduction in NMJ length, in contrast to NMJ overgrowth which occurs in unc-104°"
mutants; numbers of synaptic boutons at the NMJ in unc-104°*? and unc-103°%*
mutants drop to only half of that in wildtype (Barkus et al., 2008). However, unc-104°*2
and unc-103°%! mutants share important similarity in NMJ morphology with unc-104°"
mutants that the size of synaptic boutons is dramatically reduced (Barkus et al., 2008
and Fig. 9 in this study), whereas the axonal terminals in null mutants of unc-104 is
totally incapable of transforming to synaptic boutons (Pack-Chung et al., 2007). The
phenotype of reduced NMJ size in unc-104°*? and unc-103°%! mutants rather than
NMJ overgrowth is probably a sign of being stronger alleles than unc-104", Actually,
depending on the strength of expression, an Unc-104 RNAI construct can either lead to
an NMJ atrophy or NMJ overgrowth phenotype (unpublished observations).

5.4 Kinesin-3/Unc-104 and synaptic function

This study provides new insight in understanding the role of Unc-104 in maintaining

synaptic function.

The published null alleles of Drosophila unc-104 was initially screened out using the

EGUF-hid method which creates homozygous mutant eyes in a heterozygous fly.
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Mutant eyes lack the “on-off-transients” of the electroretinograms, indicating impaired
synaptic transmission from photo receptors to second order neurons (Pack-Chung et al.,
2007). unc-104"™ mutants seem to have preserved some basic function in facilitation
synaptic function. Null mutants can go through embryo development but are paralyzed
and unable to hatch; homozygous unc-104°" mutant can however survive till late
larval/pupal stage; although showing reduced locomotion speed than wildtype larvae,
they still obviously behave better than the transheterozygous unc-104""/unc-104%11024

larvae (Kern et al., unpublished observations).

Structural basis for the impaired synaptic activity unc-104"" mutants

The vast morphological changes in unc-104"" mutants are well consistent with the
drastic reduction in electrophysiological parameters including reduced mEJP amplitude
and EJP amplitude, decreased mEJP frequency as well as smaller quantal content (Fig.
4).

A conspicuous reduction in GIuRIIA clustering and consequent increase in the ratio of
GIuRIIB/GIURIIA was observed in unc-104°" mutants (Fig. 5). The conductivity of I1A-
type glutamate receptors are much larger and IIB-type receptors, and change in the
ratio between these two receptor has been shown to modulate quantal size (DiAntonio
et al., 1999). Therefore, the observed reduction in GIuRIIA clustering is very likely the
cause of decreased mEJP amplitude and in turn contributes to the impaired EJP.
Change in SV size also has been reported to influence quantal size (Daniels et al.,
2004), however EM results do not show different SV size in unc-104°" mutants (Kern et

al., unpublished observations).

Apart from reduced quantum size caused by the change in postsynaptic receptor
composition, smaller quantal content is another factor contributing to the reduction in
evoked release in unc-104"" and hiw*" mutants. The 90% reduction in SV localization
at the NMJ is probably the major cause of reduced neurotransmitter release at evoked

event, which may have been further worsened by fewer release sites as a result of
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impaired AZ formation. Reduced SV localization at the NMJ is also well likely
responsible for the abruptly reduced spontaneous release in unc-104°" mutants (Fig. 4
F).

Reduction in Rab3 at the NMJ likely contributes little to the severely compromised
synaptic function in unc-104"™ mutants, as rab3 mutant larvae have grossly normal
synaptic activities (Graf et al., 2009). However, insufficient delivery of other SV
associated proteins regulating neurotransmitter release might contribute to some
aspects of the synaptic transmission impairments in unc-104°" mutants (Rizo and
Rosenmund, 2008; Santos et al., 2009).

Importantly, the severely impaired synaptic activity in unc-104"" mutants is the result of
synaptic morphology alterations and not vice versa. Blocking synaptic transmission by
TNT in wildtype background does not lead to similar synaptic development effect with
unc-104"" mutants, nor does TNT expression in the unc-104"" mutant background

exacerbate the major morphological alterations (Fig. 7).

Common structural alteration cause impairment in synaptic activity

The phenotype of impaired synaptic activity in hiw mutants is strikingly similar with that
in unc-104°" mutants (Wan et al., 2000). In this study, we proved that hiw™" mutant
NMJs have very similar synaptic development phenotype with unc-104°" mutants
including reduced active zone assembly and NMJ overgrowth (Fig. 13), speaking for a
common structural alteration responsible for the impaired synaptic activity in both
mutants. Importantly, the characteristic morphological changes in both hiw and unc-104
mutants are mediated by Wnd MAPK pathway overactivation, pinning down an

important role of this pathway in regulating synaptic activity.

However hiw®™ and unc-104"" mutants have important difference that locomotion
behavior of hiw™™ mutant larvae is grossly normal despite of reduced synaptic activity

(Wan et al., 2000), but the locomotion speed of unc-104°" mutant larvae are severely
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reduced, dropping to only 10% of wildtype control (Fig. 13). This can possibly be
explained by the functional redundancy of the synaptic structure (Peled and Isacoff,
2011). Under physiological conditions, the still preserved synaptic function in Wnd
MAPK pathway overactivating NMJ is sufficiency to convey muscle contraction for
larvae normal locomotion. However, due to the important function of Kinesin-3/Unc-104
throughout the nervous system, functional impairment may occur to high-order neurons
which control motor neurons, and causes the locomotion impairments in unc-104""

mutants.

Role of Kinesin-3/Unc-104 in regulating synaptic homeostasis

In the nervous system, homeostatic signaling is an essential feedback mechanism to
enable stable synaptic activity in a high variable environment. Homeostatic signaling
has been shown to compensate for perturbation of synaptic excitability through multiple
mechanisms including changing the efficacy of synaptic vesicle release, ion channel
density, neurotransmitter receptor composition, etc. (Frank et al., 2006; Murthy et al.,
2001; Thiagarajan et al., 2005; Thiagarajan et al., 2002).

Change in neurotransmitter composition is an important postsynaptic compensation
mechanisms involved in synaptic homeostasis regulation. Mutation in the presynaptic
AZ protein DSyd-1 causes reduction in evoked synaptic reaction. Postsynaptic GIuRIIA
composition increases at dsyd-1 mutant synapses which may be a compensation effect
(Owald et al., 2010). Another study showed that synaptic transmission blockage via
presynaptic expression of tetanus toxin leads to higher amount of the GIuRIIA at the
PSD (Schmid et al., 2008).

Increase in synaptic size also has been shown to be a compensatory effect for reduced
synaptic activity (Murthy et al.,, 2001). Consistently, in this study we showed that
blocking synaptic vesicle release via presynaptic tetanus toxin expression increases
PSD size when expressed in an otherwise wildtype background. Because tetanus toxin
expression also increases GIuRIIA clustering at PSD, and high GIuRIIA compostion is
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characteristic for immature synapses (Schmid et al., 2008), blocking synaptic vesicle
release may cause prolonged synaptic development, which leads to excessive
glutamate receptor incorporation and increased PSD size. Similar mechanism may be
conserved in vertebrates and involved in synaptic activity dependent regulation of
receptor recruitment during synaptic development and plasticity (Bredt and Nicoll, 2003;
Malinow and Malenka, 2002).

Synaptic homeostatic mechanism coordinating pre- and postsynaptic function seems
disrupted in unc-104"" mutants. Despite the severely impaired presynaptic active zone
assembly (Fig. 3), no sign of postsynaptic compensation is observed unc-104""
mutants; actually there is a dramatic reduction of GIuRIIA clustering at the PSD (Fig. 5).
Unlike the increased PSD size in TNT expressing larvae, the severely impaired synaptic
activity in unc-104"" mutants is not accompanied with any change in average PSD size
(Fig. 8 C). These results imply that Kinesin-3/Unc-104 dependent transsynaptic
signaling is probably an essential component of a homeostasis mechanism at
Drosophila NMJ. This notion is further supported by the result that whereas TNT
expression in wildtype background increases PSD size, in unc-104"™ mutants TNT

expression leads to decreased PSD size (Fig. 8 C).

It is still not clear if the same disturbance in homeostasis regulation is present in other
models with increased Wnd MAPK signaling activity, e.g. in hiw mutants and Wnd
overexpression larvae. However, observing that MAPK overactivation is responsible for
the synaptic morphology in both unc-104°" as well as hiw mutants, it is very likely that
MAPK signaling is part of the synaptic homeostasis pathway regulated by Unc-
104/Kinesin-3.

5.5 No sign of synaptic retraction in unc-104"S mutants

In unc-104"" mutants, despite vast perturbation in synaptic development and severely
impaired synaptic activity, synapses continue to exist without obvious sign of synaptic

degeneration. The subpopulation of synapses without presynaptic active zone seem to
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persist rather than disassemble or degenerate, as the average PSD size of Brp(-)
synapses at unc-104" mutant NMJ is larger than that of Brp(-) synapses in wildtype
(Fig. 3 E). In contrast, mutation in the Drosophila kinesin-1 gene, khc, has been shown

to cause synaptic retraction at the NMJ (Hurd and Saxton, 1996).

Enhanced MAPK signaling has been shown to promote synaptic stability (Massaro et al.,
2009). Loss of presynaptic a-spectrin disrupts microtubule skeleton and leads to
synaptic retraction at Drosophila NMJ (Pielage et al., 2005). Increasing the Wnd MAPK
pathway activity by Fos overexpression or hiw mutation similarly suppresses the
synaptic retraction in a-spectrin knockdown larvae (Massaro et al., 2009). Therefore,
overactivation of MAPK pathway may have the physiological significance of inhibiting
synaptic retraction in unc-104°" mutants, despite causing the defects in synaptic

development.
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6. Summary

In this study the synaptic development defect caused by an allele of the Drosophila
kinesin-3 homolog unc-104 was investigated. The pre- and postsynaptic development
phenotypes caused by a point mutation in the FHA domain of unc-104 was
systematically characterized. Notably, AZ formation in a subset of neuromuscular
synapses in the unc-104°" mutant larvae were total abolished; major AZ components
including Brp, Cac, Liprin-a, etc. are absent from the presynaptic side of these
synapses. The interdependence of AZ proteins for their AZ localization was also
analyzed and the absence of other AZ components is proved not to be secondary of

impaired Brp assembly.

Next the signaling pathway involved in the observed phenotype in the unc-104"™ mutant
was indentified. Downregulation of a Wnd MAPK pathway rescued both the NMJ
overgrowth and AZ assembly phenotype in unc-104"" mutants. Notably, rescue of
these two phenotypes is not achieved via ameliorating axonal transport defect. | found
that overactivation of the Wnd MAPK pathway is sufficient to cause the AZ assembly
defects resembling that of unc-104°" mutants. A major inhibitor of the Wnd MAPK
pathway, Hiw, is downregulated in unc-104°" mutants, which may be responsible for

the Wnd MAPK pathway overactivation.

This study reveals a new function of Kinesin-3/Unc-104 in regulating synaptic assembly,
which involves regulation of a Wnd MAPK pathway. These efforts bring new insight to

the understanding of mechanisms regulating synaptic development and plasticity.
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