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ABSTRACT

Synaptic connections are fundamental units of neuronal communication in the brain.
They are composed of precisely opposed pre- and postsynaptic specializations, and these
structures are dynamically regulated to adapt to changing needs of neuronal circuits. While
mechanisms that regulate the postsynaptic composition of synapses are highly studied, less is
known about presynaptic regulation. Within presynaptic terminals, synapse assembly requires
the formation of active zones (AZs) and synaptic vesicle (SV) release machinery at synapses. An
important role in presynaptic assembly has been assigned to a kinesin-3 family member, Unc-
104/Imac/KIF1A. Unc-104/Imac/KIF1A is required for the delivery of synaptic components and
SVs to nascent synapses. However, its distinct synaptic phenotype from other kinesins and the

complexity of the phenotype is not well understood.

This thesis work describes how the synaptic defects of Drosophila unc-104 mutants can
be rescued by inhibiting the Wallenda (Wnd)/DLK MAP kinase signaling pathway. This
pathway has been previously identified as a regulator of axonal damage signaling and
presynaptic terminal morphology. The accessible genetic tools in Drosophila (reviewed in
Chapter II) allow for characterization of the mechanistic relationship between Wnd/DLK and
Unc-104. Wnd/DLK signaling becomes activated in unc-104 mutants, and inhibits synapse
formation independently of Unc-104’s transport functions by controlling the levels and timing of
the expression of AZ and SV components (Chapter III). In order to understand the activation

xi



mechanism of Wnd signaling, multiple possibilities have been examined (Chapter IV).
Cumulative findings lead to a model that accumulated presynaptic proteins in the cell body of
unc-104 mutants triggers the Wnd signaling pathway, which then down-regulates presynaptic
protein levels. In this fashion Wnd signaling may function as a stress response pathway that
regulates the expression level of synaptic proteins according to their ability to be transported in
axons. This model also raises an interesting possibility that DLK activation may contribute to

synapse malfunction and loss in the aged or diseased nervous system.

Xii



CHAPTER I. INTRODUCTION

1.1 Presynaptic development is regulated via highly orchestrated mechanisms including
trafficking:

The nervous system enables an animal to control its body and respond to environmental
stimuli. These functions rely on the brain’s structural and functional units: neurons and the
connections they make with each other. These connections, called synapses, are locations where
two cells meet and are determined by the specific organization of molecules within each cell at
the sites of contact. Machinery to promote release of a neurotransmitter signal must be organized
on the presynaptic side, while machinery to detect the signal must be organized on the
postsynaptic side. Synapses form during development, are dynamically regulated during
developmental processes of circuit refinement and can also be modulated and reorganized in the
adult nervous system. Synapse formation and its regulation are critical for the function and
maintenance of neuronal circuits, and hence is important for nearly every function of brain,
including sensory processing, motor output and memory formation. Mis-regulated assembly or
disassembly of synapses has been implicated in autism, schizophrenia and mental retardation and
in neurodegenerative diseases, including Alzheimer’s disease and ALS (Henstridge et al., 2016;
Volk et al., 2015).

1.1.1 The structure and dynamics of presynaptic and postsynaptic specializations are critical for

synaptic release



At most synapses, chemical signals called neurotransmitters are packaged within synaptic
vesicles (SVs), which can be released as individual units when the nerve fires an action potential.
Neurotransmitters then cross the space between the pre and post-synaptic membranes, called the
synaptic cleft. The receptors on the postsynaptic membrane bind neurotransmitters and gate a
wide range of signals in the post-synaptic cell, depending on the receptor type. To enable this
neurotransmission, the molecular composition is distinct across the synaptic cleft. On the
presynaptic side, transmitter release requires SV fusion which is mediated by the SV release
machinery, containing SNAp REceptors (SNARESs), which brings SVs close to the plasma
membrane, and Synatotagminl, which senses the calcium influx from an action potential and
promotes membrane fusion. Prior to SV fusion, SV docking and priming is required to locate
SVs in close proximity to sites of release and is mediated by SNAREs and a specialized
structure, known as the active zone (AZ) (Rizo and Xu, 2015; Siidhof, 2012). On the
postsynaptic side neurotransmitter receptors cluster at electron dense Postsynaptic densities
(PSDs). PSDs also contains a number of cytoplasmic signaling molecules that act downstream to
receptors and scaffolding proteins that stabilize and organize receptors and signaling molecules
(Sheng and Kim, 2011). Consistent with functional coupling, AZs and PSDs are always closely
opposed to each other in mature and healthy synapses.

The composition and structure of PSDs is dynamically regulated during development and
activity-dependent synaptic changes. During synaptogenesis in mammalian organisms, the
expression of many PSD proteins increase (Petralia et al., 2005; Sans et al., 2000) and GIluN2B
glutamate receptors are replaced with GluN2A glutamate receptors in a controlled manner in
many different types of synapse (Matta et al., 2011; Sans et al., 2000; Yoshii et al., 2003). In

adult nervous system, PSDs undergo constant molecular remodeling through regulated AMPA



glutamate receptor trafficking, scaffolding protein modification and degradation, and
cytoskeleton reorganization (Sheng and Kim, 2011; Shepherd and Huganir, 2007). This
remodeling is more dramatic upon activity and underlies activity-dependent change of synaptic
strength, found in long-term potentiation (LTP) or long-term depression (LTD) (Inoue and
Okabe, 2003). While the composition and regulation of PSDs have been highly studied, the
mechanisms that regulate the assembly and disassembly of presynaptic structure are still poorly
understood.

The AZ localize in close proximity to the SV release machinery and facilitates SV
docking and priming, recruitment of voltage gated calcium channel (VGCC) and specifies
locations for precisely opposed pre- and postsynaptic specializations. Under Electron
Microscopy (EM), an AZ appears as electron-dense structure and is surrounded by numerous
SVs. AZs in different synapse types have different morphologies, ranging from a ‘disc’ in the
vertebrate central nervous system, a ‘string’ in the vertebrate neuromuscular junction (NMJ), to a
‘ribbon’ in the vertebrate retina and cochlear hair cells. At the Drosophila NMJ it appears
universally as a ‘T’ bar. The AZ contains multiple molecules and its core components are
conserved across animal kingdom. These include Rim, Rim-binding protein, ELKS, Liprin-a and
Unc-13 (Siidhof, 2012). These core components interact with additional components at synapses,
including SNAREs (SV fusion machinery), VGCC (calcium influx upon action potential), Syd-1
(regulating synapse assembly) and Piccolo and Bassoon (SV recruitment).

The precise structure and mechanism of assembly for AZs is still poorly understood and
is the subject of current investigation (Petzoldt and Sigrist, 2014). The current model is that cell
adhesion molecules (CAMs) from both pre- and post-synaptic compartments arrive first and

define the location of the synapse through their transynaptic interaction. This is followed by the



arrival of postsynaptic receptors and AZ organizers, Liprin-a and SYD-1. Brp/ELKS, a major
structural component of the AZ is recruited later (Figure 1.1). This model is based on evidence
from super resolution imaging and functional analysis carried mostly at the Drosophila NMJ
(Fouquet et al., 2009; Kaufmann et al., 2002; Zhen and Jin, 1999). Rim, Rim binding protein and
Unc-13 are important for synaptic transmission and AZ function, but AZs can nevertheless form
in their absence (Aravamudan et al., 1999; Graf et al., 2012; Jung et al., 2015; Koushika et al.,
2001; Liu et al., 2011; Richmond et al., 1999). Two isoforms of Unc-13 were found in
Drosophila and are recruited by Liprin-a and Brp separately (Bohme et al., 2016). The assembly
steps for Rim and Rim-binding protein are not clear, except Rim-binding protein tightly
associates with Brp (Siebert et al., 2015).

After the core of AZs is in place, the release machinery components, including VGCC
and target-SNARESs (t-SNARESs), need to localize to AZs (Gasparini et al., 2001; Kasai et al.,
2012; Li et al., 2007). While the VGCC is likely recruited by Brp/ELKS and Rim binding
protein, t-SNARESs distribute broadly on the axon membrane (Siidhof and Rothman, 2009) and
whether an AZ recruitment mechanism exists for t-SNARESs is not clear. As the synapse
maturates, it is not clear whether presynaptic structure and composition undergoes changes,
comparable to postsynaptic remodeling (McMahon and Diaz, 2011). The presynaptic
compartment forms a button-like bouton, which enlarges in size and become filled with SVs.
While presynaptic boutons at CNS synapses are thought to contain one site of release and one
AZ, the boutons at the larval NMJ grow to contain multiple AZs and form multiple synaptic
contacts. This structure of the bouton is likely coupled to the process of synapse formation since
mutations that disrupt the normal morphology of boutons commonly cause significant

impairments to synaptic transmission (Menon et al., 2013).



1.1.2 Control of presynaptic assembly

To tune its function within a circuit, a neuron tightly controls the number and structure of
synapses. On the presynaptic side, there are three main features that a neuron can modulate to
regulate the number and structure of its presynaptic contacts. It can modulate (1) the assembly of
the AZs and SV release machinery from individual components; (2) the expression of
components that are needed for AZs and SV release machinery; and (3) the transport and
localization of these components to presumptive or existing synapses. Notably, compared to the
long-lasting neuron, the presynaptic proteins are ultimately degraded. The half-life of most
presynaptic proteins examined thus far (including ELKS, Synaptotagminl and SNARE?) is at the
range of days or weeks (Rosenberg et al., 2014). Thus a continuous replenishment of the
presynaptic proteins to the AZs and SV release machinery through (1) to (3) are also critical for
the maintenance of synaptic structure and function in the course of a neuron’s life.

Though little is known on (1-3), some recent studies are beginning to reveal new
information. Much of these recent development comes from studies using the Drosophila NMJ.
The accessible genetic and molecular tools in Drosophila (see Chapter IT) and the amenability of
the larval NMJ to visualization are great advantages that allow this synapse to serve as a ‘model
synapse’. In addition, the Drosophila genome contains only a single copy of most AZ genes,
compared to 3 to 4 paralogs for each AZ core component in mice (Stidhof, 2012). Here I
summarize our current understanding of the three processes (1-3) in synapse regulation.

In regulating the assembly of AZs and synapses, Liprin-o, SYD-1 and Rab3 play
important roles. Liprin-a and SYD-1 interact with each other and function closely in organizing

AZ morphology (Dai et al., 2006; Kaufmann et al., 2002; Owald et al., 2010, 2012; Spangler et



al., 2013; Zhen and Jin, 1999). They appear at nascent synapses before the arrival of other AZ
components and hence initiate important steps in AZ assembly (Fouquet et al., 2009; Owald et
al., 2010). Interestingly, the loss of Syd-1 or Liprin-a leads to aberrant localization of synaptic
material in axons or presynaptic specializations in dendrites (Hallam et al., 2002; Li et al., 2014),
reflecting their roles in determining AZ localization. Rab3 was originally identified as a SV
protein, and interacts with Rim (Rab3-interacting molecule) to prime SVs for release (Fischer
von Mollard et al., 1990; Wang et al., 1997). Later, an additional role was identified for
Drosophila Rab3 in regulating the initiation step of AZ assembly: mutations in rab3 and its
regulators have reduced numbers of AZs and these AZs grow to an abnormal size (Bae et al.,
2016; Graf et al., 2009).

Whether and how the expression of presynaptic proteins is regulated in synapse
formation is not clear. But an increasing amount of evidence suggests the existence of expression
regulation. Work from Drosophila has revealed dynamic expression profiles of many presynaptic
genes during development, with their peak expression coinciding with the timing of synapse
formation during embryo and pupal stages (Graveley et al., 2011). In a ribosomal profiling study
in Drosophila photoreceptor neurons, the translation of many presynaptic protein is regulated
specifically at the onset of synaptogenesis (Zhang et al., 2016). Studies using Drosophila visual
system also suggest a dynamic change of presynaptic proteins in adults: the expression of Brp
displays circadian changes at the neuropils of Drosophila lamina (Gorska-Andrzejak et al., 2013)
and the expression of Brp, Liprin-a and Rim binding protein, but not SYD-1 and VGCC, is
reduced upon increased synaptic activity (Sugie et al., 2015). This reduction of presynaptic
expression may be mediated by targeted degradation at synapses, which has been shown as an

effective pathway to regulate synapse function (Speese et al., 2003; Waites et al., 2013; Yao et



al., 2007). Though the importance of these expression change is unclear, it is interesting to note
that the expression of Dscam, a cell adhesion molecule, regulates the morphology of presynaptic
terminals in Drosophila larval sensory neurons (Kim et al., 2013). Aberrant expression of
presynaptic proteins are also implicated in neuronal pathology (Beneyto et al., 2007; Jang et al.,
2014; Moechars et al., 20006).

Another important, but poorly understood process that is crucial for synapse formation is
the trafficking of presynaptic components. Presynaptic proteins are generally thought to be
synthesized in the cell body and trafficked to synapses via the fast axonal transport machinery.
The transport of vesicle-associated proteins are the best studied. SVs carry vSNARE proteins
(such as Synaptotagmin and Synapsin) and transporters of neurotransmitter (such as the
Vesicular Glutamate transporter (VGlut)). Dense core vesicles (DCVs), which are named based
on their distinct electron-dense appearance by EM, are known to contain neuropeptides and
likely heterogeneous and diverse according to content. One type of DCVs carries the AZ
components Piccolo and Bassoon and thus are named Piccolo Bassoon transport vesicles (PTVs).
PTVs (as characterized in culture hippocampal neurons) are found to have a uniform size of 80
nm and associate with other AZ regulators or components including Unc-18, Rab3, SNAREs
(Syntaxin and Snap25) (Shapira et al., 2003; Zhai et al., 2001). Based on quantitative
comparisons of immunostaining for Rim, Piccolo and Bassoon associated with PTVs versus
AZs, a ‘unitary’ model was proposed that two or three PTV's could fuse to form a complete AZ.
Other studies suggest ‘co-transport’ of PTVs and SVs, based on nearby localization of their
associated proteins under light microscopy and EM in cultured hippocampal neurons (Ahmari et
al., 2000; Tao-Cheng, 2007). These studies propose that AZ components are pre-assembled on

vesicles before they arrive at synapses. This ‘preassembling’ theory likely requires a selective



mechanism by which AZ components are sorted and enriched on PTVs. Where and how this
occurs is currently unknown. It is also worth noting that no PTV has been found in invertebrates
and there is no direct invertebrate homologue of Piccolo and Bassoon, even though AZ
components and SVs are found co-transported frequently in C. elegans (Wu et al., 2013). In
Drosophila, the AZ component Fife has been identified as a hybrid molecule of Piccolo and
Rim-like protein, though the sequence similarity is not high (Bruckner et al., 2012). Whether a
Fife-associated vesicle or a PTV-equivalent vesicle exists in invertebrates remains unidentified.
The trafficking of synaptic components to synapses requires exiting the cell body into
axons, anterograde transport through axons and cessation of transport at an appropriate synaptic
destination. Very little is known for how each of these events is regulated for different synaptic
cargos. Despite emerging evidence of a cargo sorting mechanism (Kuijpers et al., 2016; Maeder
et al., 2014), it is not clear how synaptic proteins are packaged into or with vesicles especially
considering many presynaptic proteins including AZ components are not transmembrane
proteins. Presumably, proteins and vesicle precursor cargos are then guided into axon and
shipped along axon via kinesin-driven transport on microtubules. However which of the many
kinesin family members are involved in different stages of transport is unclear and a basic
assignment of roles for individual kinesins to cargos has yet to be clearly laid out. Finally, the
presynaptic proteins needs to disassociate from kinesins at the proper synaptic location and a
small G protein, ARL-8 is proposed to promote this process by inhibiting the binding between
cargos and the kinesin (Wu et al., 2013). How ARL-8 is regulated and whether other regulators

are involved remains unclear.

1.1.3 Unc-104/Imac/KIF1A is essential to synapse formation



An important role in transporting many presynaptic components has been assigned to a
kinesin-3 family member, Unc-104/Imac/KIF1A. Mutations in this gene leads to severe synaptic
defects in C. elegans, D. melanogaster and mice. These defects include a profound depletion of
AZs, SVs and DCVs from synapses and severely impaired synaptic transmission (Barkus et al.,
2008; Gong et al., 1999; Otsuka et al., 1991; Pack-Chung et al., 2007; Yonekawa, 1998). These
defects are also accompanied by a substantial accumulation of vesicles and synaptic proteins in
the cell body. Thus, despite limited biochemical evidence, it has been interpreted that Unc-104
directly transports presynaptic components in axons. Studies in both Drosophila and C. elegans
suggest that Unc-104 is not required for the initial localization of AZs to presynaptic terminals
(Hall and Hedgecock, 1991; Pack-Chung et al., 2007), however unc-104-null mutants fail to add
additional AZs during the expansion of the developing Neuromuscular Junction (NMJ) terminal.
It is therefore possible that Unc-104 regulates AZ localization and assembly through an indirect
mechanism. Besides its role in early development, Unc-104 has been recently shown to be
important for synaptogenesis in learning progress and synapse integrity in aging (Kondo et al.,
2012; Li et al., 2016).

A separate kinesin family member, Kinesin-1, is also functionally implicated in the
transport of SVs and AZ components. However, mutations that disrupt kinesin-1 function,
exhibit distinct phenotypes from unc-104 mutants: SV associated proteins and AZ components
accumulate aberrantly in axons (Gindhart et al., 1998; Kurd and Saxton, 1996; Siebert et al.,
2015). In contrast, the accumulation in unc-104 mutants are restricted to cell bodies and not
axons (Otsuka et al., 1991; Pack-Chung et al., 2007; Yonekawa, 1998). Whether and how

kinesin-1 and Unc-104/Imac/KIF1A coordinate with each other is unclear. Studies of motor



modification and adaptor choice would likely shed lights on these questions (Hirokawa et al.,
2009).

The origin of my thesis work began with a surprising observation that many of the
synaptic defects observed in unc-104 mutants could be rescued by mutations that disrupt
signaling by the Wallenda/DLK MAP kinase. The initial observation was first made by Yao
Zhang in Tobias Rasse’s at the University of Tubingin. After confirming the rescue with further
characterization, my goal was to understand the relationship between Unc-104 and Wallenda.
This work results in a better understanding of Unc-104’s function and reveals a role for

Wallenda pathway in regulating synaptic structure and function.

1.2 Wallenda/DLK regulates responses to axonal injury response and morphology of the
presynaptic terminal

Wallenda (Wnd)/DLK is a MAPK kinase kinase kinase, hence an upstream regulator of
MAP kinase signaling. A kinase signaling cascade, comprised of Wnd, Mek4 (MAPKK) and
JNK or p38 (MAPK) has been characterized in both vertebrates and invertebrates to regulate
nuclear events in response to axonal injury. Conserved across species, Wnd/DLK function is
critical for the ability of injured axons to initiate new axon growth (axon regeneration)
(Hammarlund et al., 2009; Shin et al., 2012; Watkins et al., 2013; Xiong et al., 2010). Besides its
critical role in axon regeneration, Wnd/DLK promotes axon degeneration and cell death in
mammals (Miller et al., 2009; Pozniak et al., 2013; Watkins et al., 2013; Xiong and Collins,
2012; Xiong et al., 2012). (For more details, see Chapter II)

Prior to its discovery as a regulator of axonal injury responses, Wnd/DLK was

previously known to play a role in restraining synapse development. In Drosophila larval
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motoneurons, Wnd levels are normally restrained by an E3 ubiquitin ligase (Hiw), and loss of
this regulation activates Wnd signaling, which leads to a dramatic overgrowth of presynaptic
terminals, featured by a >5 fold increase in the number of boutons and synaptic branches at every
NMIJ terminal. This overgrowth occurs with a decrease of bouton size and SV markers per NMJ
(Collins et al., 2006). Similar overgrowth of presynaptic terminals was also observed in sensory
neurons (Kim et al., 2013). Consistently, the loss of function (LOF) Wnd mutations cause bigger
boutons at the NMJ (Klinedinst et al., 2013). Downstream signaling components including Jun
N-terminal Kinase (JNK) and transcription factor Fos, are important mediators of these
presynaptic terminal phenotypes. However the mechanism(s) that Wnd pathway employs to
regulate bouton/NMJ morphology are not clear. It was also not addressed in Drosophila whether
presynaptic assembly of AZs is affected by Wnd signaling.

In C. elegans, misregulation of Wnd’s homologue DIk-1 also leads to defects in synapse
morphology, however the manifestation of the defect is slightly different from Drosophila. In
GABAergic motoneurons, overexpression of DLK-1 or mutation in the ubiquitin ligase rpm-1
leads to a reduced number of SVs at individual synapse and an abnormal distribution of AZs at
individual synapses: some synapses contain 2-3 AZs instead of a single AZ (Nakata et al., 2005;
Yan et al., 2009). Distinct from bouton-localized synapses in vertebrates and Drosophila, C.
elegans form most synapses uniformly along axons (White et al., 1986). This uniformity is
disrupted when DLK-1 is activated (Nakata et al., 2005), suggesting DIk-1’s role in organizing
synapses. Over-expression of DIk-1is proposed to activate the downstream MAPK p38, which in
turn enhances the mRNA stability of a transcriptional factor (cebp-1) (Yan et al., 2009). Thus far
it is not clear how cebp-1 regulates the synapse distribution and SV level. Interestingly, some

evidence suggests that activated DIk-1 causes aberrant accumulation of postsynaptic glutamate
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receptors (Park et al., 2009), however it is not known whether these postsynaptic defects have
anything to do with the presynaptic defects.

Given the importance of DLK at presynaptic terminal, it is tightly controlled in neurons.
Pam/Highwire/Rpm-1 (PHR) is proposed to regulate Wnd/DLK through protein turnover. In phr
mutants Wnd/DLK signaling is highly activated and accounts for most rpm-1-induced synaptic
defects (except for a reduction of quantal content) (Collins et al., 2006; Nakata et al., 2005). In
hiw mutants Wnd protein becomes enriched at the presynaptic axon terminals. This suggest that
PHR may down-regulate Wnd at synapses, and this is consistent with localization of Rpm-1 and
DIk-1 at C. elegans synapses (Nakata et al., 2005; Zhen et al., 2000). PHR functions within an
SCF complex with other components of ubiquitin ligase machinery, including FSN-1 (Liao et al.,
2004; Saiga et al., 2009; Wu et al., 2007). However it is still not entirely clear whether it
regulates Wnd/DLK via direct ubiquitination. One study provided some biochemical evidence
that the RING domain within Rpm-1 could stimulate ubiquitination of DIlk-1 in HEK cells, but
important controls are missing from the experiment (Nakata et al., 2005). Interestingly, a recent
study found that cAMP effector kinase increases the stability of Wnd/DLK (Hao et al., 2016).
Given that PHR contains a domain that can function as an inhibitor of adenylate cyclase in vitro
(Pierre et al., 2004; Scholich et al., 2001), an indirect mechanism via cAMP is possible (Hao et
al., 2016). In addition, another study found that rpm-1 interacts with a phosphatase to
dephosphorylate dlk-1 (Baker et al., 2014).

My early observations that mutations that disrupt axonal transport (including unc-104
mutants) activates a reporter of Wnd signaling drew my desire to understand the potential
mechanism. My work has led me to a model for Wnd signaling that explains the synaptic defects

in unc-104 mutants and the genetic interactions between Unc-104 and Wnd. In this model, Wnd
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signaling is activated by the accumulation of presynaptic proteins due to defective transport
caused by the loss of unc-104 and in turn downregulates synapse formation by inhibiting the
expression of presynaptic proteins. Thus, I propose that Wnd regulates a negative feedback

mechanism to match the expression of presynaptic proteins to their transport capacity.
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Figure 1.1: Overview of synaptic assembly, adapted from (Petzoldt and Sigrist, 2014)

Cell adhesion molecules (CAMs) define the location of synapses through interaction between
pre- and postsynaptic counterparts. NRX/NLG are Synaptic-specific CAMs and are identified
critical for synapse assembly. SYD-2 (Liprin-a)/SYD-1 complex is recruited by NRX/NLG and
then initiate the assembly of AZs by recruiting AZ components including Brp/ELKS, VGCCs
and RIM. AZs dock and prime SVs and SV release machinery mediates calcium-dependent SV
fusion during synaptic transmission.
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Figure 1.2: Model for the molecular mechanisms underlying synaptic defects when Unc-104’s
function is reduced.

The formation of synapses require the synthesis of presynaptic components (including AZ
components (purple) and SV components (green)) and the delivery of them through axonal
transport to proper locations in synaptic terminals. While the delivery of SV components solely
relies on Unc-104 (black), the delivery of AZ components likely involves another kinesin (grey).
When Unc-104’s function is impaired/reduced, its capacity to transport SV components
decreases, resulting in accumulation of presynaptic components in cell bodies. The increase of
presynaptic proteins in cell bodies activates Wnd pathway, which initiates a signaling cascade to
turn down the expression of presynaptic components. This directly reduces the amount of
presynaptic components that are recruited by SVs (empty circle) and DCVs (grey circle) for
transport. The defective transport and reduced presynaptic components together lead to
insufficient material for synapse development and maintenance, and eventually manifests
reduced number of synapses and mismatched pre- and postsynaptic structures.
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CHAPTER I

MECHANISMS OF AXONAL DEGENERATION AND REGENERATION:

LESSONS LEARNED FROM INVERTEBRATES

2.1 Introduction:

Neurons and the connections that they make with each other typically need to persist for
an animal’s entire life, even in the face of injury. How do nervous systems, including our own,
cope with and respond to damage? It would be ideal if we simply could regenerate the damaged
part, like a planarian which can regenerate an entire head de novo (Owlarn & Bartscherer, 2016).
However most nervous systems across the animal kingdom lack such capacity. Instead, many
nervous systems do their best to repair damaged axons and synapses. And in many cases of adult
nervous systems, damaged axons and synapses are simply lost.

Axons are thought to be particularly vulnerable components of neuronal circuitry. They
are often exceptionally long: human motoneuron axons can reach lengths over 10,000 times the
diameter of their cell body and even in small invertebrates such as Drosophila an axon can be
200 times the cell body diameter. Such length can be a vulnerability: a problem occurring
anywhere along the axon’s length could result in lost ability to communicate with downstream
cells. Furthermore, because axons connect to distant sites, it can be difficult to re-establish lost
connections, especially in the adult nervous system. During development, axonal growth to

specific targets is directed via a series of growth promoting and guidance cues (Tessier-Lavigne
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& Goodman, 1996). Many of these cues are only transiently present during nervous system
development, and are largely absent in the adult system.

In this chapter we review some important factors that mediate neuronal responses to
axonal damage. We will emphasize here what has been learned from research using invertebrate
model organisms (especially Drosophila and C. elegans), which has directed exciting discoveries

of mechanisms that are conserved across the animal kingdom.

2.2. Overview of Acute and Chronic models of axonal damage

The response(s) that neurons make to axonal damage or stress can vary according to the
types of damage and neuron type (Figure 2.1, and Table 2.1). However a simple determinant for
classification is the duration of the harmful stimulus: acute (short term, cartooned in Figure
2.1A-C) verses chronic (long term, cartooned in Figure 2.1D-E).

Acute axon injuries can be induced experimentally by directly transecting or crushing
nerves, or by micro-surgical cutting of individual axons using a high-energy laser. After such an
injury, repair may be possible if the part of the axon that remains attached to cell body (the
proximal ‘stump’) can grow again. The ability of an injured axon to re-initiate new axonal
growth and eventually reconnect to its target (Figure 2.1Bi and Ci) is commonly termed axon
‘regeneration’. Axon regeneration has been documented and studied in many invertebrate
models, including cockroach, crickets, crayfish, squid, Aplysia, Great pond snail, earthworm,
leech and more recently C. elegans and fruit flies (Table 2.1). Is the ability to regenerate axons
universal for invertebrate neurons? Probably not, since failures have also been documented
(Ayaz et al., 2008; Song et al., 2012; Z. Wu et al., 2007). It is interesting that some of these
failures occur after injuries in the Central Nervous System (CNS) (Ayaz et al., 2008; Song et al.,

2012), where stalled regeneration (Figure 2.1Bii), followed by degeneration of the proximal
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stump (Figure 2.1Ciii) have been described. In the mammalian CNS, the failure to regenerate
damaged axons is a major clinical impediment to recovery after brain and spinal cord injuries,
hence the possibility that some aspects of this failure is shared with invertebrates, where it can be
studied in a simple model system, is interesting and potentially exciting.

While the proximal stump can either regenerate or fail to regenerate, the common fate of
the ‘distal stump’, which is no longer connected to the cell body, is to degenerate (Figure
2.1Biii). Most Drosophila neurons behave similarly to mammalian neurons by initiating axonal
degeneration quite rapidly (within a day) after injury. This fast process, in theory, may allow for
a ‘replacement’ by new growth from a regenerating ‘proximal stump’ (Figure 2.1Ci). However
an injured ‘distal stump’ has been observed in some invertebrate animals (crayfish and leech) to
persist for months after injury with no signs of degeneration (Frank, Jansen, & Rinvik, 1975;
Hoy, Bittner, & Kennedy, 1967). In these cases, as well as in C. elegans, a process of re-fusion
between the two separated stumps (Figure 2.1Cii) has been observed (Birse & Bittner, 1976;
Hall, 1921; Hoy et al., 1967; Muller & Carbonetto, 1979; Neumann, Nguyen, Hall, Ben-Yakar,
& Hilliard, 2011). Whether the repair is achieved by replacement (in Figure 2.1Ci) or fusion
(Figure 2.1Cii), the two processes of axonal degeneration and regeneration need to be
coordinated.

Axonal damage can also occur in other scenarios of injury and stress which we define
here as ‘chronic injuries’. These scenarios include prolonged presence of a neurotoxin (such as
taxol and colchicine, which induce axonal loss), or the presence of a mutation which induces a
persistent ‘stress’ to the integrity and function of the axon (Figure 2.1D). Mutations that are
known to cause axonal and/or synaptic loss are often associated with inherited neurodegenerative

disorders in humans (Saxena & Caroni, 2007). One such example are mutations in SOD! gene
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that cause degeneration of human motoneuron axons in patients affiliated with familial ALS
(Fischer et al., 2004). In these cases, loss of synapses (Figure 2.1Ei) and/or axons (Figure 2.1Eii)
is thought to precede the death of the neurons.

A unifying feature of both acute and chronic models of axonal damage is the impairment
of intracellular transport processes within axons. The transport of organelles and proteins in
axons relies upon the action of motor proteins, which physically carry their cargo by walking
upon microtubule tracts. In acute axonal injuries, the delivery of molecules from the cell body to
the distal axon is irreversibly blocked due to the fact that they are no longer physically
connected. In chronic models, although the connection remains, the process of axonal transport is
also thought to be persistently impaired (Figure 2.1D). This has been shown by altered
movement of fluorescently tagged organelles such as mitochondria or synaptic vesicle
precursors, or by accumulations of organelles in axons or cell bodies (Millecamps & Julien,
2013). Mutations that disrupt the cytoskeleton, comprised of the microtubule tracts and
associated molecules, often lead to degeneration of axons and/or synapses (Bounoutas et al.,
2011; Pielage, Fetter, & Davis, 2005; M. K. E. Schaefer et al., 2007).

In contrast to acute injuries that completely disconnect cell bodies with their synaptic
targets, neurons in a chronic injury condition have the chance to try to adapt to the stress and
make their axons more resilient to degeneration (Figure 2.1Eiii). While adaptive changes and
mechanisms are still very poorly characterized, they may potentially entail an induced expression
of chaperones and transport of additional cytoskeletal components into axons. Depending upon
the severity and duration of the stress, this response may or may not be enough to maintain the

axon and/or to prevent cell death.
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The processes of degeneration, regeneration, and adaptation are all interesting from the
perspective of human health. The mechanisms that neurons engage to either delay or accelerate
axonal and synaptic loss and repair after injury could be valuable therapeutic targets for
treatment of traumatic injuries as well as neuropathies and even potentially neurodegenerative

diseases in which axonal loss occurs.

2.3. Axon and Synapse loss

The process of axonal degeneration after acute injury (Figure 2.1Biii) is highly
stereotyped and is termed Wallerian Degeneration (WD), based on its first description by
Augustus Waller in 1851. For a period of time after injury (termed the ‘lag phase’) the distal
stump of the axon remains intact and is able to propagate action potentials (Beirowski et al.,
2005; Lubinska, 1977). In most cases, the lag phase is then followed by a rapid fragmentation
phase, in which the axon breaks into many individual pieces, which are then phagocytosed by
glia and immune cells (Bhatheja & Field, 2006). WD likely entails a cell autonomous chain of
events that occur within the distal axon itself, hence can be considered as a ‘self-destruction’
pathway, akin to apoptosis. However WD appears to involve a molecular pathway that is quite
distinct from apoptosis (Deckwerth & Johnson, 1994; Finn et al., 2000). The pathway itself and
its molecular players are still at the early phases of being described, and studies in the
invertebrate model organism Drosophila have led the way in this exciting area of study.

In Drosophila, multiple approaches for inducing axonal injury and studying WD have
now been described (Table 2.1; also see (Fang & Bonini, 2012)). Combined with the powerful
genetics of this model organism, such approaches provide an ideal vehicle to uncover vital
molecular mediators of the WD pathway. Many of the injury approaches (such as cutting an

antenna or a wing) are simple to carry out, enabling genetic screens to identify molecules whose
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function is required for degeneration to occur. For some of the approaches (including laser-
directed transection and nerve crush injuries in peripheral neurons of larvae which are
semitransparent) the process of WD is amenable to detailed study of the cellular changes during
the course of WD, including changes in intracellular calcium, mitochondria and cytoskeleton.
Here we briefly highlight some of the discoveries made in Drosophila that have strongly

influenced our understanding of WD.

2.3.1 Central molecular regulators of WD
(a) Sarm

A heroic large-scale genetic mosaic screen in Drosophila led to the discovery of dSarm
(Drosophila Sterile alpha and HEAT/Armadillo motif containing), as a critical molecular player
in WD (Osterloh et al., 2012). Neurons that are mutant in Sarm fail to degenerate distal axons
after axonal injury. This role for Sarm role in promoting degeneration was then shown to be
conserved in mammals and in C. elegans (Osterloh et al., 2012; Vériepe, Fossouo, & Parker,
2015). Although dSarm has been previously implicated in innate immunity and neuronal
development (C.-Y. Chen, Lin, Chang, Jiang, & Hsueh, 2011; Chuang & Bargmann, 2005;
Couillault et al., 2004; Liberati et al., 2004), a role in axonal degeneration would have never
been guessed, highlighting the importance of forward genetic approaches. With Sarm’s central
role in degeneration revealed, current work is now focused upon its mechanism. Domain analysis
suggests that dimerization of Sarm’s TIR domains is sufficient to activate WD in uninjured
axons and this activation leads to a rapid rundown of intracellular metabolites NAD+ and ATP
(Gerdts, Brace, Sasaki, DiAntonio, & Milbrandt, 2015; Summers, Gibson, DiAntonio, &
Milbrandt, 2016). Much work remains to be done to understand the molecular events that lead to

the activation of Sarm and its downstream actions.
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(b) Nmnat

In contrast to the unanticipated discovery of Sarm, a potential role for Nicotinamide
mononucleotide adenylyl transferase enzyme (Nmnat) had been suspected for years, ever since a
gain-of-function mutation in the Nmnatl enzyme was fortuitously discovered in the background
of a mouse strain. WD fails to occur in these mutant mice, and this effect can be recapitulated in
Drosophila neurons, by over-expressing the Nmnat enzyme (MacDonald et al., 2006).

Loss-of-function studies in both Drosophila and mice suggest that endogenous versions
of Nmnat enzymes in healthy neurons play a protective role to inhibit degeneration (Fang &
Bonini, 2012; Gilley & Coleman, 2010; Hicks et al., 2012; Rallis, Lu, & Ng, 2013; Sasaki,
Margolin, Borgo, Havranek, & Milbrandt, 2015; Wen, Parrish, He, Zhai, & Kim, 2011; Zhai et
al., 2006). In many of these studies, depletion of Nmnat function leads to spontaneous axonal
degeneration even in the absence of injury. To explain these observations, it has been proposed
that Nmnat is an axonal ‘survival’ factor. Drosophila Nmnat and mammalian Nmnat?2 are
continuously transported into distal axons, where the protein is then rapidly turned over (Gilley
and Coleman, 2010; Milde et al., 2013; Xiong et al., 2012; Figure 2.2). Once disconnected from
the cell body, the distal stump loses the supply of Nmnat from the cell body and its essential but
still poorly understood survival function, which leads to the initiation of degeneration.

What exactly the Nmnat enzymes do to maintain axon integrity is still not clear, and this
is the subject of much investigation and discussion (Ali, Li-Kroeger, Bellen, Zhai, & Lu, 2013).
It is clear that Nmnat enzymes need to localize in the cytosol (Figure 2.2A) and they become
more potent at protecting axons from degeneration when they are targeted to axons (Avery,
Sheehan, Kerr, Wang, & Freeman, 2009; Beirowski et al., 2009; Sasaki, Vohra, Baloh, &

Milbrandt, 2009). The enzymatic activity for NAD+ synthesis also appears to be important
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(Araki, Sasaki, & Milbrandt, 2004; Jia et al., 2007; Sasaki, Vohra, Lund, & Milbrandt, 2009). In
line with this, a recent study has linked Sarm’s role in degeneration to a rapid rundown in NAD+
(Gerdts et al., 2015). However whether inhibiting NAD rundown is a direct action of the Nmnat
enzymes has been difficult to address, and some studies have linked other metabolites on the
NAD biosynthesis pathway with axonal degeneration (Conforti, Gilley, & Coleman, 2014).

A quite different idea is that Nmnat performs an additional function that is separate from
NAD+ synthesis, by acting as a molecular chaperone, akin to the function of heat shock proteins
(Ali et al., 2013). This idea builds upon observations that Nmnat transgenes that are non-
functional for NAD synthesis activity can still have protective effects when over-expressed in
Drosophila neurons (Zhai et al., 2006, 2008). Further, endogenous Nmnat isoforms become
upregulated in several models of protein-folding disorders, and in these cases Nmnat protein is
observed to co-localize with protein aggregates. In addition, Nmnat can facilitate the folding of
denatured luciferase in vitro, possibly via its ATPase domain (Ali et al., 2016; Ali, McCormack,
Darrand, & Zhai, 2011; Ali, Ruan, & Zhai, 2012; Zhai et al., 2008). While it is challenging to
nail down a chaperone function in vivo, the idea remains attractive since other known
chaperones (such as TBCE, CSP and Hsp70) are required for continued axon and synapse

integrity (Ferndndez-Chacoén et al., 2004; Rallis et al., 2013; M. K. E. Schaefer et al., 2007).

(c) Potential Sarm and Nmnat independent pathways

While axonal degeneration usually initiates within hours of injury in Drosophila and
mammalian neurons, crayfish and leech axons have been observed to persist for months after
injury (Ballinger & Bittner, 1980; Frank et al., 1975; Hoy et al., 1967). This implies the existence
of mechanisms that has been adopted by some animals to maintain the integrity of distal ‘stump’

and/or inhibit degeneration. Do these axons fail to activate Sarm? If so, how and why is this
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change achieved in these neurons? Or are there additional pathways involved. Interestingly, a
recent study has documented WD in C. elegans which occurs independently of any manipulation
to TIR-1, the C. elegans homologue of Sarm, or Nmnat (Nichols et al., 2016). This suggests that
Sarm/TIR-1 may not universally promote degeneration in all neuron types, or may be utilized to
different degrees in different contexts. A revisit to old observations of axonal degeneration in
non-model organisms with contemporary techniques may help to reveal the origin and evolution

of the degeneration program.

2.3.2 Adaptive mechanisms to chronic stress

Similarly to WD after injury, chronic stressors (such as cytoskeletal toxins and/or
mutations) can also cause axonal degeneration (Figure 2.1D and Eii). Since in most cases
degeneration is inhibited by manipulations that increase Nmnat activity, it is thought that
degeneration in these models shares a common underlying mechanism with WD (Coleman &
Freeman, 2010). However neurons in different injury models exhibit various tolerances to
chronic stressors (Conforti et al., 2014). We posit that some of these differences are determined
by whether the cell is able to make an adaptive response to delay the degeneration process
(Figure 2.1Eiii).

Some recent studies in Drosophila suggest that nuclear signaling pathways may become
engaged in response to chronic stress and damage with an output that serves to enhance and/or
maintain axon integrity. An important example is the upregulation of Nmnat expression and
alternative splicing of Nmnat isoforms, which has been observed in response to proteotoxic
stress, heat shock stress and hypoxia (Ali et al., 2011; Ruan, Zhu, Li, Brazill, & Zhai, 2015; Zhai
et al., 2008). An additional pathway, discussed further in part III, is the DLK signaling pathway,

which becomes activated in injured axons. In Drosophila motoneuron axons, this pathway
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induces cellular changes that delay the process of WD, such that an axon that has been injured
once becomes more resilient to degeneration after a second injury (Xiong & Collins, 2012). The
manifestation of this protective response only occurs for the proximal stump but not the distal
stump, likely because the process involves the expression and transport of new molecules into
axons.

It is interesting that both Nmnat and the DLK kinase share commonalities in their
regulatory mechanisms. First, both are transported in axons and associated with Golgi-derived
vesicles (Figure 2.2A). Palmitoylation allows for this localization and is required for the rapid
turnover of Nmnat (Milde, Gilley, & Coleman, 2013) and the function of DLK (Holland et al.,
2015) in mammalian neurons. While this has yet to be tested in invertebrate neurons, Drosophila
Nmnat and DLK proteins contain palmitoylation consensus sequences. Second, the protein
turnover of both Nmnat and DLK are regulated by a conserved ubiquitin ligase complex, whose
signature component is a highly conserved PHR protein, named Highwire (Hiw) in Drosophila,
RPM-1 in C. elegans and PAM in mice (Babetto, Beirowski, Russler, Milbrandt, & DiAntonio,
2013; Brace, Wu, Valakh, & DiAntonio, 2014; Collins, Wairkar, Johnson, & DiAntonio, 2006;
Nakata et al., 2005; C. Wu, Daniels, & DiAntonio, 2007; Xiong et al., 2010, 2012). Hiw
therefore becomes an intriguing regulator (and is perhaps a coordinator) of adaptive responses to
axonal damage (Figure 2.2).

Finally, it is interesting to consider that many chronic paradigms of axonal injury can
originate or manifest at presynaptic terminals. Several mutations that disrupt synaptic structure
lead to axon and/or synapse degeneration (Burgoyne & Morgan, 2011; Fernandez-Chacon et al.,
2004; Pielage et al., 2005; Wishart et al., 2012). Also, in many neuropathies, the most terminal

connections of the axon are lost first, suggesting a ‘dying back’ mechanism, which may be
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initiated by a toxic stimulus at the synapse (Yaron & Schuldiner, 2016). Since it has been
suggested that a degeneration program may be initiated and/or restrained at synapses (Figure
2.1E1), the Hiw ubiquitin ligase complex gains even further cache, since Hiw and its homologues
are known to localize to presynaptic terminals (A. M. Schaefer, Hadwiger, & Nonet, 2000; Wan
et al., 2000; Zhen, Huang, Bamber, & Jin, 2000), and can inhibit synaptic degeneration in at least

one chronic paradigm (Massaro, Pielage, & Davis, 2009).

2.4. Axon and synapse repair

For a damaged axon to grow (or re-grow) it needs to have a growth cone (Ertiirk, Hellal,
Enes, & Bradke, 2007; Tom, Steinmetz, Miller, Doller, & Silver, 2004). Many early studies in
cultured neurons from Aplysia and cockroach (whose giant axons are very amenable to imaging
and recording after injury in culture) have helped to describe cellular events that direct a
transformation of a severed axonal stump into a growth cone: calcium influx triggered by the
injury itself directs axon membrane resealing at the injury site (Davenport & Kater, 1992; M E
Spira, Benbassat, & Dormann, 1993; Strautman, Cork, & Robinson, 1990; Yawo & Kuno, 1985;
Ziv & Spira, 1995) and activation of local calcium-regulated proteases, which promote
reconstructuring of neurofilaments and microtubules close to the stump ending (Gitler & Spira,
1998, 2002; Micha E. Spira, Oren, Dormann, & Gitler, 2003). These events ultimately lead to the
formation of a growth cone that has dynamic lamelopodia and filopodia (Baas & Heidemann,
1986; Ertiirk et al., 2007; Hellal et al., 2011; A. W. Schaefer et al., 2008).

The ability of the growth cone to direct new axonal growth is associated with
transcriptional and translational changes in the cell body. These changes are induced by signaling
pathways that become activated in injured axons, and this ‘injury signaling’ appears to be

mediated, at least in part, by molecules which are physically transported in axons (Hanz &
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Fainzilber, 2006). Early studies in Aplysia led to the identification of several proteins that are
retrogradely transported specifically in injured neurons (Ambron, Schmied, Huang, & Smedman,
1992; R Schmied, Huang, Zhang, Ambron, & Ambron, 1993; Robert Schmied & Ambron, 1997;
Y. J. Sung, Povelones, & Ambron, 2001; Y.-J. Sung, Walters, & Ambron, 2004; Zhang,
Ambron, Mason, & Erskine, 2000). These findings inspired later studies in mammalian
peripheral sciatic nerves, which have revealed critical components of “retrograde signaling”
(Ben-Yaakov et al., 2012; Lindwall & Kanje, 2005; Perlson et al., 2005).

Upon this foundation of knowledge from Aplysia and other invertebrate studies (Table
2.1), our understanding of molecular pathways underlying regeneration was brought to an
exciting new level in studies using C. elegans and Drosophila, which have enabled genetic
screens and genetic dissection of pathways required for axonal growth after injury. (Detailed
review can be found in (Byrne & Hammarlund, 2016; Hammarlund & Jin, 2014)). We’ll focus
our discussion on what is perhaps the most important discovery, the elucidation of the

DLK/Wallenda signaling pathway which detects and initiates responses to axonal damage.

2.4.1 DLK/Wallenda is essential for axonal regeneration

A role for the DLK kinase in axonal regeneration was first identified in a cleverly-
designed genetic screen in C. elegans (Hammarlund, Jorgensen, & Bastiani, 2007). The screen
was built upon the observation that axons in S-spectrin mutant break spontaneously, however in
response form new growth cones. Hammarlund and colleagues screened for mutants that failed
to do so, and identified a signaling cascade governed by DLK kinase, which is essential for the
transformation of axonal breaks into new growth cones. Importantly, d/k mutants have no

obvious phenotype in axonal outgrowth during development (Collins et al., 2006; Miller et al.,
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2009; Nakata et al., 2005). These findings suggest that DLK carries out a specific post-
developmental role in regulating responses to axonal injury.

Several points emphasize the importance of DLK as a central player in regulating the
ability of injured axons to regenerate. First, the requirement for DLK in axonal regeneration
appears conserved across multiple neuron types in C. elegans, Drosophila, and also in
mammalian PNS neurons which regenerate (Pinan-Lucarre et al., 2012; Shin et al., 2012; Xiong
et al., 2010; Yan, Wu, Chisholm, & Jin, 2009). Second, DLK functions as an upstream regulator
of a MAP Kinase signaling cascade. A number of observations suggest that it is transported in
axons and becomes acutely activated after axonal damage. Activated DLK or its downstream
targets give rise to retrograde signaling to initiate a nuclear response , hence DLK appears to
function as a regulator of signaling molecules that are retrogradely transported in axons
(Bounoutas et al., 2011; Shin et al., 2012; Watkins et al., 2013; Xiong et al., 2010; Yan et al.,
2009). In mammalian neurons DLK has also been implicated in other processes that seem to be
quite distinct from axonal regeneration: DLK promotes neuronal death after nerve growth factor
withdrawal (Ghosh et al., 2011), and death after axonal injury in the CNS (Retinal ganglion cell)
(Fernandes, Harder, John, Shrager, & Libby, 2014; Watkins et al., 2013; Welsbie et al., 2013),
and in models for excitotoxicity (Pozniak et al., 2013). A shared component of all of these
processes that activate DLK is the presence of stress and/or damage to the axon/synapse. The
current unified view in the field is that DLK functions as a ‘sensor’ of axonal damage, with the
downstream consequences of its activation varying depending upon context.

The amenability of Drosophila and C. elegans to combining mutagenesis and genetic
interaction analysis has provided insight into the cellular pathways and processes that appear to

regulate DLK’s signaling functions in neurons. In C. elegans, a mechanism for direct regulation
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by intracellular calcium has been described (Yan & Jin, 2012): an isoform of DLK binds to and
inhibits the full-length form of DLK, and this inhibitory binding is released in conditions that
elevate intracellular calcium. However, the sequences that mediate these interactions are not
conserved in mammalian or Drosophila DLK, so there are likely additional important
mechanisms for its regulation. Indeed a recent study has identified the cAMP effector kinase
PKA as an important upstream activator of DLK in Drosophila and mammalian neurons (Hao et
al., 2016).

Interestingly, studies in all model organisms have noted DLK’s relationship with
microtubules and the actin cytoskeleton. Induced cytoskeletal stresses, such as treatment with
taxol or cholchicine, or mutations in cytoskeletal components (tubulin) or regulators
(microtubule associated protein), lead to changes of structure and expression in neurons.
Interestingly, many of these changes are suppressed when DLK is mutated (Bounoutas et al.,
2011; C.-H. Chen, Lee, Liao, Liu, & Pan, 2014; Marcette, Chen, & Nonet, 2014; Richardson et
al., 2014; Valakh, Walker, Skeath, & DiAntonio, 2013). These findings imply that DLK acts
downstream to these manipulations to the cytoskeleton, and indeed, DLK signaling becomes
activated in mammalian neurons that are treated with cytoskeletal destabilizing agents (Valakh,
Frey, Babetto, Walker, & DiAntonio, 2015; Valakh et al., 2013). Complementary to this point, it
appears that a downstream effect of DLK signaling is the induction of alterations in cytoskeleton
organization (Eto, Kawauchi, Osawa, Tabata, & Nakajima, 2010; Feltrin et al., 2012; Hendricks
& Jesuthasan, 2009; Klinedinst, Wang, Xiong, Haenfler, & Collins, 2013; Lewcock, Genoud,
Lettieri, & Pfaff, 2007) and tubulin expression (Nadeau, Hein, Fernandes, Peterson, & Miller,
2005). These findings place DLK as both a sensor and effector to regulate cytoskeleton

dynamics.
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2.4.2 Is regeneration ‘programmed’?

During development axons respond to specifically placed cues to direct their growth
correctly, often over a long path that involves many intermediate targets, to find their appropriate
synaptic targets. Is the same developmental process re-engaged for regeneration? The answer is
likely both Yes and No. Extracellular factors are important for both development and
regeneration. However, in mammalian PNS regeneration, where motor neurons can reinnervate
their targets accurately after crush (Nguyen, Sanes, & Lichtman, 2002), nerve growth factors are
released by Schwann cells and microphages rather than targets which are the main source during
development. Schwann cell ‘tubes’ can physically confines axon outgrowth during regeneration,
but not during development (Bhatheja & Field, 2006; Scheib & Hoke, 2013). In invertebrates,
little is known on the mechanism governing path-finding and reinnervation, though reconnection
to original targets after axon injury has been observed in many species including cockroaches,
crickets, leech, crayfish, Aplysia and snails (Allison & Benjamin, 1985; Benjamin & Allison,
1985; Bodenstein, 1957; Case, 1957; Edwards & Sahota, 1967; Hoy et al., 1967; Muller &
Carbonetto, 1979). However in instances where regeneration has been studied on a molecular
level (in C. elegans and Drosophila) pathways that are distinctly required for regeneration and
not for development have been most notable and well characterized. These include the
DLK/Wallenda and PTEN/PI3K signaling pathways. In C. elegans, DLK is dispensable for axon
outgrowth during development (Hammarlund, Nix, Hauth, Jorgensen, & Bastiani, 2009).
Likewise, in the Drosophila mushroom body, neither PI3K nor DLK are required for axon
outgrowth during development (Marmor-Kollet & Schuldiner, 2016). On the other hand, unc-
40/DCC is required for axon initial outgrowth during development (Chan et al., 1996; Keino-

Masu et al., 1996), but not axon regeneration (Gabel, Antonie, Chuang, Samuel, & Chang,
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2008). These “regeneration-specific” pathways suggest that axon outgrowth and innervation after
injury is intrinsically and uniquely programmed.

The functional endpoint for axonal regeneration is to re-establish a functional circuit.
Unless re-fusion occurs (as in Figure 2.1Cii) this requires a newly formed axon to re-form lost
synaptic contacts (Figure 2.1Ci). While mechanisms that promote the growth of injured axons
have been the topic of much investigation, there are very few studies to characterize whether and
how synapses can be formed by regenerating axons. Studies of mammalian NMJ regeneration
have provided insights into roles of extracellular matrix proteins (Skouras, Ozsoy, Sarikcioglu, &
Angelov, 2011). But little is known about the intracellular pathways in neurons that promote
regeneration of synapses. Synapse regeneration may share similarities in ‘programming’ with
axon regeneration, with mechanisms that are both shared and distinct from developmental
pathways. The field simply needs more studies and more information on this topic. Invertebrate
model systems, in which functional regeneration can occur (which can result in readily screen-
able behavioral phenotypes) have important contributions to make for these important future

questions.
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Figure 2.1: Axon regeneration and degeneration in response to acute and chronic injuries
(A) Acute injuries physically break axons into two parts: a proximal stump which remains
connected to the cell body and a distal stump which has lost this connection. In many cases the
distal stump has presynaptic terminals (cartooned as button shaped boutons) that are made non-
functional by the injury. (B) In response to acute injuries, the proximal stump either (i) succeeds
or (ii) fails to form a new growth cone, and the distal axon either (iii) degenerates or (iv) stays
intact. Responses vary in different injury models (Table 2.1), however in most cases, outcomes
(1) and (iii) occur. (C) Ultimate outcomes of the injury responses include (i) new growth (in
green) from the proximal stump to replace the lost distal stump. Alternatively some invertebrate
neurons have been observed to undergo (ii) fusion of the two stumps, which requires less new
growth from the proximal stump and the ability of the distal stump to remain intact until it can be
reconnected. (iii) Failure to regenerate axons, followed by degeneration is another outcome for
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some neuronal injuries. (D) Chronic injuries include long-term forms of stress that neurons may
experience in their axons or synaptic terminals as the result of a genetic mutation or an
environmental condition. Such stresses can include perturbations that impair mitochondrial
function, organization of the cytoskeleton, long distance transport of proteins and organelles in
axons, and impairments to synaptic transmission. (E) Responses to chronic injuries include
degeneration of (i) synaptic terminals or (ii) entire axons and even cell death. However (iii)
neurons may also initiate stress response pathways which may allow for an enhanced resiliency
to degeneration. This likely involves transcriptional and translational events in the cell body and
transport of newly synthesized proteins into axons (hence the green nucleus and red cytosol).
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Figure 2.2: Molecular mechanisms during axon and synapse regeneration and
degeneration

(A) In uninjured neurons, several critical factors for regeneration or degeneration are present in
axon and synapses. These include Nmnat (orange circle) and DLK (blue circle) which are
transported (associated with vesicles) in axons, and which are also turned over in axons, most
likely in distal axon and synaptic locations by the Hiw ubiquitin ligase complex (gray squares).
(B) Upon injury, the DLK kinase becomes activated, and in the proximal stump can signal
retrogradely to the cell body to initiate a transcriptional response (green nucleus). Retrograde
signaling by DLK and other factors (indicated with stars (Rishal & Fainzilber, 2014)) are
required for later axon regrowth. In the distal stump, ‘survival’ factors such as Nmnat become
depleted because their turnover continues while the supply of new molecules from the cell body
is cut off. Sarm (triangle) becomes activated in the injured distal stump, and promotes a rapid
rundown in intracellular NAD+ and ultimately axonal degeneration.
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in different models

injury

Table 2.1 Axon response to acute

sAep Qg Aq uonIaUUEI3I YSI|GRISS SUOXE

(ysyhesd)

“le3a Ao syluow € Joj paniaqgo jou uoLJ3sULeI] JO YSNID uoJNau Jojow
ARG S i paJnfur jo Ajuiofew e ‘sun2do uoisny H ERLP e sHd g A0 ! 14D[2 SNIDQUIDIOIH
£96T ‘el0YES pue spiemp3  2iqy jueld swes ayy 03 398.e1 ‘Bunnouds SNd 12492 JO uonIasel) uoJnau Aiosuas
(19>210)
: Buiyouesq onlipuap (w=3sAs auqy 1ued) PIHs2top 12y
£€86T ‘UaY0) pue 1213paoy SND N2 40 ysnua
s22npul Apoq |92 Jeau ysnad ‘Sunnouds uoJnausaluljueld |elpaw
} . , syoam g-£ Ag s3N2J1D Jo (Yyaeon|202)
£S6T "95eD :£G6T "UIRisuspog SNd uoyaasues uoJnau Jojow
A1dn0234 pue sy38m p Aq uoneassuulal DUDILIBWD DIdUD|AIIdd
21elauadal Jou op uoxe Jo Ajliolew 0JJIA UI) 221N
} 1 p 40 Ao Aniur e (uejdxa
8007 “|e 12 zeAy e 9|Iym suoxe jo uowod e ur Ainful SND uoLISSIPOJIIW
Jaye Aep T spejs uonejuawsely uleiq }npe) uoinau ANTS
193 e sAep z paasasqo synouds eipodoly. Aq uondasesy
T e e T sanynow T T T T T T T T T fomn T T (¥npe pue ednd ‘ense)
9702 '|e 32 J9|o)-Jow.ely 'V'N SN2
uonelossip Jaye Aep T 1nouds sajunau ut) uoneossesip uoJinau Apoq wooiysnw
uonesauadal
|esaydiiad Juauiwolid snsian
210z “1e 19 8uos uopnelssuaded SN pauwI| ‘|| sse)d suoInau | ssefd 104 Ainful
SNd/SND A1s8ins uase| (eaue]) uounau Asosuas yq
ZT0Z '8 0T0T “'|e 12 auols Joj jouing (sAep €-T) suoJnau | sse|)  JaYe sinoy g suels uonejuawdely
swos pue (Aunful saye sAep €) suoinau (Al 3nsf)
Al SSB|D 10} paAIasqo uonelauadal Ja3sobounjaw pydosoiq
FEEI
+10Z "1e 19 shep ¢ Asa8uns
e punoJe Aq sa19|dwod pue Aep SNd/SND (8uim 1 npe) uounau Alosuas
wwoynaN ‘zT0¢ “|e 32 Sueq Aq selepiul uonelsuadal:(Asadins dase|) Jase|/uonoasely
B ulyim saleniul uonejuswsely
mo.48 uoxe Agq pamoj|oy ‘Ainful HEpE
e 4 i 110} o 01 dn Joj sanuiuod pue Ainful uaye SNd Aladians Jase|/ysnid (eAJe|) uounau Jojow
“|e 12 3uolx (0TOZ “|e 39 SuolX JaYe sunoy pT-0T S2U0d yimodd Suiwioy
sinoy ¢ sajewiul uonejuawsely
““|e 19 49ydoo sam e Aq sa19|dwod pue Ainful npe
900 “'|e 1@ J9jdooH “w'N A q5219| P ! SN uomIssues (unpe)
‘9002 “|e 12 p|euopaep Jaye Aep T spejs uonejuawSely uoJnau Joydoay Alojoey0
JEN] dwnjs |ewixoud jo uonesauaday dwnjs [e3sip Jo uonesauasag SNd/SND Aesse suoInan sapads

s|apow jualayip ul Ainfur a1noe 03 asuodsal uoxy T 2|qel

35



6/61 ‘Opauogle)

syjuow
z Ag AJanodau [euOlOUNY pUE Yluow

(CREE])]

‘Adjsueysold pue Jayoeyds

suoxe moJgai pue Supnouds
10} N30 J0U S0P uoleIaUIFIP

YSnJd 10 PajeIdossip

J0j0W pue uoInau AJosuas

Ainful Jaye yiuow T punoue sue snJd uoJnauIuL
pue Ja|IniAl ‘G/6T “|e 1@ quelq T Aq 1a8ie3 ay) s1eassuu) 0 dwinis |eIS|p S L1 et Sh2 4 A S1|BUIIIP3AW OpNIIH
Sunsixa ay3 8uimoljoy pue Sunnouds
(wiomyaes)
Lo Aseinaoe y8iy yum uolisny SND uolnaasues uoxe juelsd §14153.13] ShoLquinT
‘Iaunig pue asi1g ‘TZ6T ‘lleH
pue snsouibipa snjLipojaH
Aanful
G86T ‘Uosl||y pue ulweluag 131je SAep g-¢ PaJ0]1saJ SUOLIUUOD (j1eus puod jeaun)
SND ysn.ao uoJNaUI3IUL
!G86T ‘ulweluag pue uosi||y andeuAs ‘ewos 01 4aso|d paJnful sjibubp1s bapuwAy
uaym juauiwoud asow Sunnouds
, Anful Joye syPam Ainfu) saye
66T “|e 18 ssoy SNd ysn.ao uoJinau Jojow |eadang
€ paAIasqo s1981e] 01 uolBAIBUUIRY S)29M § paAIasqo uolielauadag
“lejs |20N “lels SY93M £-7 UIYIIM JOIABYD
mmwww _mu ‘_ h mwm.w c__ :a X2 w._v_o Emw,omum.._sﬂm co. m”.%:ca._ s AR el (210 025 bLi0fj3)
H91S -9661 "|B 1@ Uling 144 4 p b ! 21000 DIsAdy
866T “|2 19 yseq ‘€861 sinoy (oJyA un) uoJnau

6007 “|e 33 punjiewwey

¥10T ‘uIr
pue punjJewwey 39s s|iel2q
9T0Z “| 32 S|OYIIN 9T0T
““|e 33 unyd ‘p00Z IueA
£00Z “|2 32 NM\ 1800T “|E 12
[29e9 TT0Z Wioysuyd ‘uayd

(3ueinw upgo3ds
-g) uounau Jolow J181BYEYD

uoJnau Jojow
NSH ‘(9Q/vQ) uodnau Jojow
218iau104D (A ‘aq) uoanau
Jojow 2181aygvo ‘(rsy
‘HSY) uounau Alosuasoway)
(WAY ‘W1d ‘WTV)
uoJnau Alosuasoueydauw

supbaja suIPgoYIoUaD)

$3d

91eJauadal suoxe %0/ V'N V'N snoauejuods
Ainful saye €7
uoJnau Aiosuasoueydaw
10} SAep |B13A3S 1O T 10} SINOY 2
3WO0S Y1M PaAIISO uoisny SeNEU AN L] V'N A1a8ins sase
‘A1a3uns Jayye sunoy Hz-7T Yimods uoxe 3 i
pue papeaq ‘ulyl awodlaq suoxe
dwnjs |ewixoud jo uonesauaday dwnjs |e1sip Jo uoiesausdag SNd/SND Aesse

Suoinap

saldadg

(panunuo2) sjapow JuaJiayip ul Ainful 9ynde o) asuodsal uoxy T d|qel

36



CHAPTER IlI

THE WALLENDA/DLK MAP KINASE SIGNALING CASCADE
RESTRAINS THE EXPRESSION OF PRE-SYNAPTIC PROTEINS
ACCORDING TO THEIR TRANSPORT BY THE KINESIN-3 MOTOR

UNC-104/IMAC

3.1 Abstract

Synapse development requires the assembly of presynaptic active zones (AZs) and localization
of synaptic vesicles (SVs). A kinesin-3 family member, Unc-104/Imac/KIF1A, is required for
the delivery of synaptic components and SVs to nascent synapses. We found that the synaptic
defects of Drosophila unc-104 mutants could be rescued by inhibiting the Wallenda (Wnd)/DLK
MAP kinase signaling pathway, which was previously identified as a regulator of axonal damage
signaling. Wnd/DLK signaling becomes activated in unc-104 mutants, and inhibits synapse
formation independently of Unc-104’s transport functions by controlling the levels and timing of
expression of AZ and SV components. Our findings indicate that Wnd becomes activated when
presynaptic proteins accumulate within cell bodies, and thereby regulates a stress response
pathway to fine-tune the expression level of presynaptic proteins according to the neuron’s

capacity to transport them.
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3.2 Introduction

Synapse development and plasticity involve highly orchestrated trafficking events in both
pre and postsynaptic cells. In contrast to the postsynaptic receptors, whose trafficking and
organization has been studied extensively in many different synapse types (Choquet and Triller,
2013), much less is known about the mechanisms that regulate the assembly and maturation of
the neurotransmitter release machinery in the presynaptic neuron. This machinery includes the
active zone (AZ), an electron-dense complex of structural proteins that scaffold both calcium
channels and synaptic vesicles (SV) for the coordination of calcium-regulated exocytosis
(Stidhof, 2012). The protein components of the AZ are synthesized in cell bodies and trafficked
together in association with vesicles (known as piccolo-bassoon transport vesicles (PTVs))
(Ahmari et al., 2000; Maas et al., 2012; Shapira et al., 2003). Likewise, synaptic vesicle
precursors (SVPs) are also synthesized in cell bodies, and carried by kinesin motors to synapses
(Hall and Hedgecock, 1991; Okada et al., 1995). Regulation of presynaptic assembly and
maturation likely involves a global coordination of the synthesis and transport of both AZ and
SV components. However the mechanisms that regulate these important steps in synapse

development are poorly understood.

A critical role in synapse development has been assigned to the kinesin-3 family of motor
proteins (Hall and Hedgecock, 1991; Kern et al., 2013; Niwa et al., 2016; Pack-Chung et al.,
2007; Yonekawa, 1998). Mutations in the orthologous gene originally referred to as unc-104 in
C. elegans, imac in Drosophila and Kifla in mammals cause severe defects in synaptogenesis:
synaptic boutons fail to form, SVs and AZ components fail to localize to nascent synapses, and
concomitantly, SV and AZ associated proteins accumulate in the cell body. It is therefore

broadly accepted that the protein encoded by this gene (which is now referred to as unc-104 in
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both flies and worms) promotes presynaptic assembly by physically delivering presynaptic
components to their destinations in the synaptic terminal (Goldstein et al., 2008). However,
while there is biochemical evidence that KIF1A is a major carrier of SV precursors (Okada et al.,
1995), there is very little evidence that KIF1A or Unc-104 directly carries AZ components.
Studies in both Drosophila and C. elegans suggest that Unc-104 is not required for the initial
localization of AZs to presynaptic terminals (Hall and Hedgecock, 1991; Pack-Chung et al.,
2007), however unc-104-null mutants fail to add additional AZs during the expansion of the
developing Neuromuscular Junction (NMJ) terminal. It is therefore possible that Unc-104

regulates AZ localization and assembly through an indirect mechanism.

Here we identified the Wnd/DLK kinase as a critical mediator of presynaptic assembly
defects in unc-104 mutants. This MAP kinase has recently received intense interest for its roles
in regulating both regenerative and degenerative responses to axonal damage in vertebrate and
invertebrate neurons (Gerdts et al., 2016; Tedeschi and Bradke, 2013). We find that Wnd/DLK
signaling pathway is activated in unc-104 mutants, and, mutations in wnd rescue the presynaptic
assembly defects in unc-104 mutants, yet do so without suppressing the defects in transport.
Instead, suppression occurs by rescuing the levels of AZ and SV protein components, which are
reduced in unc-104 mutants. Our findings delineate a new role for the Wnd/DLK pathway in
restraining the expression of key presynaptic proteins needed for AZ assembly and bouton
maturation. We propose that the Wnd pathway functions to calibrate the expression of abundant
presynaptic proteins according to their ability to be transported, which can play an adaptive role

to stresses that disrupt intracellular transport.
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3.3 Methods

Drosophila Stocks

The following strains were used in this study: Canton-S, hiw'~ (Wu et al., 2005), wnd', wnd®,
wnd¥EP228(Collins et al., 2006), UAS-wnd<"as 2 GFP(Xiong et al., 2010), MiMIC-wnd-GFP
(Venken et al., 2011), unc-104931, unc-104733 (Barkus et al., 2008), unc-104"" (Medina et al.,
2006), unc-104912%4 (Thibault et al., 2004), unc-104°? (Pack-Chung et al., 2007); UAS-
cacophony-GFP(Kawasaki et al., 2004), OK6-Gal4 (Aberle et al., 2002), OK319-Gal4, OK371-
Gal4(Mahr and Aberle, 2006), m12-Gal4(Ritzenthaler et al., 2000), Bg380-Gal4(Budnik et al.,
1996),elav-Gal4©'3(Lin and Goodman, 1994), UAS-FosP" (Eresh et al., 1997), UAS-bskPN
(Weber et al., 2000),khc?, khc?’(Brendza et al., 1999), khct!33/4( Spradling et al., 1999), Liprin-
a3l Liprin-of)(Kaufmann et al., 2002), UAS-VGlut-GFP, UAS-VGlut**""V-GFP (Grygoruk
et al., 2010), UAS-Brp-GFP (Bloomington (BL) 36291 and 36292), UAS-Sytl-GFP (BL6925
and 6926), UAS-liprin-a-GFP(Fouquet et al., 2009), Rab3™(Graf et al., 2009), UAS-YFP-Rabh3,
UAS-YFP-Rab32%L UAS-YFP-Rab3"3°¥(Zhang et al., 2007), uas-mcd8-ChRFP (Schnorrer,
2009.5.11), puc-lacZF*(Martin-Blanco et al., 1998), vglut promoter-DsRed (gifts from Daniels
and Diantonio), RNAI lines: moody RNAI (control), Octf2R RNAi (vdrc 104524, control), unc-
104 RNAI (vdrc 23465, I and TRiP BL43264, 1), wnd RNAi (vdrc 103410 and vdrc 26910),
Rab3 RNAI (TRiP BL31691 and BL34655), UAS-Dcr2 was a gift from Stephan Thor
(Link6ping Université, Linkoping Sweden). Flies were raised at 25<C or 29<C (as indicated for

certain RNAi knock-down) on standard yeast-glucose media (Backhaus et al. 1984).

To generate vglut-DsRed reporter flies, genomic sequence spanning 5.3 upstream of the ATG

start codon for vglut (CG9887) was cloned into a plasmid derived from pCaSpeR-AUG-bGal
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(Thummel et al., 1988), in which lacZ was replaced with DsRed.T4-NLS(Barolo et al., 2004)

coding sequence, such that the expressed DsRed would concentrate in the nucleus.

Animal lethality, motility and size measurement

To determine the timing of lethality during larva stages, we measured the animal width of the
latest stage before death. Crosses were set with at least 30 males and 30 females. 8-9 days later
around 100 3™ instar offspring larvae of indicated genotype were selected and transferred to
grape plates. The largest width of surviving 3™ instar larvae was determined as following: the 20
largest ones were selected among nearly 80 animals and each animal was pinned at head and tail
to ensure its body was straight; then the body width was measured with a ruler under a dissecting

microscope.

To determine puparium lethality (survival to adulthood), 60 offspring 3 instar larvae of
indicated genotype were transferred to grape plates and raised in 29<C to increase RNAi knock-
down efficiency. The number of adults emerging out of pupae was counted over the next 14
days. Adults with anterior half of their body (head, thorax and foreleg) out of pupae, but with the
posterior half body (abdomen and posterior 4 legs) stuck in pupae were considered as halfway
emerging adults. UAS-RNAI lines were driven by OK377-Gal4. UAS-Oct2R RNAi and UAS-
moody RNA1 were used as a controls for UAS dosage, as expression of these 2 RNAI lines did
not result in any phenotypes in neurons. The survival rate was measured as the number of

emerged or halfway emerged adults divided by the total number of larvae.

To determine the motility, 10 3™ instar larvae of indicated genotype were selected and put on
grape plates 1 hour to adapt before recording. A 2-minute video recording was made at 30

frames per second. For each larva, the distance and time traveled after it was released in a new
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plate and before it reached the plate walls was measured with the MB-Ruler (Markus Bader). A
marker point in the middle of movement was only applied if the larva moved 45 degree away
from the current direction and 2-5 marker points were set to determine the path. A total of 60

larvae were recorded and analyzed for each genotype.

Axonal regeneration

The nerve crush assay was carried out as described (Xiong et al., 2010), and animals were fixed
either 9 or 18 hours after the injury. Axonal regeneration was quantified by measuring the
number of injured axons that contained more than 5 branches at 9 hours, and the length of the

longest branch at 18 hours.

Immunocytochemistry

Third-instar larvae were dissected in ice-cold PBS, then fixed in 4% formaldehyde (FA) in
PBS/HL3 solution for 3 minutes for Cac-GFP, 10 minutes for Brp and GIuRIII/GIuRIIC staining
or 20 minutes for other antibody staining, followed by blocking in PBS with 0.1% Triton (PBT)

containing 5% Normal Goat Serum (NGS) block for 30 minutes.

Embryos were dissected, fixed and stained as described in (Featherstone et al., 2009; Lee et al.,
2009). In brief, embryos were collected for 30-60 minutes on Molasses plates and kept in 18C
(for stage 14 to 16) or 25C (for stage 17) overnight. Early-stage embryos (14-16) were
dechorionated, sorted (based on GFP), staged (based on gut morphology (Hartenstein, 1993))
and dissected (tungsten needles) on negatively charged slides. Stage 17 embryos (20-21 hours

AEL) were dissected with Vet glue (Vetbond) in PBS (PH=7.3) on Sylgard-coated coverslips.
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Bouin’s fixation for 5 minutes was used for all antibodies staining but Synapsin staining (4%

PFA for 25 minutes). The examined unc-104-null alleles include P350/P350 and 52/52.

Primary antibody and secondary antibody incubations were conducted in PBT containing 5%
NGS at 4°C overnight and at room temperature for 2 hours, respectively, with three 10-minute
washes in PBT after each antibody incubation. The following primary antibodies and dilutions
were used: ms anti-Brp (NC82, Developmental Studies Hybridoma Bank (DSHB)), 1:200; ms
anti-Synapsin (3C11, DSHB), 1:50; ms anti-CSP-1 (ab49, DSHB), 1:100; ms anti-DLG(4F3,
DSHB), 1:1000; Rb anti-GIuRIII (gift from Diantonio lab), 1:2500; Rb anti-SytI (gifts from
Noreen Reist, (Mackler et al., 2002)), 1:400; Rb anti-Unc-104(imac, gift from Tom Schwarz),
1:500; ms anti-lac-Z (40-1a, DSHB), 1:100; Rb anti-Phospho-Smad1/5 (Cell signaling),1:100;
Rb anti-DsRed (Clontech), 1:1000; Rat anti-elav (7E8A10, DSHB), 1:50; A488 rabbit anti-GFP
(Invitrogen), 1:1000 and Alexa488/cy3/Alexa647 conjugated Goat anti-HRP (Jackson
ImmunoResearch), 1:300. Rabbit anti-VGlut (gift from Diantonio lab), 1:10000, staining was
carried as described in (Daniels et al., 2008). For secondary antibodies we used Cy3- or A488-

conjugated goat anti-rabbit or anti-mouse 1:1000 (Invitrogen).

Imaging and analysis

Confocal images were collected as described in (Fiiger et al., 2012; Xiong et al., 2010). Similar

settings were used to collect all compared genotypes and conditions.

The identification and quantification of the % unopposed PSD was based on manual counts of
the total number of individual GluRIII-labeled puncta (on either muscle 4 or 26/27/29, where
indicated), scored for the presence or absence of an apposing AZ component (Brp or Liprin-a-

GFP). To affirm that AZ components were indeed completely absent, confocal settings and
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brightness levels were optimized for the weakest signals in unc-104 mutants. Since the same
settings were used for all genotypes some pixels for AZ components were necessarily over-
exposed in the wt controls. For measurements of intensity levels, using Volocity software, only
raw images acquired together using the same confocal settings were compared. At least 8
animals and 12 NMJs were examined per genotype. To measure VGlut and Brp levels in axons
and NMJs, we used staining for HRP (which labels neuronal membrane) to define the region of
interest. For cell bodies, we selected the signal above a specified threshold. To estimate the total
VGlut or Brp level within a single motoneuron (Figure 3.12), we summed measurements of: (a)
total intensity for individual cell bodies (located in the dorsal midline of the ventral nerve cord),
(b) total intensity for individual NMJ nerve terminals at muscle 4, and (c) estimated total
intensity within a motoneuron axon, calculated from mean intensity in axonal segments, based

on the assumption of 32 motoneuron axons per nerve and an average axon length of 1mm.

When imaging nerve cord, we used 0.8 pm step size for the z-stack and focused on the posterior
and central nerve cord, corresponding to A4-A8. When imaging axons or the NMJ, we used 0.4
um step size for z-stacks. Axonal segments were imaged 900um away from the nerve cord. NMJ
images were collected at segment A3 for muscle 4 or (when using the m12Gal4 driver) for
muscle 26, 27 and 29, which are innervated by the MNSNc neuron. puc-lacZ level was measured
within the nucleus region for motoneurons, selected by P-smad staining in the dorsal regions of

A4-AS8 in the ventral nerve cord.

For live imaging analysis of GFP-wnd-KD transport, 3™ instar larvae were dissected in the center
of a circle reinforcement label (Avery) in HL3 solution (Stewart et al., 1994) with 0.45 mM
calcium. Larvae were pinned at the head, tail and 2 lower corners, the pins were then pushed into

sylgard so that the coverslip could lie directly on top of the reinforcement label (and the larva),
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and excess HL3 solution was removed before imaging on an inverted microscope. Images were
collected at 0.3 Hz for 5 minutes at 40x magnification in segmental nerves at a location 900pm
distal to the nerve cord. The images were then processed in imageJ with a kymograph plugin
(Jens Rietdorf and Arne Seitz) and further analyzed in MATLAB with a program written to

determine vesicle segmental speed and duration (described in (Ghannad-Rezaie et al., 2012)).

Western Blot

25-30 3" brains were collected in PBS and homogenized for each sample. The following
antibodies and dilutions were used: rb anti-Wnd 4-3 (Collins et al., 2006) 1:700; b anti-VGlut
((Daniels et al., 2008), 1:10000; ms anti-Brp (NC82), 1:100; ms anti-B-tubulin (1E7, DSHB),
1:1000; and rb anti-unc-104 (Gift from Tom Schwarz lab), 1:500. The blots were probed with
HRP conjugated secondary antibodies: Gt at-ms and Gt at-rb at the dilution of (1:5000) and

imaged with either film or an Odyssey CLx imager (LI-COR).

Real-time PCR

30 third-instar larvae brains were collected and homogenized in Trizol (Invitrogen) and the total
RNA was extracted using PicoPure RNA Isolation kit (KIT0204, ThermoFisher). Samples were
then treated with DNase (Invitrogen). The First-strand cDNA was synthesized with VILO kit
(Life technologies). 5-10ng of cDNA was used per RT-PCR reaction for all test samples. A
standard curve was established for all primer sets, and analysis was restricted to primers and
samples that yielded an R? of least 0.99. The Pfaffl method was used to calculate the mRNA
expression level of a gene in experimental samples relative to that in control sample (wild type),
using RP49 and a-Tub84B as endogenous reference genes. Expression levels were averaged for
at least 2 biological replicates. Primers were chosen from FlyPrimerBank (Hu et al., 2013), and
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the optimal primer concentration was determined for the lowest dimer formation and high

amplicon yield. The following primers were used:

rp49, For: GCCCAAGGGTATCGACAACA, Rev: GCGCTTGTTCGATCCGTAAC.
a-tub84B, For: GATCGTGTCCTCGATTACCGC, Rev: GGGAAGTGAATACGTGGGTAGG.
brp, For: GCAGTCCATACTACCGCGAC, Rev: TTGGATAGTCCATGGCATGGG.

vglut, For: CCTTCGGCATGAGGTGCAATA, Rev: CGAGTCCACATGGCTCTCC.

liprin-a, For: CCTTTTGGAACGTGACGAGGA, Rev: ACCAAGCACTCCAGATGTTCG.

cacophony, For: TTCGGGCGCACTGCATAAG, Rev: GGTGGCCTTTTCCAGGATGT.

Electrophysiology

Third instar larvae were dissected within 3 minutes in HL3 solution containing 0.65 mM
Calcium at 22°C. Muscle 6 at segment A3 was located by the use of an OLYMPUS BX51WI
scope with a 10x water objective and then recorded intracellularly with an electrode made of
thick wall glass (1.2mmx0.69mm) pulled by SUTTER PULLER P-97. Amplifier GeneClamp
500B and digitizer Digidata 1440A were used. The recording was only used if the resting
potential was negative to -60mV and muscle resistance was > Sm€Q. A GRASS S48
STIMULATOR was used to obtain a large range of stimulation voltage range (1-70V). We
noticed that ziw mutants and unc-104 mutants required a higher stimulus to recruit the 2" axon
that intervenes Muscle 6 (10-40V were required in Aiw and unc-104 mutants, as opposed to 2-8V
in wild type). To ensure that we could always recruit both axons, for each muscle we tested a

range of stimulation voltage (1-70V) to find the threshold which triggered the largest response
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within the testing range. A stimulus slightly larger than this threshold was then used at a
frequency of 0.2Hz and duration of 1ms for EJP measurements. Axon Laboratory software was
used for acquisition and the Mini Analysis program (Synaptosoft Inc) was used for analysis of
mEJP frequency and amplitude (Parameters for Mini Analysis were set as: 0.2 (threshold) and 1
(area threshold)). 35 individual EJP traces and a 45s-long mEJP trace per muscle were analyzed
for at least 15 muscles per genotype. Quantal content was corrected for non-linear summation
using the revised Martin correction factor as described in (Kim et al., 2009; Morgan and Curran,

1991).

Data analysis

Data was analyzed by either Student’s t-test (two groups) or one-way ANOVA followed
by Tukey test (multiple groups). p values smaller than 0.05 were considered statistically
significant. All p values are indicated as * p <0.05, ** p <0.01, and *** p <0.001 and ****

p<0.0001. Data are presented as mean + SEM.

3.4 Results

The Wnd signaling pathway mediates presynaptic assembly defects in unc-104

mutants

Mutations in Drosophila unc-104 lead to striking impairments in the synapse structure
and function at the NMJ (Pack-Chung et al., 2007; Kern et al., 2013; Zhang et. al. 2016; Zhang et
al., unpublished data and Figures 3.1 and 3.3). Surprisingly, we found that the structural and
functional synaptic defects caused by severely hypomorphic mutations in unc-104 could be
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rescued to near completion by mutations in wnd (Figure 3.1 and 3.3). The defects that could be
rescued include: (1) a reduction in the localization of AZ components at NMJ terminals. Up to
50% of synapses (identified by postsynaptic GIuRIII clusters) in unc-104 mutants appear to lack
presynaptic AZs, based on the absence of multiple presynaptic AZ components (including the
cytomatrix component Brp/ELK/CAST (Figure 3.1A and E), Liprin-a (Figure 3.1B and 3.2A)
and voltage gated calcium channel Cacophony (Cac) (Figure 3.2E)). Brp intensity was also
reduced within synapses that contained presynaptic components (Figure 3.1D and 3.2C), and
across NMJ terminals (Figure 3.1D and F). Wnd mutants also suppressed (2) reduced levels of
SV associated proteins, such as the vesicular glutamate transporter VGlut, across NMJ terminals
(Figure 3.1C and F); (3) aberrant bouton morphology (Figure 3.1C and D); (4) impaired synaptic
transmission (Figure 3.3 and 3.2H) including reduced quantal content and strongly reduced mini
frequency; (5) defects in larval motility (Figure 3.21, partial rescue); and (6) lethality at late 3
instar and pupal stages (Figure 3.1G and 3.2F, partial rescue). Throughout all results, we noticed
similar rescue effects for two different unc-104-hypomorphic alleles (bris and O3.1), which were
tested as trans-heterozygotes over different unc-104-null alleles (P350 and d11204). Likewise,
different wnd alleles (/ and 3) and RNAi knockdown of unc-104 or wnd (Figure 3.1 and 3.2, and
data not shown), led to similar suppression. Results using RNAi knock-down (Figure 3.1B, G
and 3.2A, B, F and I), including use of a single-neuron Gal4 driver (Figure 3.2G) indicate that
both Unc-104 and Wnd function cell-autonomously for the synaptic phenotypes. Altogether,
these observations reveal a critical role for Wnd in regulating the presynaptic assembly defects,

transmission failures and lethality of unc-104 mutants.

In axonal regeneration and synaptic overgrowth, Wnd has been shown to act in a

signaling pathway consisting of a cascade of MAP kinases and transcription factors (Tedeschi
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and Bradke, 2013). We found that inhibition of the downstream MAPK JNK (Bsk) and Fos
transcription factor, via expression of dominant-negative (DN) isoforms in neurons, could rescue
the assembly defect for release machinery components Brp and Cac (Figure 3.1E, 3.2D and E).
These results imply that a signaling pathway consisting of Wnd, JNK and Fos inhibits

presynaptic assembly, in a cell-autonomous manner, in unc-104 mutants.

The Wnd signaling pathway is restrained by Unc-104

To assess whether Wnd signaling is activated in unc-104 mutants, we utilized a
transcriptional reporter of INK signaling, the puckered (puc)-lacZ enhancer trap (Martin-Blanco
et al., 1998), which has been previously shown to report Wnd signaling activity in motoneurons
(Xiong et al., 2010). Reduction of unc-104 expression by RNAi in motoneurons (using 2
independent RNAI1 lines) led to a significant increase in puc-lacZ expression (3-5 fold, depending
on the RNAI line). This increase was abolished when wnd was concomitantly knocked-down by
RNAI1 (Figure 3.4A and B), hence reflects activation of a Wnd-mediated nuclear signaling

cascade.

When the Wnd signaling pathway is activated in motoneurons, nerve terminals undergo
overgrowth characterized by more boutons and longer branches at the NMJ (Collins et al., 2006).
Similar overgrowth was reported in unc-104 mutants (Kern et al., 2013). We found that
inhibition of Wnd, JNK or Fos in presynaptic motoneurons could all suppress the overgrowth
defect in unc-104 mutants (insets in Figure 3.1C and D; Figure 3.5A and B). This further implies

that the Wnd signaling pathway is activated in unc-104 mutants.
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Previous studies have shown that activation of Wnd/DLK signaling enhances the ability
of axons to initiate regenerative axonal growth after injury (Hammarlund et al., 2009; Shin et al.,
2012; Xiong et al., 2010; Yan et al., 2009). Consistent with these findings, we found that unc-
104 mutants showed an enhanced axonal regeneration response compared to wild type animals.
By 9 hours after nerve crush injury, axons in wild type animal initiate new growth via short
filopodia-like branches from the proximal axonal stump. At 18 hours, a few branches are
stabilized and grow either towards the distal axon or the cell body (Figure 3.4C). In comparison,
unc-104 mutants showed a marked increase in new axonal branches at 9 hours (Figure 3.4C and
D), and at 18 hours these new axonal branches showed similar stabilization but extended nearly
twice as far as wild type axons (Figure 3.4C and E). We observed similar enhancement of
regeneration cell autonomously when unc-104 expression was reduced by RNAi (Figure 3.4E).
These observations imply a non-intuitive role for the Unc-104 motor in restricting the ability of

axons to regenerate by inhibiting Wnd signaling.

Previous studies have suggested links between JNK signaling and the regulation of
axonal transport (Verhey and Hammond, 2009). It is therefore interesting that other mutations
that disrupt axonal transport, including mutations which inhibit kinesin-1, dynein and dynactin
did not significantly affect the expression of puc-lacZ ((Figure 3.4B) and (Xiong et al., 2010)).
This specificity suggests a unique functional interdependence between Wnd and the Unc-104

kinesin.

Wnd is mis-localized to the cell body in unc-104 mutants
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Wnd and its DLK homologues in mammals and C. elegans are known to be highly
regulated at the protein level (Feoktistov et al., 2016; Hao et al., 2016; Huntwork-Rodriguez et
al., 2013) which includes regulation by a highly conserved ubiquitin ligase domain protein
Hiw/Rpm-1/Phr1 (Babetto et al., 2013; Collins et al., 2006; Nakata et al., 2005; Xiong et al.,
2010). In contrast, mutations in unc-104 did not lead to a detectable increase in global levels of
endogenous Wnd protein (Figure 3.5H), or in synaptic Wnd protein level (Figure 3.5D and G).
However, using a MiMIC-wnd-GFP line (Venken et al., 2011), in which a GFP tag is inserted via
an exon trap within the wnd genomic locus (Figure 3.5C), and a UAS-GFP-wnd" (kinase dead
Wnd) transgenic line, we observed that unc-104 mutations caused an increase in the level of
Wnd protein in motoneuron cell bodies (Figure 3.4F-I) and axons (Figure 3.5E and F). We
considered the possibility that Unc-104 directly transports Wnd-associated vesicles. However,
we observed no impairment of Wnd’s transport in unc-104 mutants (Figure 3.6A-D), and no co-
localization for Wnd and Unc-104 (Figure 4.1), so we interpret that Wnd is unlikely to be a

direct cargo of Unc-104.

Wnd inhibits presynaptic assembly independently of Liprin-a and Rab3

We then considered the possibility that Unc-104 regulates Wnd signaling indirectly via
the transport of another cargo. We focused upon two previously identified cargos/adaptors of
Unc-104 with known roles in presynaptic assembly: Liprin-a (Shin et al., 2003) and Rab3-GEF
(Niwa et al., 2008). Liprin-a is recruited to the AZ at early stages of synapse assembly and is
required for normal morphology of the presynaptic terminal (Siidhof, 2012). Rab3-GEF and its

target, the small GTPase Rab3 plays an important role in regulating presynaptic assembly in
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Drosophila (Graf et al., 2009). Moreover, ectopic overexpression of Rab3 can ameliorate some
of the synaptic defects caused by impaired Unc-104 function (Zhang et al., 2016). We observed
that /iprin-o. mutant NMJs contain a large portion of unopposed GluRIII-labeled PSDs,
resembling the defects in unc-104 mutants (Figure 3.7A). Similar defects were reported for rab3
and rab3-gef mutants (Bae et al., 2016; Graf et al., 2009). However, in contrast to unc-104, the
liprin-o. and rab3 synaptic defects were not suppressed by mutations in wnd (Figure 3.7A-C).
Furthermore, the increased Brp intensity per AZ and reduced AZ number due to /iprin-a and
rab3 mutations was not suppressed by wnd mutations (Figure 3.7A, B and D). This suggests that
Liprin-a and Rab3 regulate presynaptic assembly via pathways that are either independent or
downstream of Wnd. In addition, the puc-lacZ transcriptional reporter for Wnd/JNK signaling
was only slightly activated in liprin-a and rab3-gef/rab3 mutants, far less than the activation by
unc-104 knock-down (Figure 3.7E). Collectively, these data indicate that Rab3 and Liprin-a are

not responsible for Wnd activation in motoneurons.

Activation of the Wnd signaling pathway in neurons is sufficient to impair

presynaptic assembly and synaptic transmission

If activated Wnd signaling is responsible for the synaptic defects in unc-104 mutants,
then ectopic activation of Wnd should mimic the unc-104 mutant phenotype. Indeed, expression
of wnd alone in motoneurons resulted in a cell-autonomous presynaptic defects that are
comparable to unc-104 mutants: many synapses lacked Brp (Figure 3.8A and C), and synapses

that contained Brp had reduced Brp intensity (Figure 3.8B), which resulted in a global 70%
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reduction in Brp intensity across the entire NMJ terminal (Figure 3.8B). VGlut intensity within

NMIJ terminals was also reduced (Collins et al., 2006).

Hiw is a negative regulator of the Wnd protein (Collins et al., 2006; Nakata et al., 2005)
and Aiw mutants displayed strikingly similar presynaptic defects to unc-104 mutants, all of
which were suppressed in hiw,wnd double mutants (Figure 3.9) . These included 60% of
synapses lacking AZ proteins, Brp, Liprin-a and Cac (Figure 3.9A, B and D), a reduction of total
Brp intensity at individual synapses and across the NMJ terminal (Figure 3.8G and 3.9C), and, as
previously reported, overgrowth of synaptic boutons, decreased VGlut levels, and impaired
spontaneous synaptic transmission (Collins et al., 2006; Nakata et al., 2005). We also observed
that both Aiw and unc-104 mutant nerves showed reduced excitability, requiring a higher
stimulus to evoke a synaptic response. In addition, we found that the activation of Wnd accounts
for a significant portion of the reduced quantal content observed in Aiw mutants (Figure 3.8D-F
and 3.9E-QG). This result differed from a previous study which found that Wnd did not affect
quantal content in #iw mutants(Collins et al., 2006), and may be related to different alleles used.
(We used null alleles (wnd*?3 and wnd?/Df), while the previous study used an allele that may be
hypomorphic (wnd')). Taken together, these observations indicate that activation of the Wnd
signaling pathway leads to significant presynaptic defects in synaptic structure and synaptic

transmission.

Wnd inhibits synapse assembly independently of cargo transport downstream of

Unc-104
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The above findings indicate that Wnd signaling is regulated by Unc-104, and that loss of
this regulation is sufficient to impair synapse formation. However a recent study has suggested
an opposite relationship, that Unc104 may be regulated by Wnd/JINK signaling (Voelzmann et
al., 2016). To more firmly understand the relationship of Unc-104 and Wnd, we tested whether
wnd mutations could suppress the synaptic and/or transport defects of unc-104 null mutants

during the earliest stages of synaptic formation.

Consistent with previous studies (Pack-Chung et al., 2007), homozygous null mutants of
unc-104 failed to form NMJ synapses and died at the late embryonic stage (stage 17). The
nascent presynaptic terminal had very few AZs, and failed to form mature synaptic boutons. In
unc-104""-wnd*?3 double mutants, the bouton morphology defects and the AZ defects were
suppressed (Figure 3.10A and C), with an increase in the number of Brp puncta (Figure 3.10D)
and total intensity of Brp at NMJ terminals (Figure 3.10E). While the unc-104"":wnd?? mutants
still failed to hatch and died at the late embryonic stage, we noticed a modest rescue of muscle
contraction when the mutant were assisted out of their vitelline membrane (Figure 3.11D),

consistent with the rescue of synaptic defects.

Despite the pronounced rescue of presynaptic structure, and in contrast with the strong
suppression of unc-104 hypomorphic mutants (Figures 3.1 and 3.3), wnd mutations failed to
rescue the defective localization of SV components in unc-104"" mutants (Figure 3.10). VGlut,
synaptotagmin-I (sytl) and CSP (cysteine string protein) were almost completely depleted from
NMIJ and accumulated at the cell body, and this defect persisted in unc-104"":wnd double
mutants (Figure 3.10B, C and E, 3.11C, 3.12A, 3.13A and B). In contrast to the complete failure

of wnd mutants to rescue SV protein localization, the localization of synapsin, which can
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associate with SVs and AZs in a regulated (non-obligate) manner (Baitinger and Willard, 1987,

Easley-Neal et al., 2013), was weakly suppressed (Figure 3.10E and 3.11A).

Taken together, the genetic interactions with Wnd allow us to parse the synaptic
phenotypes of unc-104 mutants into two separable mechanisms (Figure 3.14H). The first is a
consequence of Unc-104’s direct role in transporting SV components to synaptic terminals, and

the second comes from the activation of Wnd signaling when unc-104’s function is lost.

Wnd regulates the expression level of presynaptic proteins downstream of Unc-104

Consistent with the interpretation that Unc-104 is an important transporter of pre-synaptic
proteins, reductions in synaptic localization of Brp, VGlut, and other synaptic proteins in unc-
104 mutants are accompanied by an accumulation of these proteins in cell bodies (Hall and
Hedgecock, 1991; Pack-Chung et al., 2007). We noticed that this accumulation was enhanced in
unc-104;wnd double mutants (Fig.7A). This suggests that the Wnd pathway may inhibit synapse
assembly by restraining total levels of presynaptic proteins in motoneurons. Since motoneurons
represent only a small component of the Drosophila nervous system, we carried out quantitative
immunohistochemistry to compare total protein levels in motoneuron cell body, axonal and
synaptic compartments (described further in Methods). In both unc-104-null (stage 17 embryos,
Figure 3.12A-B, and 3.13A-B) and hypomorphic (3" instar larvae, Figure 3.12C-E) mutants, we
observed reductions in intensity of Sytl, VGlut, CSP and Brp. In all cases this reduction was
largely suppressed in unc-104,wnd double mutants. The increased intensity of synaptic proteins
was restricted to cell bodies in unc-104"":wnd double mutants (Figure 3.12A, 3.13A and B), but
appeared in axons and synaptic terminals in the unc-104"7°"°?h wnd double mutants (Figure
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3.12E, 3.1F and 3.13I), likely the result of residual Unc-104 transport function in the

hypomorphic mutants.

These observations build a model that Wnd signaling, which becomes activated in unc-
104 mutants, inhibits synapse assembly by down-regulating the expression of multiple pre-
synaptic proteins. In support of this, unc-104 mutations led to decreased expression of a vglut-
DsRed transcriptional reporter in motoneurons, in a Wnd-dependent manner (Figure 3.12C, G
and 3.13H). We also detected changes in total mRNA levels for Brp, VGlut and Cac in unc-
104,;wnd double mutants via RT-PCR (Figure 3.13G), suggesting possible transcriptional
regulation of multiple presynaptic genes. Neuronal genes and proteins, including Elav (Figure
3.13F) and Liprin-a (Figure 3.13G), and general synaptic markers, including HRP (Figure

3.13D) and GIuRIII (Figure 3.13E), appeared unaffected by Wnd.

Wnd restrains the expression of presynaptic proteins at early stages of

synaptogenesis

Since the expression of presynaptic proteins is critical for the development, function and
plasticity of synapses, we asked whether Wnd regulates the expression of presynaptic proteins in
a developmental context. Since unrestrained Wnd signaling in unc-104 mutants inhibits
presynaptic assembly during early stages of NMJ development (Figure 3.10), we investigated the
phenotype of wnd-null mutants in embryos during stages of axonal outgrowth and synapse
formation (stages 14 through 17). We observed a modest but statistically significant role for Wnd
in restricting pre-synaptic protein expression in early developmental stages. For VGlut, the

differences between wild type and wnd mutant were observed only in motoneuron cell bodies in
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early stage 15 embryos (Figure 3.14A-C). We note this is the time point at which VGlut protein
first becomes expressed in motoneurons, which precedes the time of its delivery to presynaptic
terminals (Figure 3.14C, D and 3.15A), and coincides with the time at which most motoneuron
axons are first reaching their target muscles (Johansen et al., 1989). Sytl intensity was also
increased in wnd mutants at early (stage 16, Figure 3.14E-F and 3.15B) but not late (3 instar
larvae, Figure 3.15C) time points. In contrast, we observed no significant increase in Synapsin
intensity during early development and a modest but significant decrease in Brp at stage 16
(Figure 3.15A, D and E). However we noted that Brp, VGlut (Horiuchi et al., 2007), Sytl and
Synapsin (Figure 3.15F) showed elevated intensity in axons of wnd mutants. These early and
transient changes of in wnd mutants suggest that Wnd may be required for refining the timing

and/or degree of expression of presynaptic proteins at specific developmental stages.

Wnd signaling is sensitive to misregulated presynaptic proteins

Across our cumulative observations, we noticed an interesting correlation between the
function of Wnd and the appearance of presynaptic proteins localized in motoneuron cell bodies.
During development, the role of Wnd in restraining VGlut was most significant immediately
after the onset of VGlut expression and before its transport to synaptic terminals (Figure 3.14B-
D). In unc-104 mutants, the highly elevated function of Wnd to restrain the expression of
presynaptic components coincided with their accumulation in cell bodies (Figure 3.12A and
3.13B). We propose that Wnd signaling controls the expression of abundant presynaptic proteins

to levels appropriate for their transportation (Figure 3.14H).
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This model predicts that Wnd signaling, which is highly restrained in wild type uninjured
neurons, would become activated when the levels of presynaptic proteins are in excess. We
therefore tested whether ectopic over-expression of SV or AZ component proteins had any effect
upon Wnd signaling in uninjured neurons. Each of the three proteins tested, Brp, Sytl and VGlut,
caused a significant induction of the puc-lacZ reporter (Figure 3.14G), while over-expression of
other proteins (Luciferase (Figure 3.14G) and membrane localized GFP (Figure 3.4B)), had no
effect. In order to determine whether this is due to altered synaptic activity, we over-expressed a
non-functional VGlut transgene, VGlut*#’°V, which has no effect upon synaptic physiology
(Daniels et al., 2011). This mutated VGlut caused a similar induction in puc-lacZ expression
(Figure 3.14G). These results, taken together with the cell autonomous nature of Wnd activation
in unc-104 mutants (Figure 3.4A), suggest that Wnd signaling is sensitive to a trafficking aspect

of misregulated presynaptic proteins.

3.5 Discussion

Synaptic defects in unc-104 mutants are caused by activation of the Wnd/DLK

signaling pathway independently of impaired cargo transport.

The kinesin-3 family member Unc-104/Imac/KIF1A is known to be an important
mediator of presynaptic assembly: mutations in unc-104 and its homologues inhibit the
localization of SV and AZ precursors to nascent synapses, causing profound defects in synapse
development and function (Barkus et al., 2008; Hall and Hedgecock, 1991; Kern et al., 2013; Li
et al., 2016; Niwa et al., 2016; Otsuka et al., 1991; Pack-Chung et al., 2007; Yonekawa, 1998;

Zhang et al., 2016). While these synaptic defects have been considered logical outcomes of
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defective transport, we found that major aspects, including impaired AZ addition and maturation
of synaptic boutons, are not mediated by a direct transport role for the Unc-104 protein. Rather,
the unc-104"":wnd double mutants reveal separable functions for Unc-104: (1) Transport of
SVPs to synaptic terminals is likely a direct function, since it persists in unc-104"";wnd double
mutants, and is consistent with previous biochemical data. (2) Localization of AZs is unlikely to
be a direct transport role, but is instead mediated by the Wnd/DLK signaling pathway, which

becomes activated when Unc-104 function is impaired (Figure 3.14H).

With the knowledge that the Wnd/DLK signaling pathway is activated in unc-104
mutants, it is now worth considering whether it contributes to other phenotypes previously
described for Unc-104 and its homologues in other species. These include impaired dendritic
branching (Kern et al., 2013), increased microtubule dynamics (Chen et al., 2012), failed
neuronal remodeling (Park et al., 2011), which may be related to Wnd/DLK’s ability to alter
microtubule growth (Hirai et al., 2011; Lewcock et al., 2007), neuronal remodeling (Kurup et al.,
2015; Marcette et al., 2014) and dendrite growth (Wang et al., 2013). Unc-104/Kifla mutants
also show accelerated motor circuit dysfunction in aging animals (Li et al., 2016), impaired
BDNF-stimulated synaptogenesis (Kondo et al., 2012) and neuronal death (Yonekawa, 1998).
These phenotypes may also be facilitated by activation of DLK, which impairs synaptic
development and function (this study and Nakata et al., 2005), and has also been shown to
mediate neuronal death in some contexts (Chen et al., 2008; Pozniak et al., 2013; Welsbie et al.,
2013). Human mutations in K/F'14 have been associated with hereditary spastic paraplegia
(SPG30) (Fink, 2013), and hereditary sensory and autonomic neuropathy type IIC (HSN2C)
(Rivire et al., 2011). The possibility that DLK activation mediates deleterious aspects of these

disease pathologies becomes an interesting future question.
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Wnd/DLK pathway is sensitive to defects in Unc-104-mediated transport

How does the Wnd pathway become activated in unc-104 mutants? The mechanism(s)
that lead to activation of Wnd and its DLK homologues are of general interest for their roles in
axonal regeneration as well as degeneration and neuronal death. In addition to axonal injury
(Watkins et al., 2013; Welsbie et al., 2013; Xiong et al., 2010), disruption of microtubule and/or
actin/cortical cytoskeleton can lead to activation of DLK (Valakh et al., 2013, 2015). Moreover,
many studies have noted a role for DLK signaling in mediating structural changes in neurons
downstream of manipulations that disrupt cytoskeleton (Bounoutas et al., 2011; Marcette et al.,
2014; Massaro et al., 2009). Since the cytoskeleton is a closely functioning partner of all motor
proteins, and is also implicitly affected by axonal injury, it is possible that these manipulations
share a similar underlying mechanism with that of unc-104 mutations. While disruption of
cytoskeleton should impair transport by many motor proteins, mutations that impair kinesin-1
and dynein do not lead to activation of Wnd (Figure 3.4 and (Xiong et al., 2010)). This
specificity suggests that disruption of Unc-104 mediated transport, potentially via
mislocalization of Unc-104’s cargo, mediates Wnd/DLK’s activation after cytoskeletal

disruption and potentially after axonal injury.

This line of reasoning leads to further consideration of Unc-104’s cargo. Our live
imaging data do not support a simple model that Wnd is a cargo of Unc-104 (Figure 3.6). Known
cargo of Unc-104 are important for the assembly and function of synapses (Goldstein et al.,
2008), so does Wnd activation occur in response to an impairment in synaptic assembly or

function? We think this is unlikely, since mutations in rab3-gef, liprin-o. (Figure 3.7E) and vglut
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(data not shown), which impair presynaptic assembly and function, do not cause activation of

Wnd (Figure 3.7E).

Instead, we note an intriguing correlation between the localization and abundance of
presynaptic proteins with Wnd’s activation: Wnd signaling becomes activated in unc-104
mutants, which accumulate presynaptic proteins in the neuronal cell body. We noticed a similar
role for endogenous Wnd in wild type neurons during the onset of embryonic NMJ development.
These stages correspond to the onset of synaptic protein expression, before substantial transport
to synaptic terminals, hence represent a time in which levels are high in the cell body. Consistent
with the idea that Wnd signaling is sensitive to mislocalized presynaptic proteins, ectopic
overexpression of several different presynaptic proteins caused an elevation in Wnd signaling in
uninjured neurons (Figure 3.14G). These observations suggest a model that accumulations of
presynaptic proteins, as a feature of aberrant cargo transport, are ‘sensed’ by Wnd signaling

(Figure 3.14H).

Wnd/DLK signaling restrains the expression of presynaptic proteins: mechanism

and relevance.

While previous studies in C. elegans (Nakata et al., 2005; Yan et al., 2009) have
suggested that DLK activation may impair synaptic development (altering the size and spacing
of active zones), the regulation of total levels of presynaptic proteins and the relationship with
Unc-104 provides a new view into Wnd/DLK’s function and mechanism. In addition to VGlut,
Sytl, CSP-1, Brp, Liprin-a and Cac, we suspect that Wnd inhibits the expression of a larger

cohort of presynaptic proteins. Regulation of multiple targets required for synapse development
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can explain the severe defects in unc-104-hypomorph mutants, and the dramatic suppression by
disruption of the Wnd pathway (Figure 3.1 and 3.3). In support of this idea, presynaptic defects
in unc-104-hypomorph mutants can be partially rescued by overexpressing Brp (Kern et al.,

2013) or Rab3 (Zhang et al., 2016).

It is interesting to consider that the targets of Wnd regulation are also abundant
presynaptic proteins, and are thought to be major cargo for axonal transport. Down-regulation of
these proteins in response to defects in their transport or after axonal damage may comprise an
adaptive response mechanism to prevent unwanted buildup or wasted cellular resources. This
role of Wnd, together with its “sensing” role, likely serves as a mechanism to prevent cargo

buildup in unc-104 mutants (Figure 3.14H).

How does Wnd signaling regulate presynaptic proteins? The regulation of the vglut-
promoter-DsRed reporter suggests the involvement of transcriptional regulation (Figure 3.12F-
G), and we also noticed increased levels of Brp, VGlut and Cac transcripts in unc-104,wnd
double mutants (Figure 3.13G). We are limited in our ability to detect total changes in mRNA
and protein levels from whole nerve cord preparations by the fact that the Wnd signaling
pathway may not be acting in all cell types. It is also possible that additional post-transcriptional
mechanisms, such as regulation of protein stability or translation, factor into the regulation of

presynaptic proteins by Wnd.

Many previous studies have reported links between JNK signaling and kinesin-driven
transport (Verhey and Hammond, 2009), with some observations suggesting that JNK signaling
may directly regulate the function of kinesin-1, modulating its cargo binding, affinity for

microtubules and its processivity (Fu and Holzbaur, 2013; Horiuchi et al., 2007; Morfini et al.,
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2006; Stagi et al., 2006; Sun et al., 2011). Our finding of a separate role for JNK signaling in
regulating the abundance of transported cargo adds a new layer of complexity to interpreting
phenotypes of axonal transport defects. A commonly described defect is the presence of
accumulations of cargo within axons, referred to as ‘traffic jams’. These defects have been noted
for many different mutations, including kinesin-1 and dynein subunits (Gindhart et al., 1998;
Kurd and Saxton, 1996; Martin et al., 1999), and also in mutants for wnd and other members of
JNK signaling pathways (Bowman et al., 2000; Horiuchi et al., 2005, 2007). Does a failure to
regulate excess protein cargo contribute to the presence of the jams? Intriguingly, unc-104
mutations do not cause ‘traffic jams’ in axons, but instead leads to accumulate of synaptic

proteins in cell bodies, which correlates with the activation of Wnd signaling.

Finally, it is interesting to compare Wnd’s role in fine-tuning levels of presynaptic
proteins with previously identified roles for DLK in promoting cell death (Chen et al., 2008;
Huntwork-Rodriguez et al., 2013; Pozniak et al., 2013; Watkins et al., 2013; Welsbie et al.,
2013). While Kifla mutant mice show early signs of neuronal death and degeneration, which
may potentially be mediated by activation of DLK, unc-104 mutants in C. elegans and
Drosophila lack hallmarks of cell death and synaptic degeneration (Hall and Hedgecock, 1991;
Kern et al., 2013; Pack-Chung et al., 2007). In analogy with other stress response pathways,
regulation of presynaptic proteins may comprise a first order response that facilitates adaptation
to stress, while cell death can be used as the more extreme response of ‘last resort’. Inhibition of
synaptic proteins is, alone, a pathology that becomes relevant for long term maintenance of
synapses and their function over time, since synthesis and transport of new synaptic proteins
likely needs to occur throughout the long lifespan of a neuron. Interestingly, previous studies

have linked activation of JNK signaling to synapse loss in aged animals (Ma et al., 2014; Sclip et
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al., 2014; Voelzmann et al., 2016). Exciting future work lies ahead to further understand DLK’s

activation and its consequences in different models of neuronal injury, disease, and aging.
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Figure 3.1: Wnd signaling pathway is required for the presynaptic assembly defect in unc-104
mutant NMJs.

(A-D) Representative confocal images of third instar larval neuromuscular junctions (NMJ) at
muscle 4. Postsynaptic densities (PSDs) identified by GluRIII staining (Green) that lacked
apposing AZ components Brp (magenta in A), or Liprin-a (magenta in B) are highlighted by
arrowheads. Note that when determining the absence of AZ, the pixel saturation threshold was
reduced to reveal any AZ of weak signal. (This resulted in saturation of certain pixels in wt
controls. For more details, see Experimental Procedures.)

(A) Alignment of postsynaptic GIuRIII (green) with presynaptic AZ component Brp (magenta)
in Canton-S (wt), unc-104"""7330 yunc-104°%'P330 ywnd33 and wnd®?. Unc-104730 is a null allele.
(B) Alignment of postsynaptic GIuRIII (green) with presynaptic AZ component Liprin-o
(magenta). Liprin-a-GFP was driven by rab7 promoter and UAS-unc-104 RNAi1 and UAS-wnd
RNAI1 were driven by neuronal elav-Gal4.

(C-D) VGlut (C) and Brp (D) distribution at one NMJ terminal at Muscle 4. The motoneuron
membrane was labeled by HRP (inset).

(E) The percentage of unopposed GluRIII-labeled PSDs from 1A, 3.2C and D. The unopposed
PSDs were defined by the GluRIII-labeled PSDs that lacked any trace of the presynaptic AZ
protein Brp.

(F) Quantification of the total intensity of VGlut (C) and Brp (D) immunostaining within the
entire synaptic NMJ terminal at the muscle 4, normalized to that in wild type animals.

(G) Percentage survival of larvae to adulthood. For details, see Supplemental Experimental
Procedures.

All data are represented as mean = SEM; At least 8 animals and 12 NMJs were examined per
genotype; **** P<(0.0001, *** P<0.001, ** P<0.01, *P<0.05. Scale bar, Sum (A-B) and 20pum
(C-D). For additional data, see Figure 3.2.
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Figure 3.2: The Wnd signaling cascade is required in neurons for unc-104 mutant’s defects in
presynaptic assembly, animal growth, quantal content and mEJP amplitude, (related to Figures
3.1 and 3.3).

(A) The percentage of unopposed PSDs, defined by the absence of presynaptic Liprin-a-GFP at
synapses labeled by GIuRIIl, increased when unc-104 was knocked down in motoneurons, using
the Rab7 promoter driver. This defect was suppressed when wnd was knocked down at the same
time.

(B) Showing the cell autonomy of the unc-104 synaptic defect and the role of Wnd, the
percentage of unopposed PSDs, defined by the absence of BRP at synapses labeled by GIuRIII,
was rescued when Wnd was neuronally knocked down by RNAI together with unc-104 (2
independent RNAI lines: vdrc 23465, I and TRiP BL43264, II) or unc-104-hypomorph mutants.
All UAS-RNAIi were driven by Bg380-Gal4. UAS-Dicer was co-expressed to enhance RNAi
efficiency with unc-104RNAI II.

(C) Total Brp intensity at individual synapses was reduced in unc-104""""339-hypomorph mutants
and restored in unc-104""'"330-ywnd3? double mutants.

(D-E) Representative confocal images of NMJ synapses labeled with Brp (D) and the L-type
calcium channel Cacophony (cac)-GFP (E). Inhibition of INK/bsk (D) or Fos (E) via expression
of a Dominant Negative (DN) transgene rescued the synaptic apposition defect of unc-104
mutants. (D): Control (OK319-Gal4), bskPN (OK319-Gal4; UAS-bskPY), unc-104""* (OK319-
Gald, uncl 047411204y and unc-104""; bskPN (OK319-Gal4, uncl (04711204, UAS-bskPV). (E):
Control (OK319-Gal4; UAS-cac-GFP), unc-104""* (OK319-Gal4, uncl(04>/d11204, UAS-cac-
GFP) and unc-104""; fosPN (OK319-Gal4, uncl04°%/411204, UAS-bskPN, UAS-cac-GFP).
GluRlIII-labeled PSDs that lack apposing AZs (Cac-GFP or Brp) are highlighted by arrowheads.
uncl 0441204 ig a null allele.

(F) The largest body width measured in surviving 3™ instar larvae, as described in Supplemental
Experimental Procedures, was reduced in unc-104 mutants and restored when wnd was
neuronally knocked down. UAS-wndRNAI1 expression was driven by Bg380-Gal4 together with
UAS-Dicer2.

(G) Knockdown of unc-104 causes cell autonomous defects in presynaptic assembly. Two
different Gal4 drivers were used to express unc-104 RNAI, either specifically in SNc neurons,
which innervate muscle 26, 27 and 29 (m12-gal4) or all motoneurons (OK6-Gal4). Knockdown
in SN¢ neurons caused synaptic assembly defects on innervated muscles (quantified for muscle
27) but not other muscles (quantified for muscle 4).

(H) Distribution of mEJP amplitudes in unc-104 mutants fit with log Gaussian. The center
amplitude was determined by the peak of curve: wild type (0.80 mV), uncl04*%/7330(0.61 mV),
uncl 047350 ywnd?3 (0.95mV) and wnd®? (0.76 mV). Note that both the center amplitude and
the amplitude distribution were restored in double mutants.

(I) Motility of 3 instar larvae was defective when unc-104 was knocked down, but was
significantly rescued when wnd concomitantly inhibited by co-expression of UAS-wnd-RNA1
but not a control RNAi. UAS-RNAIi were driven by OK371-Gal4 (See Supplemental
Experimental Procedures, below).

All data are represented as mean + SEM; N.S., not significant; **** P<(0.0001, *** P<0.001, **
P<0.01,*P<0.05; Tukey test for multiple comparison; Scale bar, Sum.
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Figure 3.3: The synaptic transmission defect in unc-104 mutants is suppressed by wnd mutations
(A and B) Representative electrophysiological traces of (A) Evoked Excitatory Junctional
Potentials (EJP) and (B) miniature Excitatory Junctional Potentials (mEJP) recorded from
muscle 6 of third instar larvae

(C-F) Quantification of (C) the average EJP, (D) average mEJP, (E) average mEJP frequency
and (F) average quantal content (corrected for nonlinear summation).

All data are represented as mean + SEM; N.S., not significant; **** P<(0.0001, *** P<0.001;
Tukey test for multiple comparison. For additional data, see Figure 3.2.
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Figure 3.4: The Wnd signaling pathway is activated in unc-104 mutants

(A) Expression of the puc-lacZ reporter for Wnd/JNK signaling was induced in unc-104 mutants.
Nuclear lacZ (green), expressed from the puckered promoter, was evaluated in motoneuron
nuclei marked by Phospho-SMAD staining. UAS-RNAI lines (including UAS-moody RNAi as a
control) were driven by BG380-Gal4.

(B) Quantification of puc-lacZ expression from (A) showing a Wnd-dependent regulation. UAS-
mcd8-ChRFP was used as a control for dosage of UAS lines. Unc-104 RNAi 11 was accompanied
with Dicer2 expression to facilitate the knock-down.

(C) Regenerative axonal sprouting of m12-Gal4, UAS-mcd§8-GFP labeled axons 10 minutes, 9
hours or 18 hours after nerve crush from wt and unc-10493-/7330 mutant animals. Asterisk (*)
indicates the injury site and arrow indicates the direction of the cell body.

(D) 9 hours after injury, the percentage of axons with more than 5 branches per nerve were
enhanced in unc-104 mutants.

(E) The axon regeneration was enhanced in unc-104 mutants, measured by the length of the
longest branch per nerve at 18 hours after injury. 2 independent unc-104 RNAI lines and control
RNAIi (moody-RNAIi) were driven by m[2-Gal4.

(F) Endogenously tagged Wnd protein (MiMIC-wnd-GFP) increased in motoneuron cell bodies
of unc-104931"P33mutants, compared to that of wild type. Two representative cell bodies are
marked by green circles.

(G) Ectopically expressed GFP-wndtnase dead increased in cell bodies of MNSNc¢ motoneurons,
compared to that of wild type. A representative cell body is marked by a green circle.

(H-I) Quantification of GFP signal intensity from (F) and (G) in cell bodies.

All data are represented as mean £ SEM; N.S., not significant; **** P<(0.0001, ***
P<0.001,*P<0.05, Tukey test for multiple comparison; Scale bar, 20um. For additional data, see
Figure 3.5 and 3.6.
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Figure 3.5: The Wnd signaling pathway was activated in unc-104 mutants, in a different manner
than that in 4iw mutants, (related to Figure 3.4).

(A) Presynaptic bouton morphology and branching at the NMJ, viewed via immunostaining for
HRP (which labels axonal membrane) at muscle 4. The presynaptic arbor was over-branched in
unc-104"" mutants, and this was rescued in unc-104"";wnd'? double mutants.

(B) The total NMJ length (from the most proximal to the most distal bouton of the presynaptic
nerve terminal at muscle 4, labeled via anti-HRP staining) was increased in unc-104 mutants, and
this increase was suppressed with mutations that inhibit the Wnd pathway. UAS-bsk”" and UAS-
fosPN were driven by elav-Gal4 and unc-104"""%; wnd!”3 were used.

(C-D) Characterization of the MiMIC-wnd-GFP as a tag for endogenous Wnd.

(C) Western blot with anti-Wnd antibody for larval brain extracts from wnd®/Df, wt, wnd"/Df and
wnd"MIC-glb/Df animals. Endogenous Wnd protein runs at approximately 130kDa, while the
MiMIC-Wnd-GFP fusion protein can be detected at an appropriately larger molecular weight
(160kDa) for the GFP-fusion, confirming the expression and stability of the fusion protein.

(D) MiMIC-wnd-GFP in neuropil was enhanced in 4iw mutants, but not control or unc-104
mutants. This also indicates that the MiMIC-wnd-GFP is, like endogenous Wnd (Collins et al.,
2006), subject to regulation by Hiw.

(E) Axonal MiMIC-wnd-GFP within larval segmental nerves (containing motoneuron axons)
was enriched in unc-104 mutants. Neuronal membrane (green) was identified via anti-HRP
staining.

(F) Quantification of MiMIC-wnd-GFP signal intensity from axons in segmental nerves, shown
in (E).

(G) Total intensity of UAS-GFP-wnd" (driven by m12--Gal4) divided by the total NMJ terminal
area at muscles 26, 27 and 29.

(H) Representative Western blot of larval whole brain extracts for endogenous Wnd and 3-
tubulin, and quantification of Wnd levels normalized to B-tubulin band intensity (n>3). Mutants
examined include unc-1042P350 - ywnd?’3 and hiwAY.

All data are represented as mean + SEM; N.S., not significant, *** P<(0.001, **P<0.01, *P<0.05,
Tukey test for multiple comparison; Scale bar, 20pm.
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Figure 3.6: Wnd transport was not impaired in unc-104 mutants, (related to Figure 3.4).

(A) Kymograph of GFP-wndX? particle movement in SN¢ motoneuron axons (using the m12-
Gal4 driver). Axons were imaged 900 um distal to cell bodies at 0.3 Hz for 5 minutes in wild
type and unc-104931/P339 mutant animals. Anterograde particles (which were more abundant in
unc-104 mutants) moved from left to right.

(B-D) Measurement of GFP-wndXP particle movement by (B) the distribution of particles across
retrograde, anterograde and immotile categories, (C) velocity, and (D) scatter plot showing both
duration (y-axis) and velocity (x-axis) of all anterograde and retrograde particles. In unc-104
mutants anterogradely-moving particles are more abundant and move in longer duration at higher
velocity.

All data are represented as mean = SEM; N.S., not significant, *** P<0.001, **P<0.01, *P<0.05,
Tukey test for multiple comparison.
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Figure 3.7: Liprin-a and Rab3 control presynaptic assembly independently of Wnd
(A-B) Representative images of presynaptic Brp and postsynaptic GluRIII from (A) liprin-o and

liprin-a ;wnd and (B) rab3 and rab3;wnd. Unopposed GluRIlII-labeled PSDs are highlighted by
arrowheads.

(C) Percentage of unopposed GluRlIII-labeled PSDs from (A) and (B)

(D) The evaluation of BRP at present AZ by the intensity per AZ and the number per NMJ.
Increased Brp intensity of individual AZ and reduced Brp number per NMJ in either liprin-o. or
rab3 mutants were not suppressed by wnd mutations.

(E) puc-lacZ intensity in liprin-aand rab3 mutants and rab3-GEF knock-down, normalized to
wild type and controlRNAi (moody-RNA1).

All data are represented as mean + SEM; N.S., not significant, **** P<0.0001, *** P<0.001, *
P<0.05; Tukey test for multiple comparison; Scale bar Spum.
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Figure 3.8: Over-active Wnd signaling is sufficient to induce defects in presynaptic assembly
and transmission

(A) Representative images of MNSNc synapses at muscle 26, 27 and 29 with Brp and GIuRIII
staining. GluRIII-labeled PSDs that lack opposed AZs (highlighted by arrowheads) increased
when Wnd was over-expressed. Similar defects were observed using a pan-motoneuron driver
(OK6-Gal4), and in driver line specific to the MNSNc motoneuron (m12-Gal4), indicating the
cell autonomy of Wnd’s effect upon synapse assembly.

(B) Brp protein intensity at individual synapses and across entire NMJ terminals (at muscle 4)
was reduced when Wnd was over-expressed in motoneurons (using the OK6-Gal4 driver).

(C) The percentage of unopposed GluRIlI-labeled PSDs at the MNSNc¢c NMJ terminals in Aiw?,
unc-1049317330 and when UAS-wnd was over-expressed using either pan-motoneuron driver
(OK6-Gal4) or a driver specific to MNSNc motoneurons (m2-Gal4).

(D-E) Representative electrophysiological traces of (D) EJP and (E) mEJP on muscle 6 of third
instar larvae in wild type, 2iw™ and hiwN; ;wnd?eiciency,

(F) Average quantal content (corrected for nonlinear summation) reduced significantly due to
activation of Wnd in 4iw mutants.

(G) The total amount of Brp intensity across NMJ synaptic terminals was inhibited by over-
activation of Wnd in Aiw mutants.

All data are represented as mean + SEM; N.S., not significant, **** P<0.0001, *** P<0.001, **
P<0.01, *P<0.05, Tukey test for multiple comparison; Scale bar, 2um. For additional data, see
Figure 3.9.
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Figure 3.9: Wnd activation inhibits presynaptic assembly, (related to Figure 3.8).

(A) Representative images of presynaptic Brp (magenta) and postsynaptic GIuRIII (green) from
wild type, hiw?™ and hiwY;;wnd?/Df. GluRIII-labeled PSDs that lack opposed AZs are
highlighted by arrowheads.

(B) Quantification of (B) the percentage of unopposed GluRIII-labeled PSDs, normalized to wt.
(C) The total intensity of Brp measured at individual synapses was reduced 4iw mutants, and this
reduction required wnd.
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(D) Triple labeling of Brp (red), GIuRIII (blue) and either Liprin-a-GFP or Cacophony-GFP
(green) from wild type and Ainw?". The co-localization of three markers resulted in white while
“half synapses” resulted in blue only, highlighted with arrowheads. Notice the co-disappearance
of all presynaptic markers in 4iw mutants.

(E-G) Electrophysiology recordings from NMJs at muscle 6. Quantification of the (E) average
EJP, (F) average mEJP and (G) average mEJP frequency.

All data are represented as mean = SEM; **** P<(.0001, *** P<0.001, ** P<0.01, *P<0.05;
Tukey test for multiple comparison, Scale bar, (A) Sum and (D) 2pum
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Figure 3.10. Synaptic bouton and AZ formation but not SV transport defects in unc-104""
mutants are rescued by mutations in wnd

(A-C) Representative images of ISNb NMJ terminals at muscle 6/7/12/13 at embryonic stage 17
(20-21 hours AEL). The examined unc-104"" alleles include P350/P350 and 52/52.

(A) In unc-104"" mutants, boutons (identified by HRP staining) failed to form, and AZs (Brp)
failed to localize to NMJ. Both of the defects were largely suppressed in unc-104"";wnd double
mutants.

(B) Presynaptic vesicle proteins VGlut and Sytl failed to localize to presynaptic terminals (NMJ)
in both unc-104 and unc-104; wnd mutants. NMJ membrane was labeled by HRP (inset)

(C) The percentage of NMJs with boutons reduced in unc-104"" mutants and largely restored in
unc-104""-wnd?? double mutants.

(D) The number of AZs (identified by Brp) formed at a NMJ was strongly reduced in unc-104""
mutants, but was largely restored in unc-104; wnd double mutants.

(E) The intensity of Brp, Synapsin, VGlut and Sytl at NMJ terminals was reduced in unc-104
mutants. In unc-104,wnd double mutants, Brp intensity was largely restored and Synapsin was
mildly restored. No significant suppression was observed for VGlut and Sytl.
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All data are represented as mean = SEM; At least 9 animals and 20 NMJs were examined per
genotype; **** P<(0.0001, *P<0.05; Tukey test for multiple comparison; Scale bar, 10 um. For
additional data, see Figure 3.11.
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Figure 3.11: Transport defects of presynaptic vesicle proteins largely persisted in unc-

104" -wwnd mutants, (related to Figure 3.10).

(A-B) Representative images of ISNb NMJs at muscle 6, 7, 12 and 13 at embryonic stage 17 (21
hours AEL). In unc-104"" mutants, presynaptic vesicle proteins (A) Synapsin and (B) CSP
failed to localize to NMJ. Synapsin localization was mildly suppressed in unc-104™";wnd
mutants, while CSP was not.

(C) The total intensity of CSP measured at NMJ terminals (shown in B) were reduced in unc-104
mutants and in unc-104,; wnd double mutants.

(D) Transient rescue of muscle contraction defects in early embryos. Embryos with visible
muscle contraction were scored immediately after dissection from the vitelline membrane at
stage 17 (20-21 AEL). Contractions were mostly absent in unc-104 mutants however were
present in unc-104, wnd double mutants. The degree of contraction in double mutants was less
robust than wildtype and was transient — animal were still within 3 minutes.

All data are represented as mean + SEM; At least 4 animals and 10 NMJs were examined per
genotype; **** P<(0.0001, *P<0.05; Tukey test for multiple comparison; Scale bar, 10 pm.
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Figure 3.12: Wnd restrains total levels of presynaptic components downstream of Unc-104.
(A-B) Sytl and VGlut immunostaining in stage 17 embryonic nerve cord (20-21 AEL) in unc-
104™" mutants. Quantification in (B) shows an increase in total intensity in unc-104"™";wnd
double mutants. Increased staining is noted in the cell body region (A, and Figure 3.15A).
Additional data is shown in Figure 3.15B.

(C-D) In unc-104ris/P350 (hypmorph) - yynd double mutants, increased intensity of VGlut (C) and Brp
(D) is observed in motoneuron cell bodies of 3" instar larvae (see also Figure 3.15). In each
image, two groups of motoneuron cell bodies were shown with their nuclei identified by Elav
staining (blue in C).

(E) Estimates of the total intensity of VGlut and Brp (described in methods), showing the relative
percentage from each compartment (cell body (gray), axons (light gray) and synaptic terminals
(black)).

(F) The expression of vglut promoter-DsRed reporter was down-regulated via Wnd when unc-
104 is knocked-down. (H) Quantification of vgluz-DsRed intensity in (H) is normalized to
controlRNAi. UAS-RNAi lines were driven by OK6-Gal4.

All data are represented as mean = SEM; **** P<(.0001, *** P<0.001, ** P<0.01, *P<0.05,
Tukey test for multiple comparison; Scale bar, 20pum. For additional data, see Figure 3.13.
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Figure 3.13: In unc-104 mutants, a specific cohort of synaptic proteins were down-regulated by
Wnd, (related to Figure 3.12).

(A) Schematic cartoon showing the locations of motoneuron cell bodies (within one segment,
denoted by dotted lines) and Neuropil (green) in the nerve cord at embryonic stage 17.

(B) Immunostaining for Brp, CSP and Synapsin in the nerve cord at embryonic stage 17 (20-21
AEL). In unc-104 mutants, Brp, CSP and Synapsin protein accumulated in cell bodies and their
total protein levels were slightly reduced. Both the accumulation and the total levels were
enhanced in unc-104; wnd double mutants.

(C) Representative Western blot of 30 larval brains for VGlut and B-tubulin from wild type (wt),
unc-10 4bris/P350’ wh d3/3 and unc-10 4briS/P350,'Wn d3/3.

(D-E) Quantification of (D) mean HRP intensity measured in segmental nerve axons and (E) the
total GIuRIII levels of individual NMJ terminals (at muscle 4) from wild type (wt),

uncl 047350 yynd33 and uncl04b%'7330; wnd33. Note that HRP intensity was reduced in a Wnd-
independent manner.

(F) Quantification of nuclear Elav levels in animals carrying UAS-RNAI lines driven by OK371-
Gal4

(G) Relative mRNA levels measured by quantitative RT-PCR for Brp, VGlut, Cacophony and
Liprin-a from whole larval brains. Similar results were observed with both Tubulin and RP49 as
normalization controls, so the mean fold change using both is reported. Note mRNA level of
Brp, VGlut and Cac, but not Liprin-a, increased in uncl04; wnd double mutants.

(H) Validation that the vg/ut-DsRed (magenta) reporter is accurately expressed in cells that
express VGlut protein, detected by anti-VGlut antibody staining (green).

(D) Quantification of total intensity measurements for VGlut and Brp in motoneuron cell bodies,
normalized to wild type.

All data are represented as mean + SEM; N.S., not significant, **** P<0.0001, *** P<0.001, *
P<0.05, Tukey test for multiple comparison; Scale bar, 20um.
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Figure 3.14: Wnd’s role in synapse development.

(A) Schematic cartoon of the embryonic nerve cord showing the neuropil (the location of
neurites and developing synapses in the CNS) and motoneuron cell bodies in 2 segments at late
embryonic stages (15 to 16).

(B) Representative images of VGlut (white, bottom row) expression in motoneuron cell bodies of
wild type and wnd-null mutants (wnd’/Df) at embryonic stage early 15, late 15 and 16.
Analogous segments are identified by neuropil HRP staining (top row).

(C-D) Quantification of VGlut intensity in (C) motoneuron cell bodies and (D) NMJ presynaptic
terminals for wt and wnd-null mutants at different embryonic stages and in 3™ instar larvae.
VGlut expression first appears in cell bodies at embryonic stage 15 (C), corresponding with the
onset of NMJ synaptogenesis, but does not appear at NMJ terminals until stage 16 (D). As the
NMJ matures and expands throughout development, VGlut intensity, which is predominantly
localized to NMJ terminals, continues to increase (note the logarithmic scale). Quantification (D)
is normalized to intensity at stage 16.

(E-F) Sytl intensity is elevated in wnd-null mutants at embryonic stage 16. (E) Representative
images of Sytl immunostaining in CNS neuropil. Additional images for quantification in (F) are
shown in Figure 3.15C.

(G) Ectopic over-expression of presynaptic components (Brp, Sytl, VGlut and VGlut*4’%) led to
increase of Wnd-JNK signaling reporter, puckered-lacZ. Pan neuronal Gal4 (bg380) was used to
drive their expression.

(H) Model for the relationship between Wnd/DLK signaling and Kinesin-3-mediated transport.
In purple, the kinesin-3 family motor protein Unc-104/Imac plays an important role in synaptic
assembly by carrying synaptic vesicle precursors to nascent synapses. It also plays indirect roles
in synaptic assembly via the Wnd/DLK signaling pathway, which becomes activated when Unc-
104-mediated transport is impaired. Wnd/DLK activation also becomes activated after axonal
injury, and is previously known for roles in promoting axonal regeneration, and also in cell death
in some models of axonal stress. Here we have found that Wnd restrains the expression of
presynaptic proteins to prevent their excess build-up when Unc-104 function is inhibited.

All data were represented as mean + SEM; **** P<(.0001, ** P<0.01, *P<0.05, Tukey test for
multiple comparison; Scale bar, 20pum (B and E). For additional data, see Figure 3.15.
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Figure 3.15: Wnd’s role in synapse development, (related to Figure 3.14).

(A) VGlut (second row) and Brp (third row) expression at ISNb NMJs for wild type and wnd
null mutants at embryonic stage 15, 16 and 17. Top row shows the NMJ morphology at each
stage based on staining with HRP which reveals the axonal and nerve terminal membrane.

(B) Sytl intensity, detected at NMJ terminals at embryonic stage 16, was increased in wnd
mutants compared to wt.

(C) Sytl intensity, detected at NMJ terminals (M4) was similar between wt and wnd mutants in
3 instar larvae.

(D) Quantification of Brp total intensity at ISNb NMJ terminals in wt and wnd mutants. A mild
decrease was observed at this stage 16 in wnd mutants.

(E) Total intensity of Synapsin detected in Neuropil and in NMJ terminals was similar between
wt and wnd mutants at embryonic stage 16.

(F) Synapsin and Syt1 intensity within segmental nerves (containing motoneuron axons) are
increased in wnd mutants (3™ instar larvae).

All data are represented as mean = SEM; N.S., not significant, * P<0.05, Tukey test for multiple
comparison; Scale bar, 10um (A, B, C and F).
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CHAPTER IV
INVESTIGATING MECHANISMS THAT MEDIATE THE ACTIVATION OF
WALLENDA/DLK SIGNALING IN UNC-104 MUTANTS

The loss of presynaptic AZs and SVs from individual synapses, when Wnd signaling is
activated or unc-104 is mutated, is unique. Importantly, the activation of Wnd signaling is only
observed in unc- 104 mutants, but not kinesin-1 or dynein mutants. This suggests a specific
relationship between the activation of Wnd signaling and the loss of Unc-104 function. To gain
an understanding of this relationship I have considered several different hypotheses and in this
chapter I report my findings in evaluating them. I considered: first (in section 4.1) whether Wnd
is a direct cargo of Unc-104; then (in section 4.2) whether dysfunctional synapses in unc-104
mutants lead to activation of Wnd signaling; then (in section 4.3) whether the accumulated cargo
in the cell body contributes to the activation; lastly (in section 4.4) whether defective autophagy

plays a role in activating Wnd signaling.

4.1 Is Wnd a direct cargo of Unc-104?

Wnd and its DLK homologues localize to axons and this appears critical for their
signaling function. It has been shown that at least a population of Wnd is actively transported in
vesicles anterogradely and retrogradely in axons (Holland et al., 2015; Xiong et al., 2010). The
retrograde transport machinery is required for the activation of Wnd/DLK’s downstream targets

in response to injury (Holland et al., 2015; Shin et al., 2012; Watkins et al., 2013; Xiong et al.,
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2010). DLK localize to vesicles via palmitoylation and this likely also occurs for Wnd via a
conserved consensus palmitoylation motif (Holland et al., 2015). It remains unclear what motor
is responsible for transport of Wnd/DLK-associated vesicles and whether this transport may be
regulated as part of injury signaling.

The increased levels of Wnd protein in the cell bodies observed in unc-104 mutants
(Figure 3.4) suggests that Wnd’s transport may be influenced by Unc-104. However, the
examination of GFP-Wnd*! transport in axons showed no obvious impairment (Figure 3.6).
These results suggest that either Wnd is not a cargo of Unc-104, or Wnd is transported by
multiple motors including Unc-104.

To further test the cargo possibility I examine the co-localization and co-transport of
Wnd and Unc-104 in vivo. Unc-104 movement had not been examined in Drosophila and the
imaging turns out to be challenging. Most studies (including mine) are carried out with
exogenously expressed fluorescent protein-tagged Unc-104 and a large pool of the expressed
protein is cytosolic, which mask the signals from Unc-104 that moves along with vesicles
(Figure 4.1A). Unc-104’s movement has previously been successfully examined in cultured
neurons (Hung and Coleman, 2016; Lee et al., 2003). /n vivo it has been documented in two
studies in C. elegans via direct live-imaging, despite its high cytosolic signal. However the two
studies generated very distinct histograms of Unc-104’s transport velocities (Wagner et al., 2009;
Zhou et al., 2001). For example, Unc-104’s greatest velocity is 0.8~1 um/s in one study
compared to 0.2~0.4 um/s in the other. This difference could be due to the difficulty in
accurately identifying moving Unc-104-associated particles from cytosolic pool of Unc-104.
Another study in C. elegans reported this problem on cytosolic signal and could not conclude on

Unc-104’s velocity based on live imaging data (Klopfenstein and Vale, 2004). Therefore, the live
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imaging of Unc-104 has not been well established because of the high background signal. In
order to solve it, I decided to locally photobleach Unc-104-mCherry fluorescence to reduce
background from the cytosolic pool, before acquiring images of its movement.

In order to do live imaging of the Drosophila larval nervous system, I developed a simple
set-up that exposes the nervous system, including axons, to light microscopy while keeping
larvae fully immersed in physiological solutions, such as HL3 or PBS buffer, which is tightly
sealed in between coverslip and dissection plate. It allows for live imaging with inverted
microscope for up to 1 hour. In this set-up I was able to observe robust fast transport of Wnd
vesicles at single-axon resolution, labeled by GFP conjugated to a kinase dead version of Wnd
(Figure 4.1A and B). For Unc-104, without photobleaching, only a few occasional particles were
observed, and these particles did not cotransport with Wnd-GFP; however Unc-104-mCherry
particles were still difficult to distinguish from the fluctuations in the background signal (Figure
4.1C). Interestingly, a strong signal comes from retrograde transport of Unc-104, which may
imply the existence of a particle with multiple motors attached (Figure 4.1A and B). This
retrograde ‘bulk’ may potentially serve to recycle Unc-104 motors after they reach the distal end.

Within 10 seconds after photobleaching a 170 um length of the segmental nerve, Unc-
104-mcherry particles could be spotted entering the photobleached area in the anterograde
direction. However these particles were rarely spotted in consecutive frames and instead
disappeared within three frames (Figure 4.1D), likely due to photobleaching and/or
overwhelmingly high background signal from the cytosolic pool. With the caveats that very few
transport particles were spotted, no obvious colocalization was observed with Wnd-GFP (Figure

4.1D).
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Given the challenge in doing live imaging of Unc-104, I also carried out further genetic
analysis to test the cargo hypothesis. If Wnd is a direct cargo of Unc-104, then over-expression
of Unc-104 might alter Wnd signaling. A previous study in C. elegans has described a gain-of-
function mutation in unc-104 which appears to enhance its transport and cargo binding, and
affect synapse distribution (Niwa et al., 2015; Zheng et al., 2014). Over-expression of wild type
Unc-104 behaves similarly to gain-of-function mutation to suppress synaptic defects caused by
mutations in its adaptor Liprin-a (Zheng et al., 2014). After driving over-expression of Unc-104
in all neurons I observed no changes in expression from the puc-lacZ reporter, including in
animals after axonal injury, which induces endogenous Wnd signaling (Figure 4.2A).
Furthermore, overexpression of Unc-104 caused no changes to the number of Brp-marked AZs
(Figure 4.2C) and no changes in the levels of VGlut and Brp measured at NMJ synapses (Figure
4.2B and D). These negative observations suggest that Wnd signaling is unlikely to be directly
inhibited by Unc-104.

From my observations thus far, I cannot rule out some remaining possibilities for a direct
relationship between Unc-104 and Wnd. For example, (a) Wnd may be transported by a small
population of Unc-104 motors, which falls below the limits of my detection in live imaging; (b)
Unc-104 may function near the cell body to transport Wnd before its entry into axons, rather than
in the axon shaft where my imaging focused; or (c) Unc-104 transports Wnd at an early stage of
development, that was not detected in my experiments. These possibilities are in line with our
current understanding of motors, which is that a cargo is bound by multiple motors and motor-
cargo binding is dynamically regulated (Hirokawa et al., 2009). Future work to carry out live
imaging of Wnd-GFP in embryos of unc-104-null mutants could further address these

possibilities.
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4.2 Does synapse dysfunction activate Wnd signaling?

If Wnd is not itself a direct cargo of Unc-104, the next logical possibility is that one of
Unc-104’s cargo functions to regulate Wnd pathway. Previous work has suggested that DCVs
and SVs are major cargo of Unc-104. In the unc-104 mutants, these vesicles and associated
proteins are depleted from synapses and accumulate in the cell body (Gong et al., 1999; Hall and
Hedgecock, 1991; Pack-Chung et al., 2007; Yonekawa, 1998). Hence there are two simultaneous
defects in these unc-104 cargo: depletion from synapses and accumulations in the cell body. We
endeavored to tease apart which (synaptic depletion or cell body accumulation) was responsible
for the activation of the Wnd pathway.

The depletion of DCVs and SVs and their associated proteins from synapses in unc-104
mutants directly impair exocytosis of these vesicles, So the synaptic transmission in unc-104
mutants is severely weakened (Figure 3.3). It is known that vesicle release from synapses is
critical for synaptic morphology and structure: SV release is important for synaptic homeostasis
and maintenance (Verhage et al., 2000); DCVs upon fusion at synapses release neuropeptides,
many of which have been shown to be important for synapse growth (Chen and Ganetzky, 2012;
Nissel and Winther, 2010); Octopamine, a neurotransmitter carried in DCVs, influences synapse
formation (Koon et al., 2011); Neuropeptides and morphogens such as BDNF are also
transported in the form of DCVs (Dieni et al., 2012). From these possible cargo, both cell-
autonomous and non-cell-autonomous mechanisms can be envisioned for their roles in synapse
formation. To test whether disruption of synaptic release mediates the activation of Wnd

signaling in unc-104 mutants, I attempted to specifically impair DCV and SV release.

95



4.2.1 SV release impairment did not activate Wnd activation

Since Drosophila motoneurons are mostly glutamatergic, I first examined the mutants of
vesicular glutamate transporter (vglut). These mutants are semi-lethal and a few animals that
survive to 3™ instar larva stage, show reduced mEJP frequency and EJP amplitude (Daniels et al.,
2006). I found that vglut mutants or knock-down showed no change of expression of puc-lacZ
(Figure 4.3A), which faithfully reports Wnd signaling (Xiong et al., 2010), contrasting its
dramatic upregulation in unc-104 mutants. In a different approach to silence synaptic
transmission, Tetanus Toxin Light Chain (TeTxLC), which cleaves synaptobrevin (v-SNARE)
and inhibit SV exocytosis, was expressed in all motoneurons. Again no change to the puc-lacZ
expression was observed (Figure 4.3A).These suggest that reduced synaptic transmission (both
spontaneous and evoked release) in unc-104 mutants is unlikely the cause of Wnd pathway
activation.
4.2.2 Octopaminergic signaling did not mediate Wnd signaling activation

Octopamine, which is close to mammalian norepinephrine, is also released by a few
motoneurons in Drosophila. It exhibits autoregulatory and paracrine control of NMJ growth
(Koon et al., 2011). This makes it an interesting target since Wnd/DLK pathway also acts to
regulate NMJ morphology (Collins et al., 2006). A straightforward model would be that
octopaminergic signaling inhibits Wnd signaling and its loss in unc-104 mutants activates Wnd
signaling. In order to mimic this downregulation, I expressed neuronal RNAi to knock down the
octopamine synthesis enzyme (tyrosine beta-hydroxylase (tbh)) and two receptors (Octp1R and
OctP2R), all of which were shown to play important roles in NMJ growth (Koon et al., 2011).

No activation of Wnd pathway using puc-lacZ reporter was observed (Figure 4.3B). A noticeable
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reduction of puc-lacZ expression was observed when tbh was knock-down, but this was non-
motoneuron specific, and distinctly from Unc-104 (Figure 4.3.B).

Another possibility is that the failed delivery of octopamine to synapses activates,
instead of inhibits, its receptors. If so, one would predict that the knock-down of these receptors
in unc-104 mutant would suppress the activation of Wnd. However, I observed no obvious
reduction of the Wnd signaling (Figure 4.3C). Furthermore, the synaptic assembly defects
evaluated by the number of unapposed PSDs was also not affected (Figure 4.3D and E).
Altogether these suggest that Octopaminergic transmission does not mediate the activation of

Wnd pathway in unc-104 mutants.

4.2.3 Accumulation, rather than release impairment of DCVs/neuropeptides, activates Wnd
signaling

Neuropeptides from DCVs are another potential candidate for Wnd activation. An early
observation I made hints that Wnd is more enriched in terminals (Type III) that are positive for
neuropeptide storage and release. Further, when Unc-104 is overexpressed, it only appears in
Type III terminals, but not others, suggesting a likely more important role for Unc-104 in
peptidergic neurons (Figure 4.4). I therefore hypothesized that lack of neuropeptide release leads
to synaptic defects in unc-104 mutants.

To directly test whether the impaired release of neuropeptides are linked to Wnd
activation and synaptic defects, I investigated a role for the Calcium activated protein for
secretion (CAPS), which is required for regulated release of DCVs. CAPS has a conserved
sequence and functions in Bilateria with homologues Unc-31 in C. elegans and Calcium-

dependent secretion activator (Cadps) in mammals. CAPS and its homologues facilitate the
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release of DCVs at synapses and mutations in caps and its homologues lead to impaired release
of DCVs, which is often accompanied by impaired SV release (Ann et al., 1997; Berwin et al.,
1998; Grishanin et al., 2004; Liu et al., 2008; Renden et al., 2001; Tandon et al., 1998). In my
findings, knocking down of caps in neurons leads to phenotypes that are strikingly similar to
unc-104 mutants: defects in synapse apposition, Brp intensity at NMJ and activation of puc-lacZ
expression (Figure 4.5A-C). Moreover, the puc-lacZ activation was inhibited by wnd knock-
down (Figure 4.5A), suggesting that Wnd signaling is activated when caps function is disrupted.
Furthermore, axon regeneration was substantially enhanced when caps was knocked down, with
many injured axons regenerating and growing a much further distance than wild type (Figure
4.5D and E), indicating an activation of Wnd signaling.

These results are particularly interesting, however I noticed that these phenotypes are
cell-autonomous, because knock-down of CAPS in single motoneuron led to synaptic defects
(Figure 4.5B) and enhanced axon regeneration (Figure 4.5D). This cell-autonomy suggests that
either neuropeptide release is important for regulating Wnd signaling through autocrine manner,
or neuropeptide release does not directly affect the Wnd signaling.

To further determine the role of neuropeptide release in synaptic defects of unc-104
mutants, I sought to examine whether knocking down unc-104 specifically in neuropeptidergic
neurons, which should impair neuropeptide release in these neurons, can cause synaptic defects.
The knock-down was driven by 3 neuropeptidergic Gal4, C929 (most peptidergic neurons)
(Hewes et al., 2003; Vomel and Wegener, 2008), CCAP (a subset of peptidergic neurons)
(Dewey et al., 2004; Hewes et al., 2003; Vomel and Wegener, 2007) and Bursicon (a subset of
peptidergic neurons) (Dewey et al., 2004; Lee et al., 2013; Peabody et al., 2008). Notably, both

CCAP and Bursicon drives expression in Type III peptidergic motoneurons (Loveall and
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Deitcher, 2010). In summary of results, examining two separate muscle regions, including one
that is innervated by Type III peptidergic motoneurons, I did not observe any obvious synaptic
defects in these conditions (Figure 4.6A and B). In contrast, single motoneuron knock-down of
unc-104 is sufficient to cause synaptic defects (Figure 3.2). These results suggest that loss of
unc-104 in peptidergic neurons alone is not sufficient to induce synaptic defects. A caveat of
these experiments is that the knock-down of unc-104 by RNAi may not be efficient if these
Gal4s are not strong enough, however these Gal4 have shown prominent expression in other
studies and accumulation of presynaptic proteins in cell body was observed in these conditions
(not shown), indicating an at least partial loss of Unc-104 function.

Since neuropeptide release impairment by caps mutations is unlikely to be the cause of
Wnd signaling activation and synaptic defects, it raises the possibility that other roles of CAPS
may be in play. In fact, some recent studies show a role for CAPS in trafficking and Golgi
morphology (Sadakata et al., 2013, 2010). In caps knock-down neurons, I noticed that Brp
accumulated in the cell body (Figure 4.5F), in a similar way as in unc-104 mutants. These
accumulations of presynaptic proteins in the cell body of caps and unc-104 mutants may affect
the function of the secretory pathway, including the ER and Golgi and a defect in the secretory
pathway may trigger a response. Interestingly, I found that in both caps and unc-104 mutants,
Phosphorylated eukaryotic initiation factor 2 a (P-e[F2a), which is highly elevated in scenarios
of ER stress, is dramatically upregulated (Figure 4.7A). This suggests an association of cellular
stress with loss of unc-104 and caps. This led me to consider the possibility that presynaptic

protein accumulation in the cell body leads to the activation of Wnd signaling.
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4.3 Does the accumulation of presynaptic proteins induce UPR and activate Wnd signaling
in unc-104 mutants?

As mentioned above, a significant elevation of P-elF2a was observed in unc-104 mutants
globally in the Nervous System, including motoneurons and sensory neurons (Figure 4.7A and
B), which exhibit synaptic defects. elF2a is essential for translation and upon ER stress can be
phosphorylated at Serine 51 (S51) (Pakos-Zebrucka et al., 2016). P-elF2a disrupts the ternary
complex that is required for initiating translation, thus inhibiting global translation process. The
RNA and the translation initiation components that remains associated with transcripts are then
routed to form stress granules (Bellato and Hajj, 2016; Buchan and Parker, 2009). elF2a
phosphorylation can occur as a consequence of ER stress, as one arm of an unfolded protein
response (UPR) pathway. Interestingly, the P-elF2a observed in unc-104 mutants appears to
colocalize well with accumulated Brp in cell body in both motoneurons and sensory neurons
(Figure 4.7C). This raises the possibility that accumulated Brp in unc-104 mutants resides in
association with P-eIF2a-containing stress granules. I also observed in unc-104 mutants that
some of these Brp puncta are located in close proximity to puncta containing Wnd (labeled by
endogenous tagging by MiMIC, Figure 4.7D). Does this location relationship have anything to
do with the activation of Wnd signaling? These observations suggest a possible role for P-elF2a
and UPR in activating Wnd signaling.

In order to examine the role of P-elF2a in Unc-104 mutants and activation of Wnd
signaling, I first tested the involvement of UPR and whether UPR activation could activate Wnd

signaling; then I tested roles of kinases that phosphorylate elF2a.
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4.3.1 P-elF 20 but not IRE1 is induced in unc-104 mutants

The UPR is induced by ER stress and entails three branches: PERK/P-elF2a, IRE1/XBP1
and ATF6 (Gardner et al., 2013). If P-eIF2a is induced in unc-104 mutants via accumulated
presynaptic proteins in the ER, then other branches of the ER stress response are likely activated
as well. Since it is unclear whether the ATF6 pathway is conserved in Drosophila (Ryoo, 2015),
I set out to examine the IRE1 branch. The IRE1 branch, upon ER stress, is able to activate JINK
signaling via the TNF-receptor-associated factor (TRAF) (Urano, 2000), making it an interesting
candidate. Unfolded proteins in the ER induce IRE1, which induces alternative splicing of XBP-
1. This event can be detected using a reporter which contains a GFP tag in the intron region,
which, upon IRE1-induced alternative splicing, can be incorporated into the mature mRNA,
allowing for expression of XBP1-GFP (Ryoo et al., 2007; Sone et al., 2013). XBP1-GFP and P-
elF2a are two common markers for UPR. In contrast to P-elF2a, I saw no significant increase of
XBP1-GFP expression in unc-104 mutant larval motoneurons (Figure 4.8A). This suggests that
the IRE1 branch is not activated by unc-104 mutants while the P-elF2a is. In line with the lack of
IRET activation, the elevated puc-lacZ expression in unc-104 mutants was not suppressed when
TRAF1/4 or TRAF2/6 was knocked down in neurons (Figure 4.8B). No suppression of synaptic
apposition defects in unc-104 mutants was observed for knock-down of TRAF1/4 (Figure 4.8C).
It is currently unknown whether one branch of UPR can be activated independently from the
others during ER stress. But it is known that P-e[F2a can be induced by a range of signal besides

ER stress (Pakos-Zebrucka et al., 2016).
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4.3.2 UPR induction mildly activates Wnd signaling

I also examined whether the Wnd pathway becomes activated when the UPR is induced
via several known approaches. Most assays for the UPR to date have been carried out in cultured
cells following drug treatment. Some studies in Drosophila neurons in vivo center on responses
to overexpressing mutated proteins (e.g. rhodopsin-1) in Drosophila photoreceptors, or
overexpressing disease associated protein, such as TDP-43, which is associated with ALS (Kim
et al., 2013; Ryoo, 2015). TDP-43 overexpression exhibits an elevation of P-eIlF2a (Kim et al.,
2013). I over-expressed TDP-43 or its mutated form in all neurons and observed a mild increase
of puc-lacZ expression (Figure 4.9A). In contrast, over-expression of mutated rhodopsin-1
(G69D) in all neurons did not cause synaptic defects (Figure 4.9B). These mixed results may
reflect differences in the extent that different UPR pathways are activated in these still poorly
characterized models. Notably rhodopsin-1 (G69D) overexpression has been found to activate
the IRE1/XBP1 branch (Ryoo et al., 2007) and I found no elevation of P-elF2a (Figure 4.9C).
Though further characterization is needed, these results imply that a potential P-e[F2a specific
mechanism may partly contributes to the activation of Wnd activation.

Compared to in vivo assays, pharmacological UPR-induction assays in vitro are better
characterized. Three common inducers can effectively induce a UPR in vitro: DTT (a reducing
agent that inhibits disulfide bond formation, resulting in misfolded proteins), tunicamycin (an
inhibitor of N-linked glycosylation, causing accumulation of unfolded glycoproteins in the ER)
and thapsigargin (an inhibitor for ER calcium pumps, which is critical for Calcium-dependent
ER chaperones) (Oslowski and Urano, 2011). I first tested whether a 4-hour incubation of larval
brains with each of these agents was sufficient to induce P-elF2a and found, except in a few

neurons, no obvious increase of XBP1-GFP in motoneurons (Figure 4.9D). I noticed that the
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simple incubation of dissected brains in solution triggers XBP1-GFP to relocalize from the
nucleus to cell body, suggesting a XBP1 response to the incubation procedure.

In an alternative approach, DTT was fed to the animal from embryo to 3™ instar larvae
for a duration of 6 days at a series of concentrations (0, 50uM, 500uM, SmM, 50mM). In contrast
to one study that shows elevation of XBP-1 (Debattisti et al., 2014), none of these concentrations
significantly induce formation of P-elF2a puncta (SmM was shown as an example, Figure 4.9E).

None of these manipulations induced puc-lacZ (SmM was shown as an example, Figure 4.9E).

4.3.3 elF2a phosphorylation kinases PERK, unlikely contributed to synaptic defects in unc-104
mutants

Since several pieces of evidence emphasize the role of P-elF2a, I then considered
whether upstream kinases of elF2a play a role in the unc-104 mutant phenotypes. PERK
mediates phosphorylation of elF2a during ER stress. Knock-down of PERK in neurons did not
suppress the synaptic defects in unc-104 mutants (Figure 4.10A). However, these manipulations
failed to reduce the elevated P-elF2a staining that occurs in unc-104 mutants (Figure 4.10B),
raising the possibility that other kinases may mediate the phosphorylation. Three additional
kinases were found in mammals with the capability to phosphorylate elF2a in other scenarios,
such as amino acid deprivation (Ryoo, 2015). Whether these kinases are involved in Wnd

activation and synaptic defects in unc-104 mutants could be a subject of future investigation.

4.3.4 Promoting ER protein degradation did not suppress defects in unc-104 mutants
If the accumulation of presynaptic proteins mediates Wnd signaling activation and

synaptic defects in unc-104 mutants, promoting their degradation might relieve the stress and
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rescue the phenotypes in unc-104 mutants. During the UPR, HRD1, (an E3 ubiquitin ligase for
ER associated Degradation (ERAD)), functions in the removal and degradation of unfolded
proteins from the ER. HRD1 overexpression has been used to successfully reduce ER stress and
ER stress-associated neurodegeneration in the Drosophila retina (Kang and Ryoo, 2009). I found
that over-expression of HRD1 in neurons did not rescue the synaptic apposition defects, reduced
Brp intensity at NMJ, or the activation of Wnd pathway in unc-104 mutants (Figure 4.11A-C).
Therefore, overexpression of HRD1 (which should promote ERAD) did not suppress phenotypes
of unc-104 mutants.

However when I examined P-elF2a as a control for its effects, I observed that HRD1
overexpression caused a surprising enhancement of P-elF2a rather than the expected reduction
(Figure 4.11D). These confusing results could be due to the current lack of knowledge of how
HRD-1 functions in these Drosophila assays and whether it interacts with other UPR components.
From cultured cell assays, it is noted that overactive ERAD can lose its selectivity in substrate
degradation via currently unknown mechanisms (Ruggiano et al., 2014). More importantly, the
observation that no synaptic defects are observed when P-elF2a is elevated by HRD-1 uncouples
P-elF2a induction and synaptic defects. Together with the mild effect on Wnd signaling by TDP-
43 overexpression, I suspect that P-elF2a elevation is not a major mediator of Wnd signaling

activation and synaptic defects in unc-104 mutants.

4.4 Does defective autophagy mediate the Wnd signaling activation in unc-104 mutants?
The accumulation of presynaptic proteins in cell bodies of unc-104 mutants may reflects=

a defective degradation system. A recent study suggests that Unc-104 is important for

autophagosome formation at presynaptic terminals (Stavoe et al., 2016). Mutations in unc-104

lead to reduced number of autophagosome in neurites. This study and others have also linked
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autophagy to synapse function (Binotti et al., 2014; Hernandez et al., 2012; Shen and Ganetzky,
2009; Torres and Sulzer, 2012). One study proposes that autophagy regulates synapse
morphology via Highwire, a potent regulator of Wnd/DLK (Shen and Ganetzky, 2009). I
therefore further probed the role of autophagy in unc-104 mutant phenotypes and Wnd activation.

To test whether defective autophagy mediates the activation of Wnd pathway, I sought to
impair autophagy function. Autophagy entails a series of highly orchestrated events, facilitated
by a number of molecules. Atgl, Atgl3, FIP200 and other autophagy components forms a
complex that is required for autophagy initiation. Upon initiation, a phagophore forms, which
later expands and matures into an autophagosome, which then fuses with a lysosome to form an
autolysosome, in which protein and organelle degradation takes place. Atg7 is required for
phagophore expansion(Ariosa and Klionsky, 2016; Stanley et al., 2014). In order to disrupt
autophagy in neurons, I knocked down Atgl, Atgl3, FIP200 and Atg7, all of which are known to
play important roles in autophagosome formation. Atgl knock-down leads to an elevation of
puc-lacZ expression, which is mediated by Wnd (Figure 4.12A). This is interesting, especially
considering that the loss of atgl in Drosophila exhibits synaptic apposition defects that resemble
unc-104 mutants (Wairkar et al., 2009). In contrast, knock-down of the other components (Atgl3,
FIP200 and Atg7) did not lead to change of puc-lacZ expression (Figure 4.12A).

To confirm that my experimental manipulations indeed caused impairments to autophagy
in Drosophila neurons, I used an Atg8 reporter to examine autophagosome/autolysosome
formation. Atg8 is an LC3 homologue which is an integral component of the autophagosome
membrane. The reporter contains a dual fluorescent tag of both GFP and mCherry. In
autolysosomes, the GFP signal becomes quenched by the acidic environment. This reporter has

been used to monitor autophagy induction and flux (Devorkin and Gorski, 2014). In the
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Drosophila nervous system, many Atg8-positive puncta can be found in CNS and PNS cell body
and nerves (Figure 4.12B-D). These puncta are mostly red, indicating a fully formed
autolysosome. When FIP200 was knocked down, there are still number of Atg8-positive puncta
across the nervous system; however, most of them are both red and green (Figure 4.12C and D),
suggesting frequent presence of immature autophagosome or phagophore likely due to defective
autophagy. This suggests that autophagy is indeed impaired by FIP200 knock-down.

Though further studies are needed to rule out the involvement of autophagy, my results
suggests an alternative role of Atgl in Wnd signaling activation. Besides autophagy, Atgl has
been implicated in trafficking in neurons. Work from C. elegans and Drosophila has identified
multiple non-autophagic substrates of Atgl and its homologues, and these substrates are all
linked to kinesins (Joo et al., 2016; Lai and Garriga, 2004; Levy-Strumpf and Culotti, 2007;
Toda et al., 2008; Watari-Goshima et al., 2007). Among them, unc-76 binds to SV protein,
Synaptotagmin-1 and, together with Atgl regulates SV transport along axons (Toda et al., 2008).
Interestingly, a recent study found that ULK1/2, the mammalian homologue of Atgl, regulates
ER-to-Golgi trafficking, independently from autophagy. The loss of ulk1/2 also activates the
UPR (Joo et al., 2016). Possibly, the role of Atgl in intracellular trafficking may crosstalk to
Unc-104 or its cargos and the loss of them leads to similar defects. A specific model for my
cumulative observations is that ER/Golgi malfunction caused by the loss of Atgl, caps or
possibly unc-104 accounts for the activation of Wnd signaling and its associated synaptic defects.
Given Atgl’s connection to kinesins, it would be future interest to study whether it interacts with

Unc-104.
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Figure 4.1: Live imaging of Unc-104-mCherry and GFP-Wnd*? in Drosophila larval axons

(A, C and D) Stack of representative confocal images of Unc-104-mCherry and GFP-Wnd*¢
acquired at a frequency of 0.25Hz in SNc¢ motoneuron axons (using the m/2-Gal4 driver)

(A) Without photobleaching, most Unc-104-mCherry reside in diffuse cytosolic pool.
Retrogradely transported Unc-104-mCherry with strong fluorescence was occasionally observed
(purple arrowheads). GFP-Wnd*¢ (blue arrowheads) moves in both directions and do not
colocalize with Unc-104-mCherry.

(B) Kymograph of GFP-wnd®” and Unc-104-mCherry particle movement. Axons were imaged
900 um distal to cell bodies at 0.25 Hz for 2-3 minutes. Anterograde particles moved from left to
right.

(C) Rare identification of Unc-104-mCherry anterograde-moving particles that appear in a few
frames and disappear. Note GFP-Wnd*! (blue arrowheads) do not colocalize with Unc-104-
mCherry.

(D) After photobleaching a region of 150 um long, a few anterograde-moving particles enters the
region, but no colocalization with GFP-Wnd*? was observed,

Scale bar, 30um (A, C and D) and 20um (B)
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Figure 4.2 Overexpression of Unc-104 does not alter puc-lacZ expression and the intensity of
Brp and VGlut at NMJ terminals.

(A) Expression of the puc-lacZ reporter for Wnd/JNK signaling was not affected by
overexpression of two independent alleles of wild type Unc-104. Upon injury, puc-lacZ is
elevated similarly between control and Unc-104 overexpression. Over expression were driven by
elav-Gal4.

(B) VGlut (green) and Brp (red) distribution at one NMJ terminal at Muscle 12 in wild type and
Unc-104 overexpression animals. The motoneuron membrane was labeled by HRP (Blue).

(C) Quantification of the total number of Brp-containing AZ puncta within the entire synaptic
NMIJ terminal at the Muscle 4.

(D) Quantification of the total intensity of VGlut and Brp immunostaining within the entire
synaptic NMJ terminal at the Muscle 4, normalized to that in wild type animals.

All data are represented as mean = SEM; N.S., not significant, Tukey test for multiple
comparison; Scale bar, 30um.
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Figure 4.3 Impaired glutamatergic and octopaminergic release does not mediates Wnd signaling
activation and synaptic apposition defects in unc-104 mutants

(A) Quantification of puc-lacZ expression when SV release is impaired by: mutants vglutl/+,
vglutl/vglut2, when vglut is knocked down in all neurons (bg380Gal4) and when TeTxLC is
expressed in motoneurons (ok6Gal4). No significant difference between these conditions and
control.

(B) The puc-lacZ expression was not enhanced when Octopaminergic signaling is disrupted by
knock-down of OctB1R, Octp2R and tbh by RNAI. A reduction was found when tbh was knock-
down in all neurons but not only motoneurons.

(C) The elevated puc-lacZ expression in unc-104 mutants was not suppressed when
Octopaminergic signaling is disrupted by knock-down of Octp1R and Octf2R by RNA..

(D) The percentage of unopposed GluRIII-labeled PSDs from E. The unopposed PSDs were
defined by the GluRIII-labeled PSDs that lacked any trace of the presynaptic AZ protein Brp.
Note the apposition defects due to loss of unc-104 was not suppressed by the knock-down of
Octp2R.

(E) Representative confocal images of third instar larval neuromuscular junctions (NMJ) at
muscle 4, when Unc-104 and OctB2R are knocked down. Postsynaptic densities (PSDs)
identified by GIuRIII staining (Green) that lacked apposing AZ components Brp (red) are
highlighted by arrowheads.

All data are represented as mean = SEM; N.S., not significant; ** P<0.01, Tukey test for
multiple comparison; Scale bar, Sum.
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Figure 4.4 The localization of exogenously expressed HA-Unc-104

(A) Representative images showing HA-Unc-104 (red) localized to motoneuron cell body, when
driven by elav-Gal4 (pan-neuronal). HRP (blue) labels neuronal membrane.

(B-C) Representative images showing lack of localization of HA-Unc-104 (red) to Type I and
Type II NMJ terminals at (B) Muscle 4 and (C) Muscle 6/7. Type I and Type II terminals
contains glutamatergic synapses.

(D) HA-Unc-104 (red) preferentially localizes to Type III terminals, which are peptidergic
motoneurons. Note the lack of staining in Type I and Type II terminals

Scale bar, 30pum.
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Figure 4.5 knock-down of caps leads to synaptic defects and enhanced Wnd signaling,
resembling unc-104 mutants.

(A) Knock-down of caps by RNAI led to increase of Wnd-JNK signaling reporter, puckered-lacZ,
in a Wnd-dependent manner. Pan neuronal Gal4 (bg380) was used to drive RN A1 expression.
(B) Knockdown of caps causes cell autonomous defects in presynaptic assembly. Two different
Gal4 drivers were used to express caps RNAI, either specifically in SNc neurons, which
innervate muscle 26, 27 and 29 (m12-gal4, mononeuronal) or all motoneurons (bg380-Gal4).
Knockdown in all neurons impaired presynaptic assembly on muscle 4 while knock-down in
SNc neurons caused mild but significant synaptic assembly defects on muscle 27.

(C) Brp protein intensity at individual synapses and across entire NMJ terminals (at muscle 4)
was reduced when caps was knocked down in motoneurons (using the bg380-Gal4 driver).

(D) Regenerative axonal sprouting of m/2-Gal4, UAS-mcd8-GFP labeled axons 24 hours after
nerve crush from wt and caps knock-down animals. Asterisk (*) indicates the injury site and
arrow indicates the direction of the cell body. Note when caps was knocked down, the
regenerated neurites (neurite tips are labeled with purple arrowheads) reach passing the injury
site, to nearby distal axons (proximal ends are labeled with blue arrowheads).

(E) The axon regeneration was enhanced when caps was knocked down, measured by the length
of the longest branch per nerve at 24 hours after injury. RNAi was driven by m/2-Gal4.

(F) Brp (red) accumulated in motoneuron cell bodies cell autonomously when caps was knocked
down using m12-Gal4. Motoneuron cell bodies were labeled by mcd8-gfp.

All data are represented as mean = SEM; At least 5 animals and 10 NMJs were examined per
genotype; *** P<(0.001; N.S. not significant. Scale bar, Sum
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Figure 4.6 the loss of unc-104 in peptidergic neurons alone is not sufficient to impair
presynaptic assembly

The percentage of unopposed GluRIII-labeled PSDs was not altered when unc-104 was knocked-
down in most peptidergic neurons (c929) or a subset of peptidergic neurons (Bursicon-Gal4 and
CCAP-Gal4) on (A) muscle 4 or (B) muscle 12. In contrast a significant portion of unopposed
PSDs was found on the same muscles when Unc-104 was knocked down in all motoneurons
(ok6-Gal4). The unopposed PSDs were defined by the GluRIII-labeled PSDs that lacked any
trace of the presynaptic AZ protein Brp.
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Figure 4.7 P-elF2a. is highly elevated when unc-104 or caps is lost

(A) Representative images of P-eIF2a (green) staining in nerve cord with motoneurons in the
middle. Compared to low and diffused P-elF2a staining in control animal, a formation and
elevation of P-elF2a puncta was observed in unc-104 mutants and when caps was knocked down.
Neuronal nuclei is labeled in red.

(B) Representative images of P-elF2a staining in sensory neuron. A formation of P-elF2a puncta
was observed when caps was knocked down. Neuronal nuclei is labeled in red.

(C) P-elF2a (green) puncta colocalize nicely with Brp (red) puncta in cell bodies of motoneurons
and sensory neurons in unc-104; wnd mutant animals. No P-elF2a puncta was found in axons.
(D) Some endogenously tagged Wnd protein (MiMIC-wnd-GFP) was found to localize in close
proximity to Brp puncta in cell bodies of motoneurons in unc-104; MiMIC-GFP-Wnd/wnd
animals. The close positions are emphasized by arrowheads.

Scale bar 30um (A) and 10 um (C and D)

116



condrol RNAi XBP1-GFP mcd8RFP; unc-104RNAI

>
- -

c
2
5
0]
c
sl
o
<]
=

wndRNAI wndRNAI; unc-104RNAI

B
.Z‘
»
)
=)
-
*
*
Z
w

normalized to control
% unopposed PSD (Brp)

[}
1

puc-LacZ expression

117



Figure 4.8 IRE branch of UPR is not activated in unc-104 mutants

(A) Representative images of XBP1-GFP expressed in all neurons, driven by bg380-Gal4. A few
examples of motoneuron-localized XBP1-GFP are circled. There is no obvious change of XBP1-
GFP level between control and unc-104 knockdown and unc-104; wnd knockdown.

(B) The elevated puc-lacZ expression in unc-104 knock-down was not suppressed by additional
knock-down of traf1/4 or traf2/6 in all neurons.

(C) The increased percentage of unopposed GluRIII-labeled PSDs in unc-104 knock-down was
not suppressed by additional knock-down of traf1/4 in all neurons.

All data are represented as mean + SEM; At least 5 animals were examined per genotype; ***
P<0.001; N.S. not significant. Scale bar, 30um
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Figure 4.9 The overexpression of TDP43 mildly activates puc-lacZ expression

(A) The overexpression of TDP43 or its mutated form TDP43™*7 in all neurons (bg380-gal4)
mildly but significantly elevated puc-lacZ expression

(B) The percentage of unopposed GluRIII-labeled PSDs remained unchanged when Rh19%°P was
overexpressed in all neurons.

(C) Representative images of P-elF2a (white) staining in motoneurons when mcd8RFP or
Rh19%°P is overexpressed.

(D) Representative images of XBP1-GFP expressed in all neurons, driven by bg380-Gal4, when
incubated with different UPR inducers for 4 hours. These include: vehicle, 50ug/ml Tunicamycin,
SmMDTT and 50uM Thapsigargin. No elevation of XBP1-GFP was observed.

(E) Representative images of P-elF2a (green, left panel) and puc-lacZ (white, right panel)
staining in nerve cord with motoneurons in the middle. No significant difference was observed
between control animals and animals fed with SmM DTT for a period of 6 days. Neuronal nuclei
was labeled in red.

All data are represented as mean + SEM; At least 5 animals were examined per genotype; *
P<0.05; N.S. not significant. Scale bar, 30pum
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Figure 4.10 PERK does not mediate the P-eIF2a elevation and synaptic defects in unc-104
mutants

(A) The increased percentage of unopposed GluRIII-labeled PSDs due to loss of unc-104 was
not suppressed when perk was knocked down in motoneurons (D42-Gal4)

(B) Representative images of P-eIF2a (green) staining in nerve cord with motoneurons in the
middle. Compared to low and diffused P-eIF2a staining in control animal, a formation and
elevation of P-elF2a puncta was observed when unc-104 was knocked down, and additional
knock-down of perk did not reduce P-elF2a. Neuronal nuclei is labeled in red.

All data are represented as mean + SEM; At least 5 animals were examined per genotype; ***
P<0.001; N.S. not significant. Scale bar, 30um
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Figure 4.11 Promoting ER protein degradation did not suppress defects in unc-104 mutants

(A) Knock-down of unc-104 by RNAI led to an increase of Wnd-JNK signaling reporter,
puckered-lacZ. This increase was not suppressed by overexpressiong of HRDI in all neurons
(bg-380).

(B) RNAIi knockdown of unc-104 caused defects in presynaptic assembly and this was not
suppressed by overexpression of HRD1. Two different RNAI lines was tested under bg-380 gal4
driver.

(C) Brp protein intensity across entire NMJ terminals (at muscle 4) was reduced when unc-104
was knocked down in all neurons (using the bg380-Gal4 driver), which was not suppressed by
overexpression of HRD-1

(D) Representative images of P-e[F2a (green) staining in motoneurons. The formation and
elevation of P-eIF2a puncta when unc-104 was knocked down, was much further elevated when
HRDI1 was overexpressed. Note the overexpression of HRD1 itself elevates P-elF2a level
dramatically. Neuronal nuclei is labeled in red.

All data are represented as mean = SEM; At least 5 animals were examined per genotype; ***
P<0.001; ** P<0.01; N.S. not significant. Scale bar, 30um
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Figure 4.12 the loss of Atgl, but not FIP200, Atgl3 and atg7, activates Wnd signaling

(A) Knock-down of atgl by RNAI led to increase of Wnd-JNK signaling reporter, puckered-lacZ,
in a Wnd-dependent manner. In contrast, knock-down of fip200 and atg13 by RNAI or mutations
in atg7 did not induce puc-lacZ expressiong. Pan neuronal Gal4 (bg380) was used to drive RNAi
expression.

(B-D) Representative images of GFP-mcherry-Atg8 in nervous system of 3™ instar Drosophila
larvae. In control animals, GFP signal was quenched and Atg8 could be recognized as individual
red puncta (presumably autolysosomes) in cell bodies of motoneurons and sensory neurons and
axons. When fip200 was knocked down in all neurons, the GFP signal appears in most red-
puncta in the cell bodies of neurons and disappear from axons.

All data are represented as mean + SEM; At least 5 animals were examined per genotype; ***
P<0.001; N.S. not significant. Scale bar, 30um
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CHAPTER V. DISCUSSION AND FUTURE DIRECTIONS

5.1 Drosophila kinesin-3 Unc-104/Imac is critical for transport of several SV associated
proteins, but not the AZ components Brp/ELKS

We found that mutations in unc-104 have two distinct defects: defects in the transport of
Unc-104’s presumptive cargo and reduced expression levels of presynaptic proteins. Both
defects contribute to the defects in synaptic structure and function observed in unc-104 mutants.
Knock-down of wnd suppresses the defects in total levels of SV associated proteins, but not the
defects in their localization/transport. It is noteworthy than many structural components of AZs,
such as Brp/ELKS, can still be delivered to axon terminals in unc-104,wnd double. This suggests
that Unc-104 does not directly transport or deliver the AZ core material. This finding raises
further questions about how AZ components are transported and delivered to nascent synapses.

Previous studies have not identified a direct motor for AZ components. Because dense
core vesicle (DCV) transport requires Unc-104 and a type of DCV, the Piccolo-Bassoon
transport vesicle (PTV), carries AZ components including Piccolo and Bassoon (Shapira et al.,
2003), Unc-104 has been a natural suspect for transporting AZ components. This possibility was
also supported by the impaired AZ assembly in unc-104/imac/kifl a mutants. However, in both
Drosophila and C. elegans unc-104/imac-null mutants, the initial AZ formation seems normal
but the addition of AZs fails as the presynaptic terminals expand, suggesting the existence of

alternative motors. Thus despite a number of observations comprising indirect evidence, no
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direct evidence has shown Unc-104 as a motor of AZ components and the complex phenotypes

in unc-104 mutants cannot be explained by a simple motor-cargo relationship.

Transport of AZ core components

Despite its delivery to synapses, Brp/ELKS, like SV proteins, accumulates in the cell
body in unc-104; wnd mutants, indicating some degree of defect in transport. This contrasts with
the transport defects observed in kinesin-1 mutants, where Brp accumulates in axons, rather than
cell bodies (Siebert et al., 2015). This suggests at least two critical steps for Brp/ELKS transport:
entry from cell bodies into axons and localization to synapses from axons. A model based on
such notions is that Unc-104 is critical for the movement of Brp or Brp associated vesicles out of
cell body compartment while kinesin-1 is important for their transport to axon terminals. An
increasing amount of evidence emphasizes a critical role of a ‘checkpoint’ near the axon hillock
region for axon entry and suggests this ‘checkpoint’ favors certain motors over others (Maeder et
al., 2014). This notion of a ‘checkpoint’ may serve to assign the different transport function for
Unc-104 and kinesin-1. While live imaging of Brp/ELKS has been carried out in synapses, live
imaging of its entry into axons and its movement in axons have not been well-documented and
might shed light on the ‘multiple motors’ model for Brp/ELKS.

Though our results favor a model that Unc-104 does not directly carry Brp or its
associated vesicles in axons, these genetic results could be interpreted differently by a more
complex model in which Unc-104 carries Brp and its associated vesicles in axons and its absence
makes it possible for a motor switch that is normally inhibited by the Wnd/JNK signaling
pathway. Though this model bears several assumptions that are not yet known, it is in

accordance with the previously known connections between JNK signaling and kinesin-1(Fu and
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Holzbaur, 2013; Horiuchi et al., 2007; Morfini et al., 2006; Stagi et al., 2006; Sun et al., 2011).
In order to test this model and distinguish different interpretations from the genetic evidence, the
live imaging discussed previously would be useful, when combined with comparisons of
transport parameters of Brp between wild type and unc-104,;wnd double mutants.

A recent study showed that Rim-binding protein moves together with Brp/ELKS (Siebert
et al., 2015). This study found that INK Interacting Protein 1 (JIP1), which was known to
interact with Kinesin light chain (KLC) (Verhey et al., 2001), is needed for proper localization of
Brp and Rim binding protein to synapses. It raises the possibility that Brp and Rim-binding
proteins are both transported by Kinesin-1, at least for its localization to synapses. Besides Brp,
kinesin-1 mutants displayed a similar axonal accumulation phenotype for SV as well (Gindhart et
al., 1998; Kurd and Saxton, 1996). These phenotypes suggest a seemingly universal role for
Kinesin-1 in delivering presynaptic proteins from axons to synapses. However, since kinesin-1
mutants result in axon swellings (while unc-104 mutants do not), the transport defects should be
cautiously interpreted to avoid confounding motor-cargo relationship with a general traffic jam.
This also raises the question of the nature of the axonal ‘accumulation’ of presynaptic proteins in
kinesin-1 or jipI mutants. Interestingly, a similar ‘accumulation’ was also observed in wnd
mutants (Horiuchi et al., 2007). Is Wnd inhibited in kinesin-1 mutants and mediating the
formation of accumulations by saturating the presynaptic protein transport/localization? This
alternative model would be an interesting subject of future investigation.

If Brp/ELKS and Rim binding protein are transported by a different kinesin than Unc-104,
it raises a further question on how other AZ core components (Rim, Liprin-a and Unc-13) are
transported. Characterization of these proteins’ transport in unc-104 mutants and unc-104; wnd

double mutants could aid in addressing whether Unc-104 is involved. Previous studies suggest
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Liprin-a as an adaptor that closely interacts with Unc-104 in transporting cargos (Hsu et al., 2011;
Miller et al., 2005; Shin et al., 2003; Wagner et al., 2009). Our data showed the loss of Liprin-a
from synapses in unc-104 mutants. But the results that Liprin-a can be rescued by wnd mutations,
suggest the possibility that other kinesins also contribute to Liprin-a’s transport. Further
examination of the rescue in unc-104 null mutants would help clarify this idea. Previous live
imaging studies suggests that Liprin-a arrives at AZ prior to Brp/ELKS (Fouquet et al., 2009).
This suggests Liprin-a and Brp is possibly transported by different kinesin motors.

Rim is associated with PTVs, together with Unc-13 (Shapira et al., 2003). Though one
biochemical study found association between KIF1A and Rim (Shin et al., 2003), other evidence
suggests Kif5b (Kinesin-1) transports PTVs. The loss of either kif5b or syntabulin, a KIFSB
binding adaptor, dampens PTV transport in mammals (Cai et al., 2007; Su et al., 2004). No
homologue of syntabulin was found in Drosophila and C. elegans, so either a different adaptor is

used or this transport is not conserved in invertebrates.

Local translation of presynaptic proteins

It currently remains possible that besides being transported from cell bodies, AZ proteins
could be synthesized locally. In contrast to well-studied local translation in postsynaptic
compartments (Bramham, 2008; Buffington et al., 2014; Waung and Huber, 2009), local
translation in presynaptic compartment is not well understood. Several studies suggest that
mRNA associated proteins localize to the presynaptic compartment, including ribosomal protein
S6 kinase (Cheng et al., 2011) and mRNA splicing factor SRPK79D (Graveley, 2000) . These
studies also found that these mRNA-associated proteins are important for Brp-containing AZ

formation, however it is not clear whether this function involves regulation. If Brp/ELKS is

128



locally translated, then it remains to be determined how its mRNA is delivered to presynaptic

locations.

5.2 Wnd restrains the expression of presynaptic proteins

The restraint on expression of several presynaptic proteins provided insights into the
mechanism of how Wnd regulates synaptic structure, function and possibly presynaptic terminal
morphology that has been described previously. Our investigation into the unopposed PSDs
further suggests a presynaptic-specific regulation by Wnd/DLK, which is distinct from
Wnd/DLK’s role in regulating postsynaptic receptors localization (Park et al., 2009). In addition,
we found that endogenous Wnd/DLK restrains the expression of VGlut and Synaptotagmin I in
early development. We showed that several components of synapses, Brp/ELKS, VGIuT, Syt I
and CSP are susceptible to Wnd’s regulation, while Synapsin and Syntaxin are not. A more

extensive delineation of all the targets of Wnd’s regulation is needed.

Wnd’s role in regulating transcription, translation and protein degradation

The restraint on presynaptic proteins by Wnd/DLK signaling likely involves
transcriptional and translational mechanisms. The regulation of the VGlut promoter strongly
supports a transcriptional regulation mechanism, which is line with the involvement of the
Transcription factor Fos. Altered level of transcripts for Cac, Brp were also observed in unc-104
wnd double mutants. However, the rab7 promoter driven Liprin-a expression regulated by Wnd
suggests a possible regulation at posttranscriptional level because the promoter activity of rab7,
which regulates endosome maturation and trafficking, is unlikely affected by the Wnd/DLK

pathway. In addition, the expression of several presynaptic proteins was reduced in unc-104
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mutants in spite of their normal level of transcripts, indicating potential posttranscriptional
regulation. The surprising colocalization of accumulated Brp and P-e/F2a suggest a possible
translation repression mechanism. P-e/F2a is found in stress granules, which are known to store
mRNAs that are prevented from translation. It remains unclear whether other presynaptic
proteins are also accumulated at P-e/F2a containing stress granule and the significance of this
association.

A translation activation mechanism was proposed previously for the regulation of Dscam
by Wnd (Kim et al., 2013). The overexpression of Wnd leads to an increase in Dscam protein
levels and Dscam’s 3’UTR is required for this regulation. A study in C. elegans has also
suggested that Wnd/DLK regulates the expression of a downstream transcription factor cebp-1,
via its 3’UTR (Yan et al., 2009). Protein turnover is another possible mechanism that could
affect the expression of presynaptic proteins, considering the excessive presynaptic proteins
accumulated in unc-104;wnd double mutants; whether Wnd activation can affect the stability of

ectopically expressed presynaptic proteins is an important possibility that still needs to be tested.

Wnd/DLK s role in different neuronal cell types

Wnd’s role in unc-104 mutants was largely characterized and analyzed in motor neurons
and NMJs. Meanwhile we observed the accumulation of presynaptic proteins broadly in nervous
system that include other neuronal types in central nervous system and peripheral sensory
neurons. This suggests a more wide ranging effect of unc-104 defects, but whether and to what
extent Wnd restrains presynaptic protein expression in other neurons remains to be addressed. In
our experiments, Wnd activation seemed to occur specifically in motoneurons in unc-104

mutants (data not shown). This is in agreement with no change of total Wnd shown by western
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blot of the whole brain while a dramatic increase of Wnd was observed in motoneurons. Whether
this is due to unique features of motoneurons (terminal size, glutamatergic transmission or
synaptic connectivity to muscle) is currently unknown. One study has shown that the Highwire-
Wnd pathway is important in synaptic targeting of photoreceptors (Feoktistov et al., 2016),
indicating an important role for Wnd in histaminergic neurons (photoreceptors release histamine).
DLK’s role revealed in C. elegans mostly come from studies in GABAergic motoneurons, and
the synapse assembly of cholinergic neurons was less sensitive to DLK signaling activation
(Nakata et al., 2005). Thus Wnd’s role to restrain presynaptic proteins may be conserved across
neuronal types, but the extent may vary depending on the neuronal types. Understanding the
roles of Wnd in different neuronal types could reveal uncharacterized cellular components that
modulates and respond to Wnd signaling. In our findings, Wnd exerts a strong inhibition on
VGlut expression, raising the question whether this regulation occurs for transporters found in
other neuronal types, including Vesicular monoamine Transporter (VMAT), Vesicular GABA

Transporter (VGAT), and Vesicular Acetylcholine Transporter (VAChT).

Differential regulation of AZ assembly by Wnd/DLK

The ‘salt and pepper’ pattern of apposition defects when Wnd signaling pathway is
activated suggests that some AZs may be more susceptible to Wnd signaling than others. While
this could be due to randomness, it is possible that this is caused by a selective mechanism that
targets some AZs or synapses versus others. The first step to addressing this possibility would be
to characterize the difference between intact synapses and impaired synapses when Wnd
signaling is activated. Interestingly, our physiology results have shown strong impairment of

mini frequency, compared to mild defect in EJP. This provides a clue that Wnd signaling may
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potentially target spontaneous release. The inhibition of VGlut expression by Wnd provides a
potential mechanism since vg/ut mutations impair spontaneous release (Daniels et al., 2006). It
has been shown that spontaneous release sites and evoked release sites are distinctly separated
(Melom et al., 2013; Peled et al., 2014). So maybe AZ assembly at spontaneous release sites are
particularly sensitive to Wnd signaling. Thus further characterization of the differences between

intact and impaired synapses could reveal important clues on the regulation mechanism by Wnd.

Wnd/DLK s role in regulating presynaptic proteins may affect axonal injury response

The Wnd pathway can be activated by axonal injury, and Wnd activation initiate a series
of downstream event to promote axon regeneration (Tedeschi and Bradke, 2013). Based on our
findings, the presynaptic proteins are likely also downregulated after injury due to activation of
Wnd signaling. It makes sense for neurons at this state to make proteins important for
regenerating axons rather than forming and maintaining synapses. This downregulation of
presynaptic proteins could avoid premature synapse formation at inappropriate locations, and
redistribute resource (such as transport capacity by kinesins) in neurons to promote axon growth.
It is also worth noting that among synaptic proteins, VGCC and its regulators has proven to play
inhibitory roles in axon growth and they are found to be downregulated after injury (Enes et al.,
2010; Tedeschi et al., 2016). Whether this regulation is mediated by the Wnd pathway is
currently unclear. It raises the possibility that some presynaptic proteins may inhibit axon growth
and downregulation of them after injury via the activation of Wnd signaling is required to release

their inhibition on axon growth.
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Wnd/DLK s role in regulating presynaptic proteins may be implicated in Wnd/DLK-mediated
degeneration

Wnd pathway is also implicated in axonal degeneration. This includes injury-induced
degeneration, apoptosis-associated degeneration and developmental axon pruning (Geden and
Deshmukh, 2016). In some models for neurodegenerative disease (Glaucoma and Parkinson
disease), DLK inhibition delays apoptosis and neurodegeneration (Chen et al., 2008; Ghosh et al.,
2011; Watkins et al., 2013). However, it is not known whether the impaired synapse structure
and function, which are often found in these disease scenarios, is mediated by Wnd/DLK.
Further understanding the role of Wnd/DLK in these models with the emphasis on synapse

assembly and disassembly is a relevant and interesting future direction.
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