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Precise localization of synaptic proteins is required for proper synaptic function,
which is compromised in many neurodevelopmental and neurodegenerative diseases.
Since proteins that reside at the active zones are used most frequently during synaptic
transmission, they must be continuously replenished to maintain active zones. Therefore,
the trafficking of these proteins plays an essential role in replenishing these vital
components necessary for the health of active zones. While the trafficking and
localization of synaptic vesicles and mitochondria are relatively well understood, little is
known about the mechanisms that regulate the localization of protein components
localized to active zones.

In this dissertation, I show that mechanisms involved in transporting proteins
destined to active zones are distinct from those that transport synaptic vesicles or
mitochondria. Further, imprecise levels of presynaptic Par-1 kinase disrupt the transport
of Bruchpilot- an essential active zone scaffolding protein in Drosophila and leads to its
accumulation of BRP in axons at the expense of BRP at active zones. Ultimately, the

loss of BRP at active zones results in reduced synaptic transmission. Temporal analysis
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demonstrated that accumulation of BRP within the axons precedes the loss of synaptic
function and its depletion from the active zones. Mechanistically, my data suggest that
Par-1 co-localizes with BRP and is present in the same complex as BRP, raising the
possibility of a novel mechanism for selective localization of BRP. Taken together, these
data suggest an intriguing possibility that mislocalization of active zone proteins like
BRP might be one of the earliest signs of perturbation of synapses that precede many

neurological disorders.
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CHAPTER 1: INTRODUCTION

THE SYNAPSE

Synapses are sites of cell-to-cell contact and are fundamental for efficient
communication between a neuron and its target cell(Sudhof, 2012). At chemical
synapses, this communication, or neurotransmission, is triggered by the influx of calcium
into the presynaptic nerve terminal, which induces the fusion of synaptic vesicles (SVs)
filled with neurotransmitters (NTs) to specialized regions called the presynaptic active
zone (AZ)(Sudhof, 2012). Synapses can be both excitatory and inhibitory, depending on
the type of NTs synthesized in the neurons, which are loaded into SVs by specific
transporters. Once SVs release their content into the synaptic cleft the neurotransmitters
must rapidly diffuse across the synaptic cleft and subsequently bind to specific
neurotransmitter receptors on the postsynaptic target cell(Sudhof, 2012). Since this
process is so vital to synaptic communication, protein localization and transport of cargo
to these sites, including the AZs is highly regulated(tom Dieck et al., 1998, Gasparini et
al., 2001, Li et al., 2007). Changes in the localization of essential components of the AZs,
often results in changes in synaptic morphology(Zhai and Bellen, 2004, Ackermann et al.,
2015), which is altered in a plethora of neurological disorders(Selkoe, 2002, Bae and
Kim, 2017, Bourgeron, 2009, van Spronsen and Hoogenraad, 2010). While many studies
have focused on the transport of synaptic cargoes such as synaptic vesicles(Pack-Chung
et al., 2007, Goldstein et al., 2008, Okada et al., 1995) and mitochondria(Saxton and
Hollenbeck, 2012, Stowers et al., 2002, Russo et al., 2009), very little is known about the

regulation of presynaptic AZs. In this section, I will describe the presynaptic AZ, how




alterations in AZs may be linked to neurological diseases, and advantages of using the
Drosophila NMJ as a model to study the localization and function of AZ components.
Lastly, I will introduce Par-1/MARK kinase which was identified in a screen to affect the
localization of AZ protein BRP and has implications in synapse instability in neurological

diseases.

The Presynaptic Active Zone

Structurally, the architecture of presynaptic terminals is similar between
excitatory and inhibitory synapses. Presynaptic terminals are characterized by the
presence of synaptic vesicles and the presence of a specialized electron-dense presynaptic
membrane called the AZ. AZs are large (50-500nm) specialized presynaptic sites where
neurotransmitter-filled vesicles are released via exocytosis (Sudhof, 2012). Synaptic
vesicle release from the AZs can be broken down into priming, clustering, docking at the
AZ membrane, followed by the release of their content(Sudhof, 2004). Since AZs
specialize in neurotransmitter release, they are enriched with voltage-gated
Ca» channels(Kawasaki et al., 2004, Stanley, 1997, Catterall, 1998) and are precisely
apposed to PSD via transsynaptic cell-adhesion molecules(Uchida et al., 1996). Based on
electron microscopic studies, all AZs can be morphologically divided into three distinct
regions: 1- Presynaptic electron-dense membrane apposed to the postsynaptic density 2-
A distinct proteinaceous cytomatrix also called cytomatrix at the AZ (CAZ)
(Gundelfinger and Fejtova, 2012) that presents in electron micrographs as a diffuse
electron-dense material and 3- An electron-dense structure that emanates from the
cytomatrix and projects into the cytoplasm (a.k.a. dense bars/bodies) (Atwood et al.,

1993).




The protein-rich CAZ serves as an organizational platform for proteins that
localize to the AZ. CAZ consists of a meshwork of multi-domain scaffolding proteins
including Rab3-interacting molecules (RIMs)(Wang et al., 1997), the RIM-binding
proteins (RIM-BPs), Bassoon and Piccolo/Aczonin/Fife(Wang et al., 1999, tom Dieck et
al., 1998, Fenster et al., 2000, Bruckner et al., 2012), the cytomatrix at the AZ protein
(CAST)/ELKS/Bruchpilot proteins(Wagh et al., 2006, Wang et al., 2002, Nakata et al.,
1999), and the Liprin- o and the UNC-13/Munc-13 proteins(Kaufmann et al., 2002, Taru
and Jin, 2011, Zhen and Jin, 1999, Dai et al., 2006, Brose et al., 1995). Thus, CAZ
proteins are large, structural, scaffolding proteins and are evolutionarily conserved from
C. elegans and Drosophila to vertebrate (Ackermann et al., 2015, Zhai and Bellen, 2004).
The core proteins at the CAZ regulate the release of neurotransmitter by recruiting and
retaining synaptic vesicles and Ca> channels at the AZ(Sudhof, 2012).

It is not surprising that changes in CAZ protein expression are used to maintain
presynaptic homeostatic plasticity or modulate response to a stimulus(Frank et al., 2006,
Lazarevic et al., 2011). Presynaptic homeostasis is a mechanism of synaptic plasticity
that is evolutionarily conserved from Drosophila to humans(Frank et al., 2006) and has
been extensively studied at the Drosophila NMJ (Davis and Muller, 2015, Frank, 2014).
Two presynaptic mechanisms that have been postulated for modulating presynaptic
homeostasis: increase in presynaptic calcium influx through calcium channels and
modulation of the readily releasable pool of synaptic vesicles (RRP)(Davis and Muller,
2015, Frank, 2014). Generally, activity leads to the strengthening of synapses, which is a
more significant response to stimulation(Tessier and Broadie, 2009). Modulation in the

expression of CAZ proteins results in alteration of neurotransmitter release and affect




overall changes in network-wide neuronal activity(Lazarevic et al., 2011, De Gois et al.,

2005).

BRUCHPILOT AN ACTIVE ZONE ORGANIZER AT THE DROSOPHILA NMJS

Drosophila larval neuromuscular junctions (NMJs) are a well-characterized
model synapse(Harris and Littleton, 2015, Collins and DiAntonio, 2007), which has been
extensively used to study AZ organization and its regulation (Collins and DiAntonio,
2007, Bellen et al., 2010, Keshishian et al., 1996). At Drosophila NMJs, motor neuron
terminals innervate target muscle to form presynaptic bouton that contains as many as 40
AZs per bouton, which can be identified using an antibody against the presynaptic AZ

marker, Bruchpilot (BRP)(Wagh et al., 2006)(Figure 1.1).

BRP was first discovered in Drosophila using the monoclonal antibody
nc82(Wagh et al., 2006). Initial studies found that nc82 localized to the presynaptic
membranes in a punctate pattern and precisely apposed the postsynaptic glutamate
receptors(Wagh et al., 2006), suggesting that nc82 localized to AZs, which was later
confirmed(Fouquet et al., 2009). The N-terminus of this protein is homologous to CAZ
scaffolding protein(Wagh et al., 2006) ELKS/CAST and ERC2 in humans(Kaeser et al.,
2009, Wagh et al., 2006, Chia et al., 2013, Hida and Ohtsuka, 2010) and was named
Bruchpilot or BRP. Pan-neuronal knockdown of BRP in Drosophila leads to a complete
loss of electron-dense bodies (a.k.a T-bars) at AZs and disrupts synaptic transmission and
is lethal(Wagh et al., 2006), demonstrating that BRP is an essential component of AZs.

Furthermore, BRP plays a pivotal role in the clustering and retention of Ca* channels




beneath the T-bar(Kittel et al., 2006) and determines the size of the readily releasable
pool (RRP) of SVs(Matkovic et al., 2013).

During synaptogenesis, BRP arrives at the AZ much later than other structural
proteins such as Liprin- a (Fouquet et al., 2009). While it is not clear why this is the case,
the arrival of BRP is timed in such a way that Ca»channels are retained and in place for
synaptic transmission(Fouquet et al., 2009). After synaptogenesis, BRP also plays a
critical role in the maturation of synapses. BRP’s role in synapse maturation is supported
by studies in C. elegans and mice (Dai et al., 2006, Chia et al., 2013), where maturation
of AZs is dependent on interaction BRP homolog, ELKS and other essential AZ proteins

such as SYD?2/ Liprin-o(Dai et al., 2006) and RIM/Unc10(Stigloher et al., 2011).

Glutamate Receptors




Figure 1.1 Anatomy of the Drosophila NMJ (Adapted from (Harris and Littleton, 2015))

A muscle 4 NMJ is shown with immunolabeling for the AZ protein Brp (magenta) and a
postsynaptic GluR subunit (green). EM images of a bouton and a T-bar AZ are shown on
the right.

Structural organization of T-bars at the Drosophila NMJ

Recent advances in imaging have revealed that T-bars, which likely consist
mostly of BRP, has an elongated confirmation that stretches from the AZ membrane and
extends into the cytoplasm, which looks like a T, hence the name (Figure 1.1) (Ehmann et
al., 2015, Ehmann et al., 2014). An elegant study using super-resolution microscopy
revealed that the T-bars form a doughnut-like structure at the AZs(Figure 1.2) (Maglione
and Sigrist, 2013) and that each T-bar is composed of ~137 BRP molecules that are
assembled into ~15 heptameric clusters(Ehmann et al., 2014). Interestingly, this
organization appears to be highly dynamic and may be linked to the functional state of
the AZs(Ehmann et al., 2014, Wichmann and Sigrist, 2010). Indeed, the plasticity of
AZs is observed in mutations affecting synaptic apposition (Graf et al., 2009), synaptic
homeostasis(Weyhersmuller et al., 2011) and circadian rhythms(Gorska-Andrzejak et al.,
2013) all of which require the AZs to be plastic. However, mechanisms that regulate the
plasticity of the T-bar and importantly, the transport of the components needed for

building the T-bars remains to be determined.




Confocal

Figure 1.2 T-bars form doughnut like structure at active zones (Adapted from (Kittel et
al., 2006))

Unlike confocal, STED microscopy revealed doughnut-shaped structures recognized by
Nc82. Viewed from above, both single (white arrows) and clusters of multiple rings
(arrowheads) were identified. The red arrow indicates a synapse viewed parallel to the
synaptic plane.

TRANSPORT OF ACTIVE ZONE PROTEINS

Neurotransmission relies on proper trafficking of synaptic proteins from neuronal
cell bodies to the synapses via axonal transport. This is important because some synapses
can be very far away from the cell body, and in human can be located up to a meter away
from the soma (Goldstein et al., 2008, Holzbaur and Scherer, 2011). Majority of long-
distance axonal transport of protein of organelle cargoes is accomplished using two
microtubule-based motors; namely the kinesin family that moves cargo towards the plus
ends of microtubules (toward synapses) and the dynein family that moves cargo towards

the minus ends of microtubules (toward cell bodies)(Caviston and Holzbaur, 2006).




While many studies have demonstrated the unique motors, adapters, and regulators of
axonal transport for mitochondria(Glater et al., 2006, Russo et al., 2009) and synaptic
vesicles(Pack-Chung et al., 2007, Goldstein et al., 2008, Okada et al., 1995), very little is
known about the transport of AZ proteins.

Neuronal cell culture studies have suggested that AZs are assembled during
synaptogenesis by the transport of AZ proteins in bulk carrier vesicles called piccolo-
bassoon transport vesicles (PTVs)(Zhai et al., 2001, Shapira et al., 2003). PTVs are
transported via kinesin superfamily motors (KIFs)(Hirokawa et al., 2009) to the growth
cones and are likely attached to KIFs via adaptor proteins(Schlager and Hoogenraad,
2009). While very little is known about these initial events in the transport and assembly
of nascent AZs, even less is known about how AZ components are transported during the
maintenance phase. Thus, while AZs are present at all synapses and play essential
functions(Sudhof, 2012), the mechanisms by which they are transported and how the
multimeric scaffolding proteins are assembled and integrated into the AZs maintained

remains poorly understood.

ALTERED SYNAPSES AND AXONAL TRANSPORT IN NEURODEGENERATIVE DISEASE

Changes to the protein composition and structure of synapses often lead to
changes in synaptic function(Sudhof, 2012). Abnormalities in morphology and function
of synapses have been consistently observed in many neurological diseases including
Alzheimer’s diseases (AD) and Autism Spectrum Disorders (ASD)(Bourgeron, 2009,
Selkoe, 2002, Bae and Kim, 2017, van Spronsen and Hoogenraad, 2010). Furthermore,

decreased synaptic density usually precedes the death of neurons and is likely a key




determinate of cognitive impairments observed in neurodevelopmental and
neurodegenerative disease(Bourgeron, 2009, Selkoe, 2002, Bae and Kim, 2017, van

Spronsen and Hoogenraad, 2010).

Altered Synapses in Neurodegenerative Disease

Neurodegenerative disorders of which, AD is the most common(Hebert et al.,
2013), are characterized by substantial and progressive loss of selective neurons and
astrogliosis(Scheff et al., 1990, DeKosky and Scheff, 1990, Scheff et al., 2013). Cell
death observed in AD occurs first in vulnerable brain regions such as the hippocampus,
nucleus basalis, and entorhinal cortex(1997, Serrano-Pozo et al., 2011). Decades of
research have suggested that accumulations of toxic proteins play a vital role in the
pathogenesis of the disease and neuronal death. Moreover, in AD accumulations of Af3
and Tau are implicated in the widespread neuronal cell death found in later stages of
neurodegeneration(Braak and Del Tredici, 2011, Spires-Jones and Hyman, 2014, Tai et
al., 2012). Unfortunately, therapies developed for AD, targeting the aberrant protein
aggregations has proved to be unsuccessful in reversing the cognitive decline observed in
the disease(Klein, 2002, Herrup, 2015, Castello et al., 2014). It is now becoming
increasingly apparent that early intervention before neurons are lost, will prove most
beneficial(Barnett et al., 2014, DeKosky, 2003) to stop or slow the cognitive impairment
associated with these disorders. Unfortunately, very little is known about early stages, but
there is evidence to suggest that loss of synapses is key in the early progression of
AD(DeKosky and Scheff, 1990, Scheff et al., 2013, Arendt, 2009, Terry et al., 1991). In
fact, synapse loss correlates best with the cognitive decline that is characteristic of AD

and is thought to precede neuronal loss(Terry et al., 1991, DeKosky and Scheff, 1990).




Recent studies suggest that AD could take decades to develop starting as early as young
adulthood or even childhood and once the process of neurodegeneration begins, it is
irreversible(Serrano-Pozo et al., 2011). These data suggest that targeting early events in
AD progression such as those that lead to the loss of synapses, could be beneficial for
patients and strong targets for future therapies.

How are synapses lost in AD and how does this lead to cognitive decline? One
hypothesis is the breakdown of processes that maintain synaptic structure triggers their
demise(Palop and Mucke, 2010a, Palop and Mucke, 2010b, Selkoe, 2002). Moreover, the
loss of synapses can result in failure of synaptic networks resulting in cognitive decline
widely associated with neurodegenerative disease(Palop and Mucke, 2010a, Palop and
Mucke, 2010b). Studies focusing on transgenic mouse models of AD have provided
further insights into the role of synaptic dysfunction and pathogenesis of AD. For
example, there is strong evidence that soluble A} oligomers may lead to dysfunction and
loss of synapse by directly acting on postsynaptic receptors such as NMDA-type
glutamate receptors(Snyder et al., 2005, Roselli et al., 2005, Li et al., 2009). Another
study found that reducing the neuronal maintenance factor Nerve Growth Factor (NGF)
can result in neurodegeneration and induce a phenotype similar to AD(Capsoni et al.,
2000). Interestingly, specific reductions of NGF are found in the entorhinal
cortex(Calissano et al., 2010), one of the brain regions that is affected early in
AD(Serrano-Pozo et al., 2011). Finally, mutations in cysteine string protein (CSP),
another key player in synaptic maintenance, it was found to lead to a progressive motor

neuron disorder characterized by neurodegeneration(Sharma et al., 2012).
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What events lead to synapse loss in AD? Synapse loss is likely preceded by an
increase in synapse instability(Shahidullah et al., 2013, Eaton et al., 2002, Jackson et al.,
2017). When synapses become unstable there is an imbalance between pre- and
postsynaptic components that coincide with changes in neuronal activity(Jackson et al.,
2017). Synapse instability is also marked by an increase in the gap between the pre- and
postsynaptic membranes(Eaton et al., 2002). Such instabilities have been observed in
normal aged rats/mice(Mostany et al., 2013) as well as in aMCI patient brains(Scheff et
al., 2013). Synapse instability can manifest (at the level of AZs) by the removal of dense
bars(Eaton et al., 2002). Taken together, these studies suggest that impairing synaptic
maintenance can result in synaptic instability and ultimately lead to the degeneration of
neurons. However, understanding mechanisms that regulate synaptic maintenance, and

how they break down in disease, remains to be determined.

Axonal transport and Neurodegenerative Disease

Disruption of axonal transport has been implicated in neurodegenerative
diseases(Stokin and Goldstein, 2006, Chevalier-Larsen and Holzbaur, 2006, Millecamps
and Julien, 2013). Indeed, mutations that affect axonal transport lead to
neurodegenerative diseases and deficits in axonal transport have been reported early in
AD pathogenesis(Ishihara et al., 1999, Pigino et al., 2003, Puls et al., 2003, Hafezparast
et al., 2003, Stokin et al., 2005, Lazarov et al., 2007, Zhang et al., 2004). Another cause
of axonal transport deficits observed in AD is thought to be mediated by
hyperphosphorylation of Tau(Ishihara et al., 1999, Iijima-Ando et al., 2012, Ebneth et al.,
1998). In AD, Tau becomes highly phosphorylated and phosphorylation of Tau has been

to show to disrupt microtubules leading to microtubule instability, followed by the
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accumulation of many essential cargoes, such as mitochondria and post-synaptic
receptors(Chin et al., 2000, Drewes et al., 1995, Ebneth et al., 1998, Biernat et al., 1993).
While little is known about how mitochondria and synaptic vesicles are transported, even
less is known about the extent to which presynaptic cargoes, such as AZ proteins,
transport is affected in neurodegenerative disease.

What is known about AZ protein transport and neurodegenerative disease? In
vertebrates, AZ density is maintained during the developmental stages but is significantly
decreased with aging (Chen et al., 2012). Interestingly, axonal transport also declines
with aging (Milde et al., 2015) suggesting that a combination of decreased axonal
transport of AZ proteins along with aging may lead to a gradual decrease in the
maintenance of AZs. The decreased maintenance of AZs may eventually lead to a failure
to maintain synaptic function and ultimately lead to synapse degeneration. While this
hypothesis is generally accepted, it has proven difficult to determine whether axonal

transport is the cause or consequence of synapse loss.

RATIONALE FOR STUDY

Since AZs make up the vital presynaptic regions that are responsible for the rapid
and efficacious release of neurotransmitters and synapses are important in many
neurological diseases(Ackermann et al., 2015, Sudhof, 2012, Zhai and Bellen, 2004),
understanding the assembly/disassembly of AZs may provide much needed insights into
the mechanism of many disorders, like AD. Understanding these mechanisms is critical
because most synapses are long-lived(Harris and Littleton, 2015) and therefore,

assembly/disassembly of AZ critical for the survival and function of neurons(Harris and
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Littleton, 2015). While little is known about how AZs are assembled/ disassembled during
synaptogenesis, even less is known about how they are maintained.

I was interested in answering the following questions: How are AZs maintained
and what regulates their localization? Does mislocalization of AZ components, such as
BRP in Drosophila, cause synapses to become unstable and ultimately degenerate? The fly
neuromuscular junction (NMJ) synapses provide an excellent way to investigate these
studies and provide further insights. By taking advantage of the power of Drosophila
genetics and combining it with super-resolution imaging, ultrastructural and
electrophysiological studies(Collins and DiAntonio, 2007, Ghannad-Rezaie et al., 2012,
Saxton, 2001), synapse stability can be studied at single AZ resolution. Furthermore, the
long axons that supply NMJs in Drosophila are similar to the long axons that project from
the locus coeruleus neurons to the cortical transentorhinal cortex(Braak et al., 2011), which
is one of the most vulnerable regions of the brain in the initial phases of AD. Thus, the
mechanisms of early synapse vulnerability might be applicable to neurodegenerative

diseases.

To answer these questions and discover novel signaling pathways that regulate the
localization of AZ proteins, the Wairkar laboratory performed an unbiased screen of
about 500 loss-of-function mutants and RNAI lines of kinases and phosphatases.
Accumulation of BRP(Wagh et al., 2006) within axon bundles was used as a readout to
test if the disruption of these kinases and phosphatases selectively regulated the transport
or assembly of AZ cargo. Of the approximately 500 lines that we screened, and loss of
casein kinase 2o (CK2a) and Partitioning-defective 1 (Par-1) kinase resulted in selective
accumulations of BRP within axons. Since the laboratory had previously demonstrated a

role for CK2a in the transcription of BRP(Wairkar et al., 2013), for my dissertation, |
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chose to focus on Par-1 kinase for two reasons. First, very little is known about the
presynaptic role of Par-1 kinase and second, altered levels of Par-1 kinase are associated
with many diseases (Beghini et al., 2003, Henderson et al., 2017), including ASD

(Maussion et al., 2008) and AD (Seshadri et al., 2010, Chin et al., 2000).

PAR-1 KINASE

Par-1 kinase is a highly conserved serine/threonine kinase that has many diverse
cellular functions like asymmetrical cell division(Kemphues et al., 1988) and the
establishment of the anterior/posterior axis(Doerflinger et al., 2006, Shulman et al.,
2000). Drosophila Par-1 is homologous to C. elegans PAR-1 and the mammalian
Microtubule affinity-regulating kinases (MARK)(Drewes et al., 1997). Par-1/MARK
kinases are members of the adenosine monophosphate-activated protein kinase (AMPK)
family of CamKII kinases and share a conserved architecture with other AMPK family
members(Marx et al., 2010). In C. elegans and Drosophila Par-1 is encoded by a single
gene, while in mammals four genes encode four different proteins: MARK1, MARK?2,
MARK3, and MARK4(Drewes et al., 1998).

Par-1 kinase possesses a kinase domain near the N-terminus, a ubiquitin-
association (UBA) domain adjacent to the kinase domain, a kinase-associated (KA1)
membrane-binding domain near the C-terminus and a large uncharacterized spacer
domain between the UBA and KA1 domains (Figure 1.3) (McDonald, 2014, Wu and
Griffin, 2017). Many mechanisms have been implicated in the regulation of activity for
Par-1 kinase (McDonald, 2014, Wu and Griffin, 2017). Both the UBA and KA1 domains

appear to have important roles in this regulation(Marx et al., 2010, Timm et al., 2008,
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Panneerselvam et al., 2006, Murphy et al., 2007). For example, the UBA domain is
required for phosphorylation by LKB1(Jaleel et al., 2006), a conserved master regulator
of all AMPK family kinases, at a conserved site in the activation loop of the kinase

domain leading to maximal activation of Par-1 (Figure 1.3)(Wang et al., 2007).
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Figure 1.3 Summary of regulatory pathways of MARK. (From (Matenia and
Mandelkow, 2009))

Role of Par-1 Kinase in Regulating Microtubule Stability
While the role of Par-1 in polarity is relatively well described(Doerflinger et al.,
2006, Shulman et al., 2000, Wu and Griffin, 2017). I will focus on the role of Par-1 in

regulating microtubule stability, which is critical to its presynaptic role in neurons. So,




what is known about Par-1 in regulating synapses development of disassembly? Par-1
regulates microtubules through phosphorylating microtubule-associated proteins (MAPs)
such as Tau, MAP2, and MAP4(Drewes et al., 1997). MAPs play critical roles in
regulating the growth, stability, and disassembly of microtubules. Par-1 phosphorylates
MAPs at a conserved Lys-X-Gly-Ser (KXGS) motif(Drewes et al., 1998, Drewes et al.,
1997). Phosphorylation of MAPs at these sites promotes the disassociation of MAPs from
microtubules leading to destabilization of microtubules (Drewes et al., 1997). Tissue
culture study confirmed that overexpression of Par-1/MARK leads to the destruction of
the microtubule network(Drewes et al., 1995). Disruption of microtubules has been
implicated as a critical event leading to synapse loss in many diseases including AD. This
suggests that destabilization of microtubules by Par-1 phosphorylation could be

contributing to synapse instability and loss in neurological disorders.

PAR-1 KINASES IN DISEASE

Neurodevelopmental Disorders

Increased expression of Par-1/MARK is implicated in both neurodevelopmental
(Maussion et al., 2008, Hu et al., 2009, Carayol et al., 2011) and neurodegenerative
diseases(Nishimura et al., 2004, Yu et al., 2012, Chin et al., 2000, Lee et al., 2012). In
ASDs MARKI1 levels were found to be selectively increased in prefrontal cortex in
postmortem samples (Maussion et al., 2008). Interestingly, the disruption of synapses in
the prefrontal cortex is highly implicated in ASDs (Maussion et al., 2008) but if increased

levels of MARK is directly contributing to this disruption remain unknown.
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Additionally, Par-1 also regulates the postsynaptic density during
development(Zhang et al., 2007). In Drosophila, Par-1 regulates the localization of Disc
Large (Dlg)(Zhang et al., 2007) - a scaffolding protein that is a known organizer of post-
synaptic proteins which is homologous to PSD-95(Budnik et al., 1996). Regulation of
DIg occurs through its direct phosphorylation by Par-1 at a conserved S797 site(Zhang et
al., 2007). Thus, Par-1 via its downstream targets and can influence synaptic development

and function.

Neurodegenerative Disease

As opposed to the role of MARK in ASD, its role in neurodegenerative disease
has been relatively better understood due to its function as a Tau kinase(Drewes, 2004).
Tau is a MAP that lines the outer wall of microtubules and phosphorylation of Tau by
kinases can lead to its disassociation from microtubules and promote disassembly of
microtubule networks(Drewes et al., 1997). In pathological conditions such as AD, once
disassociated from microtubules Tau might accumulate in somatodendritic compartments
and form neurofibrillary tangles (NFTs), which is a hallmark of these diseases(Spires-
Jones and Hyman, 2014). Further studies have shown Tau is phosphorylated at a
conserved S262 by Par-1/MARK(Drewes et al., 1997) and this hyperphosphorylated form
of Tau is present in NFTs in AD post-mortem samples(Augustinack et al., 2002).
Furthermore, S262 phosphorylated Tau is also found in post-mortem brains of patients
with frontotemporal dementia (FTD)(Chin et al., 2000) suggesting that Par-1/MARK
phosphorylation may play a role in a variety of neurodegenerative disorders.

Consistent with the vertebrate studies, Drosophila, Par-1 can also phosphorylate

Tau (Fortini, 2004, Wu and Griffin, 2017). Additionally, phosphorylation of Tau by Par-
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1 primes Tau for further phosphorylation by other kinases like GSK-33(Nishimura et al.,
2004). Thus, Par-1 is thought to be the initiator kinase and trigger tau-mediated toxicity
(Nishimura et al., 2004). In fact, postsynaptic overexpression of Par-1 leads to a stronger
degeneration phenotype than overexpression of wild-type Tau by itself(Wang et al.,
2007). Par-1 through Tau has also been shown to mediate A} toxicity on dendritic spines
(Lee et al., 2012, Nishimura et al., 2004, Wang et al., 2007). While most studies have
focused on the postsynaptic role of Par-1 at synapses, it is clear that Par-1 localizes to the
presynaptic compartments(Zhang et al., 2007); however, little is known about its

presynaptic function.

Par-1/MARK in Early Alzheimer’s Disease Pathogenesis

Genome-wide association studies have implicated MARK in AD(Seshadri et al.,
2010). Interestingly, increased expression of Par-1/MARK is associated with early stages
of AD pathology(Chin et al., 2000, Lund et al., 2014, Yu et al., 2012) when synapse
instability is thought to precede overt synapse loss(Jackson et al., 2017). However, the
role of MARK in synapse stability and the role of synapse instability in
neurodegenerative diseases are poorly understood. To confirm this observation, we
assessed the expression of MARK in patient samples with a confirmed diagnosis of AD
using a well-characterized anti-MARK antibody(Lund et al., 2014). Consistent with the
previous study(Lund et al., 2014) there was very little detectable MARK in the age-
matched control group. However, AD patient brains showed an increased MARK
staining in a punctate pattern within the neurons, marked by NeuN (Mullen et al., 1992)
(Figure 1.4). Furthermore, post-mortem brain slices from patients with a diagnosis of

amnestic Mild Cognitive Impairment (aMCI), a stage widely believed to precede
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AD(Wilson et al., 2011)- showed that MARK was increased in these patient brains as
well (Fig. 1.4) and is consistent with my hypothesis that MARK might function early
during the process of synapse degeneration.

Moreover, while increased MARK levels have been shown in AD patients(Chin et
al., 2000, Lund et al., 2014), its association with aMCI has not been reported. For the first
time, this preliminary data reveal increases in MARK in aMCI patients, indicating that
MARK may play a novel role in early during synapse pathology. Interestingly, my
preliminary data also show that similar to age-matched controls; MARK is undetectable
in Non-Demented with Alzheimer’s Neuropathology (NDAN) individuals whose
synapses resist the binding of toxic AP aggregates and remain functional(Bjorklund et al.,
2012). The fact the NDAN individuals have undetectable levels of MARK raises the
novel possibility that increased MARK levels when present along with AP or Tau
aggregates could be an early indicator of cognitive decline. Importantly, the increases in
MARK that were observed in human post-mortem samples were specific to entorhinal
cortex, a region of the brain that is affected early during disease pathology(Braak and Del
Trecidi, 2015). These observations suggest that MARK overexpression might be one of
the early and necessary contributors for the cognitive impairments observed in AD

patients.
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Figure 1.4 Par-1/MARK4 levels are increased in aMCI and AD entorhinal cortex

Representative images of brain slices stained with antibodies against anti- NeuN (Green),
anti-MARK4 (Red), and anti-Dapi (Blue) from the following groups: Control (Ctrl),
amnestic Mild cognitive impairment (aMCI), Alzheimer’s Disease (AD), and Non-
demented with Alzheimer’s Disease Neuropathology (NDAN). Average age 85 years or
more.

SUMMARY

While the association of Par-1/MARK with AD is exciting and needs to be
worked out further, it is clear that it must have some role in the regulation of synapses
and its function. Therefore, the work outlined in this dissertation is an effort to determine
novel mechanisms that regulate the localization of AZ components and ultimately if
misregulation leads to synaptic degeneration. I found using an unbiased genetic screen
that presynaptic Par-1 kinase regulates the localization of AZ components, specifically
BRP, to the AZs at Drosophila NMJs. In particular, my work suggests that mechanisms
involved in trafficking BRP are distinct from those that transport synaptic vesicles and
mitochondria. Furthermore, my data identify a role for Par-1 that is independent of Tau in
localizing BRP(Drewes et al., 1998, Drewes et al., 1997). Finally, my work suggests that
there is an important spatiotemporal relationship between Par-1 expression and
localization of BRP. Increased level of Par-1 /MARK are associated with
neurodegenerative diseases such as AD and in particular, are found to be elevated early in
the disease. Overall, these observations suggest that Par-1 overexpression might be an
early event in neurodegenerative diseases that hasten the demise of synapses by

triggering the mislocalization of AZ proteins and initiating synaptic instability.
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CHAPTER 2: MATERIALS AND METHODS

DROSOPHILA STOCKS AND FLY HUSBANDRY

Flies were reared in medium containing Nutri-Fly™ Bloomington formulation
(Genesee Scientific, San Diego, CA), Jazz mix (Fisher Scientific, Waltham, MA, USA),
sugar and powdered yeast (Genesee Scientific) in an 8:5:1:1 ratio and made according to
standard procedures. The following fly stocks were used in this study: UAS-Par-1, UAS-
Par-1== UAS-Par-1>~, UAS-LKB1(Lee et al., 2012) (All gifts from Bingwei Lu, Stanford
School of Medicine, Stanford, CA, USA, (Lee et al., 2012)), sImb» (Skwarek et al.,
2014), UAS-Tau-GFP(Doerflinger et al., 2003), UAS-tau (Burnouf et al., 2016), and
UAS-mito-GFP(Pilling et al., 2006) (from Bloomington Stock Center),
Df(3R)tauMR22(Bolkan and Kretzschmar, 2014, Doerflinger et al., 2003) (from Daniel
St. Johnston, University of Cambridge (UK)), olk’ and olk’ (a gift from Doris
Kretzschmar, Oregon Health and Science University, Portland, OR, USA)(Bettencourt da
Cruz et al., 2005). The following GAL4 lines were used: BG380-Gal4 (Budnik et al.,
1996) (A gift from Aaron DiAntonio, Washington University Medical School, St. Louis,
MO, USA), elav-Gal4(Yao and White, 1994), nSyb-Gal4(Pauli et al., 2008), G7-
Gal4(Zhang et al., 2001), and ELAV-GeneSwitch (Bloomington Stock Center)

(Osterwalder et al., 2001).

RU486-GENESWITCH EXPERIMENTS

All experiments using the RU486-GeneSwitch system were performed according

to Osterwalder et al., 2001 (Osterwalder et al., 2001). For overexpression of Par-1, UAS-
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Par-1 and ELAV-GeneSwitch adults were placed on normal food and allowed to mate for
two days at 25°C. Late second instar larvae or early third instar larvae were then placed
on RU486 containing food (20 pug/ml RU486 diluted in EtOH)(Mifepristone; Sigma, St.
Louis, MO) and dissected at time points following RU486 exposure, T,, T, T,. T.., T.,, and
T... Dissections, imaging, electrophysiology and analyses for these experiments are

described in the following sections.

IMMUNOHISTOCHEMISTRY

Larvae were dissected in cold 1X PBS solution followed by fixation in Bouin’s
fixative for 5 minutes. Larvae were washed 3X with PBS-Triton (0.1% solution) and
blocked using 5% NGS solution in PBS. Following primary antibodies were used: anti-
BRP (1:250)(Wagh et al., 2006), anti-Tubulin (E7) (1:100), anti-Futsch
(1:100)(Developmental Studies Hybridoma Bank), anti-GFP (1:500)(Gallio et al., 2011)
(abcam), anti-DVGLUT (1:10,000)(Daniels et al., 2004)(gift from Aaron Diantonio,
Washington University Medical School), anti-DGIuRIII (1:1000)(Natarajan et al., 2013),
and anti-Par-1 (1:10,000)(Zhang et al., 2007)(gift from Bingwei Lu, Stanford School of
Medicine), anti-Liprin-a (1:500)(Fouquet et al., 2009)(gift from Stephan Sigrist, Free
University Berlin), anti-DAB (Kawasaki et al., 2011)(gift from Richard Ordway,
Pennsylvania State University), and anti-dTau (1:1000)(Doerflinger et al., 2003, Bolkan
and Kretzschmar, 2014)(gift from Doris Kretzschmar, Oregon Health and Science
University and Daniel St. Johnston, University of Cambridge). Dylight conjugated goat
anti-HRP antibody (1:1,000), Goat Cy3-, and Alexa 488 conjugated secondary antibodies

against mouse, rabbit, and chicken IgG (1:1000) were obtained from Jackson
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ImmunoResearch, West Grove, PA.

IMAGING AND ANALYSIS

Larvae were imaged using a Nikon C1 confocal microscope. To compare different
genotypes, samples were processed simultaneously. Imaging was performed on the same
day and same slide, with an appropriate control, and the same confocal gain setting was
used to image each genotype. Each staining was repeated at least three times with at least
four larvae per genotype and at east 10 NMJs per individual experiment were included in

the analyses.

For quantification of intensities within axon bundles and NMlJs, a complete z-
series stack collected at intervals of .4 um was projected using the maximum intensity
method. Staining intensities of various proteins within the axon bundles and the NMJs
were quantified by using MetaMorph software (Molecular Devices, Sunnyvale, CA,
USA). For axon bundles and synaptic boutons, HRP was used to set the color threshold.
Only the axonal compartment and the region of synaptic bouton determined by HRP
staining were used to measure the intensity of the red, green and blue channels. Intensity
measurements at boutons were taken across the entire NMJ arbor. At axon bundles,
intensity measurements were taken from axon bundles passing over the segments A3-
A4(Graf et al., 2011, Wairkar et al., 2013). Measurements were taken from a box of 50
pme and 3 random samples were taken per images, with a total of at least 10 images per
genotype per experiment, which was repeated three times(Wairkar et al., 2013, Graf et
al.,2011). Intensity measurements at boutons and within axon bundles were normalized

to HRP intensity.
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Quantification of active zones (BRP) at synaptic boutons were manually by
counting the puncta stained by an anti-BRP antibody and the count was tracked using Fiji
(Schindelin et al., 2012, Wairkar et al., 2009). Bouton area, Mitochondrial area, and BRP
puncta size was quantified manually using Fiji (Schindelin et al., 2012). Bouton size was
performed from the entire NMJ arbor and the number of BRP was counted manually and
the count was tracked using Fiji (Schindelin et al., 2012, Wairkar et al., 2009). For Figure
4.5 bouton number and synaptic span were normalized to the mean muscle surface area of
each genotype. Synaptic span was quantified using Simple Neurite Tracer plugin in Fiji
(Schindelin et al., 2012). Experimenter was blinded to the genotypes of the larvae while

performing and analyzing the experiments.

PROXIMITY LIGATION ASSAY (PLA)

Third instar larvae were dissected in cold HL.3 solution (Stewart et al., 1994) and
were incubated with anti-BRP (1:250, DSHB, Iowa city, [A)(Wagh et al., 2006) and anti-
Par-1 antibodies (1:10,000, gift from Bingwei Lu, Stanford School of Medicine, CA)
overnight at 4°C. Cy5-conjugated anti-HRP antibody raised in Goat was used (Jackson
ImmunoResearch) at 1:500 to label the neuronal membranes. For PLA, Duolink Mouse
Rabbit in situ PLA kit (Sigma-Aldrich, St. Louis, MO) was used and the PLA assay was
performed as previously described(Lepicard et al., 2014, Wang et al., 2015). Synaptic
boutons and axon bundles passing over A3-4 were imaged using Nikon C1 confocal
microscope and analyzed as described above. At least 4 larvae from each time point and

10 NMJs were analyzed. Analysis of average PLA signal intensity was performed using
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MetaMorph software (Molecular Devices, Sunnyvale, CA, USA) as described in the

confocal microscopy analysis section (above) and normalized to HRP intensity.

STIMULATED EMISSION DEPLETION MICROSCOPY AND ANALYSIS

Stimulated emission deletion microscopy (STED) on NMJ preparations and
analysis of BRP structure was done as previously described in Shahidullah et al., 2013
(Shahidullah et al., 2013). Images were taken of type 1b boutons from muscle 4 segments
A3-4. BRP doughnuts at synaptic boutons were defined as having a “doughnut shape”
when a hole could be visualized in the center of BRP puncta and were counted manually
and the count was tracked using Fiji (Schindelin et al., 2012). Images analyzed were
maximum projections. Perimeter and area of BRP puncta at synaptic boutons were
quantified using particle analysis in Fiji (Schindelin et al., 2012). At least 4 larvae and 10

NMJs were used in this analysis.

ELECTROPHYSIOLOGY

Intracellular electrophysiological recordings were performed on muscle 6,
segment A3-A4(Natarajan et al., 2013) on third-instar larvae. Dissections and
intracellular recording were performed in HL3 saline(Stewart et al., 1994) containing
0.45 mM Ca>. Sharp electrodes were made of borosilicate glass and filled with 3 m KCl.
The cells with input resistance of at least 5 M€2 and resting membrane potentials between
-60mV and -80mV were used for analyses. Mean EJP amplitudes, mEJP amplitudes and
frequency, were calculated from 75 consecutive traces or events using

pClamp 9 software (Molecular Devices). Quantal content was estimated by dividing the
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mean EJP amplitude by the mean mEJP amplitude (EJP/ mEJP) from the same synapse.
For GeneSwitch experiments recordings were performed within a 2-hour window around
the time point indicated in figures. A total of 5 recordings from 5 larvae per genotype

were made per experiment and the experiment was repeated three times.

ELECTRON MICROSCOPY

Samples for ultrastructural analysis were performed as previously
described(Wairkar et al., 2009). The larval head and tail were pinned and a dorsal slit was
made lengthwise, thus filleting the larvae — in Tannic acid. The larvae were then post-
fixed in 1% osmium tetroxide for 1 hr at 4°C. The larvae were dehydrated through 60,
(1x,7 min) 70, 80, 95 and 100% EtOH (2x, 10 min each step), transferred into propylene
oxide (2x, 10 min), then into a 1:1 mixture of propylene oxide and Eponate, and left o/n,
capped and at room temp. The larvae were then placed into fresh Eponate and into a
mould, oriented and allowed to polymerize at 70°C. Thin sections were made and placed
on superfrost/plus micro slide and stained with Toluidine Blue “O”. Type 1b boutons
from NMJ6/7 in segment A2-A4 from WT and Par-1¢ larval neuromuscular junctions
were identified from the thin sections. Sections were cut at 50 nm with a diamond knife,
picked up on formvar coated, copper slot grids, and stained with 2% aqueous uranyl
acetate for 15 min followed by lead citrate stain for 1 min. Samples were observed and
photographed in a JEM-1400 (JOEL, Japan) or JEOL 1200EX (JOEL, Japan)
transmission electron microscope.

Sections analyzed were all mid bouton sections from 1b boutons and showed clear

SSR and synaptic vesicles. T-bars, AZ count, AZ length, and AZ width were quantified
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using Fiji distribution in ImageJ (Schindelin et al., 2012). Quantification for each
genotype was performed on N of 20 or more synaptic boutons from at least 4 larvae per
genotype. Floating T-bars were counted manually, and the experimenter was blinded to
the genotype. Floating T-bars were defined as having at least a few synaptic vesicles

localizing between the T-bar structure and the electron-dense AZ.

WESTERN BLOTS

Western blots were performed as described in(Wairkar et al., 2009) and run on
8% SDS-PAGE gels. Briefly, heads of flies were separated manually, and 20 heads were
used to extract lysates using 1x SDS buffer. 6 head equivalent lysate was loaded into each
well and probed for dTau using anti-dTau antibody (1:10,000) (Bolkan and Kretzschmar,
2014, Doerflinger et al., 2003) (gift from Doris Kretzschmar, Oregon Health and Science
University and Daniel St. Johnston, University of Cambridge). 30 head equivalent lysate
against anti- BRP (1:100)(Wagh et al., 2006) (Developmental Studies Hybridoma Bank)
and anti-Tau (phospho S262) (1:1000) (abcam)(Nishimura et al., 2004) were performed
according to Gorska-Andrzejak et al (Gorska-Andrzejak et al., 2009). In all experiments
Syx1A Antibody (8C3) (1:100)(Burgess et al., 1997)(Developmental Studies Hybridoma
Bank) was used as a loading control. Image J was used to analyze the intensity of bands
on the western blots and the “Gel analysis” function in the program was used to quantify
the intensity of the bands. Ratios of the intensities of WT, Par-1>, or Par-1= bands to
that of Syntaxin bands were measured and used for calculating the statistical differences

between the genotypes.

CO-IMMUNOPRECIPITATION

28




Frozen (-80°C) WT, Par-1 and Par-1=* adult flies were vortexed and the
vortexed (Separated parts) while still frozen, were passed through a sieve (No. 40) to
separate the heads. At least 100 heads were collected per genotype and used for the Co-IP
experiment. Heads were homogenized mechanically in 200ul of lysis buffer
(Damulewicz et al., 2017) and incubated at 4°C for one hour. The head lysate was then
incubated with anti-BRP antibody (1:25) overnight at 4°C. BRP along with its binding
partners were isolated by incubating with Dynabeads (Invitrogen) for 1-3 hours at 4°C.
After washing and elution, the samples were resolved using 4-20% gradient SDS-PAGE
gel followed by western blotting. Blots were then probed using anti-Par-1 antibody
(1:8,000) followed by HRP-conjugated goat a-rabbit (Jackson ImmunoResearch)
secondary antibodies (1:3000). The blot was immersed in BIORAD clarity western ECL

blotting substrate and images were acquired using Bio-Rad's ChemiDoc XRS+ system.

STATISTICAL ANALYSIS

Analyses were performed on at least 4 larvae per genotype for a single experiment
and each experiment was repeated at least 3 times. Statistical analyses and graphs were
generated using GraphPad Prism (GraphPad Software, Inc.). Student’s T-test was used to
compare within two groups or one-way ANOVA followed by Dunnett’s or Tukey’s post-
hoc tests were performed to compare means between three or more groups. Fisher’s exact
test was used to test the occurrence of detached T-bars in WT and Par-1. P values less

than 0.05 were considered significant.
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CHAPTER 3: ACTIVE ZONE PROTEINS ARE TRANSPORTED VIA DISTINCT

MECHANISMS REGULATED BY PAR-1 KINASE

Adapted from Barber, Tanquary, Bush, Shaw, Woodson, Tangavelou, Sherman, Wairkar
2017
“Active Zone Proteins are Regulated by Distinct Mechanisms Regulated by Par-1
Kinase”
Published February 2017 in PLOS Genetics, DOI: 10.1371/journal.pgen.1006621
Published under a Creative Commons Attribution License

Copyright 2017, PLOS Genetics

INTRODUCTION

Effective communication between neurons is maintained by synapses via their
pre- and postsynaptic specializations called active zones and postsynaptic densities
respectively. Active zones are composed of many proteins that are important for the
efficient release of synaptic vesicles- a pre-requisite for efficacious neuronal
communication(Sudhof, 2012, Zhai and Bellen, 2004). Proteins present at the active
zones form an important presynaptic network for the regulation of vesicle release at all
chemical synapses. Indeed, many proteins that regulate synapses are disrupted in both
neurodevelopmental as well as neurodegenerative diseases(Zoghbi and Bear, 2012,
Bourgeron, 2009, Spires-Jones and Hyman, 2014). One such protein, MARK/ Par-1 is
implicated in both neurodevelopmental (Maussion et al., 2008, Hu et al., 2009, Carayol et
al., 2011)and neurodegenerative diseases(Nishimura et al., 2004, Yu et al., 2012, Chin et

al., 2000, Lee et al., 2012) but the mechanisms by which it disrupts synapses is unclear.
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MARKI levels are elevated in ASDs, a neurodevelopmental disorder(Maussion et
al., 2008). Interestingly, MARKI1 is overexpressed specifically in the prefrontal cortex- a
region highly implicated in ASDs (Maussion et al., 2008). On the other hand, MARK4 is
overexpressed in neurodegenerative diseases and is thought to hyperphosphorylate(Lund
et al., 2014). Indeed, the site that is phosphorylated by the MARK is
hyperphosphorylated in post-mortem brains of patients with frontotemporal dementia
(FTD)(Chin et al., 2000). Thus, elevated levels or activity of Par-1/MARK is implicated
in both neurodevelopmental and neurodegenerative diseases. While there is good
evidence for the role of Par-1/MARK in regulating postsynaptic density during
development(Zhang et al., 2007), it is unclear whether it has any presynaptic role.

In this chapter, I show for the first time that presynaptic overexpression of Par-1
regulates the axonal transport of an active zone protein- Bruchpilot (BRP). Decreased
axonal transport of BRP due to presynaptic overexpression of Par-1 lead to a significant
decrease in the number of BRP marked active zones at the synaptic terminals.
Furthermore, consistent with a decrease in BRP protein at the synapse(Wagh et al.,
2006), ultrastructural analysis demonstrated a decrease in the number of dense bars and
deficits in synaptic transmission. Finally, our data show that Par-1/MARK affects the
axonal transport of BRP independent of endogenous Drosophila Tau (dTau), implicating
that a novel substrate of Par-1/MARK mediates the axonal transport of BRP. Together,
these data suggest that different components of active zones are transported separately by

distinct mechanisms, and that these processes are likely to be tightly regulated by kinases.

RESULTS
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Overexpression of Par-1 in the presynaptic neurons leads to specific accumulation

of BRP in axons.

Increase in levels or activity of Par-1/MARK is associated with both
neurodevelopmental disorders like ASD(Maussion et al., 2008, Hu et al., 2009, Carayol
et al.,2011) and neurodegenerative disorders like FTD(Chin et al., 2000). Since synapse
is the common underlying unit disrupted in both these disorders(Bourgeron, 2009,
Zoghbi and Bear, 2012, Spires-Jones and Hyman, 2014) I wanted to test the effects of
elevated levels of presynaptic Par-1 on synapses. To test this, I overexpressed Par-1
presynaptically using the UAS-GAL4 binary system(Brand and Perrimon, 1993). BG380-
GAL4(Budnik et al., 1996) driver was used to overexpress of Par-1 (Par-1>) specifically
in presynaptic neurons. Neuromuscular Junction (NMJ) preparations were then stained
with antibodies against the active zone marker (Bruchpilot (BRP), (Wagh et al., 2006)),
synaptic vesicle marker (DVGLUT(Daniels et al., 2004)) and neuronal membrane marker
(Horse Radish Peroxidase(HRP)(Jan and Jan, 1982)) to visualize synapses.
Overexpression of Par-1 in presynaptic neurons resulted in significant accumulation of
BRP in axons (Figure 3.1 A, B). This was observed using multiple presynaptic drivers
(Supplemental Figure 3.1 A, B). While all the tested presynaptic drivers showed
qualitatively similar increases in accumulation of BRP in axons, driving the same
transgene postsynaptically using postsynaptic driver G7-Gal4(Zhang et al., 2001) did not
result in the accumulation of BRP within axons (Figure 3.2 C), suggesting that this was a
cell-autonomous effect.

Surprisingly, DVGLUT or HRP did not accumulate within the axons (Figure

3.1A, C), indicating that overexpression of Par-1 may result in specific accumulation of
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only a subset of synaptic cargo in the axons. Importantly, overexpression of inactive Par-
1 (Par-1=~, (Wang et al., 2007)) did not result in accumulation of BRP within axons
(Figure 3.1 A, B), indicating that BRP accumulations were unlikely to be an unintended

consequence of overexpression of Par-1 kinase.
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Figure 3.1 Overexpression of Par-1 leads to an accumulation of BRP in axon bundles

A) Representative confocal image stacks showing axons from WT, presynaptic
overexpression of Par-1 (Par-1~) and inactive Par-1 (Par-1=+) using BG380-Gal4. Third
instar larvae were stained with antibodies against BRP (Green), DVGLUT (Red) and
HRP (Blue). Scale bar=10um B) Quantification of BRP intensity from axons in A. n=12,
#Hx%=p<0.0001. C) Quantification of DVGLUT intensity from axons in A.n=12, p=0.12.
D) Representative Western blots and bar graphs showing quantification of BRP levels in
WT and Par-1* brains. Syntaxin was used as a loading control. N=3 p=0.7124. E)
Representative images and bar graphs showing quantification of VNCs stained with BRP
(Red) from identical genotypes as in 1A. N=12 p=0.46. Scale bar=10um. Error bars
represent S.E.M.
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Figure 3.2 All tested presynaptic drivers lead to accumulation of BRP in axon bundles

A) Representative confocal image stacks showing axons from WT and Par-10E third
instar larvae stained with antibodies against BRP (red) and HRP (Blue) using different
presynaptic Gal-4 drivers (indicated on figure). B) Quantification of BRP intensity from
axons from genotypes in A. n=10, ****=p<0.0001. Scale Bar = 10um. Error bars
represent S.E.M. C) Representative confocal image stacks showing axons from WT and
Par-10E third instar larvae stained with antibodies against BRP (red) and HRP (Blue)
using postsynaptic drive G7-Gal-4. N=10, p=0.47. Scale Bar = 10um.

To further test my hypothesis that overexpression of Par-1 may lead to a specific

axonal transport defect of BRP; we labeled the axons using markers of various cargoes
that are transported within the axons. We used the following markers: Liprin-o (another

marker of active zones,(Dai et al., 2006)), and disabled (DAB, a marker for endocytic
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zones,(Kawasaki et al., 2011)). The levels of Liprin-a and DAB in the axons of flies
overexpressing Par-1 were similar to the levels of these proteins in WT flies (Figure 3.3
A-C), providing further evidence that overexpression of Par-1 results in specific
accumulation of BRP in axons. Next, we tested the transport of mitochondria, which is
mediated by Milton and Miro(Glater et al., 2006). To test this, we generated flies that
express mito-GFP in the presynaptic neurons along with overexpression of Par-1. To
account for the possible “dilution” of GAL4 due to two UAS promoters (UAS-mito-GFP
and UAS-Par-1), we generated flies that carry UAS-GFP and UAS-Par-1 as a control.
Expression of mito-GFP in wild type flies showed many mitochondria within the axons.
Consistent with my hypothesis, flies overexpressing mito-GFP in Par-1 overexpression
background showed no significant changes in the levels (Figure 3.3 A-C) or size (Figure
3.4 E) of mitochondria within the axons while still showing accumulations of BRP,

indicating that overexpression of Par-1 does not affect mitochondrial transport.

Finally, to test the possibility that increased transcription of BRP may lead to
accumulation of BRP in axons(Wairkar et al., 2013), I compared the BRP protein levels
in the ventral nerve cords (VNC) between WT, Par-1° and Par-1 flies. No significant
differences were noted between the levels of BRP protein in the VNCs of these genotypes
(Figure 3.1 E). To confirm these data, I also performed western blots using anti-BRP
antibody on WT and Par-1 flies and did not observe any significant difference in the
levels of BRP protein (Figure 3.1 D). These data indicate that increased accumulations of

BRP in axons of flies overexpressing Par-1 are unlikely to be due to increased levels of
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BRP protein. Taken together, my results strongly suggest that overexpression of Par-1

specifically affects the transport of BRP in the axons.

Figure 3.3 Overexpression of Par-1 leads to a specific accumulation of BRP

A) Representative confocal image stacks showing axons from WT and B) Par-10E third
instar larvae stained against Liprin-a (Green), DAB (Green), mito-GFP (Green) and HRP
(Blue). Scale bar=10um. C) Quantification of Liprin-o., DAB, mito-GFP intensities from

axons. N=12, Liprin-a. p =0.49, DAB p=0.09, and mito-GFP p=0.82. Error bars represent
S.EM.

Overexpression of Par-1 results in reduced T-bars and impaired synaptic

transmission.

To test whether block in axonal transport of BRP would lead to decreased levels
of BRP at the synapses, I labeled the NMJ synapses with BRP(Wagh et al., 2006) and

HRP. Although I expected to see only a reduction in BRP at the synaptic terminals, I was
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surprised to find that there were some interesting differences between WT synapses and
those overexpressing Par-1. First, as expected, there were significant reductions in the
number of active zones marked by BRP (Figure 3.5 A, B). Second, while the synaptic
span was not significantly different in the flies overexpressing Par-1, the size of synaptic
boutons was significantly reduced (Figure 3.6 A-C). However, these changes did not
affect the apposition of synapses quantified using number of BRP puncta apposed to
DGIuRIII patches, a marker of postsynaptic density (Figure 3.6 A)(Marrus et al., 2004).
These data show that although overexpression of Par-1 may cause specific defects in
BRP transport, these defects may possibly lead to other changes at the synapse. It is not
clear whether all of these changes are caused due to a block in axonal transport of BRP
but levels of other synaptic proteins like Liprin-o. and DAB are unaffected in flies
overexpressing Par-1 (Figure 3.4 A-D). Interestingly, overexpression of Par-1 does not
show an increase in BRP within the axons or a reduction in BRP at the synapse arguing

that these effects are not merely a consequence of overexpression of Par-1 (Figure 3.1

A.B and Figure 3.5 A B).
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Figure 3.4 Overexpression of Par-1 does not affect other markers tested at synapses

A) Representative confocal image stacks showing NMJ synapses from WT and B) Par-1
third instar larvae stained against Liprin-o., DAB (Green) and HRP (Blue). Scale
bar=10um. C) Quantification of Liprin-a (Green) intensity from axons. N=12, p=0.49.
Error bars represent S.E.M. D) Quantification of DAB (Green) intensity from axons.
N=12, p=0.09. Error bars represent S.E.M. E) Quantification of Mitochondria area within
axons (see Figure 2) of WT and Par-1> larvae. N=10, p=0.7893. Error bars represent
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S.E.M. F-H) The ratio of signal in synapses to axons of Liprin-a (F), DAB (G), and BRP
H).
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Figure 3.5 Par-1 overexpression leads to loss of BRP at synaptic boutons

A) Representative images from WT, Par-10E and Par-1T408A showing the NMJ
synapses labeled with anti-BRP (Red) and anti-HRP (Blue) antibodies B) Quantification
of BRP puncta per NMJ. N=10, ***=p<0.0001. Scale bar=10pum. Error bars represent
S.EM.

To confirm my light-level findings, I performed ultrastructural studies at WT and
Par-1> synapses. Consistent with previous reports showing that a reduction in BRP
causes a decrease in number of T-bars(Wagh et al., 2006, Wairkar et al., 2009), I found a
significant decrease in the total number of T-bars per active zones at the synapses of flies
overexpressing Par-1 as compared to WT (Figure 3.7 A, B). Taken together, my data so
far demonstrate that overexpression of Par-1 in neurons leads to a specific block in
axonal transport of BRP, which is the likely caused due to the reduction in T-bars at

synapses.
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Figure 3.6 Par-1 overexpression leads to changes in morphology

A) Representative confocal image stacks showing NMJs from WT, Par-10E and Par-
1T408A third instar larvae stained with antibodies against BRP (red), DGIuRIII (Green)
and HRP (Blue). Synaptic apposition as marked by the apposition of BRP and DGIuRIII
(Inset) was unchanged. Scale Bar=5pum. B) Quantification of Synaptic Span. N=10,

p=0.39. C) Quantification of bouton area. N=10, ****=p<0.0001. Error bars represent
S.EM.
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Figure 3.7 Par-1 overexpression leads to loss of T-bars

A) Representative electron micrographs from WT and Par-10E third instar larvae
showing electron dense active zones (Arrows), T-bars (Asterisks), synaptic vesicles (SV)
and sub-synaptic reticulum (SSR) in a single synaptic bouton. B) Quantification of T-bars
from WT and Par-10E larvae. N=17, **=p=0.0048. Scale Bar = 0.5um. Error bars
represent S.E.M.

To test whether these synaptic changes result in defects in neurotransmission, Io
performed intracellular electrophysiological recordings from WT, Par-1° and Par-1%
flies. I did not observe any change in the amplitude (Figure 3.8 A, C) of mini excitatory
junction potentials (mEJPs), suggesting that the postsynaptic apparatus was unperturbed
in Par-1* flies. However, the frequency of mEJPs was significantly reduced consistent
with the decrease in number of release sites marked by BRP in Par-1> (Figure 3.8 A, D).
Furthermore, there was a dramatic reduction in the excitatory junction potential (EJP)
amplitude in Par-1* flies (Figure 3.8 B, E) pointing to a presynaptic defect. Calculation of
the quantal content (EJP amplitude/mEJP amplitude) (Petersen et al., 1997) showed a
decrease in quantal content (Figure 3.8 F) in flies overexpressing Par-1. These data are
consistent with presynaptic deficits and are likely a consequence of fewer T-
Bars(Wairkar et al., 2009, Wagh et al., 2006) and reduced size of synaptic boutons.
Taken together, my data suggest that presynaptic elevation in the levels of Par-1 has both

structural and functional consequences for the synapse.
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Figure 3.8 Par-1 overexpression leads to functional deficits

A) Representative mEJPs from WT, Par-1¢, and Par-1. B) Representative EJPs from
WT, Par-1*and Par-1+. C) Quantification of mEJP amplitude. N=10, p=0.65. D)
Quantification of frequency of mEJPs N=10, *=p<0.05. E) Quantification of EJP
amplitude. N=10, ****=p<0.0001. F) Quantification of Quantal Content. N=10,
#*#%=p<0.0001. Error bars represent S.E.M.

dTau does not mediate the specific transport of BRP.

Microtubules play an important role in axonal transport of synaptic
cargo(Goldstein et al., 2008). Par-1/MARK kinase phosphorylates Tau(Drewes et al.,

1995)-a microtubule associated protein that binds and helps stabilize microtubules.

42




Phosphorylation of Tau has been postulated to lead to its detachment from the
microtubules leading to their destabilization(Drewes et al., 1997, Mandelkow et al.,
2004). Thus, overexpression of Par-1 is expected to hyperphosphorylate Tau and lead to
its detachment from microtubules making them unstable. To begin testing these
possibilities, I first tested the levels of dTau using Western blot analysis on protein
extracts from the ventral nerve cords (VNCs) of WT, Par-1 and Par-1= flies using two
previously characterized antibodies(Bolkan and Kretzschmar, 2014, Doerflinger et al.,
2003). The levels of dTau were not significantly different between these genotypes
(Figure 3.9 B, C), suggesting that Par-1 overexpression does not alter the levels of Tau in
neurons. This raises the possibility that overexpressed Par-1 does not localize to the
microtubules and is therefore unable to phosphorylate it. To test this possibility, I stained
the axons of Par-1> flies with anti-Par-1 antibodies and compared its localization in WT
axons. In Par-1 flies, Par-1 localized prominently within axons along with microtubules
(Figure 3.10) indicating that Par-1 localization to the microtubules was not hampered. I
also tested the possibility that Par-1=+ may not localize to axons and therefore would not
phosphorylate its substrate (Tau). However, Par-1+ localized similar to that of
overexpressed wild type Par-1 (Figure 3.10). These experiments suggest that activity of

Par-1 kinase is important to affect the transport of BRP within the axons.
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Figure 3.9 Drosophila Tau localizes to microtubules and levels are unchanged when Par-
1 is overexpressed

A) Representative confocal image stack showing axons of WT, Par-1*, and Par-1 third
instar larvae stained with anti-dTau (Green), anti-Tubulin (Tub) (red) and anti-HRP
antibodies (Blue). N=10. Scale bar=10pum. B) Representative Western blots from WT,
Par-1> and Par-1= using anti-dTau antibodies (upper panel). Western blot showing Tau
phosphorylation at S262 site (pS262) of WT and Par-1 is shown in the bottom panel.
Syntaxin was used as a loading control. C) Quantification of Western blots showing total
dTau levels in the head lysates. N=3 independent experiments, p=0.87. Error bars
represent S.E.M. D) Quantification of Western blots showing levels of pS262 levels of
Tau. N=3 independent experiments, *= p =0.04. Error bars represent S.E.M.
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Figure 3.10 Par-1 and dTau localize to microtubules when both the active and inactive
form of Par-1 is overexpressed

Representative images from WT and Par-1> and Par-1= flies showing localization of
overexpressed Par-1 (Red), endogenous tau (Green), and HRP (Blue) in axons.

Having established that overexpressed Par-1 can localize to the microtubules, I
next wanted to test whether excess phosphorylation of Tau might cause its detachment
from microtubules rendering them unstable(Drewes et al., 1997, Mandelkow et al., 2004).
To test this, I first confirmed that overexpression of Par-1 could phosphorylate
endogenous dTau. For this, I used an antibody that specifically recognizes the phospho-
Ser262 on Tau (pS262) that is phosphorylated by Par-1(Iijima-Ando et al., 2012). I found
that overexpression of Par-1 leads to an increase in dTau phosphorylation at Ser262 site
(Figure 3.9 B, D). I then stained the axons of WT, Par-1°, and Par-1* flies using the
marker for stable microtubules-acetylated tubulin(Wolf et al., 1988). Distribution and

levels of acetylated tubulin were unchanged in Par-1 overexpressing flies as compared to
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WT (Figure 3.11 A, B), indicating that microtubule stability was uncompromised in flies
overexpressing Par-1. Finally, I wanted to test whether dTau was mislocalized because of
overexpression of Par-1. To test this, I used the previously generated anti-dTau
antibody(Bolkan and Kretzschmar, 2014) but because this antibody has not been used for
staining axons or synapses, I first tested its specificity. For this, I performed co-
localization experiments with overexpressed tau* (Figure 3.12 A). I found that
overexpressed Tau°” co-localizes with anti-Tau antibody in axons. Furthermore,
tau~(Burnouf et al., 2016) larval axons did not show any specific Tau staining within
axons, (Figure 3.12 B) demonstrating the specificity of anti-dTau antibody. Next, to test
whether dTau localizes to microtubules I performed co-localization experiments of dTau
with Tubulin-a marker for microtubules (Figure 3.9 A). As expected, dTau and Tubulin

co-localized in the axons indicating that dTau localizes to the microtubules in the axons.
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Figure 3.11 Par-1 overexpression does not lead to unstable microtubules

A) Representative images from WT, Par-1*, and Par-1 flies showing axons stained
against the marker for stable microtubules- acetylated tubulin (Green) and HRP (Blue).
B) Quantification of acetylated tubulin (Green) intensity in axons. N=12, p=0.064. Scale
bar=10pum.
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I then tested whether dTau was mislocalized because of overexpression of Par-1
but did not find any evidence of mislocalization of dTau in flies overexpressing Par-1
(Figure 3.9 A) within the axons. I also double labeled the axons for Tubulin and dTau to
ascertain that dTau was still localized to the microtubules in flies overexpressing Par-1
(Figure 3.9 A). These experiments suggest that instability of microtubule due to
hyperphosphorylation of Tau is an unlikely reason for accumulations of BRP in axons of

Par-1¢ flies.

Figure 3.12 Validation of dTau antibody within axon bundles

A) Representative images from WT and Par-1* flies showing localization of
overexpressed Tau” (using anti-GFP antibody, Red) and dTau antibody (Green) in axons.
Scale Bar = 10um. B) Representative images from WT and dfau flies showing
localization of dTau (Green) in axons and HRP (Blue). Scale Bar = 10pm.
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Figure 3.13 Overexpression of dTau does not lead to accumulation of BRP within axons

A) Representative confocal image stacks showing axons from WT and taue stained with
antibodies against BRP (Red) and HRP (Blue). B) Quantification of BRP intensity in
axons of identical genotypes as in A. N=10, p=0.30. Error bars represent S.E.M.

Having shown that the levels of endogenous Tau were not altered in flies
overexpressing Par-1, and that stability of microtubules was uncompromised, I wondered
whether overexpression of Tau, which has been shown to cause
neurodegeneration(Andorfer et al., 2003, Adams et al., 2009), might have an effect on
axonal transport of BRP. To test this possibility, I overexpressed taus* in the presynaptic
neurons. First, to confirm that dTau was overexpressed, I stained the axons with the anti-
GFP antibody(Gallio et al., 2011) (Figure 3.12 A) and found that dTau was
overexpressed. I then stained the axons of taue flies with antibodies against BRP to test
whether dTau overexpression affected the axonal transport of BRP. I did not observe any
significant difference in the levels of BRP within the axons (Figure 3.13 A, B) in flies
overexpressing dTau as compared to WT. These data show that dTau overexpression

does not cause accumulation of BRP within the axons.
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Figure 3.14 dtau transheterozygote has a significant reduction of endogenous dTau

A) Representative images from WT and rau/+flies showing axons stained against dTau
(Green) and HRP (Blue). B) Quantification of dTau intensity in WT and tau/+ axons.
N=8, ****=p<(0.0001. Scale bar=10um. Error bars represent S.E.M.

Finally, to test whether dTau may not be the endogenous substrate of Par-1 that
mediates axonal transport of BRP, I generated a fly that overexpressed Par-1 in a dtau
transheterozygote (Df(3R)tauMR22/+, (Doerflinger et al., 2003)) (Par-1>, tau/+)
because fau> mutants are embryonic lethal(Bolkan and Kretzschmar, 2014, Doerflinger
et al., 2003). To confirm that fau*> heterozygotes had at least a 50% decrease because of
deletion of one copy of dTau, I stained the tau heterozygous larvae with anti-dTau
antibody. Levels of dTau in axons were reduced by ~70% (Figure 3.14 A, B) in tau>
heterozygotes. If dTau were to mediate the effects of Par-1 overexpression on the axonal
transport of BRP, I expect to see at least a partial suppression of BRP accumulations

within the axons of flies that have reduced dTau levels.
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Figure 3.15 Accumulation of BRP within axons is not mediated by dTau

A) Representative third instar larvae stained with antibodies against anti-BRP (Red) and
anti-HRP (Blue) from the following genotypes: WT, Par-1, Par-1, taw/+. B)
Quantification of BRP intensity in the axons from the genotypes. N=15, **=p<0.001,
#*#%=p<0.0001. Scale bar=10um. Error bars represent S.E.M.

To test this, I stained WT, Par-1 and Par-1*, rau~/+ fly NMJs with antibodies
against BRP. As expected, Par-1 showed elevated levels of BRP in axons as compared
to WT (Figure 3.15 A, B). However, the levels of BRP protein in the axons of Par-1° and
tau/+ flies were quantitatively similar, demonstrating that dTau is unlikely to be the
substrate of Par-1 that mediates the axonal transport deficits elicited by elevated levels of
Par-1. Finally, I confirmed that BRP transport was unaffected in tau> transheterozygotes
as well as dtau~ flies (Figure 3.16 A-D). Together, these data strongly support the idea
that BRP accumulations observed within the axons for Par-1 overexpressing flies are

independent of Tau.
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Figure 3.16 Reduction of dTau does not lead to accumulation of BRP in axons

A) Representative images from WT and rau/+flies showing axons stained against BRP

(Red) and HRP (Blue). B) Quantification of BRP intensity in axons. N=8, p=0.4309.
Scale bar=10pm. C) Representative images from WT and dtauflies showing axons

stained against BRP (Red) and HRP (Blue). D) Quantification of BRP intensity in axons.

N=8, p=0.24. Scale bar=10pum. Error bars represent S.E.M.




CHAPTER 4: LEVELS OF PAR-1 KINASE DETERMINE THE LOCALIZATION OF

BRUCHPILOT AT THE DROSOPHILA NEUROMUSCULAR JUNCTION SYNAPSES

Adapted from Barber, Hruska, Bush, Martinez, Fei, Levitan, Davla, Wairkar 2018
“Levels of Par-1 kinase determine the localization of Bruchpilot at the Drosophila
neuromuscular junction synapses”
Published October 2018 in Scientific Reports, DOI: 10.1038/s41598-018-34250-9
Published under a Creative Commons Attribution License

Copyright 2018, Nature Publishing Group

INTRODUCTION

Assembly of active zones on the presynaptic side of a synapse is one of the
earliest steps in the formation of nascent synaptic communication networks (Friedman et
al., 2000, Sudhof, 2012). Initiation of presynaptic assembly is accomplished, in part, by
the transport of synaptic vesicle precursors (SVPs) and Piccolo-Bassoon transport
vesicles (PTVs) that carry the components of active zones (Shapira et al., 2003, Sudhof,
2012). Interestingly, active zone density is maintained after its formation and decreases
only later with aging (Chen et al., 2012). Indeed, many synapses are thought to be stable
for long periods of time after they are established (Lin and Koleske, 2010). Therefore,
mechanisms must exist that maintain the presynaptic components such as active zones
and postsynaptic density for their long-term stability. One way presynaptic components
are maintained at the synapse is by active replenishment of synaptic proteins via axonal
transport (Millecamps and Julien, 2013). Although such mechanisms are relatively well

studied for synaptic vesicles and mitochondria(Holzbaur and Scherer, 2011, Maday et al.,
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2014, Stowers et al., 2002), little is known about how cargo destined for active zones is
transported and how the transport is regulated.

Par-1 kinase is a Drosophila homolog of Microtubule affinity regulating kinase
(MARK), which is elevated in many diseases (Chin et al., 2000, Liu et al., 2016, Beghini
et al., 2003) including, neurodevelopmental and neurodegenerative disorders(Chin et al.,
2000, Seshadri et al., 2010, Lund et al., 2014, Maussion et al., 2008). At the synapse, Par-
1, a cell polarity kinase(Doerflinger et al., 2003), has been previously implicated in
regulating the postsynaptic glutamate receptor localization(Zhang et al., 2007).
Interestingly, it was also noted that Par-1 is present in the presynaptic compartment albeit
at very low levels(Zhang et al., 2007), suggesting that Par-1 may also have a role in the
presynaptic compartment. In the previous chapter, I demonstrated that elevated levels of
presynaptic Par-1 lead to selective localization defects of BRP, with a significant
accumulation of BRP within the axons and a corresponding decrease of BRP from the
active zones (Barber et al., 2017). While it is clear that the effect of increased Par-1 on
localization of BRP is independent of Tau-a microtubule associated protein (MAP) and a
well-studied substrate of Par-1 (Barber et al., 2017, Yu et al., 2012, Wang et al., 2007,
Trinczek et al., 2004), it is unclear whether other microtubule binding proteins such as
Futsch (a MAP1B homolog)(Hummel et al., 2000), which has been proposed to be a
likely substrate of Par-1(Doerflinger et al., 2003), might be involved. Also, it is unclear
whether increased localization of BRP to the axons is a cause of the decreased BRP at the
active zones. This is important because while the disruption of axonal transport has been

implicated in many neurodegenerative diseases, it has been difficult to tease out whether
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axonal transport is a cause or consequence of synaptic demise(Millecamps and Julien,
2013).

In this chapter, using temporal expression of Par-1, I show that BRP accumulation
precedes decreased BRP at the synapse and that it is independent on Futsch-the neuron
specific MAP(Hummel et al., 2000). Interestingly, I found that increased levels of BRP in
axons are accompanied by decrease in synapse function followed by an increase in
“floating” T-bars- a electron dense structure present at active zones of invertebrates as
well as vertebrates(Zhai et al., 2001, Zhai and Bellen, 2004), suggesting that active zones
of these flies may be unstable. Finally, I show that BRP and Par-1 are present in the same
complex raising the interesting possibility that presynaptic Par-1 may regulate the

localization of BRP by interacting with it.

RESULTS

Levels of presynaptic Par-1 are important in determining the proper localization of

BRP

My previous chapter (Barber et al., 2017) revealed that elevated levels of
presynaptic Par-1 lead to a selective accumulation of BRP in the axons concomitant with
loss of BRP from the synapses. Since this study largely used overexpression of Par-1 as a
means to increase its levels, I wondered whether physiological manipulations that lead to
increased Par-1 levels would also show selective axonal accumulations of BRP. To test
this, I used well-characterized mutations in E3 ubiquitin ligase, Slimb (Slmb), which is
known to increase the levels of Par-1 (Lee et al., 2012). Consistent with my hypothesis,

mutations in S/mb led to a selective increase in the levels of BRP within the axons
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(Figure 1 A-C). Thus, the overexpression model of Par-1 has the same effect as
physiologically increasing the levels of Par-1 by mutations in Slmb. Although it is
important to note that the accumulation of BRP in S/mb mutants could be due to other
possible downstream affects, the combination of increase in Par-1 levels in Simb
mutants(Lee et al., 2012), and the selective increase in BRP suggests the possibility that

increased Par-1 levels in SImb mutants cause increased BRP accumulation within the

axons.
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Figure 4.1 Precise levels of Par-1 are required for BRP localization

(A) Representative confocal stacks showing axon bundles from third instar larvae of WT
and S/mb mutant (s/mb*). Axon bundles are stained with antibodies against BRP (Red),
DVGLUT (Green) and HRP (Blue), n>10, Scale bar = 10um. (B) Mean fluorescent
intensity of BRP (BRP fluorescence normalized to HRP) in axon bundles represented in
A. (C) Mean fluorescence intensity of DVGLUT normalized to HRP intensity (D)
Representative confocal stacks showing axon bundles from third instar larvae of WT and
Par-1=~. Axon bundles are stained with antibodies against BRP (Red), DVGLUT (Green)
and HRP (Blue), n>10, Scale bar = 10um. (E) Mean fluorescence intensity of BRP
normalized to HRP intensity. (F) Mean fluorescent intensity of DVGLUT normalized to
HRP intensity. Error bars represent S.E.M. N.S.=p>0.05, **=p<0.01, ****=p<0.0001.
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Since increased levels of Par-1 caused increase in BRP accumulation in axons, I
hypothesized that decrease in the levels of Par-1 would lead to a decrease in BRP levels
in axons. To test this hypothesis, I knocked down Par-1 presynaptically using a
previously characterized Par-1 RNAI line(Zhang et al., 2007) using the presynaptic driver
BG380-Gal4(Budnik et al., 1996). Surprisingly, decrease in the presynaptic Par-1 also led

to an increase in selective accumulation of BRP (Figure 4.1 D-F). RNA1 knockdown of
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Par-1 with multiple presynaptic drivers yielded the same results (Figure 4.2 A, B). These
data indicate that not only does Par-1 have a physiological role in regulating the
localization of BRP but also that its fine balance is required for the its precise

localization.

Figure 4.2 Knockdown of Par-1 using multiple presynaptic drivers show accumulations
of BRP

(A) Representative confocal stacks showing axons from third instar larvae of WT and
Par-1=~ third instar larvae using different presynaptic Gal-4 drivers (indicated on figure).
Axons are stained with antibodies against BRP (Red), and HRP (Blue). Scale bar = 10pum
(B) Mean fluorescence intensity of BRP normalized to HRP. Error bars represent S.E.M.
**=p<0.01, ****=p<0.0001.

Accumulation of BRP precedes its decrease from synapses.
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There are at least two possible reasons why BRP might accumulate within the
axons. First, levels of neuronal Par-1 may determine proper transport BRP to the active
zones. Second, precise levels of Par-1 may be required at the synapses to stabilize BRP at
the active zones and breakdown of either of these processes may lead to BRP
accumulating in the axons. If transport of BRP were the primary issue, I expect to find
accumulation of BRP in axons to precede its reduction at the synapses. To test these
possibilities, I took advantage of the GeneSwitch-Gal4 system (Osterwalder et al., 2001).
This system allows the temporal expression of a transgene by feeding the larvae with a
progesterone homolog, RU-486. In these experiments, I expressed the Par-1 transgene for
a given period of time and then tested the effect of its expression on BRP accumulation
within the axons and its loss from the synapses. Flies were allowed to lay eggs and
develop on normal food and were transferred to food containing RU-486 at or just before
the early third instar stage. Transfer onto the RU-486 containing food should turn “ON”
the expression of Par-1 transgene. I systematically stained the larvae with antibodies
against Par-1, BRP and HRP after 0, 9, 12, 24, 48 and 72 hours exposure to RU-486 and

tested the expression of Par-1 transgene and the localization of BRP.
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Figure 4.3 No change is noticeable in the intensity of axonal BRP until 12 hours of Par-1
induction

(A) Representative confocal stacks from larvae overexpressing Par-1 induced using
GeneSwitch-ElavGal4 from T,, T,, and T... Axons are stained with antibodies against Par-
1 (Green), BRP (Red) and HRP (Blue). Mean fluorescence intensity of Par-1 (B) and
BRP (C) normalized to HRP in axon bundles from T,, T,, and T... N=12. Error bars
represent S.E.M. N.S.=p>0.05, **=p<0.01, ***= p<0.001, ****=p<0.0001.
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Figure 4.4 Accumulation of BRP in axons precedes its loss from synapses

(A-B) Representative axon bundles from larvae overexpressing Par-1 using GeneSwitch-
Elav-Gal4. Time (T) represents time after exposure to RU-486 (T,, T..,, T.,, and T.,)
containing food. Axon bundles (A) are stained with antibodies against Par-1 (Green),
BRP (Red) and HRP (Blue). Scale bar = 10pum. Synaptic boutons (B) are stained with
identical antibodies as A. Scale bar = Sum. (C) Mean Par-1 intensity normalized to HRP
intensity within axons bundles (D) and mean BRP intensity normalized to HRP intensity
in axon bundles (D) from same series of time points as A. n>20. (E) Mean Par-1 intensity
from synaptic boutons normalized to HRP (F) and quantification of the number of active
zones (BRP puncta) per NMJ from same time points as B. n>15. Error bars represent
S.EM.N.S.=p>0.05, *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 4.5 Additional quantification pertaining to Figure 2

(A) Mean fluorescence intensity of BRP normalized to HRP from synaptic boutons,
across the NMJ arbor from larvae overexpressing Par-1 using GeneSwitch-Elav-Gal4.
Time (T) represents time after exposing late second instar larvae to the RU-486 (T,, T..,
T., and T..). (B-C) Quantification of synaptic span (B) and average number of boutons
per NMJ (C) from identical genotypes and normalized to mean muscle area. N>20,
N.S.=p>0.05.

Little to no detectable Par-1 was observed within axons from 0-9 hours (Figure 4.3 A B).
The BRP intensity within the axons remained similar to the zero time point after the
exposure to RU-486 (Figure 4.3 A,C). I started to detect a significant increase in Par-1
within the axons at 12 hours (Supplemental Figure 2 A, B), along with a small but
significant increase in the levels of BRP within the axons (Figure 4.3 A, C). At 48 hours,
the levels of Par-1 within the axons increased further (Figure 4.4 A, C) along with a
significant increase in Par-1 levels at the NMJs (Figure 4.4 B,E). However, the number
of BRP per NMJ area at 48 hours was unaltered (Figure 4.4 B, F); indicating that
accumulation of BRP within axons precedes the detectable reductions of BRP from the
synapses. Consistent with this idea, at 72 hours after induction of Par-1 I observed a
significant reduction in the average number of BRP puncta at the NMJs (Figure 4.4 B F).
I also measured average synaptic span, and bouton numbers normalized to muscle area in
the same larvae (Figure 4.5 B, C) and found no change in these parameters to the control
group. The intensity of BRP within the axons and at the number of BRP at the synapses
were unaltered in the group that were exposed to RU-486 for the same time period as the
experimental group but did not contain Par-1 transgene (Figure 4.6 A-D). These data
indicate that there was no “leaky” expression of Par-1 in the experimental group.

Together, these data indicate that BRP accumulation precedes the loss of BRP at the
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synapses and thus points to the possibility that Par-1 may primarily regulate the transport

of BRP.
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Figure 4.6 RU486 alone does not lead to BRP accumulation or loss of BRP at synapses

(A-B) Representative confocal stacks from WT larvae. Time (T) represents time after
exposing the early third instar larvae to the RU-486 containing food (TO, T24, T48, and
T72). Axons (A) and synaptic boutons (B) are stained with antibodies against BRP
(Green) and HRP (Red). (C-D) Mean fluorescence intensity of BRP normalized to HRP
(C) and BRP puncta count per NMJ (D) from identical genotypes in A-B. N=12. Error
bars represent S.E.M. N.S.=p>0.05.

Synaptic function is altered before the loss of BRP from active zones.




To test whether decreased synaptic transmission (Barber et al., 2017) was an early
consequence of increased accumulation of BRP within axons, I performed intracellular
recordings from larvae that had just begun to accumulate BRP (~24 Hours post induction
of Par-1 transgene) and time points in between until the synapses started to show a
significant decrease in BRP (~72 Hours). I found that at O hours when accumulation of
BRP within the axons is not increased significantly, the synaptic transmission (mEJP
amplitude, frequency and EJP amplitudes) (Figure 4.7 A-F) is indistinguishable from the
controls (WT larvae raised on RU-486) (Figure 4.8 A-F). Similarly, at 24 hours after the
induction of Par-1 transgene although there was a significant increase in BRP levels
within the axons, there was no change in the synaptic transmission. However, at 48 hours
after the induction of Par-1 transgene, I began to observe a significant decrease in the EJP
amplitudes and mini frequency while the mEJP amplitudes were unchanged (Figure 4.7
A-E). Interestingly, of note, at this time point there is a significant increase in the levels
of Par-1 at the NMIJs (Figure 4.4 B E). However, the number of BRP puncta at the
synapses were unaltered at this time point (Figure 4.4 B,F). At 72 hours after the
induction of Par-1, there was a further decrease in EJP amplitudes while the mini EJP
amplitudes remained unaltered (Figure 4.7 A-D), consistent with the previous observation
that neither apposition nor the intensity of DGIuRIII were significantly altered in lines
overexpressing Par-1(Barber et al., 2017). It is important to note while there were some
effects of the drug RU-486 on mEJP amplitudes and frequency (Figure 4.6 B,D E), the
EJP amplitudes and the quantal content remained unaltered (Figure 4.8 C,F). These data
show that disruption of synaptic transmission is an early consequence of increased BRP

accumulation in axons.
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Figure 4.7 Functional deficits precede detectable decrease in BRP at synapses of flies
overexpressing Par-1

(A-B) Representative traces of EJPs (A) and mEJPs (B) from larvae overexpressing Par-1
using GeneSwitch-Elav-Gal4. Time (T) represents time after exposing larvae to the RU-
486 (T,, T., T, and T.,). (C-F) Quantification of EJPs (C) and mEJP amplitudes (D),
frequency (E), and quantal content (F) N=8. Error bars represent S.E.M. N.S.=p>0.05,
*#*=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 4.8 RU486 alone does not lead to functional deficits

(A-B) Representative traces of EJPs (A) and mEJPs (B) from WT larvae raised on
RU486. Time (T) represents time after exposure to the RU-486 (T,, T.,, T.,, and T..). (C-F)
Quantification of EJP amplitudes (C) and mEJP amplitudes (D), frequency (E), and
quantal content (F) N=7. Error bars represent S.E.M. N.S.=p>0.05, **=p<0.01, ***=
p<0.001, ****=p<(0.0001.

High axonal accumulation of BRP causes active zones to be unstable

So far, my data indicate that decreased BRP at the synapses might be a
consequence of axonal accumulation of BRP. If WT Par-1 levels are required for the
proper localization of BRP to the active zones, increase in BRP within axons could cause
active zones to be unstable by “starving” the active zones of “fresh” BRP. This could
possibly compromise active zone integrity and make them unstable. Instability of

synapses in Drosophila is often associated with a loss of microtubule binding protein
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Futsch(Eaton and Davis, 2003). Interestingly, a previous report has found that loss of
Futsch leads to decrease in BRP density at the synapses and that Futsch interacts with
BRP in situ at synapses (Lepicard et al., 2014). Finally, Futsch has KXGS motif that can
potentially be phosphorylated by Par-1 kinase (Doerflinger et al., 2003). Therefore,
changes in the levels of Par-1 could alter the levels and/or localization of Futsch. To test
these possibilities I stained the NMJ preparations from WT and Par-1 overexpressing
flies with anti-Futsch antibodies. I observed no change in the intensity of Futsch within
axons of flies overexpressing WT Par-1 (Figure 4.9 A B). Interestingly, however, there
was a significant reduction in the intensity of synaptic Futsch (Figure 4.10 A ,B).
Importantly, such reductions were not apparent in Par-1+ expressing flies, indicating
that the defect was not a result of secondary affect of Par-1 overexpression (Figure 4.10
A.B). To test whether the loss of Futsch might mediate affects of Par-1 overexpression, |
tested whether futsch mutants accumulated BRP within their axons. Consistent with the
previous report(Lepicard et al., 2014), I did not observe axonal accumulation of BRP
within the axons of futsch mutants (Figure 4.9 C,D), indicating that Futsch may not
mediate the affects of Par-1 overexpression. Finally, in the Gene Switch experiments
(even at ~72 hrs post-induction of Par-1 transgene), I did not observe any alterations in
the levels of synaptic Futsch (Figure 4.10 C,D) while there was a significant reductions of
synaptic BRP (Figure 4.4 B,F). Although I cannot rule out the role of Futsch and/or
cytoskeleton at later stages, these data indicate that Futsch, similar to tau(Barber et al.,
2017) is not required for the increase in BRP accumulation within axons at the initial

time points.
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Figure 4.9 Futsch may not mediate the effects of elevated neuronal Par-1

(A) Representative confocal image stacks showing axon bundles from WT, Par-10E and
Par-1T408A third instar larvae stained with antibodies against Futsch (Red) and HRP
(Blue). (B) Normalized Futsch fluorescent intensity (A.U.) within axon bundles is not
significantly different. N=10. (C) Representative confocal stacks showing axons from
WT, olkl, and olk3 stained with antibodies against BRP (Green) and HRP (Red). (D)
Mean fluorescence intensity of BRP from identical genotypes normalized to HRP. N=12.
(E) Representative confocal stacks from larvae overexpressing Par-1 using GeneSwitch-
ElavGal4 from TO, T24, T48, and T72. First column shows axons stained with an
antibody against Futsch (Red) and second column with Merge of Futsch (Red) and HRP
(Blue). (F) Mean Futsch fluorescence normalized to HRP levels within axons bundles.
N=12. Error bars represent S.E.M. N.S.=p>0.05, *=p<0.05.
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Figure 4.10 Futsch does not mediate accumulation of BRP within axons

(A) Representative confocal image stacks showing NMJ synapses from WT, Par-1° and
Par-1=+ third instar larvae stained with anti-Futsch (Red) and anti-HRP (Blue) antibodies.
(B) Mean Futsch fluorescence intensity (A.U.) normalized to HRP intensity from entire
NMIJ arbor. n>10. (C) Representative confocal stacks from larvae overexpressing Par-1
using GeneSwitch-ElavGal4 at T,, T.,, T.,, and T... NMJ synapses are stained with anti-
Futsch (Red) and anti-HRP (Blue) antibodies. (D) Mean Futsch fluorescent intensity
(A.U.) normalized to HRP intensity from entire NMJ arbor. n>20. Error bars represent
S.EM. N.S.=p>0.05, **=p<0.01.




Next, I reasoned that perhaps, the first signs of changes in active zone structure
might manifest as subtle changes in the structure of T-bars. To test this possibility, I
utilized simulated emission depletion microscopy (STED). When viewed using STED
microscopy, BRP generally appears as a “doughnut” shaped structure at the active
zones(Kittel et al., 2006). Subtle changes to this structure have previously been reported
and are thought to be one of the early signs of active zone disassembly in a fly model of
ALS(Shahidullah et al., 2013), perhaps by causing active zone instability. To test whether
elevated levels of Par-1 lead to structural disruption of BRP doughnut structure, I
performed STED on third instar larvae from WT, Par-1 and Par-1* synapses. As
expected, most BRP at the WT synapses showed the typical “doughnut” like structure,
which was indistinguishable from larvae expressing Par-1++. However, Par-1
overexpressing active zones showed significant reductions in visible BRP doughnuts
(Figure 4.11 A-D). These data indicate that synapses in Par-1 overexpressing flies might
be unstable. It is interesting to note that although futsch mutants have decreased BRP
density, the doughnut structure of BRP is indistinguishable from WT(Lepicard et al.,
2014) further supporting the idea that reductions in Futsch may not be the primary reason

for the accumulation of BRP within axons.
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Figure 4.11 Elevated levels of Par-1 lead to alterations in BRP doughnuts

(A) Representative STED images showing BRP doughnuts at synapses from WT, Par-1
and Par-1 third instar larvae stained against BRP. Scale bar = 1um. Insets highlight a
representative BRP structure at boutons of the respective genotype. (B-D) Quantification
of the percent BRP with doughnut structure (B), area of BRP puncta (C), and perimeter
of BRP puncta (D). n>700 BRP puncta count. Error bars represent S.E.M. N.S =p>0.05,
*=p<0.05, ***= p<0.001, ****=p<0.0001.

Since the STED data suggest that active zones in Par-1 expressing neurons might
be unstable, I decided to test this directly by performing transmission electron
microscopic analysis of active zones. An unstable active zone has previously been
described at the ultrastructural level as diffuse and having long active zones with
increased frequency of floating T-bars(Eaton and Davis, 2003). I found a significant
increase in all these criteria in neurons expressing WT Par-1 (Figure 4.12 A-G). The

length of active zones at Par-1> synapses as compared to WT was significantly increased.
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Furthermore, the electron-dense active zone regions in Par-1* flies were significantly

more diffuse/wider than WT active zones, which were more tightly packed (Figure 4.12

D-F). Finally, I observed there was a strong positive relationship between increased Par-1

and increase in the frequency of detached or floating T-bars (p=009) (Figure 4.12 G).

Together, these data indicate that synapses in Par-1overexpressing flies are unstable.
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Figure 4.12 Elevated levels of Par-1 lead to disruption of active zone structure

(A) Representative electron micrographs from WT and Par-1 third instar larvae showing
T-bars (red asterisks), synaptic vesicles (SV) and sub-synaptic reticulum (SSR). Scale
Bar=500 nm. (B) Mean number of T-bars per bouton (C) and AZ’s per boutons. (D)
Representative T-bars with electron dense Active Zones (orange bracket), and synaptic
vesicles (green arrows) from WT and Par-1. Scale bar=100nm. AZ width (E), and AZ
length (F), from WT and Par-1 larvae. N=20. (G) Quantification of detached T-bars in
WT and Par-1>. Par-1° larvae show a significant increase in detached T-bars.

Error bars represent S.E.M. N.S.=p>0.05, *=p<0.05, ***=p<0.001, ****=p<0.0001.

Par-1 associates with BRP in a complex.

What might be the mechanism of action of Par-1? I have already explored two
possible substrates of Par-1. Both these substrates of Par-1-Tau (Barber et al., 2017) and
Futsch (this study) do not seem to mediate the affect of Par-1 overexpression. Because
BRP selectively accumulates in Par-1 expressing flies, I wondered whether one way Par-
1 could selectively regulate BRP localization could be by interacting with it. To test this
possibility, I first tested whether overexpressed Par-1 and BRP co-localized. Indeed,
overexpressed Par-1 and BRP partially co-localized with each other in the axons and at
the NMJs (Figure 7A). However, co-localization is not a proof of interaction. Also, co-
localization can be attributed to the overexpression of Par-1, which saturates the axons
and the synapses. Therefore, I went back to the geneswitch experiments where there was
little to no detectable Par-1 at zero hours of Par-1 transgene induction (Figure 4.4 A-CE),
and performed the proximity ligation assay (PLA, (Lepicard et al., 2014)). PLA signal
relies on proximity of two proteins to each other (<40nm apart) such that the secondary
antibodies that are conjugated to fluorescent oligonucleotides can be ligated giving rise to

a bright fluorescent signal(Soderberg et al., 2006). I used anti-BRP and anti-Par-1
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antibodies to perform the PLA assays. At zero hours of Par-1 transgene induction I
detected little to no PLA signal in axons or synapses consistent with the data that at zero
hours I detect little to no of Par-1 expression (Figure 4.13 C,E). I detected a significant
increase in PLA signal in axons at 24-72 hours (Figure 4.13 C,E). This is consistent with
the increase in Par-1 intensity in the axons for these time points (Figure 4.4 A ,C).
Interestingly, I also detected significant increases in the PLA signal at the synapse at 24
hours when the expression of Par-1 transgene was not detectably increased (Figure 4.13
D.F). This could be because PLA leads to a significant amplification of signal(Bellucci
etal., 2014). These data suggest that Par-1 is in a complex with BRP in situ. To further
test this interaction under endogenous conditions, I performed co-immunoprecipitation
assay with anti-BRP antibody. Protein extracts from the fly heads were used to test this
interaction. BRP successfully immunoprecipitated Par-1 from WT heads indicating that
Par-1 and BRP are present in the same protein complex (Figure 4.13 B). BRP also
immunoprecipitated overexpressed Par-1 and surprisingly, overexpressed Par-1+. These
data indicate that even inactive Par-1 can interact with BRP and show that Par-1 and BRP
are in the same molecular complex (Figure 7B). There was no signal in the beads only
control (Figure 4.13 B). Together, these data indicate that Par-1 and BRP are in the same

complex and that Par-1 and BRP may share a functional relationship.
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Figure 4.13 Par-1 and BRP are present within the same molecular complex

(A) Representative confocal stacks showing co-localization of Par-1 and BRP in the
axons and boutons from third instar larvae of Par-1=. Axons (Scale bar = 10um) and
synaptic boutons (Scale bar = S5um) are stained with antibodies against BRP (Red), and
Par-1 (Green). (B) Representative Western blot of proteins pulled down using the anti-
BRP antibody and probed using anti-Par-1 antibody. Both the input and the IP were
performed in the same blot and loaded on the same gel (different lanes). Beads only
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control shows no signal (C-D) Representative PLA signal (red) from larvae
overexpressing Par-1 using GeneSwitch-ElavGal4 at T, T.,, T, and T.. from axon bundles
(C) and synaptic boutons (D). HRP marks presynaptic membrane boundary (blue). (E-F)
Average PLA fluorescent intensity (A.U.) normalized to HRP intensity in axons bundles
(E) and synaptic boutons (F). (n>10). Error bars represent S.E.M. ****=p<(0.0001.
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CHAPTER 5: DISCUSSION

SUMMARY

Par-1 is an evolutionarily conserved serine-threonine kinase that has many diverse
roles, including essential roles in regulating cell polarity and regulating microtubule
stability(Drewes et al., 1998, Doerflinger et al., 2003). I have contributed to this
knowledge by adding an important role for Par-1 in mediating the transport of an
essential AZ protein, BRP. My data show that elevated levels of Par-1 have a strong
effect on the transport of BRP, leading to defects in synaptic transmission. Furthermore,
the data seems to suggest that of all the tested markers BRP might be the only protein that
Par-1 may be involved in trafficking. These data may have important implications for
neurodevelopmental disorders like ASDs and neurodegenerative diseases where Par-
I/MARK levels are elevated(Carayol et al., 2011, Maussion et al., 2008, Hu et al., 2009,
Chin et al., 2000, Lee et al., 2012, Nishimura et al., 2004). While deficits in axon
transport have been implicated in neurodegenerative disease, most studies have focused
on transport defects that block many cargoes, this dramatic reduction in axonal transport
is devastating for neurons and can undoubtedly be responsible for the widespread
neuronal death observed in neurodegenerative diseases. However, it might not be able to
explain the slow progression observed in many neurodegenerative diseases, and a
selective transport deficit may be a more practically possible scenario. My data support
this hypothesis and suggest that a selective accumulation of AZ protein BRP can first

trigger synapse instability and then lead to synapse loss.
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How would the disruption of BRP transport lead to the demise of the synapse? At
the Drosophila NMJ synapses, active zones can be rapidly modified to induce
homeostatic synaptic changes, which are partly dependent on BRP(Weyhersmuller et al.,
2011). Interestingly, in a Drosophila model of ALS, disruption of shape and size of T-
bars, which consists primarily of BRP, precedes synapse degeneration(Shahidullah et al.,
2013). These data suggest that disruption of T-bars might be an early marker for synapse
breakdown(Shahidullah et al., 2013). My data support this hypothesis because I find that
the doughnut shape of T-bars is dramatically altered in flies overexpressing Par-1 and this
happens before the decrease in the number of AZs marked by BRP. Finally, I posit that
the loss of BRP from synapses could lead to a failure of synaptic homeostasis because
BRP plays an essential role in synaptic vesicle release(Kittel et al., 2006). Interestingly,
loss of synaptic homeostasis has been implicated in early phases of neurodegeneration
(Small, 2004) and, restoring synaptic homeostasis can restore synaptic strength in a
Drosophila model of ALS (Perry et al., 2017). Thus, gradual loss of BRP from synapse
may impair the ability of a synapse to efficaciously respond to changes that perturb
synaptic homeostasis leading to catastrophic failure of neural networks(Palop and Mucke,

2016).

IMPLICATIONS FOR THE TRANSPORT OF ACTIVE ZONE PROTEINS DURING

DEVELOPMENT

PTVs have been shown to carry AZ components(Zhai et al., 2001) in mammalian
cell culture studies. However, some of the main components of PTVs for example,

Bassoon have no homologs in invertebrates(Wagh et al., 2006). Recent studies in flies
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and C. elegans have shed some light on the mechanisms of AZ transport. For example,
mutants in imac (kinesin 3 homolog in flies) have severe reductions in BRP protein at the
synapses(Pack-Chung et al., 2007). However, these flies also have a reduction in synaptic
vesicles(Pack-Chung et al., 2007), suggesting that imac may transport both synaptic
vesicles and AZ components. Supporting this argument, studies in C. elegans show that
synaptic vesicles and active zone components are transported together(Klassen et al.,
2010). However, a recent study in flies suggests that AZ components could be
transported in distinct vesicles (Siebert et al., 2015). This study found that BRP and RIM-
binding protein (RBP) can be co-transported (Siebert et al., 2015). Intriguingly, RBP and
BRP transport could be uncoupled (Siebert et al., 2015). Indeed, my data support such an
idea and suggests the possibility that BRP could be transported via a distinct mechanism.
Overexpression of Par-1 leads to specific accumulation of BRP (Figure 3.1) while
mitochondria, markers for synaptic vesicles, and other active zone proteins do not
accumulate (Figure 3.3). Moreover, my data also demonstrate that this process is not
mediated Tau (Figure 3.15).

It is less clear exactly how AZ proteins, such as BRP, are transported. However,
PTVs and synaptic vesicles are transported via kinesin superfamily motors (KIFs) and are
likely attached by to KIFs via adaptor proteins(Schlager and Hoogenraad, 2009,
Hirokawa et al., 2009). Hence, making KIFs via an adapter a likely carrier of other BRP
containing cargoes. To test whether KIFs involved in the transport of BRP I performed a
candidate screen of kinesins looking for a specific accumulation of BRP within the axon
bundles of the Drosophila NMJ. I found that knockdown of kinesin heavy chain 3 family

motor (Khc-73)(Li et al., 1997, Huckaba et al., 2011, Yoshimura et al., 2010) leads to a

78




selective increase in BRP accumulations within the axons (Figure 5.1). While other
axonal cargo such as, synaptic vesicles that utilize a different kinesin(Hirokawa et al.,
2009, Goldstein et al., 2008, Pack-Chung et al., 2007, Okada et al., 1995), do not
accumulate in axons (Figure 5.1). Interestingly, Khe-73 mammalian homolog GAKIN is
known bind Par-1 homolog, MARK 2 (Yoshimura et al., 2010), indicating there could be
an evolutionarily conserved relationship between Par-1/MARK and Khc-73/GAKIN. I
hypothesize that BRP might be a cargo of Khc-73 and as it reaches the synapses, Par-1
(which is typically found only at the synapses at very low levels under normal
physiological conditions(Zhang et al., 2007) could help localize BRP to the AZs of
synapses by regulating the interaction between BRP and Khc-73 (possibly by
disengaging BRP from Khc-73). Future experiments are needed to confirm this

hypothesis and verify the actual relationship between Par-1 and Khe-73.

-

KHC-73RNAi

Figure 5.1. Knockdown of KCH-73 leads to a selective accumulation of BRP within
axons.

Representative confocal image stacks showing axons from WT and KCH-73* third
instar larvae stained with antibodies against BRP (Green), DVGLUT (Red) and HRP
(Blue). N=10, p=0.002.

IMPLICATIONS FOR NEURODEVELOPMENTAL DISORDERS
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Par-1/MARK is an essential gene that is required for cell polarity(Doerflinger et
al., 2003, Doerflinger et al., 2006, Huynh et al., 2001) and therefore, is essential for
proper embryogenesis and is also enriched in neurons and has been shown to have
important neuronal developmental roles (Tabler et al., 2010, Ossipova et al., 2009).
Elegant studies in C. elegans have shown that SYD2 and Liprin-a- two active zone
proteins- are important in synapse assembly and maturation(Zhen and Jin, 1999, Dai et
al., 2006, Taru and Jin, 2011). Interestingly, while SYD?2/ Liprin-a can interact with
(Rab3 interacting molecule) RIM/Unc10(Stigloher et al., 2011) respectively these
interactions are dispensable for AZ maturation(Dai et al., 2006). The maturation of AZs
instead depends on the interaction with BRP homolog ELKS, both in C. elegans and
mice(Dai et al., 2006, Chia et al., 2013). Since my data shows that axonal transport of
BRP is deficient in Par-1 overexpressing flies (Figure 3.1), this may affect the
development or maturation of AZ, which may, in turn, have functional consequences as
suggested by my data that show reduced synaptic transmission in flies overexpressing
Par-1 (Figure 3.8). A decrease in the number of T-bars in Par-1 overexpression flies
(Figure 3.7) is not accompanied by a change in apposition of AZs and PSDs (Figure 3.6)
suggesting a developmental defect, and such a defect could arise due to the synaptic
instability(Eaton and Davis, 2003, Eaton et al., 2002). Finally, MARK levels are
increased in postmortem brains of children diagnosed with ASD(Maussion et al., 2008).
Importantly, the increase in MARK is specific to the pre-frontal cortex in ASD, a region
of the brain most affected in ASDs(Maussion et al., 2008). My data would suggest that an
increase in Par-1/MARK might lead to defects in active zone formation or maturation in

these areas. These questions need to be addressed by future studies.
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IMPLICATIONS FOR NEURODEGENERATIVE DISEASES

Role of Par-1 kinase independent of Tau

It was discovered more than a decade ago that MARK was strongly associated
with tau tangles (Chin et al., 2000, Lund et al., 2014) in AD patients. Since then many
elegant studies have implicated MARK in phosphorylating tau(Mandelkow et al., 2004,
Trinczek et al., 2004, Yu et al., 2012), including a study that shows that MARK is the
kinase that initiates the cascade of tau hyperphosphorylation(Nishimura et al., 2004).
Hyperphosphorylation of Tau has been hypothesized to be the underlying cause of
neurodegeneration(Braak and Del Tredici, 2015). Par-1/MARK can phosphorylate Tau at
serine 262(Drewes et al., 1995), which has also been shown to be hyperphosphorylated in
postmortem AD patient brains(Gu et al., 2013) and it has been demonstrated that Par-
1/MARK can function as an “initiator kinase”(Nishimura et al., 2004) for the cascade that
hyperphosphorylates Tau. In vitro, hyperphosphorylation of Tau can cause its detachment
from microtubules leading to their destabilization(Drewes et al., 1997). Microtubules
serve as “highways” on which the transport of synaptic cargo is dependent. Thus,
overexpression of Par-1 could lead to hyperphosphorylation of Tau and could cause
axonal transport deficits. My data suggest that selective axonal transport defects caused
due to Par-1 overexpression are independent of endogenous Drosophila Tau (dTau).
Although Drosophila Par-1 can phosphorylate Tau in vitro(Nishimura et al., 2004),
previous studies have shown that it can act independently of Tau in vivo (Doerflinger et
al., 2003), suggesting additional substrates of Par-1 could regulate the selective transport

of BRP. Furthermore, many studies suggest that axonal transport is likely to precede
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overt neurodegeneration(Bilsland et al., 2010, Tang et al., 2012, Milde et al., 2015,
Millecamps and Julien, 2013). It is tempting to speculate that one possibility is that
transport of active zone proteins could be an initial event that leads to synaptic
dysfunction, another symptom that precedes neuronal degeneration(Yoshiyama et al.,
2007). Thus, although the hyperphosphorylation of Tau could drive the ultimate neuronal
degeneration, other proteins may play a role in setting the stage for Tau pathology.
Indeed, in vivo observation of axonal transport in a mouse model of neurodegeneration
suggests that axonal transport deficits can occur early in the neuronal pathology and is

likely not driven by Tau(Majid et al., 2014).

Increased levels of MARK trigger synapse instability in AD

Genome-wide association studies have implicated Par-1/MARK in AD(Seshadri
et al., 2010). While accumulations of AP} and tau are implicated in the widespread
neuronal death found in late stages of AD(Braak and Del Trecidi, 2015), synapse
instability is often associated with early stages during the progression of AD(Purro et al.,
2014, Scheff et al., 2013). However, both the role of MARK in synapse stability and the
role of synapse instability in neurodegenerative diseases are poorly understood. Indeed,
animal models of tauopathy show an increase in synapse instability that precedes overt
neurodegeneration (Jackson et al., 2017). Therefore, I propose that synapse instability
might be one of the early events in neurodegenerative diseases like AD and that increase
in Par-1/ MARK could facilitate the instability and hasten the demise of synapses.

My data show that increases in the levels of MARK within a neuron may
destabilize its synapses by depriving the synapse of essential AZ components. Moreover,

while increased MARK levels have been shown in AD patients(Chin et al., 2000, Lund et
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al., 2014), its association with aMCI has not been reported. For the first time, my data
reveal increases in MARK in aMCI patients (Figure 1.4), indicating that MARK may
play a novel role in early stages of synapse pathology. Interestingly, our preliminary data
also show that similar to age-matched controls, MARK is undetectable in NDAN
individuals (Figure 1.4) whose synapses resist the binding of toxic AP} aggregates and
remain functional(Bjorklund et al., 2012). Importantly, the increases in MARK that were
observed in human post-mortem samples were specific to the entorhinal cortex, a region
of the brain that is affected early during disease pathology(Braak and Del Trecidi, 2015).
This is consistent with my hypothesis that MARK might function early during the
process of synapse degeneration, suggesting that MARK overexpression might be one of
the early and necessary contributors for the cognitive impairments observed in AD

patients.

Role of Par-1 in regulating synapse maintenance

Synaptic plasticity is determined by its ability to modulate its response to
stimulation(Frank, 2014). Generally, activity leads to the strengthening of synapses,
which is a more significant response to stimulation(Tessier and Broadie, 2009).
Therefore, maintenance of synapses is essential in maintaining the synaptic networks,
which are disrupted in both neurodevelopmental and neurodegenerative diseases(Palop
and Mucke, 2016, Ben-David and Shifman, 2012, Shepherd and Katz, 2011). Indeed,
mutations in cysteine string protein (CSP), which plays an important role in synaptic
maintenance, causes a progressive motor neuron disorder characterized by
neurodegeneration(Sharma et al., 2012). Thus, maintaining stable synapses might be

important to avoid the failure of synaptic networks.
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One of the vital functions performed by axonal transport is to maintain steady-
state levels of synaptic proteins required for the efficacious release of neurotransmitter
release(Goldstein et al., 2008, Nirschl et al., 2017). Disruption of axonal transport has
been implicated in neurodegenerative diseases(Chevalier-Larsen and Holzbaur, 2006,
Morfini et al., 2009, Millecamps and Julien, 2013). Indeed, mutations that affect axonal
transport lead to neurodegenerative diseases(Hafezparast et al., 2003, Puls et al., 2003,
Ishihara et al., 1999, Pigino et al., 2003, Lazarov et al., 2007, Zhang et al., 2004). A
recent study suggests that active zone density is maintained during the developmental
stages but is significantly decreased with aging (Chen et al., 2012). Interestingly, axonal
transport also declines with aging (Milde et al., 2015) suggesting that a combination of
decreased axonal transport of active zone proteins along with aging may lead to a gradual
decrease in the maintenance of active zones and may eventually lead to a failure to
maintain synaptic function and ultimately lead to synapse degeneration. While this
hypothesis is generally accepted, it has proven difficult to determine whether axonal
transport is a cause or consequence of synapse loss. My temporal analysis suggests that
following sequence of events (Figure 4.4): Par-1 localizes to the axons followed by BRP
accumulation in axons likely leading to the decreased synaptic function and finally the
reduction of BRP from synaptic AZs likely leading to synapse instability. Together, these
findings suggest that axonal accumulation of BRP precedes synapse instability, and this

mislocalization of BRP is sufficient to trigger progressive synapse instability.

PAR-1 REGULATES THE SHAPE OF T-BARS AT THE AZ
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BRP is an AZ scaffolding protein in Drosophila, which plays a critical role in AZ
assembly(Kittel et al., 2006, Wagh et al., 2006). Reduction in BRP levels in Drosophila
motoneurons leads to nearly a complete loss of electron-dense bodies (aka T-bars)(Wagh et al.,
2006), indicating that BRP is essential for the development of T-bars. While it is not clear how
BRP protein is targeted to nascent AZs, recent studies suggest that BRP may be transported from
the motoneuron cell bodies to synapses via active transport, packaged into vesicles that are
distinct from those of synaptic vesicles and other organelles(Siebert et al., 2015, Barber et al.,
2017). Using super-resolution imaging has revealed that BRP forms “donut” shaped structure at
the AZ (Fouquet et al., 2009) and is formed by approximately ~140 molecules of BRP per T-bar
(Fouquet et al., 2009, Van Vactor and Sigrist, 2017). Furthermore, it has been shown that BRP
molecules, just like postsynaptic glutamate receptors, cluster and grow as synapses
mature(Fouquet et al., 2009). After maturation, BRP can also be rapidly modified to induce
synaptic homeostatic changes(Weyhersmuller et al., 2011). Due to the dynamic nature of BRP at
the AZ, it requires highly regulated maintenance. If issues in maintenance arise, it should
manifest as subtle changes in T-bars and likely manifest as a loss of “donut” shaped BRP in
super-resolution microscopy without the overt loss of BRP at the synapses. In fact, in a
Drosophila model of ALS, disruption of shape and size of BRP precedes synapse
degeneration(Shahidullah et al., 2013). These data suggest that BRP can be an excellent
diagnostic marker of synapse maintenance (Shahidullah et al., 2013) acting as an indicator of
impending synapse loss. Furthermore, my data show that Par-1 overexpression but not those
overexpressing inactive Par-1 (Figure 4.11) disrupts BRP donuts at the AZ. Together, these data
indicate that overexpression of Par-1 can result in synapse instability and that low levels of
presynaptic Par-1 are needed to maintain T-bar structures at the AZ.

Another intriguing possibility is that that Par-1 may play a role in the dis-assembly

and re-assembly of BRP within individual AZ structures and in doing so might be important in
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redistributing BRP in between AZs. Rab3 is a small GTPase, and rab3 mutants show unequal
distribution of BRP with some AZs having more BRP than WT AZs while the others are devoid
of any BRP(Graf et al., 2009). However, BRP distribution can be rapidly normalized after acute
induction of Rab3 expression in rab3 mutant neurons. These data suggest that the BRP can be
redistributed from AZs where it is present at high levels to those AZs that are devoid of BRP.
Future studies will need to examine the relation between Rab3 and Par-1 to determine if the

synapse instability induced by Par-1 is required for the distribution of BRP within AZs.

WHAT ARE THE UPSTREAM REGULATORS OF PAR-1?

LKB1 activates Par-1 by phosphorylating it on the threonine 408(Wang et al.,
2007). My data suggest that Threonine 408 is necessary for the manifestation of BRP
transport phenotype. Overexpression of inactive Par-1 (Par-1T**) does not lead to BRP
accumulation within axons, suggesting that inactive Par-1 cannot induce the
accumulation of BRP within the axons. However, overexpression of LKB1 in neurons is
unable to induce accumulation of BRP within axons (Figure 5.2) suggesting that while
activation of Par-1 by LKB1 might be indeed important in other functions of Par-1 (Lee
et al., 2012), it may not be necessary to induce BRP accumulation in the axons. This
raises the possibility of a novel upstream regulator of Par-1 kinase that might be

important in regulating the transport of BRP within axons.
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Figure 5.2. Overexpression of LKB1 does lead to accumulation of BRP in axons

(A) Representative images from WT and presynaptic overexpression of LKB1 (LKB1*)
flies driven using BG380-Gal4 showing axons stained against BRP (Red) and HRP
(Blue). (B) Quantification of BRP intensity in axons. N=8, p=0.58. Scale bar=10pum.
Error bars represent S.E.M.

Thus, my current study demonstrates that distinct mechanisms exist to transport
components of AZs like BRP and that availability of these components is likely regulated

tightly by kinases such as Par-1 kinase.

HoOW DOES PAR-1 REGULATE LOCALIZATION OF BRP?

While so far, we do not precisely understand how active zone scaffold proteins
like BRP are localized, based on my data I can speculate that phosphorylation of Par-1
substrate may be important in determining the localization of BRP. This is because while
the expression of WT Par-1 causes accumulation of BRP within axons, expression of
inactive Par-1 does not lead to show any aberrant localization of BRP (Figure 3.1). My
data suggest that defects in BRP localization are not mediated either by tau (Figure 3.15)
or Futsch (Figure 4.10), but BRP may be a possible substrate of Par-1. This is because
my data indicate that BRP and Par-1 may be in the same molecular complex (Figure

4.13) and similar to Futsch and tau, BRP has a KXGS motif that is present at its
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conserved N-terminus. Interestingly, Dlg, a homolog of PSD-95(Budnik et al., 1996) is
also phosphorylated by Par-1 kinase(Zhang et al., 2007) and Dlg also contains only one
KXGS motif that can be phosphorylated, suggesting that the presence of a single KXGS
motif might be enough for Par-1 to phosphorylate a protein. Previous studies have shown
that BRP can be acetylated and that this posttranslational modification is important in
regulating the structure of T-bars(Miskiewicz et al., 2011) but whether BRP can be
phosphorylated and whether phosphorylation of BRP is required for its localization,
remains to be studied.

Finally, my data indicate that presynaptic Par-1 levels are important in
determining BRP localization because Par-1 knockdown also results in the accumulation
of BRP within the axons (Figure 4.1). Thus, Par-1 not only has a vital role in the
postsynaptic compartment (Zhang et al., 2007) but also has a novel function on the

presynaptic side.

Overall Summary

AZs are vital components of neurons and are essential for maintaining
communication links between a neuron and their targets. While there is strong evidence
suggesting AZs in many neurodevelopmental and neurodegenerative diseases, the
mechanisms behind how AZs are formed and how they are maintained is poorly
understood. By understanding the basic mechanisms of how protein components of the
AZ localize via axonal transport and how they are maintained, will provide critical
insights into what may happen early in these disease conditions. My dissertation suggests
that presynaptic levels of Par-1 kinase may determine the selective transport of the

components of the AZ (Figure 3.1) and that this is likely via a distinct mechanism from
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other presynaptic cargoes, like synaptic vesicles and mitochondria (Figure 3.3).
Furthermore, this process occurs independently of tau (Figure 3.15), one of the best-
studied substrates of Par-1. Importantly, a temporal analysis revealed that accumulation
of AZ proteins could trigger synapse instability and cause synapse loss (Figure 4.4) — a
precursor to neuronal degeneration(Jackson et al., 2017, Eaton et al., 2002, Shahidullah et
al., 2013). Thus, my dissertation shows: 1 - AZ proteins have a distinct mechanisms for
the transport of their cargo (Figure 3.1, Figure 3.3), 2 - Par-1, a polarity gene(Doerflinger
et al., 2006, Doerflinger et al., 2003, Huynh et al., 2001) has a presynaptic role in
regulating the transport of the protein components of AZs (Figure 4.1), 3 - axonal
transport could lead to defects in synaptic function and eventual synapse loss (Figure 4.4)
-filling the long standing-gap of whether axonal transport leads to synapse loss or
synapse loss causes accumulation of synaptic materials in axons and finally, 4 - provides
a possible mechanisms of synapses might be disassembled in AD and how the increase in

Par-1/MARK might be an important event in the progression of AD (Figure 1.4).
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