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SUMMARY

. Summary

More than a century ago the fruit fly Drosophila melanogaster was established as a
genetic model system. The Drosophila neuromuscular junction (NMJ) has proven as
an adequate model system to study molecular mechanisms of development of
glutamatergic synapses. Discoveries first made in flies had a brought impact on
neuroscience research in vertebrates, as many genes and fundamental aspects of
cell biology are conserved between Drosophila and vertebrates. In addition,
Drosophila has established as an expedient model system in the study of human

neurodegeneration during the last two decades.

The first chapter of this thesis focuses on the role of the protein phosphatase 2A
(PP2A) in the development of individual synapses at the Drosophila NMJ. The
Drosophila NMJ is organized in a chain of boutons, each bouton containing 10-50
individual synapses. Within each synapse the presynaptic active zone protein
Bruchpilot (Brp) is directly apposed to a cluster of postsynaptic glutamate receptors
(GIluR). The postsynaptic clustering of GIuR precedes the presynaptic localization of
Brp, but within ten hours after GIuR clustering Brp is localized at the apposing active
zone. When PP2A was inhibited, about 30% of the GIuR clusters were found to be
unapposed to the presynaptic Brp. These GIuR clusters were almost threefold
smaller than GIuR clusters apposed to Brp and were more prevalent in the distal
boutons of the NMJ. In vivo imaging of GluR clustering further revealed that within six
hours of development almost no new GIluR clusters formed when PP2A was
inhibited. Thus neuronal inhibition of PP2A impairs presynaptic maturation of

synapses and causes additional defects in postsynaptic development.



SUMMARY

The second and central part of this thesis focuses on the establishment of a
Drosophila model of the degenerative motor-neuron disorder hereditary spastic
paraplegia (HSP). The common pathological feature, of this group of clinically and
genetically heterogeneous disorders, is a progressive retrograde axonopathy of the
longest corticospinal motor-neurons. Here we establish a Drosophila model for the
HSP subtype SPG10. The SPG10 gene encodes the neuron specific kinesin heavy
chain KIF5A of vertebrate kinesin-1. To model SPG10 in Drosophila, the HSP-
associated mutation N256S in human KIF5A was introduced into Drosophila Khc at

N262S

the corresponding site (N262S) and the mutated Khc was expressed in a

Drosophila wild-type background.

This Drosophila SPG10 model recapitulates key disease features of HSP such as
impairments in locomotion, axonal swellings, degeneration of synapses and a more

severe affliction of longer axons. We show that Khc"2%°

acts as a dominant-negative
allele in vivo. Furthermore our data suggest that the pathology in the Drosophila
SPG10 model establishes due to impaired localization of cargo necessary for
maintenance of structure and/or function of the synapses or the axon. As possible
mechanisms contributing to pathology in the Drosophila SPG10 model reduced
mitochondrial density at the NMJ, a reduction in bone morphogenetic protein (BMP)
signaling and alterations in axonal as well as neuromuscular cytoskeleton were

identified. All of these findings have been linked to neurodegenerative disorders

before.

The presented Drosophila SPG10 model provides a valuable tool for continuative
studies of the mechanisms of initiation and progression of pathology in the HSP

subtype SPG10.
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ll. Introduction

2.1 Drosophila melanogaster as a model organism

More than a century ago the fruit fly Drosophila melanogaster was established as a
genetic model system. Drosophila possesses many features that have ensured its
success as a model organism. The genome, contains around 14.000 genes (Adams
et al.,, 2000) and is distributed into only four pairs of chromosomes. Most of the

Drosophila genes are conserved in vertebrates.

There are various transgenic (e.g. P-element insertion, (Rubin and Spradling, 1982)
and knockout strategies that are applicable for genome manipulations. In addition the
UAS/Gal4 system (for details see next paragraph) allows ectopically and temporally

defined expression of a gene of interest (Brand and Perrimon, 1993).

Transgenic fly stocks can be easily maintained due to balancer chromosomes that
preclude crossing-over. Moreover, Drosophila can be reared in the laboratory easily.
It has a high reproduction rate and a short generation time, of about 11 days at 25C

(Figurel).
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The life cycle of Drosophila melanogaster Figure L Life cycle of
Drosophila melanogaster
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2.1.1 Directed gene expression in Drosophila

To enable ectopically and temporally defined expression of a gene of interest in
Drosophila the UAS/Gal4 system was established (Brand and Perrimon, 1993). In
this system the gene encoding the yeast transcriptional activator Gal4 is inserted into
the Drosophila genome and fuses randomly to one of a diverse array of genomic
enhancers (Gal4 driver lines). When a gene of interest is introduced that contains
Gal4 binding sites (Upstream Activation Sequence, UAS) within its promoter, it will be
activated in the cells where Gal4 is expressed (Brand and Perrimon, 1993) (Figure
2). This enables tissue-specific, temporally defined expression of the target gene

dependent on the expression pattern of the Gal4 driver.
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One advantage using the UAS/Gal4 system is that the target gene and its
transcriptional activator are inserted into two different transgenic fly lines. Thus the
target gene is expressed only after being combined with the driver line, thereby
enabling the maintenance of transgenic fly lines that carry target genes that cause
lethality after expression. Furthermore the UAS/Gal4 system allows a diverse and
rapid combination of different target genes and Gal4-drivers. This system has been
further enhanced via the introduction of the Gal80 yeast protein, which is a negative
regulator of Gal4 function that binds Gal4 and thereby hinders expression of UAS-
constructs. A temperature sensitive variant of Gal80 (Gal80®) (Zeidler et al., 2004)
only renders a functional Gal80 protein at permissive temperatures, and prevents the
production of functional Gal80 at restrictive temperatures. Thus at the permissive
temperature of 18T, functional Gal80 is produced and binds to Gal4, thereby
hindering the expression of UAS-constructs at this temperature. At restrictive
temperatures of 29-30<C, no functional Gal80 protein is produced, and thus Gal4 can

bind to the UAS sequence and induce expression of the UAS-constructs at these

5
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temperatures. Thus using the UAS/Gal4/Gal80® system the expression of UAS-

constructs in Drosophila can be further modified.

2.1.2 An assay to assignh neurodegeneration in Drosophila

Parts of this thesis focus on the establishment of a Drosophila model of the
neurodegenerative disorder HSP. Thus we use the synaptic footprint assay to assign
neurodegeneration at the NMJs in Drosophila. The synaptic footprint assay was
established in the laboratory of G. Davis (Eaton et al., 2002) to score for retraction

that occurs during normal development at the Drosophila NMJ.

At the Drosophila NMJ the postsynaptic membranes are organized in a complex
series of membrane folds, the subsynaptic reticulum (SSR). The gradual assembly of
the SSR and proteins that localize to this structure require the presence of the
presynaptic nerve terminal (Guan et al., 1996, Schuster et al., 1996). Therefore the
SSR and other postsynaptic proteins are present only at sites where the presynaptic
nerve resides or has recently resided. The synaptic footprint assay is based on the
assumption that presynaptic retraction is more rapid than the disassembly of the
SSR. Therefore, if sites of SSR are observable with no opposing presynaptic marker,
the presynapse has been there but has retracted (Eaton et al., 2002). Sites where
the postsynapse is present without an opposing presynapse are referred to as

“postsynaptic footprints”.
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Presynaptic Retraction

Postsynaptic Density — SV
%‘W‘

Postsynaptic "Footprint"

Figure 3: Synaptic footprint assay
Representation of the hypothesized series of events that lead to the formation of a
postsynaptic “footprint” at the Drosophila NMJ. For details see main text.

(Figure is taken from Eaton et al., 2002).

To visualize the postsynaptic SSR, Discs-large (DIlg), a PSD 95-like protein that is
distributed throughout the SSR has been described. DIg has been reported to be
expressed both pre- and postsynaptically (Lahey et al., 1994). However most of the
Dlg is associated with the postsynaptic SSR and some DIg was found to localize to
the presynaptic membrane, while no Dlg was observed in the bouton core (Lahey et
al.,, 1994). Thus the DIg positive perisynaptic network observed in confocal

microscopy corresponds to the SSR (Lahey et al., 1994).

To visualize the presynaptic compartment, an anti-HRP antibody was used as a
marker of neuronal membranes and synaptic vesicles were identified by using a
Synapsin  (Syn) antibody. For analysis, the number of boutons exhibiting
“postsynaptic footprints”, this means the presence of the SSR marker DIg without the
presynaptic markers Syn and HRP, were quantified (Eaton et al., 2002, Pielage et al.,

2008).
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The synaptic footprint assay was originally established to score for retraction events
that occur during synaptic development. We reasoned that this assay might also be
useful to analyze degeneration occurring at the NMJ in the Drosophila model of HSP.
Two opposing mechanisms have been described for retraction and degeneration
(Saxena and Caroni, 2007). During retraction events the presynaptic material is
transported back to more proximal sections of the axon and the axon retracts
gradually. Degeneration entails the fractionization of presynaptic material and the
axon, which is presumably followed by local uptake by phagocytes (Saxena and
Caroni, 2007). Thus we concluded that if degeneration proceeds at the NMJ we
should observe a change in the amount and distribution of the presynaptic
components compared to the postsynaptic SSR rather than synaptic footprints,
completely devoid of presynaptic markers. Therefore we changed the mode of
analysis to suit to the quantification of degeneration. (For details on the performance

of analysis see Material and Methods, paragraph 3.7.5).

2.2 Drosophila melanogaster in the study of

neurodevelopment

Fundamental aspects of cell biology are quite similar in man and flies, including
regulation of gene expression, membrane trafficking, the cytoskeleton, neuronal
connectivity, synaptogenesis, cell signaling and cell death (Sang and Jackson, 2005).
Indeed, many genes and processes first discovered in the fly have proven to be

conserved in other organisms including human.

Discoveries first made in flies have had a significant impact on neuroscience

research in vertebrates. For example, the functions of many proteins, such as

8
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Synaptotagmin and Dynamin that are important for exocytosis and endocytosis in
synaptic transmission have been characterized using the fly NMJ. Studies in
Drosophila have facilitated the identification and characterization of potassium
channels in mammals. Furthermore, a role of cAMP in learning and memory was first
unraveled in flies. Moreover, players of a variety of pathways that are important in
vertebrate neurogenesis, neuronal migration, growth cone guidance and
differentiation of neural stem cells, were first identified in flies (For review see Bellen

et al., 2010).

2.2.1 The Drosophila neuromuscular synapse as a model system to

study synaptic function and development

The Drosophila NMJ is a popular model system to study development, function and
plasticity of vertebrate glutamatergic central synapses that are the most important
and prevalent excitatory synapses in the central nervous system of vertebrates and

the key elements of information processing.

2.2.1.1 Structure of the Drosophila neuromuscular junction

The neuromuscular system in Drosophila is organized in a stereotypical way, in
which 30 identified postsynaptic muscle cells are innervated by 32 identified motor-
neurons (Landgraf et al., 1997). Therefore each NMJ is identifiable and thereby
enables reliable comparison of the same NMJ between different individual flies of the
same genotype or individual flies of varying genotypes. In addition, the NMJ is easily
accessible in Drosophila embryos and larvae by a variety of physiological,

histological and microscopic techniques.
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The NMJ is organized in a chain of boutons, each bouton containing 10-50 individual
synapses (Figure 4A). | will refer to the entire connection formed between motor-
neuron and muscle as NMJ, and use the term synapse or neuromuscular synapse for

individual synapses at the NMJ.

The most important feature of Drosophila neuromuscular synapses, making them a
valuable model system in the study of vertebrate glutamatergic central synapses, is
that they are glutamatergic. In addition the majority of synaptic proteins, the features
of synaptic function and most probably the mechanisms of development of
Drosophila neuromuscular synapses are conserved with vertebrate glutamatergic

synapses (Collins and DiAntonio, 2007).

A

Figure 4: Organization of the Drosophila neuromuscular junction.

The NMJ is organized in a chain of boutons (A), each bouton containing 10-50 individual
synapses (B). Individual synapses as visualized presynaptically by Bruchpilot (red) and
postsynaptically by the glutamate receptor subunit DGIURIIC (green) (B). In electron
microscopy (EM) synapses are characterized by close apposition and a high electron density

of presynaptic and postsynaptic membrane (C). The EM picture was kindly provided by J.
Kern.
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To enable efficient signal transmission, the glutamatergic synapse consists of highly
specialized presynaptic and postsynaptic structures that are highly similar between

Drosophila and vertebrates.

2.2.1.2 The presynaptic compartment of glutamatergic synapses

The site of neurotransmitter release from the presynaptic nerve terminal is termed the
active zone (AZ). It is a specialized region of the presynaptic cell membrane that is
precisely aligned to the postsynaptic membrane and the location of GluR clusters.
This close apposition of presynaptic and postsynaptic membrane displays a high

electron density in electron microscopy (Figure 4C).

Various proteins localize to the AZ and play an essential role in the organization of
the AZ and in the regulation of neurotransmitter release. In Drosophila homologs of
several vertebrate AZ proteins have been identified. A homolog of vertebrate Liprin-
o was found in Drosophila, that localizes to the AZ and is important for AZ formation
(Kaufmann et al., 2002). The presynaptic protein Bruchpilot (Brp) that was identified
in Drosophila, possesses an N-terminal domain that exhibits significant sequence
homology to vertebrate ELKS/CAST/ERC and a large C-terminal domain that is rich
in coiled-coil structures similar to several cytoskeletal proteins (Wagh et al., 2006).
Brp was recently shown to be a component of the T-bar (Kittel et al., 2006), an
electron dense structure at the AZ of Drosophila (Atwood et al., 1993, Zhai and
Bellen, 2004). Similar dense body projections have also been described at vertebrate

CNS synapses (Bloom and Aghajanian, 1968, Phillips et al., 2001). These dense

11
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body projections are important for the tethering of synaptic vesicles at the AZs and

thus for efficient signal transmission.

2.2.1.3 The postsynaptic compartment of glutamatergic synapses

The postsynaptic density (PSD) is a specialized subcellular organization of the
postsynaptic cell. It is characterized by an electron dense thickening of the cell

membrane, that lies exactly opposite of the presynaptic AZ.

The Drosophila PSD contains cytoskeleton proteins (e.g. actin), cell-adhesion
molecules (e.g. neuroligin, fasciclin) and signaling proteins like kinases and
phosphatases (e.g PAK p2l-activated kinase) (Albin and Davis, 2004, Prokop and
Meinertzhagen, 2006) and clusters glutamate receptors. The GluRs expressed at the
Drosophila NMJ are structurally and functionally similar to vertebrate AMPA-/Kainate-
type receptors (Heckmann and Dudel, 1997). Drosophila GluRs are tetramers
comprised of the subunits GIURIIC, GIuRIID, GIURIIE and either the subunit GIuRIIA
or GluRIIB (Marrus et al., 2004). Receptors containing GIuRIIA or GIuRIIB differ in
their channel properties, synaptic responses and localization (Marrus et al., 2004).
Beneath the PSD the SSR folds in a typical manner. It contains various scaffolding
and adhesion proteins such as the PSD-95 homolog Dlg (Budnik et al., 1996), that is

important for structural organization and efficient function of the NMJ.

To ensure accurate assembly and thereby proper function, formation and maturation
of the NMJ and the synapses need to be precisely regulated. Two classical
morphogenes have been identified as essential regulators of synaptic growth
(Marques, 2005). While Wingless, a member of the Wnt family, acts as an
anterograde regulator of synaptic growth, the transforming growth factor B (TGF-p3)

12
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Glass bottom boat (Gbb) signals retrogradely to affect synaptic growth during larval

development (Marques, 2005).

Recently the protein phosphatase 2A (PP2A) was shown to play a role in the

development of the Drosophila NMJ (Viquez et al., 2006).

2.2.2 A role of the protein phosphatase 2A in the developing

nervous system

Reversible protein phosphorylation is a key regulatory mechanism in many cell
biological processes. The phosphorylation of proteins is achieved by protein kinases,

while dephosphorylation is performed by protein phosphatases.

The protein phosphatase 2A is a ubiquitous serine-threonine phosphatase, that plays
a role in the regulation of cell cycle, cell morphology and development (Janssens and
Goris, 2001). PP2A is highly enriched in central synapses and neuronal microtubules
of the nervous system of vertebrates (Barnes et al., 1995, Sontag et al., 1995, Price
et al., 1999), and its expression in the brain has been linked to the regulation of long-
term potentiation (Woo and Nguyen, 2002, Jouvenceau et al., 2003, Belmeguenai
and Hansel, 2005). Furthermore, reduced abundance and activity of PP2A was linked
to the pathogenesis of Alzheimer's disease (Vogelsberg-Ragaglia et al., 2001,
Sontag et al., 2004a, Sontag et al., 2004b), due to increased levels of

hyperphosphorylated Tau.
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Figure 5: Structure of the protein phosphatase 2A

The PP2A holoenzyme consists of three subunits: a structural subunit (A), a catalytic subunit
(C) and a regulatory subunit (B). So far four different families of regulatory subunits have
been identified, termed the B, B!, B" and B" families. The association of the regulatory
subunit with the PP2A core enzyme is mutually exclusive and likely determines substrate
specificity of PP2A. (Figure is adapted from Janssens and Goris, 2001)

Although PP2A was found to localize to synapses in the developing nervous system,

little is known about the role of PP2A in synaptic development.

In Drosophila a B' regulatory subunit (Figure 5) of PP2A, named well-rounded (Wrd)
was identified. Wrd is widely expressed in Drosophila, but was shown to be enriched
in the synaptic neuropil of the ventral nerve cord (VNC) and at the NMJ (Viquez et al.,
2006). Presynaptically, Wrd is required for normal synaptic growth and morphology at
the Drosophila NMJ and regulation of the cytoskeleton by promoting PP2A activity.
Postsynaptic expression of Wrd is required for normal levels of evoked

neurotransmitter release (Viquez et al., 2006).

14



INTRODUCTION

While it has been shown that PP2A plays an important role in the development and
function of the Drosophila NMJs, further investigations are required to elucidate a role
of PP2A in the formation and development of individual synapses at the Drosophila
NMJ. Therefore, aspects of this thesis were undertaken to gain greater insight into

these mechanisms.

2.3 Drosophila melanogaster as a model for the SPG10
subtype of the neurodegenerative disorder Hereditary

Spastic Paraplegia

2.3.1 Drosophilain the study of human neurodegeneration

In addition to its expedient role in studies of development and function of the nervous
system, during the last two decades Drosophila has established as a valuable model
organism in the study of human neurodegeneration. Most of the genes implicated in
the heritable forms of neurodegenerative diseases have at least one fly homolog
(Reiter et al.,, 2001) and often there is no redundancy in the Drosophila genes,
thereby facilitating functional analysis of the gene products (Reiter et al., 2001).
Drosophila has proven a reliable model in the study of a variety of neurodegenerative
disorders including Alzheimer’s (Greeve et al., 2004, Carmine-Simmen et al., 2009,
Goguel et al., 2011), Parkinson’s (Fernandes and Rao, 2011, Liu et al., 2011a, Liu et
al., 2011b), motor-neuron diseases such as amyotrophic lateral sclerosis (ALS)

(Ratnaparkhi et al., 2008, Chen et al., 2011, Wang et al., 2011), HSP (Sherwood et
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al., 2004, Wang et al., 2007, Lee et al, 2009, Du et al., 2010), and others

(Venkatachalam et al., 2008, Lorenzo et al., 2010).

2.3.2 Hereditary Spastic Paraplegia

Hereditary Spastic Paraplegias are a group of clinically and genetically
heterogeneous neurological disorders with the cardinal feature of progressive
spasticity and weakness of the lower extremities (Salinas et al., 2008). HSP
prevalence is estimated to be 3-10 cases per 100.000 people in Europe (Silva et al.,
1997, McMonagle et al., 2002, Erichsen et al., 2009). Onset can occur in early
childhood up to 70 years of age (Salinas et al., 2008). HSPs can be classified into
pure and complex forms. In pure HSP spasticity and weakness of the lower
extremities are the main symptoms. In complex forms symptoms can also include
cerebellar ataxia, epilepsy, thinning of the corpus callosum and mental retardation
(Salinas et al., 2008). HSP can be inherited in an autosomal dominant, autosomal
recessive, or X-linked recessive way. Autosomal dominant HSP is the most prevalent
form and represents around 70% of cases. Most cases of pure HSP are autosomal
dominant, whereas complicated forms tend to be autosomal recessive. So far 48
different genetic loci (spastic paraplegia gene (SPG) 1-48) (Slabicki et al., 2010,
Blackstone et al., 2011) and 25 identified genes have been reported (Schule and
Schols, 2011). A list of 20 identified genes and the cell biological function of their

products is shown in Table 1 (Blackstone et al., 2011).
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Gene symbol
Membrane traffic-related
SPG3A™

SPG4 (also known as SPAST)*!

SPG6 (also known as NIPA1)'*?
SPG8 (also known as KIAA0196) %

SPG10 (also known as KIF5A) #
SPG11 (REE 103)

SPG15 (also known as
ZFYVE26)104105

SPG17 (also known as BSCL2)'%®

SPG20 (REF. 107)

SPG21 (REF. 108)

SPG31 (also known as REEP1)*®
Mitochondrial

SPG13 (also known as HSPD1)1°
SPG7 (REE 111)

Myelination

SPG2 (also known as PLP1)'?
SPG35 (also known as FAZH) 3114
Miscellaneous

SPG1 (also known as L1ICAM)!
SPG5 (also known as CYP7B1)'¢
SPG39 (REF 117)

SPG42 (also known as SLC33A1)"®
SPG48 (also known as KIAA0415)'°

Protein name

Atlastin-1

Spastin

NIPA1
Strumpellin

KIF5A

Spatacsin

Spastizin (also known

as ZFYVE26 or
FYVE-CENT)
Seipin

Spartin

Maspardin

REEP1

HSP60
Paraplegin

PLP

Fatty acid 2-hydroxylase

L1CAM
CYP7B1

Neuropathy target

esterase
SLC33A1
KIAA0415

Main phenotype

AD Pure

AD Pure

AD Pure
AD Pure

AD Complex
AR Complex
AR Complex

AD Complex

AR Complex

AR Complex
AD Pure

AD Pure
AR Complex

XLR Complex
AR Complex

XLR Complex
AR Pure
AR Complex

AD Pure
AR Complex

Cell biological function

* ER morphogenesis
» BMP signalling

* ER morphogenesis

* Endosomal traffic

* BMP signalling

* Cytokinesis

» Cytoskeletal regulation

» Endosomal traffic
* BMP signalling

* Endosomal morphogenesis
* Cytoskeletal regulation

* Microtubule-based motor protein
* Membrane traffic?

* Membrane traffic?
= Cytokinesis

» ER membrane protein
= Lipid droplet biogenesis

= Endosomal traffic

» BMP signalling

» Lipid droplet biogenesis
* Mitochondrial?

¢ Endosomal traffic

* ER morphogenesis

» Mitochondrial chaperone

» Mitochondrial protease

* Myelin protein

* Hydroxylation of myelin lipids

* Cell adhesion and signalling
® Cholesterol metabolism

* Phospholipid homeostasis
* Target of organophosphates

* Acetyl-CoA transporter
* DNA repair

Table 1: List of 20 known HSP genes, divided into functional groups.

SPG, spastic paraplegia gene; AD, autosomal dominant; AR, autosomal recessive; BMP,

bone morphogenetic protein; ER, endoplasmic reticulum. (Table is taken from Blackstone et

al., 2011)

The common pathological feature of HSPs is a progressive retrograde axonopathy of

the longest corticospinal motor-neurons (Salinas et al., 2008). Thus, to understand

the mechanisms of pathophysiology in HSP, it seems crucial to gain insight into
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molecular mechanisms underlying axonal function, maintenance and degeneration.
The identification of 20 of the SPGs and of the cell biological function of their
products provides important insight into these mechanisms. Several of these
indentified proteins can be combined into functional groups (Table 1), highlighting
different processes as crucial to the maintenance of axonal health (Blackstone et al.,

2011).

2.3.3 Mechanisms in the pathophysiology of HSPs

2.3.3.1 Membrane modeling and shaping

Four HSP-associated proteins, including Spastin, Atlastinl, receptor expression
enhancing protein 1 (REEP1) and Strumpellin, are involved in membrane shaping
and modeling events. Mutations in these genes cause up to 60% of HSP cases in
North America and northern Europe (Blackstone et al., 2011). Spastin, Atlastinl and
REEP1 interact in corticospinal neurons to coordinate endoplasmic reticulum (ER)
shaping and microtubule dynamics (Park et al., 2010). Strumpellin was shown to be
part of an endosomal complex that is necessary for sorting certain cargos from
endosomes into the trans-Golgi network (Derivery et al., 2009, Gomez and Billadeau,
2009). Mutations in Strumpellin impair trafficking of cargo through early endosomal
compartments, thereby resulting in dysfunction such as impaired recycling of the

transferrin receptor (Derivery et al., 2009, Gomez and Billadeau, 2009).

The exact mechanisms that link defects in membrane modeling to axonopathy
remain unclear. There is a multitude of possible explanations including the proposal
that defects in membrane modeling and shaping events within the axon might

interfere with axonal functions such as synaptic plasticity or with specific signaling
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pathways important for axonal function or with efficient axonal transport (Blackstone

et al., 2011).

2.3.3.2 Mitochondria and neurodegeneration

Mitochondrial dysfunction, changes in mitochondrial dynamics and mobility, and
perturbation of mitochondrial turnover are involved in the pathology of some
neurodegenerative and neurological disorders, such as Alzheimer's disease,

Parkinson’s, Huntington’s and ALS (reviewed in Schon and Przedborski, 2011).

Two HSP genes, Paraplegin and HSP60, are implicated in mitochondrial function and
quality control (Blackstone et al., 2011). Mitochondria are the main site of ATP
(adenosine triphosphate) production and play an essential role in Ca?* buffering
within cells. Therefore, dysfunctional mitochondria fail to produce ATP and to
efficiently buffer Ca®* levels. This energy depletion might contribute to disturbances in
the highly ATP-dependent process of axonal transport. Further energy depletion at
the synapses as well as toxic Ca** levels might initiate synaptic dysfunction and
eventually loss of synapses (Sheng and Cai, 2012). As a result of synaptic loss or

dysfunction the degeneration of the axons might be triggerd.
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2.3.3.3 Alterations of bone morphogenetic protein signaling in

motor-neuron disorders

2.3.3.3.1 Bone morphogenetic protein signaling

Bone morphogenetic proteins (BMPs) are morphogenes that belong to the TGF(
superfamily. To date over 20 different BMPs have been described in humans
(Bragdon et al., 2011). These BMPs play crucial roles in many developmental and
cellular processes such as embryogenesis, skeletal formation, hematopoiesis and
neurogenesis (Bragdon et al., 2011). In Drosophila BMP signaling is essential for the
appropriate growth of the NMJ and synaptic transmission (Aberle et al., 2002,

Marques et al., 2002).

The BMP signaling pathway is activated upon binding of the ligand, and
subsequently, type | and type || BMP-receptors are joined. The type Il receptor, which
is a constitutively active kinase, activates the type | receptor by phosphorylation. The
activated type | receptor then phosporylates one of the several receptor-regulated
Smads (R-Smads e.g. Smad 1 or Smad 5). Phosporylated R-Smads bind to the
common Smad (Co-Smad, Smad 4) and the complex translocates to the nucleus,
where it acts as a transcription factor. Inhibitory Smads (I-Smads) can further

regulate the pathway.

In Drosophila the components of the BMP signaling pathway are structurally and

functionally conserved (Padgett et al., 1993, Sampath et al., 1993).
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Figure 6: Bone morphogenetic signaling in the Drosophila motor neuron.

Upon binding of the postsynaptically released ligand Gbb, type | (Sax or Tkv) and type Il
(Wit) BMP-receptors dimerize. This dimer then phosphorylates the receptor-regulated Smad
Mad. Phosphorylated Mad (pMad) binds to a Co-Smad (Medea) and the complex
translocates to the nucleus, where it acts as a transcription factor. Figure is adapted from T.

Rasse.

Wishful thinking (Wit) has been described as the Drosophila ortholog of vertebrate
type Il BMP-receptor (Aberle et al.,, 2002, Marques et al., 2002). Saxophone (Sax)
und Thick veins (Tkv) are the Drosophila orthologs to the vertebrate type | BMP-
receptors. The protein mothers against decapentaplegic (Mad) is the Drosophila R-
Smad, while Medea has been described as a Co-Smad. Glass bottom boat acts as a
ligand in the Drosophila BMP signaling pathway. It is expressed at the Drosophila
NMJ presynaptically and postsynaptically (McCabe et al., 2003). Postsynaptic
release of Gbb by the muscle activates the presynaptically located type Il receptor
Wit (McCabe et al., 2003), which in turn activates the type | receptors Tkv or Sax.

Upon phosphorylation of Mad (pMad) by activated Tkv or Sax, pMad forms a
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complex with Medea and translocates to the nucleus to act as a transcription factor

(Raftery and Sutherland, 1999).

Alterations in BMP signaling have been implicated as a possible pathogenic
mechanism in animal models of motor-neuron diseases such as HSP (Wang et al.,
2007, Tsang et al.,, 2009, Fassier et al., 2010), spinal bulbar muscular atrophy

(SBMA) (Katsuno et al., 2010) and ALS (Nakamura et al., 2008).

2.3.3.3.2 Alterations of BMP signaling in HSP

The HSP-associated proteins Atlastin, Spastin, NIPA1 and Spartin have all been
shown to be negative regulators of BMP signaling. Knockdown or loss of the proteins
Atlastin (Fassier et al., 2010), Spastin (Tsang et al., 2009), NIPA1 (Wang et al., 2007,
Tsang et al., 2009), and Spartin (Tsang et al., 2009) lead to an upregulation of BMP
signaling in vertebrates (Tsang et al., 2009, Fassier et al., 2010) and invertebrates
(Wang et al., 2007). Interestingly two of these proteins, Atlastin and Spastin, are
involved in membrane modeling events. These proteins might cause changes in BMP
signaling via altered BMP receptor trafficking (Blackstone et al., 2011). Alterations of
BMP signaling might be a unifying mechanism of axonopathy in some classes of

HSP (Blackstone et al., 2011).
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2.3.3.4 Motor-neurons critically depend on efficient axonal transport

2.3.3.4.1 Axonal transport and axonopathy

Motor-neurons are highly specialized cells with long axons, which can reach up to 1
m in humans. The axon connects the soma of the cell to the distant synaptic site. As
syntheses of proteins and lipids takes place almost exclusively in the soma, the
motor-neuron depends on anterograde transport to supply the axon and the
synapses with the synthesized material and organelles (Holzbaur, 2004). Retrograde
transport is required to return damaged organelles to the cell body and to transport
signaling molecules from the synapses to the soma of the cell. Maintenance and

function of the axons of motor-neurons critically depend on efficient axonal transport.

Several studies identified mutations that affect axonal transport as the cause for
different hereditary forms of motor-neuron diseases, thereby linking defects in axonal
transport to motor-neuron degeneration (Ikenaka et al., 2012). As a result of
disturbed axonal transport diverse cargos of motor proteins are accumulated in
degenerated motor-neurons and are a pathological hallmark of various motor-neuron

diseases.

In ALS patients, abnormal accumulation of neurofilaments, damaged mitochondria,
and the presence of autophagosomes in motor-neurons suggest a role for axonal
transport defects in disease pathogenesis (Ikenaka et al., 2012). In the spinal motor-
neurons of SBMA patients and transgenic model mice Dynactin-1, an activator
complex necessary for efficient axonal transport, is down regulated; in addition
abnormal accumulations of neurofilaments and synaptic proteins were observed in
the distal part of the axons of the SBMA model mice (Katsuno et al., 2006). From

autopsies of human SPG4 HSP patients (Kasher et al., 2009) and mouse models of
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SPG4 (Spastin) (Kasher et al.,, 2009) and SPG7 (Paraplegin) (Ferreirinha et al.,
2004) axonal swellings have been reported. Thus axonal transport defects also

emerge as a possible pathogenic mechanism in HSPs (see next paragraph).

Axonal swellings and an accumulation of cargo of anterograde and retrograde
transport were also found in Drosophila larvae that carried mutations in the kinesin
heavy chain (Khc) of the motor protein kinesin-1. In addition the diameter of an
individual axon was found to be increased in diameter up to 10-fold within a micron
(Hurd and Saxton, 1996b). These Khc mutations did not only disturb anterograde and
retrograde transport, but also impaired development of the NMJs (Hurd and Saxton,
1996b). Furthermore, they caused distal paralysis of the Drosophila larvae,
presumably due to a reduction in transmission, which was more severe in the longer

axons, innervating the distal ventral muscles of the larvae (Hurd and Saxton, 1996b).

Thus, the function and viability of motor-neurons in vertebrates as well as in

invertebrates critically depend on efficient axonal transport.

2.3.3.4.2 A role of axonal transport in the pathophysiology of HSP

In HSP disturbed axonal transport is also hypothesized as a possible mechanism of
pathology. The most direct evidence comes from SPG10 (see paragraph 2.3.4),
encoding the motor protein KIF5A. Almost all HSP-associated mutations found in
SPG10 are located to the motor domain of the protein (Reid et al., 2002, Schule et
al., 2008). Therefore, it has been proposed that the mutations may impair axonal
transport because the affected kinesins have lower microtubule binding affinity, move
slower along the microtubules and compete for cargo with unaffected motors (Ebbing
et al., 2008), thereby reducing net cargo transport along the axon to the synapses. It

was shown that a HSP-related mutation in KIF5A reduced the transport frequency of
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neurofilaments along axons in both the anterograde and retrograde direction in
cultured mouse cortical neurons (Wang and Brown, 2010). In cultured cortical
neurons derived from mice lacking Spastin (SPG4) (Tarrade et al., 2006, Kasher et
al., 2009), a reduction of anterograde transport frequency of mitochondria was
observed. Furthermore, mutations in other SPGs that cause disturbed membrane
modeling or mitochondrial dysfunction are postulated to affect axonal transport

(Blackstone et al., 2011).

2.3.4 Spastic Paraplegia Gene 10

One of the HSP-associated genes identified is Kif5a, encoded by SPG10 (Reid et al.,
2002). KIF5A is the kinesin heavy chain of a neuron-specific form of kinesin-1, a
motor protein involved in intracellular long-distance anterograde transport (see

paragraph 2.3.4.1).

Mutations in the SPG10 locus account for 3% of autosomal dominant HSP cases in
European families (Schule et al., 2008). SPG10 mutations can emerge in a clinically
pure and complicated form of HSP (Schule et al., 2008) and the age of onset can

vary from early childhood to the third decade of life (Schule et al., 2008).

To date, 21 mutations in SPG10 have been described (Reid et al., 2002, Fichera et
al., 2004, Blair et al., 2006, Lo Giudice et al., 2006, Schule et al., 2008, Tessa et al.,
2008, Goizet et al., 2009, Crimella et al., 2011, Musumeci et al., 2011) 19 of which
localize to the motor domain of KIF5A. One mutation was shown to localize to the
neck region (Lo Giudice et al., 2006), adjacent to the globular motor domain.
Recently the first HSP-associated SPG10 mutation, located in the stalk domain of

KIF5A was identified (Crimella et al., 2011).
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2.3.4.1 The motor protein Kinesin-1

Kinesins are molecular motors primarily responsible for anterograde microtubule-
based transport in neuronal and in non-neuronal cells. Within neurons kinesins
transport cargo from the soma along the plus end of the microtubules to the synapse.
Retrograde transport from the synapse to the soma is accomplished mainly by
dyneins. During movement along microtubules ATP is hydrolyzed by the motor
proteins and the released energy is used to generate movement force. In mammals,
the kinesin superfamily consists of approximately 45 members (KIFs) grouped into 14

subfamilies (Duncan and Goldstein, 2006).

Kinesin-1/KIF5, formerly referred to as conventional kinesin, was the first member of
the kinesin superfamily that was discovered and is responsible for anterograde
transport in neuronal and non-neuronal cells. Kinesin-1/KIF5 motors are
heterotetramers that are composed of two kinesin heavy chains (Khc), which are
responsible for motor activity, and two kinesin light chains (Klc), which are involved in
cargo association. The kinesin heavy chain is comprised of an N-terminal head
domain, an a-helical stalk domain and a C-terminal tail domain (Bloom et al., 1988,
Yang et al., 1989). The globular N-terminal head domain contains the ATP-binding
motif and a microtubule binding domain. It is attached via a neck region to an a-
helical stalk, that is responsible for dimerization with another heavy chain. The C-

terminal tail domain interacts with the Klcs (Vale and Fletterick, 1997).

The vertebrate genome contains three Khc isoforms (KIF5A, KIF5B and KIF5C) and
three Klc isoforms (KLC1, KLC2, KCL3). KIF5B, KLC1 and KLC2 are expressed
ubiquitously, whereas KLC3 is expressed in a testis specific manner (Junco et al.,
2001). KIF5A and KIF5C are expressed specifically in neurons (Niclas et al., 1994,

Kanai et al., 2000).
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The Drosophila genome contains one Khc isoform and one isoform of Kic, which are
ubiquitously expressed (Yang et al., 1988). The Drosophila Khc shows high structural
similarities to the vertebrate Khc. Alignment of the Khc protein across species (Danio
rerio (Dr), Tribolium castaneum (Tc), Xenopus tropicalis (Xt), Drosophila
melanogaster (Dm), Homo sapiens (Hs) and Rattus norvegicus (Rn)) shows unique
conservation of the amino acids spanning from the ATP-(3-sheet 7: Figure 7, blue
arrow) to the microtubule-binding site (a-helix 4: Figure 7, green box) of Khc
(Kozielski et al., 1997). HSP-associated pathological mutations (red dots) are highly
enriched in this sequence, termed loop 11 (L11) (Figure7). Given the essentially
100% conservation of this structure between human KIF5A and Drosophila Khc, we
suggest that Drosophila is a suitable model for the analysis of SPG10 mutations. The
human mutations at position 253 (blue star) and position 256 (red star) of the protein

were selected for this purpose.

DrKHC | 217| TC ML SGHLY LV DLAGSEXVSKTGAEGAVLDEAKNINKSLS@LGNVISALAEG
TcKHC | 224 NOQKKLSGHLYLVDLAGSEXVSKTGAEGTVLDEAKNINKSLSRLGNVISA .'.A'
XtKHC | 220 KLSGKLYLVDLAGSEXVSKTGAEGHVLDEAKNINKSLSRLGHVISALAES
DmKHC | 224 ZKLSSE-’.L.Z.'--':"..ASSEZ-'.’-.'S'{'IGA:3?*."_::5‘1.-" IINKSLSALGHVISALARGC
HSKIF5A | 218 I DLAGSERVSHETGAEGAVLDEARNINKSLSRLGNVISALAEGC
RnKHC [ 217| T¢ K DLAGSEXVSKTGAEGAVLDEAKNINKSLSRLGNVISALAEC

- .- R

B7 L11 a4

Figure 7: Alighment of loop 11 of kinesin heavy chain across species

Khc protein alignment across species shows high conservation of loop 11. (Figure was kindly

provided by V. Sreekumar)

The amino acid exchange K253N in human KIF5A corresponds to the amino acid

exchange K259N in Drosophila Khc (Figure 7, blue star) and the amino acid
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exchange N256S in KIF5A to the amino acid exchange N262S in Drosophila Khc
(Figure 7, red star). In the following the mutations will be named according to their

position in the Drosophila Khc (Khc"?°% and Khck?*M).

2.4 Previous work

To generate the Khc constructs UAS-Khc"®*™™ and UAS-Khc"?%?°, the amino acid
lysine (K) was exchanged to asparagine (N) at position 259 (K259N) and asparagine
(N) was exchanged to serine (S) at position 262 (N262S) in a full-length wild-type
Drosophila Khc. To this, site-directed mutagenesis was used to exchange the
nucleotides 777G>T (corresponding to amino acid exchange K259N) and 785A>G
(corresponding to amino acid exchange N262S) in a full-length wild-type Drosophila
khc cDNA (SD02406), which was then inserted into a modified pUAST attB vector.
To generate the control construct UAS-Khc™, full-length wild-type khc was also
inserted into the vector. For generation of UAS-Khc™™" and UAS-Khc"™"N2625 " \wjild-
type and mutated (containing nucleotide exchange 785A>G) full-length Drosophila
khc cDNA, were truncated and inserted into the modified pUAST attB vector. The
truncated constructs contain only the 401 N-terminal amino acids of Khc and lack the
C-terminal tail and most of the stalk domain. Truncated Khcao; is still able to dimerize
and move processively along microtubules, but unable to bind cargo (Seitz and

Surrey, 2006, Sung et al., 2008).

Transgenic flies were created by BestGene (Chino Hills, USA) using integrase-
mediated site-specific transgenesis at cytological position 86F (Fly strain BDSC
23648). Site-specific integration assures equal expression levels of the different
constructs, thereby enabling comparative analysis of different mutations in the same

protein.
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2.5 Objectives

In this thesis the Drosophila melanogaster NMJ is used as a model system to study
mechanisms of neurodevelopment and degeneration. The work of this thesis can be
divided into two parts. In the first part the impact of PP2A on the development of
individual synapses at the Drosophila NMJ is investigated. This was done in
collaboration with the group of Prof. A. DiAntonio, Department of Developmental

Biology, Washington University School of Medicine, St. Louis, Missouri, USA.

The second and central part of this thesis focuses on the establishment of a
Drosophila model to study the degenerative motor-neuron disease HSP. The aim is
to establish a Drosophila model of the HSP subtype SPG10. Therefore, the HSP-
related point mutation N256S in human KIF5A (N262S in Drosophila Khc) is selected
to characterize synaptic and axonal phenotypes, gain insight into potential
pathogenic mechanisms that cause degeneration and decipher possible pathways
involved in disease progression. To model SPG10 in Drosophila two approaches are

N262S

used. Ectopic expression of mutated Khc (Khc ) is induced either alone or in

Wt+N262S

combination with wild-type Khc (Khc ) in the wild-type background. In the

former model the amount of mutated Khc\?6%S

exceeds the endogenous wild-type
Khc, due to the over-expression of KhcV?°%®. In the latter model the ratio of mutated
Khc to wild-type Khc is shifted; in this model more wild-type Khc is available, due to
the two copies of endogenous wild-type Khc and the additional expression of Khc™.
The two approaches are chosen to study the impact of the ratio of mutated Khc to

wild-type Khc in the establishment and progression of HSP pathology-like

characteristics in the Drosophila model.

Furthermore a comparative analysis of the SPG10 mutations K253N (K259N in

Drosophila Khc) and N256S (N262S in Drosophila Khc) is started. These mutations
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displayed different characteristics when analyzed in vitro (Ebbing et al., 2008). We
want to clarify whether the differences in biophysical qualities of Khc in vitro caused
by the two mutations might result in different phenotypic characteristics in the

Drosophila model.

30



MATERIALS AND METHODS

lll. Materials and methods

3.1 Chemicals

All chemicals were purchased from Roth (Karlsruhe, Germany), Sigma (St. Louis,

USA) or Aplichem (Darmstadt, Germany), if not stated otherwise.

3.2 Drosophila melanogaster

3.2.1 Maintenance of fly stocks

Flies were maintained at 25 in plastic bottles (G reiner Bio-One) on standard fly
medium (0.8% agar, 14.3% dried yeast, 10% soy flour, 21.3% treacle, 8% malzin, 8%
corn meal, 0.63% propionic acid) seeded with fresh yeast. For fly strains used in this
study, see Table 2. The transgenic stocks UAS-Khc", UAS-Khc"V?%%° UAS-Khc" ?*%N,
UAS-Khc™"™ and UAS-Khc"™"N?625 \yere created by BestGene (Chino Hills, USA)
using integrase mediated site-specific transgenesis at cytological position 86F (Fly

strain BDSC 23648).

1118 1118

The strain white™" (w~") is a null mutant of the white gene. To obtain the white null,

exon 1lof the gene was deleted. This strain is a common strain used for germ line

1118

transformation of Drosophila melanogaster. In this study the strain w is used for

control crosses to the Gal4-driver lines.
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Wild-type Genetics Donor/ Reference
BDSC number
w8 WW+H A+ 4+ (Castiglioni, 1951)
Allele Chromosome
khc® i BL 1607 (Saxton et al., 1991)
khc'3 1l BL 11084 (Spradling et al., 1999)
Gal4-Driver
D42-Gal4 i BL 8816 (Gustafson and Boulianne, 1996)
D42-Gal4, UAS- 1] B. Saxton
mito-GFP
elav*®-Gal4; tub- X:ll (Lin and Goodman, 1994) (McGuire
galso® et al., 2004)
IA-C-GFP- I, 1l (Rasse et al., 2005)
genomic;elav-Gal4
UAS-Construct
UAS-dnMts 1 (Hannus et al., 2002)
UAS-mito-GFP 1l BL 8442 (Horiuchi et al., 2005)
UAS-Khc" I This study
UAS-KhcN#%® 1T This study
UAS-Khc N 1T This study
UAS-Khc"™"" 1T This study
UAS-Khc™"N25 I This study
Exon-Trap Line
dig-GFP X Flytrap CC01936  (Buszczak et al., 2007)

Table 2: Fly strains used in this study.
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3.2.2 Flies used for Western Blot analysis

N262S or UAS-Khc™ were crossed to

Transgenic male flies carrying either UAS-Khc
female flies carrying the pan-neural elav®**>-Gal4 driver and a ubiquitously driven
temperature sensitive Gal80 construct (tub-Gal80%). Flies of the following genotypes
(ylelave™*-Gal4;tub-Gal80"/+;+/+,  ylelav®**-Gal4;tub-Gal80"/+:Khc"?**5/+  and
ylelav®'*>-Gal4;tub-Gal80'/+;Khc"/+) were raised and allowed to hatch at a
permissive temperature of 18C, preventing the expr ession of the UAS-constructs.
Within 24 hours after hatching male flies (to guarantee equal expression levels of x-
chromosomal elav“**>-Gal4) were transferred to a restrictive temperature of 29T,

enabling the expression of the UAS-constructs. Flies were kept at 29C for 13 days

and subsequently frozen at -80C.

3.2.3 Drosophila larvae used for analysis

For all experiments UAS-Khc™, UAS-KhcV?%° or UAS-KhcN?%?® combined with UAS-
Khc™ (UAS-Khc"*N262%) - UAS-Khc"?™N UAS-Khc™™™ and UAS-Khc™"°N2625 \yere
expressed in a wild-type background using the motor-neuron specific driver D42-Gal4

(Sanyal, 2009). As an additional control D42-Gal4 was crossed into a wild-type

1118 13314

(w''*®) background. Flies carrying the khc mutant alleles khc® and khc were used

to create khc null heterozygous (khc®/+) and homozygous (khc®khc'334

) larvae. The
khc® (Saxton et al., 1991) allele carries an ethylmethansulfonat (EMS) induced point
mutation (C948T) introducing an early stop codon into the khc gene (R210STOP). In
khc*** the khc gene is disrupted by the introduction of the transposon
P{lacWkhc13314} at position 2R:12159268 in minus orientation. The cytological map

location is 53A3-5. This allele was created in the Berkley Drosophila Gene Disruption

Project (Spradling et al., 1999).
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In Table3 the genotypes of the flies and the abbreviations used in this thesis are

listed.

Genotype Named as
wiw';+/+;D42-Gald/+ D42

W/W +/+;D42-Gal4/UAS-Khc™ D42>Khc"
W/W';+/+;D42-Gal4, UAS-Khc"/UAS-Khc"?**® | D42>Khe"™M2%°
W/W';+/+;D42-Gal4/UAS-KhcN?6%® D42>KhcN?6%°
W/W';+/+;D42-Gal4/UAS-Khc ®>N D42>Khct*>N

W/W +/+:D42-Gal4/UAS-KhctneN2e2s
W/W+/+:D42-Gald/UAS-Khc™"eW

D42> thtruncNZGZS
D42> Kthruncwt

W-/w-:Khc®/+:+/+ Khc'"

w-fw-:Khc®/khc 3344 +/+ Khe™

Table 3: Genotypes of flies used for analysis in this study.

3.3 Behavior Analysis

3.3.1 Imaging of tail-flipping phenotype

(Imaged by Vrinda Sreekumar)

To monitor the tail-flipping phenotype, individual larvae were placed on a thin slice of
apple juice agar. Tail-flipping was examined at 25°C at 50% humidity by using a
DCM510 (ScopeTek, P.R. China) camera integrated in a custom-built
stereomicroscope. Videos were recorded at a frame rate of 30 frames per second
(fps) for 5 min and then converted into avi format by using a Prism Video Converter, v
1.61 (NCH Software Inc., Australia). Next, images were cropped and compressed by

using VirtualDub 1.9.10 (http://www.virtualdub.org/).
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3.3.2 Larval locomotion assay

For imaging and quantification of larval locomotion behavior, an algorithm was
developed in our lab by the diploma student Michael Knopp on the basis of the
software Worm tracker & Track Analyzer (Miriam B. Goodman Daniel Ramot. Worm
Tracker & Track Analyzer. Department of Molecular and Cellular Physiology at Stanford

University).

This algorithm can be divided into two parts. (1) The larval tracker, which identifies
and tracks individual larvae within a movie. (2) The track analyzer, which analyzes
the movies and returns the area and the velocity of single larvae. For detailed
information about larval tracking and track analysis see (Systematische
Identifizierung von Genen, die zur Stabilisierung von Synapsen beitragen; Diploma

Thesis, Michael Knopp, HIH 2008) (Knopp, 2008).

3.3.2.1 Quantification of larval size and locomotion speed

Analysis of the movies returns the area and the velocity of single larvae. The area of
the larvae is given in [pixel] and the velocity in [pixel/sec]. For comparative analysis of
the different genotypes the larval length in [mm] (Formula 2) and the velocity in

[mm/s] (Formula 1) are to be calculated.

For these calculations the following formulas were used:

(1) Velocity [mm/sec] = velocity [pixel/sec] * pixel width [mm]

(2) Larval lenght [mm] = \/3.5 * larval area [pixel] * pixel width [mm]
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The pixel width [mm] required for both formulas is calculated from the known
resolution of the detected region by the camera and the defined height of the camera

(see Figure 9A).

For calculation of larval length from larval area the width to length ratio of filmed
larvae had to be determined first. To this larvae of a defined length were filmed. From
this a width to length ratio of 1:3.5 was determined on average (Figure 8). Using this

ratio formula 2 was established.

Figure 8: Width to length ratio of filmed larvae

Width to length ratio of filmed larvae was determined
to calculate the length of the larvae from the larval
area returned after analysis of the movies. lllustrated

are six larvae.

For analysis the length and the average velocity of the larvae were calculated and
larvae were grouped according to their size (small (1-3 mm) and large (3-5 mm)) for
each movie. To eliminate dead or injured larvae from analysis, larvae whose velocity
was less than 10% of average velocity of the respective genotype and size group
were excluded from analysis. Eight movies per genotype were analyzed. For

statistical analysis n was defined as the number of movies analyzed.
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3.3.2.2 Performance of larval locomotion assay

For the larval locomotion assay larvae were raised at 25C and 3 and 4-days old
larvae were combined for analysis. Larvae were cleaned by using a 15% sucrose
solution. After washing, larvae were kept in a closed petri dish, containing agar, for
45 minutes at a room temperature of 25C and 50% hu midity, to adapt larvae to test
conditions. To analyze larval locomotion speed, around 100 larvae were placed on a
15 x 15 cm agar plate and a 10min movie was recorded with a frame rate of 5 fps
and a resolution of 1280 x 960 pixels (Figure 9A). After recording, the movies were
compressed to a frame rate of 1 fps using VirtualDub 1.9.10

(http://www.virtualdub.org/). Finally the movies were tracked (Figure 9 B, B-E') and

tracks were analyzed, returning the area and the velocity of single larvae. If larvae
collided tracking of these larvae stopped and new tracks were started after larvae

separated again.
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* %/ Camera

Stand ~ Crawling area

etection
area of the

Figure 9: Recording and tracking of larval locomotion.
(A) Assembly to record larval locomotion. Figure is adapted from (Knopp, 2008). (B) Tracking
of larval locomotion after compression of the movies. For details on performance see main

text.

3.4 Biochemical analysis

3.4.1 Sample preparation for Western Blot

For sample preparation whole flies were frozen at -80C for at least 4 h. Fly heads
were removed on ice and collected in a 1.5 ml Eppendorf tube on ice. Fly heads were
homogenated in buffer (65 mM Tris pH 6.8, 5% (w/v) SDS, 1x Protease Inhibitor
(Roche)) (2 ul/head) using a plastic pistil (Roth, Karlsruhe, Germany). Samples were
extracted at room temperature for 10 min, boiled at 95C for 15 min and
subsequently centrifuged for 10 min at 4C at 10.000 g. The supernatant was

transferred into a new Eppendorf tube and Laemmli sample buffer (240 mM Tris-Cl,
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pH 6.8, 6% SDS, 30% Glycerol, 16% [-Mercaptoethanol, 0.06% Bromphenol Blue)

was added to a 1x final concentration. Samples were stored at -20<C.

3.4.2 Western Blot analysis

For Khc detection, samples were boiled at 95T for 5 minutes before loading on the
gel. Khc expression was analyzed by standard SDS-PAGE on a 7.5 % acryl amide
gel. Gel run was performed at 100 V for around 90 minutes. Proteins were
transferred onto nitrocellulose membrane (Millipore, Eschborn, Germany) by semi-dry
blotting and visualized by chemiluminescence (1 ml Solution A + 100 pl Solution B +
0.3 pl H20,, incubated for 2 min). Chemiluminescence was visualized using a film
(Kodak XAR) or an image acquisition system (Fusion FX7, Vilber Lourmat, Marne-la-

Vallée, France).

The following buffers and solutions were used:

2x Stacking gel buffer, pH 6.8: 250 mM Tris, pH 6.8; 7 mM SDS

5x Separation gel buffer, pH 8.8: 1.86 M Tris, pH 8.8; 17 mM SDS

10x Running buffer: 192 mM glycine; 25 mM Tris; 0.1% SDS

1x Transfer buffer, pH 8.5: 192 mM glycine; 25 mM Tris; 10% methanol
Solution A: 50mg of Luminol to 200 ml of 0,1 M Tris HCI pH 8,6
Solution B: 11mg p-Hydroxycumarinsaure in 10 ml DMSO

For protein detection the following antibodies were used (Table 4):

Primary Antibodies
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Antigen Antibody Host Dilution Donor Reference
Khc SUK4 mouse  1:100 DSHB* (Ingold et al., 1988)
B-Tubulin E7 mouse  1:500 DSHB (Klymkowsky et al,

- |
Secondary Antibodies

Antigen Coupled to Host Dilution Source

Mouse HRP goat 1:2000 Santa Cruz Biotechnology

*DSHB Developmental Studies Hybridoma Bank

Table 4: Primary and secondary antibodies used for western blot analysis.

3.5 Immunohistochemical analysis

3.5.1 Larval body-wall preparation

Third-instar larvae were fixed on a rubber dissection pad with fine insect pins
(0.1x10mm, Austerlitz, Slavkov, Czech Republic) and covered with a drop of cold
Ca?*-free hemolymph-like solution (HL-3) (NaCl 70 mM, KCl 5 mM, MgCl. 20 mM,
NaHCOs 10 mM, trehalose 5 mM, sucrose 115 mM, HEPES 5mM, pH adjusted to
7.2). Larvae were opened dorsally along the midline from the posterior to the anterior
end with dissection spring scissors (NO.15005-08, Fine Science Tools, Vancouver,
Canada). Subsequently, the gut was removed (leaving the ventral nerve cord and
segmental nerves if required for analysis) with fine forceps (Al 231-20, Fine Science
Tools, Vancouver, Canada), the epidermis was stretched and pinned down with two
pins on each side. Larvae were fixed in 4% formaldehyde in phosphate buffered
saline (PBS) or Bouin’s fixative respectively (For details see Table 5). After removing
the fixative with PBS-T (0.05% Triton-X 100 in PBS) larval body wall preparations

were kept in PBS-T.
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3.5.2 Immunostaining

After 30 min of blocking with 5% normal goat serum (NGS) in PBS-T, the PBS-

T/NGS solution was refreshed; primary antibodies were added and incubated over

night at 4C. The next day the samples were washed twice shortly and three times

for 20 min with PBS-T. Secondary antibodies were applied in PBS-T with 5% NGS

and incubated at room temperature for two hours. Larval preparations were washed

again (twice shortly and three times for 20 min) and mounted on a glass object slide

using VectaShield Mounting Medium (Vector Laboratories, Burlingame, USA).

For immunohistochemistry the following antibodies were used (Table 5):

Primary Antibodies

Antigen Antibody Host Dilution Fixation Donor Reference
Bruchpilot Nc82 mouse 1:100 10min PFA DSHB* (Wagh et al., 2006)
CsP DCSP-2 mouse 1:50 10min PFA DSHB (Zinsmaier et al., 1994)
Even- 3C10 mouse 1:10 30min PFA DSHB (Doe et al., 1988)
skipped
Futsch 22C10 mouse 1:150 2min Bouin’s DSHB (Hummel et al., 2000)
GFP 3E6 mouse 1:500 10min PFA Molecular

Probes
GIuRIIC rabbit  1:2000 10min PFA S. Sigrist (Qin et al., 2005)
Khc SUK4 mouse 1:20 10min PFA DSHB (Ingold et al., 1988)
pMad PS1 rabbit  1:500 30min PFA P.ten Dijke  (Persson et al., 1998)
a-Tubulin 12G10 mouse 1:10 2min Bouin’s DSHB (Thazhath et al., 2002)
acetylated—a 6-11B-1 mouse 1:250 2min Bouin’s Sigma-
—Tubulin Aldrich
Synapsin 3C11 mouse 1.5 3min PFA DSHB (Klagges et al., 1996)
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|
Secondary Antibodies

Antigen Coupled to Host Dilution Source
HRP** Cy3 goat 1:500 DiAnova
HRP** Cy5 goat 1:500 DiAnova
mouse Alexa488 goat 1:500 Molecular Probes
mouse Alexa568 goat 1:500 Molecular Probes
rabbit Alexa488 goat 1:500 Molecular Probes
rabbit Alexa568 goat 1:500 Molecular Probes

Table 5: Primary and secondary antibodies used for immunohistochemistry.

* DSHB Developmental Studies Hybridoma Bank

* Anti-horseradish peroxidase (HRP) is an antibody raised against a plant glycoprotein,
which was shown to specifically stain neural tissue in Drosophila melanogaster (Paschinger

et al., 2009).

3.6 Imaging

3.6.1 In vivo imaging

In vivo imaging was essentially performed as described (Rasse, 2004, Rasse et al.,

2005, Fuger et al., 2007, Zhang et al., 2010).

3.6.1.1 In vivo imaging of glutamate receptor clustering

Imaging of GIuR clustering (Results, paragraph 4.1.2) was performed using a Zeiss
Axiovert 200M equipped with a LSM510 scanhead and a 40x Plan-Neofluar oil

objective (1.3 NA).
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To mark GIuR clusters for in vivo imaging a GFP-tagged Drosophila glutamate
receptor subunit [IA (GIuRIIA-GFP) expressed under the native GIuRIIA promoter
(Rasse et al., 2005) was used. For neuronal inhibition of PP2A a dominant negative
isoform of the catalytic subunit microtubule star (UAS-dnMts) of PP2A was expressed
using the pan-neuronal driver elav-Gal4. Larvae were raised at 25C and early L3
stage larvae were used for in vivo imaging. Time points of imaging were 0 and 6
hours. For analysis formation and retraction of glutamate receptor clusters within

these 6 hours of development were quantified.

3.6.1.2 Animal sorting for in vivo imaging of axonal transport

For in vivo imaging of axonal transport of mitochondria, Drosophila larvae expressing
mito-GFP, were sorted using a binocular fluorescence microscope (Olympus SZX16,

Olympus, Hamburg, Germany) equipped with a GFP filter.

3.6.1.3 In vivo imaging of axonal transport of mitochondria

Imaging of axonal transport of mitochondria (Results, paragraph 4.2.1.7) was
performed using a Zeiss LSM 710 confocal microscope equipped with a 40x Plan

Apochromat objective (1.3 NA).

In Drosophila the axons of motor-neurons are bundled in segmental nerves and
expand from the motor-neuron cell bodies, located in the ventral nerve cord, to their
respective target muscles in the abdominal segments of the larva. These axon
bundles are optically easily accessible through the larval body wall.

As density of mitochondria in motor axons is very high, it is difficult to identify and

trace single mitochondria. Thus to trace single mitochondria a part of a segmental
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nerve was bleached (30um in length). Subsequently mitochondria moving through
this area were imaged. Confocal Z-stacks (Z-planes: 10; voxel size: 100 nm x 100
nm x 1500 nm, pinhole: 1.6 AU, average: 2) were recorded at a frame rate of 2.4 Hz.
Movies with residual movement of the segmental nerves were not excluded from the
analysis, but aligned using the ImageJ plugin StackReg (Philippe Thevenaz,
Biomedical Imaging Group, Swiss Federal Institute of Technology Lausanne;
www.epfl.ch/thevenaz/stackreg/). This plugin applies a recursive alignment to a stack
of images. Each slice is used as the template, with respect to which the next slice is
aligned, thus the alignment proceeds by propagation. When the plugin is launched,
the current slice acts as a global anchor (www.epfl.ch/thevenaz/stackreg/).
Subsequent quantification of anterograde and retrograde transport rates and speeds

was done semi manually, using ImageJ.

3.6.1.4 Generation of Kymographs

Kymographs were extracted from representative movies for each genotype using
ImageJ. In case residual movement of the larvae was observed, movies were aligned
with the StackReg plugin. Next, the Multiple Kymograph plugin was used to build

kymographs.

Kymographs were generated by Josephine Ng.

3.6.2 Imaging of immunostainings

Immunostainings were imaged using a Zeiss LSM 710 confocal microscope equipped
with a 40x Plan Apochromat oil objective (1.3 NA). The resolution was adjusted to the

size of the objects imaged, but kept constant within one data set. The settings used
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were: voxel size: 100 nm x 100 nm x 500 nm for imaging of NMJ and segmental
nerves and 200 nm x 200 nm x 500 nm for imaging of the VNC; pinhole: 1 AU, line
averaging: 4, if not stated otherwise. Laser intensities were adjusted to one
genotype, depending on the analysis to be performed, and kept constant within one

data set.

For analysis z-stacks of whole NMJs of muscle 6 and 7 of abdominal segment A2
and A5 (Figure 10), VNCs (Figure 10, light gray structure) or sections of segmental

nerves, passing trough segment A4 (Figure 10, arrow) were imaged.

Figure 10: Exemplary picture of a larval body wall
preparation.

Highlighted are the structures imaged for different analyses:
VNCs (light gray), segmental nerves (orange), NMJs of muscle 6
and 7 of abdominal segments A2 and A5.

(Image of larval body wall preparation was kindly provided by

Josephine Ng.)

3.7 Data Analysis

3.7.1 Data Processing

For data processing and analysis ImageJ 1.410 (US National Institutes of Health;

http://rsb.info.nih.gov/ij/download.html) was used.
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Images, used for illustration purposes only, were processed as follows: (1) A
Gaussian filter (radius=2) was applied to the raw data stack. Brightness and contrast
were appropriately adjusted (constant within one data set). The relevant slices of the
modified stacks were maximum-projected. Projected images were scaled by 2, and
gamma adjustment (gamma=0.75) was applied. If necessary, brightness and contrast

were adjusted again (constant within one data set).

3.7.2 Quantification of glutamate receptor field size

For the quantification of GIuR field sizes data were kindly provided by our
collaboration partner Prof. DiAntonio. GluR fields were marked by staining for the
GluR subunit 1IC. The maximum z-projections of the confocal z-stacks of the IIC
channel (Figure 11A) were scaled by a factor of 2 and then used to produce a binary
mask (structure of interest is set to 255, background is set to 0) by applying a
threshold. This binary mask was then used for manual segmentation to define single
GluR fields (Figure 11B). Finally, the binary mask was superimposed (minimum
overlay) with the original maximum projections. This returned the original
fluorescence intensity values and the signals were analyzed (Figure 11C). The
following measurement parameters were therefore activated: area, mean gray value,
limit to threshold, minimum size: 10 pixel, maximum size: not restricted, show
outlines, display results, exclude on edge particles. The area, denoted in pixels, was
converted to pm?. Finally GIuR fields positive and negative for the presynaptic marker

Brp (Figure 11D) were determined.
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Figure 11: lllustration of quantification of glutamate receptor field sizes.

Sizes of GluR fields, positive and negative for the presynaptic marker Brp were quantified. A
section of a NMJ is shown. Maximum z-projections of the confocal z-stacks of the IIC
channel (A) were transferred into a binary mask and manually segmented (B).The binary
mask (B) was superimposed with the original maximum projections (A) and analyzed (C).
Finally Brp positive and negative GIuR clusters were determined by comparing quantified

GluR clusters to Z-projections of the Brp channel of the same NMJ (D).

3.7.3 Quantitative data analysis

Quantitative image analysis was carried out semi manually using ImageJ 1.41o0.
Before analysis raw data stacks were filtered, stacks were then maximum projected

and projections were scaled by a factor of 2.
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AI
Figure 12: lllustration of quantitative data analysis.

_ (A) Quantification of total tubulin levels. Projections of

the HRP channel (A") were used to create a binary mask

Am_ (A"). The binary mask (A") was then superimposed with
the maximum projections of the tubulin (A") and the
‘. B! .- B! resulting image was analyzed.
:‘ ‘ P (B) Quantification of mitochondrial content at the NMJ.
i | To this, maximum projections of the HRP channel as
}\1._ ’?- .. . well as the mito-GFP were converted into binary masks
' (13B' and 13B"). The areas of the structures were
0.,  BY Yy B! calculated (B" and B") and the ratio of mito-GFP to
{f ; HRP area was determined.
b .

// fl{\,‘\. 1 B ® ”
ﬁ RP 1/ Mito-GFP

Quantification of fluorescence intensities in segmental nerves

For quantification of total tubulin (Figure 12A), acetylated tubulin levels and pMad
levels in segmental nerves the maximum z-projections of the HRP image stacks
(Image 1) (Figure 12A") were used to create a binary mask (Image 2) (Figure 12A")
(structure of interest is set to 255, background is set to 0) by applying a threshold.
During the process of thresholding, the individual pixels in the image are marked as
"structure of interest" and assigned a value of 255, if their original value equates or is
greater than the threshold value applied. If the original value of a pixel is below the

threshold value, the pixel is assigned a value of 0 and set to be "background”.

The binary masks (Image 2) were then superimposed (minimum overlay) with the
maximum z-projections of the tubulin (Figure 12A") or pMad channels (Image 3)
respectively. This returned the original intensity values of tubulin and pMad (Image

4). Finally, Image 4 was used to analyze the signals using the following parameters:
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area, mean gray value, limit to threshold, show outlines, display results. For details

on image processing see Table 6.

Channel Filter Radius Projected Scaled Threshold value applied

to create binary mask

Quantification of total tubulin levels in segmental nerves

HRP mean 3 max* - 15*

a-tubulin mean 3 max - -

Quantification of acetylated tubulin levels in segmental nerves

HRP mean 3 max - 10
Acetylated a- mean 3 max - -
tubulin

Quantification of pMad levels in segmental nerves

HRP mean 3 max - 20

pMad mean 3 max - -

Table 6: Pre processing details for quantification of total tubulin, acetylated tubulin
and pMad in segmental nerves.

*max = maximum projection

*pixels with a value of 15 or greater are marked as "structure of interest” and assigned a
value of 255. Pixels with a value below 14, the pixel is assigned a value of 0 and set to be

"background".

Quantification of pMad fluorescence intensities in motor-neuron cell bodies

For quantification of pMad levels in motor-neuron cell bodies the Even-skipped (Eve)
channel (Image 1) was used to create a three-dimensional binary mask (Image 2),
which was subsequently superimposed (minimum overlay) with the pMad channel
stack (Image 3). As to avoid misallocation of fluorescence signals from different cell

bodies located in differing planes in the z-stack, which might occur in a projected
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image, the superimposition was done using a three-dimensional binary mask (Image
2) and the z-stack of the original channel (Image 3). The resulting stack (Image 4)
was then maximum projected and pMad fluorescence intensities of aCC and RP2

motor-neurons were analyzed. For details on image processing see Table 7.

Channel Filter Radius Projected Scaled Threshold value applied

to create binary mask

Even-skipped GB* 2 - - 30

pMad GB 2 - - -

Table 7: Pre processing details for quantification of pMad in motor-neuron cell bodies.

*GB = Gaussian Blur filter

Quantification of mitochondrial density and Futsch innervation at the NMJ

For quantification of mitochondrial density and Futsch area fraction of the NMJ, areas
of the respective structures were determined. To this, maximum projections of the
HRP (Figure 12B') channel as well as the mito-GFP (Figure 12B") and Futsch
channel were converted into binary masks. The area of the structures was calculated
(Figure 12, B" and B"") and the ratio of mito-GFP to HRP (total NMJ) area, as well as
Futsch to HRP (total NMJ) area was determined. For details on image processing

see Table 8.
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Channel Filter Radius Projected Scaled Threshold value applied

to create binary mask

Quantification of mitochondrial content at NMJ

HRP mean 3 max* - 25

Mito-GFP GB* 2 max - 12

Quantification of Futsch content at NMJ

HRP mean 3 max - 35

Futsch mean 3 max - 70

Table 8: Pre processing details for quantification of mitochondrial and Futsch content
at the NMJ.

*GB = Gaussian Blur filter. *max = maximum projection

3.7.4 Quantification of synapses

For quantification of synapses, Brp puncta were counted using the Delta 2D software
(Decodon GmbH, Germany), that was originally designed to identify spots on 2D
gels. The applicability of this software to our objects and the adequate pre processing
of the images was tested before, by the rotation student Nina Drager in our lab
(Impact of different kinesins on synaptic plasticity in Drosophila, Lab report by Nina
Draeger (Draeger, 2009)). To find the adequate way of pre processing confocal z-
stacks were maximum projected and different pre processing steps were tried out

(Figure 13).
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a . b D% Figure 13: Automated counting of
Qa0
synapses
| Analysis of Brp puncta with Delta-2D
Igb software differently pre-processed in
. - scale, Gaussian blur filter, and
-’ @%?E}

threshold, n = number of counted Brp

Yo ®
- puncta. (a) Gaussian blur filter 1 (b)

Scale 2, Gaussian blur filter 2, manual

< s . ¢ & . € g5 i analysis (c) Scale 2, Gaussian blur filter
’ i ’ 1, analysis with Delta2D (d) Scale 2,
N=20 N=24 N=35 Gaussian blur filter 2, analysis with
. «~  Delta2D (e) Scale 2, threshold 20,
."'"r‘. . - .i";_ S = " ; + & analysis with Delta2D
“ B b 'k L RS % Figure is taken from (Draeger, 2009).

The automated analysis of Brp with Delta2D software differed from manual counting,
depending on the pre processing steps applied (Figure 13). The pre processing steps
used for the image shown in Figure 13D rendered nearly the same results than
manual counting. Thus datasets for automated Brp counting were pre processed in
the following way using Image J: Z-stacks were maximum projected, scaled by a
factor of two and Gaussian blur filter (radius two) was applied. In the Delta2D
software the following parameters were adjusted: background 100; spot size 10;

sensitivity 20.

To account for possible differences in larval size counted synapses were normalized

to the surface of muscle 6/7 of segment A2 and A5, respectively (Formula 1).

synapse number

(1)Normalized synapse number = * average muscle surface w8 [um?]

muscle surface [pm?2]
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Normalization to the muscle surface was also applied to the quantification of NMJ

area (Formula 2).

NM]J area [um?]
muscle surface [um?2]

(2)Normalized NM] area = |

* average muscle surface w um?]

3.7.5 Quantification of presynaptic degeneration

To quantify presynaptic degeneration the synaptic footprint assay was used
(Introduction, paragraph 2.1.2) and the analysis was modified (see next paragraph).
The ratio of presynaptic Synapsin (Syn) area to DIlg area, as well as presynaptic
neuronal membrane area (HRP) to Dlg was determined. Importantly no widening of
Dlg in any of the analyzed genotypes was observed (Figure 14), which might have

introduced a bias into analysis.

N262S
D42>Khc

Figure 14: Postsynaptic discs large.
Discs large is not widened in D42>Khc"*N?%° gnd D42>Khc"“#? animals compared to

controls.
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Performance of analysis

For quantification of the ratio of presynaptic Syn and neuronal membrane area to Dlg
maximum z-projections of the image stacks of all three channels were converted into
binary masks. The Syn and neuronal membrane binary mask were superimposed
(AND overlay) with the Dlg binary mask, to eliminate presynaptic structures which did
not co-localize with Dlg. From these resulting binary masks (Figure 15A - B, Dig,
HRP, Syn), the area of the respective structures was calculated and the ratio of Syn
to DIg area, as well as neuronal membrane to DIlg area was determined. An
exemplary overlay of the HRP and DIlg mask, as well as of the Syn mask with the Dlg
mask for a control and a mutant genotype (Figure 15A - B) shows that there is a
change in the ratio of presynaptic Syn and neuronal membrane area to DIg area in
D42>KhcN?°% animals compared to D42 and that the method is suited for analysis of

degeneration. For details on image processing see Table 9.
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Figure 15: lllustration of quantification of presynaptic degeneration.

For quantification of the ratio of presynaptic Syn and neuronal membrane area to Dlg
maximum z-projections of the image stacks all three channels were converted into binary
masks. The Syn and neuronal membrane binary mask were superimposed with the Dlg
binary mask, to eliminate presynaptic structures which did not co-localize with Dlg. From
these resulting binary masks the respective area was calculated and the ratio of presynaptic

area to DIg area was determined.
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Channel Filter Radius Projected Scaled Threshold value applied

to create binary mask

HRP GB* 2 max* - 35
Syn GB 2 max - 13
Dlg GB 2 max - 18

Table 9: Pre processing details for quantification of presynaptic degeneration.

*GB = Gaussian Blur filter. *max = maximum projection

3.7.6 Quantification of motor-neuron cell loss

For quantification of motor-neuron cell loss, a subset of motor-neuron cell bodies was
marked by staining for the transcription factor Eve. Eve is expressed in the medially
located aCC and RP2 motor-neurons (Figure 16A) as well as in the lateral U/CQs
motor-neurons. It is also expressed in other neuronal cells, such as the medially
located pCC interneurons and the EL interneuron cluster (Landgraf et al., 2003). To
score motor-neuron cell loss the aCC (innervating abdominal muscle 1) and RP2
(innervating abdominal muscle 2) motor-neurons (Figure 16A) that are located in the
ventral nerve cord middle line and innervate segments A1-A3 (anterior segments)

and A5-A7 (posterior segments) (Figure 16B), were quantified.
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Figure 16: lllustration of motor-neuron cell
bodies used for motor-neuron cell body
guantification.

(A) The transcription factor Eve marks the medially
located motor-neurons RP2 and aCC, as well as
the pCC interneurons. For quantification the motor-
neuron cell bodies innervating the abdominal
segments A1-A3 and A5-A7 (B) were scored.

Scale bars 20 um

3.7.8 Quantification of presynaptic pMad

The transcription factor pMad is abundant at the NMJ as well as in motor-neuron and
muscle nuclei suggesting that the pathway is bidirectional, with some pMad being
generated both pre- and postsynaptically at the NMJ (Collins and DiAntonio, 2007;
Dudu et al., 2006). As we were interested in presynaptic pMad levels, staining for the
active zone protein Brp (Wagh et al., 2006) was used to mark the presynaptic area of
the synapses (Figure 17A - B). Figure 17A shows partial co-localization of pMad and
presynaptic Brp. Brp staining (Image 1) was then used to create a three-dimensional
binary mask (Image 2) that was applied to the confocal stacks of the pMad channel
(Image 3) (total pMad Figure 17C). pMad signal that co-localized with Brp was
defined as presynaptic (Image 4) (Figure 17D). Postsynaptic pMad signal (Figure
17E) was obtained by subtracting presynaptic pMad (Figure 17D) from total pMad
signal (Figure 17C). Thereby pre- and postsynaptic pMad (Figure 17D - E) were
separated. Subsequently presynaptic pMad (Image 4) fluorescence intensities were

guantified using ImageJ. Postsynaptic pMad was not quantified.
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Figure 17: lllustration of quantification of

A Brp/ pMad merge presynaptic pMad.

B pMad is generated both pre- and
Presynaptic:Brp postsynaptically at the NMJ (A + C). To

distinguish pre- and postsynaptic pMad the

C Total pMad presynaptic marker Brp was used (B) to

create a three-dimensional binary mask and
D Presynaptic pMad pMad colocalizing with Brp was defined as

presynaptic (D). Postsynaptic pMad (E) was

E Postsynaptic pMad obtained by subtracting presynaptic pMad (D)

from total pMad (C). Scale bar 2 um

Channel Filter Radius Projected Scaled Threshold value applied

to create binary mask

Brp GB* - - 22

N

pMad GB

N
1
1

Table 10: Pre processing details for quantification of presynaptic pMad.

*GB = Gaussian Blur filter

3.8 Statistics

Statistical tests  were performed using the  software PAST.exe

(http://folk.uio.no/ohammer/past/index.html) unless otherwise noted. Sample errors

are given as standard deviation (SD) and standard error of the mean (SEM). Data
were first tested for normality by using the Shapiro-Wilk test (a=0.05). Normally
distributed data were analyzed either by student’s t-test (two groups) or by a one-way
analysis of variance (ANOVA) followed by a Tukey-Kramer post-test for comparing
multiple groups. Not normally distributed data were analyzed by using either a Mann-

Whitney test (two groups) or a Kruskal-Wallis H-test followed by a post-test for
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comparisons between multiple groups. Significance levels: * p<0.05; ** p<0.01,

*** p<0.001.

For in vivo imaging data of GluR clustering a stabilization of variance was performed.
To this the ratios of new synapses were transformed to logits, i.e., the natural
logarithms of the odds. The constant value 0.5 was added to all frequencies such that
logarithms of zero were avoided. For the logitvalues we compared the groups by a
multifactorial ANOVA with the fixed factor group and the random factor animal that is
nested under the factor group. The model parameters were estimated according to
restricted maximum likelihood (REML). The estimates together with their 95%
confidence intervals were back transformed into percentages. We used the statistics

package JMP Version 7.0.2.
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V. Results

4.1 A role of PP2A in synapse development in Drosophila

melanogaster

The following analyses were performed in collaboration with the group of Prof. A.
DiAntonio, Department of Developmental Biology, Washington University School of

Medicine, St. Louis, Missouri, USA

The following chapters (4.1.1-4.1.2) are taken from: “PP2A and GSK-38 Act
Antagonistically to Regulate Active Zone Development”, N.M. Viquez, P. Fuger et al.,

Journal of Neuroscience, 2009.

In collaboration with the group of Prof. DiAntonio we investigated the role of the
serine-threonine protein phosphatase 2A in the development of individual synapses
at the Drosophila NMJ. Mature and functional synapses at the Drosophila NMJ are
characterized by a precise apposition of the presynaptic AZs and the AZ protein Brp
to the postsynaptic GIuR clusters (Zhai and Bellen, 2004, Rasse et al., 2005). The
group of Prof. DiAntonio showed that neuronal inhibition of PP2A resulted in
abnormal presynaptic development: about 30% of GluR clusters were unapposed to
AZs and the AZ protein Brp when PP2A was inhibited, whereas in the control larvae

only 0.1% of the GIuR clusters were found to be unapposed to presynaptic Brp.

To gain first insights into the impact of neuronal PP2A inhibition on synapse
formation and maturation we measured the size of GIuR fields apposed and
unapposed to Brp and performed in vivo imaging to examine the dynamics of GIuR

clustering.
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4.1.1 Neuronal inhibition of PP2A impairs presynaptic maturation

The dataset of confocal images for the quantification of GIuR cluster size in larvae
with inhibited PP2A function was kindly provided by the group of Prof. DiAntonio. To
inactivate PP2A in neurons a dominant negative allele of the PP2A catalytic subunit
microtubule star (UAS-dnMts) was expressed under the control of the pan-neuronal
elav-Gal4 driver (dnPP2A). Larvae carrying only elav-Gal4 were used as a control.
For details see N. M. Viquez, P. Fuger et al., 2009. The analysis was performed on

the NMJs innervating muscle 4 in segments A2 and A3.

GIuR cluster size [pm 7]

+Brp -Brp
control 0.37+0.21 0.16 +0.06
dnPP2A 0.62 +£0.32 0.23+0.15

Table 11: Neuronal inhibition of PP2A leads to an increase of GIuR cluster size.
Quantification of the size of GIUR clusters apposed (+Brp) and unapposed (-Brp) to
presynaptic Brp in larvae with neuronal inhibition of PP2A (dnPP2A) and control larvae. Data

shown are mean + SD.

Neuronal PP2A-inactivation resulted in an increase of the size of GIuR clusters in
dnPP2A larvae compared to control larvae (Tablell). GluR clusters apposed as well

as unapposed to presynaptic Brp were around 1.5-fold broader in the dnPP2A larvae.

In the dnPP2A animals the size of the GluR clusters apposed to Brp compared to the
GluR clusters unapposed to Brp was increased 3.7-fold (p<0.001). In the control
larvae a similar difference in size (2.3-fold) was observed between GIuR clusters

apposed and unapposed to Brp (p<0.001). It was shown before that newly formed
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GluR clusters are quite small and precede the localization of Brp at the presynaptic

site of the synapse (Rasse et al., 2005).

Our data show that neuronal inhibition of PP2A leads to abnormal GIuR clustering.
Furthermore the finding that GIuR clusters unapposed to Brp are significantly smaller
than GIuR clusters apposed to Brp in the dnPP2A larvae suggests that the absence
of Brp from these synapses is due to a failure of delivery of Brp to these synapses

rather than maintenance of Brp at the synapses.

4.1.2 Neuronal inhibition of PP2A additionally impairs postsynaptic

GluR clustering

To examine the dynamics of GluR clustering, in vivo imaging was performed. To this
GluRs were marked by expression of the GFP-tagged GIuRIIA subunit under its

endogenous promoter, in larvae with PP2A inhibition and control larvae.

The following genotypes were used for in vivo imaging: xy;DGIURIIA-GFP/+;elav-
Gal4/dnMts (dnPP2A) and xy;DGIuRIIA-GFP/+;elav-Gal4/+ (Control). Larvae were
raised at 25T and early L3 stage larvae were used for in vivo imaging. Imaging was
done at two time points (0 and 6 hours) and the changes to the receptor clusters

within these six hours of development were quantified.
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Figure 18: Neuronal inhibition of PP2A causes defects in GIuR clustering.

(A) In vivo imaging of GFP-labeled DGIURIIA at larval NMJs. Shown are two time points of
imaging (0 and 6 h) of individual NMJs from a larva in which PP2A is inhibited (dnPP2A)
(top) and a control larva (bottom). Regions of formation and loss of GIuR fields within the
NMJs are marked by colored dots. Enlargements of the areas marked are shown beneath
the corresponding NMJs. Newly formed GIuR fields are marked with arrows, lost GIuR fields
are marked with arrowheads. Scale bar: 5 uym. (B) Quantification of formation of GIuR fields.
(C) Quantification of loss of GIuR fields. For B and C, 13 control junctions (from five different
larvae) were compared with 42 mutant junctions (from 13 different larvae). Error bars show
the SEM.

In vivo imaging of GIuR dynamics revealed that a small proportion of the GIuR
clusters were lost in both genotypes within 6 hours of development (loss of synapses:
dnPP2A 0.96%; control 0.90%) (Figure 18A, arrowheads and 18C). Quantification of
the newly formed GIuR fields showed a ~3-fold reduction in the number of newly
formed GIuR clusters in dnPP2A larvae (1.71%) compared to control animals (4.62%)
(Figure 18A, arrows and 18B) Thus, the net addition of GIuR clusters in the dnPP2A

animals was strongly reduced compared to the controls. These results demonstrate
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that presynaptic inhibition of PP2A at the NMJ does not only impair presynaptic

active zone development, but also causes defects in postsynaptic GIuR clustering.
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4.2 Drosophila melanogaster in the study of the SPG10
subtype of the neurodegenerative disorder Hereditary
Spastic Paraplegia

Parts of the following chapters are taken from

“Spastic paraplegia mutation N256S in the neuronal microtubule motor KIF5A
disrupts axonal transport in a Drosophila HSP model”, P. Flger, V. Sreekumar et al.,

Manuscript accepted for publication

4.2.1 Establishment of a Drosophila model for the HSP

subtype SPG10

4.2.1.1 The mutation N262S does not affect stability of Khc when

expressed pan-neuronal in Drosophila

To establish a Drosophila model for the HSP subtype SPG10 and gain insight into
the associated pathogenic mechanisms, site-directed mutagenesis was used to
exchange the nucleotides 785A>G (corresponding to amino acid exchange N262S)
in a full-length wild-type Drosophila khc cDNA (SD02406), which was then inserted
into a modified pUAST attB vector (UAS-Khc"?°?%). To generate the control construct
UAS-Khc", full-length wild-type khc was also inserted into the vector. (Previous work;

for details see paragraph 2.4)

To examine expression of the proteins, pan-neuronal conditional expression was
used. Thereby the expression of UAS-constructs by the elav®***-Gal4 driver is only

enabled at the restrictive temperature of 29<C. To this, transgenic flies carrying either

UAS-Khc"?%2 or UAS-Khc™ were crossed to flies carrying the pan-neuronal elav©*®°-
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Gal4 driver and a ubiquitously driven temperature-sensitive Gal80 construct (tub-
Gal80"™). Flies of the following genotypes (y/elav©***-Gal4;tub-Gal80"/+;+/+ (elav),
ylelav™>-Gald/tub-Gal80"/+;UAS-Khc"?**5/+  (elav>Khc"%**®) and  ylelav®'®*-
Gal4;tub-Gal80's/+;Khc"/+ (elav>"""")) were raised and allowed to hatch at a
permissive temperature of 18C. 24 hours after hatc hing the male flies were
transferred to a restrictive temperature of 29C. T he flies were kept at 29T for 13

days to induce expression of Khc“?°?®> and Khc™. Then protein extraction from the

whole fly heads and western blot analysis was performed.

Genotype elav elav>Khe" elav>Khe\ %%
Number of heads 1g 5 25 5 5 435 g 5 1-2'5
Khe S— - e G - — - .
B-Tub D e .. Jre——

Figure 19: Khc"?®*® and Khc"' are stably expressed in Drosophila.
Genotypes: ylelav®'*>-Gal4;tub-Gal80"/+:+/+ (elav), ylelav***-Gal4/tub-Gal80"/+;UAS-
Khc"/+ (elav>Khc") and ylelav®***-Gal4;tub-Gal80"/+;Khc"*?5/+ (elav>Khc"**%%). 14 days

old male flies were used for western blot analysis. The number of heads loaded per lane is

indicated. B-Tubulin was used as a loading control.

In 14 days old male flies the levels of endogenous Khc from the 10 heads of the
control flies (elav) were comparable to the Khc levels in 2.5 heads from flies over-
expressing Khc"?°?® or Khc™ under the elav®**-Gal4 driver (Figure 19). A ~3-fold
excess of ectopic Khc to endogenous Khc was determined using the ImageJ Gel
Analyzer. Similar protein levels of Khc were detected in elav>Khc™ and
elav>Khc"?®** flies, showing that N262S does not affect protein stability. Therefore

mutated Khc (KhcV?°%°) exceeds the endogenous wild-type Khc in flies expressing

N262S N262S

ectopic Khc only. In contrast, in flies expressing Khc together with an
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additional copy of Khc" the ratio of wild-type Khc to mutated Khc is shifted; more
wild-type Khc is available, due to the two copies of endogenous wild-type Khc and

the additional expression of Khc™.

N262S

4.2.1.2 Motor-neuron expression of Khc causes distal paralysis

of Drosophila larvae

In khc null mutant larvae a characteristic tail-flipping phenotype has been described
(Hurd and Saxton, 1996a). This tail-flipping is caused by a distal paralysis, that is
more pronounced in the ventral distal part of the larvae and reflects the more severe
effects of Khc mutations on the structure and function of the long axons that

innervate the posterior segments (Hurd and Saxton, 1996b).

Upon motor-neuron specific expression of KhcV?°%® and Khc"*N?625 (D42>KhcN202S
and D42>Khc"*N?62%) third-instar larvae also displayed the tail-flipping phenotype

(Figure 20).

N262S wt+N262S

D42 D42>Khc" D42>Khc D42>Khc

o

*

Figure 20: Motor-neuron specific ectopic expression of KhcN#?®

in the wild-type
background causes tail-flipping of Drosophila larvae.

The tail-flipping of D42>Khc"%?° and D42>Khc""*N?%%° |arvae is due to a distal paralysis. This
phenotype is more pronounced in D42>Khc"??® |arvae and precedes a complete paralysis of

the distal part of these larvae.
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In D42>Khc“?*? |arvae the distal paralysis was more pronounced compared to
D42>Khc"™N?25 |arvae. In D42>Khc?®%® larvae the tail-flipping phenotype was
followed by an almost complete paralysis of the posterior parts of the larvae.
Eventually these larvae could only move their heads (Figure 20, red arrow). As a
result of complete paralysis, D42>Khc"?*? |arvae died at second or third instar
stages. Third-instar D42>Khc""*N?%25 |arvae exhibited the tail-flipping phenotype but

Wt+N262S under

were still able to crawl (Figure 20, green arrowhead). Expression of Khc
the D42-Gal4 driver did not cause larval lethality. In D42>Khc™ animals no defects

became obvious.

In Drosophila, axons innervating the posterior segments are considerably longer than
those innervating anterior segments. In Drosophila larvae expressing Khc\2%%°,
longer motor-neuron axons seem to be primarily affected in their function. Thus the
distal paralysis of D42>Khc"?®*° and D42>Khc"*N?2° Drosophila larvae, resembles
HSP pathological symptoms that are characterized predominantly by affection of the

lower limbs caused by a particular vulnerability of the long axons of the descending

spinal tracts.

4.2.1.3 Khc"#?® acts as a dominant-negative allele in Drosophila

larvae

ANZ98S is not a loss-of-function

From in vitro analyses it was suggested that KIF5
mutant, but a dominant-negative allele (Ebbing et al., 2008). This is consistent with

the autosomal dominant inheritance of the HSP subtype SPG10.

To test whether KhcV?%2® interferes with the function of wild-type Khc in a dominant-

negative way in vivo, the impact of motor-neuron specific ectopic expression of
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KhcN?%%® in a wild-type background was compared to the impact caused by the loss
of one (Khc™") or two endogenous copies (Khc™) of khc. The following genotypes
were used for the larval locomotion assay D42, D42>Khc", D42>KhcN%%®,
D42>Khc"*™N%2S Khe and Khe'. Larvae were raised at 25C and second and third-

instar larvae were used for analysis.

The size and average speed of the larvae was calculated and larvae were grouped

according to their size (small, 1-3 mm; large, 3-5 mm; Figure 21).
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Figure 21: Motor-neuronal expression of KhcN?®%®

in the wild-type background strongly
impairs locomotion of Drosophila larvae.

Boxes indicate SEM; black lines indicate SD. Kruskal-Wallis H-tests for multiple comparisons
were performed. All genotypes within a single size group were compared to the D42 larvae

(dark gray bare). Eight movies per genotype were analyzed.
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Larval size Larval size
1-3mm 3-5mm

velocity [mm/s] p-value velocity [mm/s] p-value
D42 0.30 £ 0.04 - 0.58 £ 0.09 -
D42>Khc™ 0.30 £ 0.04 n.s 0.51 +0.08 n.s
D42>KhcN?%%® 0.10 £ 0.02 <0.001 0.09 £0.02 < 0.001
D42>Khc NS 0.22 +0.03 n.s 0.33+£0.04 <0.05
Khe*" 0.25 +0.03 n.s 0.53 £ 0.09 n.s
Khe™ 0.03 £ 0.009 < 0.001 0.03+0.01 < 0.001

Table 12: Quantification reveals severe impairment of Drosophila larval locomotion

upon motor-neuronal expression of Khc"?%%°,

Data are means + SD. Statistical significance was determined using a Kruskal-Wallis H-test

for multiple comparisons. The p-values shown are when compared to D42 larvae.

N2625 and khc null (Khe”) larvae was

The locomotion of small and large D42>Khc
strongly impaired compared to the D42 and D42>Khc™ larvae, which exhibited no
significant difference between each other (Figure 21 and Table 12). The locomotion
of the small D42>Khc"""™N?°%° |arvae was indistinguishable from that of control animals
(D42 and D42>Khc™), while the large larvae displayed a reduction in locomotion
speed (Figure 21 and Table 12). No difference was observed in the locomotion

speed between the D42 larvae and the larvae lacking one copy of khc (Khc*") (Figure

21 and Table 12).

N262S

The obvious differences in the locomotion of D42>Khc and Khc" larvae show

that Khc"?%%® acts as a dominant-negative in vivo.

70



RESULTS

4.2.1.4 Motor-neuron expression of Khc"®*® causes axonal

swellings and disturbs axonal transport in Drosophila larvae

The occurrence of axonal swellings has been reported from autopsies of human
SPG4-associated HSP patients (Kasher et al., 2009) and mouse models of SPG4
(Spastin) (Kasher et al., 2009) and SPG7 (Paraplegin) (Ferreirinha et al., 2004)
Within these swellings the accumulation of axonal transport cargo was observed,
suggesting an impairment of axonal transport. Axonal swellings have also been
observed in Drosophila khc null mutant larvae (Hurd and Saxton, 1996b). In the khc
null mutant larvae axonal swellings, showed increased immunoreactivity for the
synaptic vesicle-associated Cysteine-string protein (CSP), a kinesin-1 cargo (Hurd

and Saxton, 1996a, Barkus et al., 2007).

For analysis of axonal transport in vitro, D42, D42>Khc™, D42>Khc“?6%,
D42>Khc"*N?52S and Khe™ larvae were used. Larvae were raised at 29°C and t hird-
instar larvae were dissected and stained for the kinesin-1 cargo CSP and the kinesin-

3 cargo Brp as well as the neuronal membrane marker anti-HRP.

In Drosophila the axons that project from the motor-neuron cell bodies, located in the
VNC, to the abdominal segmental muscles are bundled within segmental nerves. A
segmental nerve contains 60-80 motor and sensory axons. Structures marked by

anti-HRP staining and shown in Figure 22 represent segmental nerves.
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Figure 22: The kinesin-1 cargo CSP and the kinesin-3 cargo Brp accumulate in

N262S

segmental nerves of Khc expressing Drosophila larvae.

Anti-HRP and CSP (A) and anti-HRP and Brp (B) staining in segmental nerves of Drosophila
larvae. Axonal swellings (arrowheads in A-B) are characterized by a bright anti-HRP staining
and an accumulation of the kinesin-1 cargo CSP or the kinesin-3 cargo Brp. Scale bars, 10

um.
Motor-neuron specific expression of Khc"“?*?® and Khc"*N?%2S under the D42-Gal4
driver caused a distinct inhomogeneity in anti-HRP staining in segmental nerves of
these larvae compared to D42 and D42>Khc™ larvae (Figure 22A - B, arrowheads).
Similar inhomogeneity in anti-HRP staining was also found in Khc” animals (Figure

22A, arrowheads). As anti-HRP is a marker of neuronal membranes the areas of

increased anti-HRP intensities should mark areas of increased neuronal membrane
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accumulation. In khc null mutants the occurrence of axonal swellings has been
reported, that are characterized by an accumulation of membrane-bounded
organelles such as mitochondria, small vesicles, cisternal membranes and
multivesicular bodies (Hurd and Saxton, 1996b). Thus we concluded that the areas of
increased anti-HRP intensities within the segmental nerves of D42>Khc“?%%5
D42>Khc"™N%2S and Khe larvae would mark sites that exhibit an accumulation of
structures rich in membranes within single axons of the nerves and thus axonal

swellings. Electron microscopic analysis of segmental nerves of Khc\?%%°

expressing
animals confirmed that axonal swellings, containing multivesicular bodies,
prelysosomal vacuoles and autophagosomes occur in these animals (data by J.

Kern).

N262S Wt+N262S

Axonal swellings were more prevalent in D42>Khc compared to D42>Khc
larvae and were characterized by an increase in CSP fluorescence intensity (Figure
22A), indicating an accumulation of CSP within axonal swellings. Hence, motor-

N262S

neuron specific expression of Khc impairs the axonal transport of CSP by

kinesin-1. Axonal swellings were absent in D42 and D42>Khc" larvae.

Next, staining for the kinesin-3 cargo Brp (Barkus et al., 2007, Pack-Chung et al.,

N262S also affects

2007) was used to investigate whether the expression of Khc
kinesin-1 independent axonal transport. Accumulation of Brp within axonal swellings
revealed that axonal transport by kinesin-3 was also disturbed in D42>Khc“?%° and
D42>Khc"*N?%2S |arvae (Figure 22B). This suggests that ectopic expression of

mutated Khc does not selectively disturb axonal transport by kinesin-1, but also

impairs kinesin-1 independent axonal transport.
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N262S

4.2.1.5: Axonal swellings in motor-neurons of Khc expressing

Drosophila larvae do not represent sites of abnormal Khc

accumulation

One question to be answered was whether Khc accumulates abnormally in axonal

swellings of Khc\#2S

expressing larvae. To answer this, immunohistochemical
staining of segmental nerves of D42, D42>Khc", D42>Khc"“?°%° and D42>Khc"*N2625
larvae was performed. Larvae were raised at 29C and third-instar larvae were

dissected and stained for neuronal membranes and Khc.

A ™ Genotype D42 D42>Khc™ | D42>Khc™ 2% | D42>Kho 2o
Mean + SD 1.08 + 0.04 1.76 £ 0.13 8.77 £ 3.21 2.35 + 0.69
p-value - 0.311 0.182 0.085

D42>Khe™

D42>Kh cwt+N262$

) 2
D42>KhcN?6%°

Figure 23: Motor-neuron specific expression of Khc"“**** does not cause abnormal
accumulation of Khc in axonal swellings in Drosophila larvae.

(A) Motor-neuron expression of Khc"?%2°

increased Khc levels in segmental nerves of
Drosophila larvae. For statistical analysis Kruskal-Wallis H-tests for multiple comparisons
were used. p-values shown are when compared to D42 (B) Khc staining in segmental nerves
of third-instar Drosophila larvae. Larvae were stained for anti-HRP to mark neuronal

membranes. In D42>Khc"*"%?S |arvae some axonal swellings (green) co-localized with Khc
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accumulations (white arrow), while other axonal swellings did not show increased Khc
fluorescence intensity (white arrowhead). Furthermore Khc accumulations were also found
outside of axonal swellings (black arrowhead) in these larvae. In D42>Khc"“?°*® Jarvae no Khc

accumulations were found within axonal swellings. Scale bar, 10 pm

Expression of Khc™ as well as of Khc\?%%°

in motor-neurons of Drosophila larvae
caused a trend towards an increase of Khc levels in segmental nerves, that was most
pronounced in D42>Khc""*™N%%5 |arvae (Figure 23A). However it was not statistically
significant different compared to D42 larvae. The increase in Khc levels observed in
the D42>Khc"*N?%2S |arvae resulted from abnormal Khc accumulations present in
segmental nerves of these animals. These Khc accumulations (31 Khc
accumulations from 5 segmental nerves of 5 larvae; Figure 23B, white arrows and
black arrowheads), partially co-localized with axonal swellings (9 out of 31 Khc
accumulations; Figure 23B, white arrows). However, there were also axonal swellings
that did not show increased Khc immunoreactivity (7 axonal swellings from 5
segmental nerves of 5 larvae). In the D42>Khc"?**> animals no abnormal Khc
accumulations were observed, except for one that co-localized with an axonal
swelling (72 axonal swellings from 5 segmental nerves of 5 larvae; Figure 23, white

arrowheads). In control animals (D42 and D42>Khc"), no Khc accumulations were

detected within segmental nerves.

The presence of the Khc accumulations in the D42>Khc""*™N?%% |arvae is most likely
due to a strong expression of Khc in these animals. Since there is not any Khc
accumulation in axonal swellings of D42>Khc"?°*® larvae it is unlikely that axonal

swellings are caused by blockage of axons due to abnormal Khc accumulation.
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4.2.1.6 The full-length Khc protein is necessary for the dominant

negative effects exerted by Khc'\?%%S

As the degeneration of the long motor-neurons in HSP starts from the synapses it
seems likely that a gradual diminishment of cargo arriving at the synapses is the
reason for the degeneration. Two mechanisms were proposed how mutations in
KIF5A would diminish cargo arriving at the synapses. First, homo- or heterodimeric
mutant kinesin-1 motors might block microtubules or act as brakes for the transport of
cargo particles (Ebbing et al., 2008). Second, mutant kinesin-1 motors, incompetent
for microtubule binding or efficient processing along microtubules, might compete for

cargo binding sites that are then inaccessible for intact motors (Ebbing et al., 2008).

To investigate the second hypothesis the impact of motor-neuron expression of
truncated wild-type and mutant Khc proteins in Drosophila larvae was analyzed.
These truncated proteins are still able to dimerize in vitro, but lack the C-terminal tail
and a part of the stalk that is necessary for cargo binding (Seitz and Surrey, 2006).
Thus they will not compete for cargo binding with the endogenous full-length wild-

type Khc.

For immunohistochemical analysis D42, D42>Khc", D42>Khc™™ ™ and
D42>Khc"™"N?2S |arvae were raised at 29C and third-instar larvae were dissected
and stained for neuronal membranes (anti-HRP) and Khc or CSP. For the larval

crawling assay larvae were raised at 25<C.
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A T Genotype D42 D42>Khc™ D42>Khc™™ ™™ | D42>Kho "oneezs
Mean + SD 2131+ 1.34 38.68 £ 3.71 25.72 £ 2.49 33.49+2.14
p-value 0.00022 0.204 0.00087
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Figure 24: Full-length Khc“***® is necessary for the dominant negative impact in

Drosophila larvae.

(A) Motor-neuron expression of full length or truncated Khc caused increased levels of Khc

within segmental nerves of Drosophila larvae. Statistical significance was determined by a
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ONE-Way ANOVA for multiple comparisons. The p-values shown are when compared to
D42. (B) Quantification of larval locomotion. Boxes indicate SEM; black lines indicate SD. For
statistical analysis Kruskal-Wallis H-tests for multiple comparisons were used. All genotypes
within one size group were compared to D42 (dark gray bar). Eight movies per genotype
were analyzed. (C) CSP staining of segmental nerves of Drosophila larvae. Anti-HRP

staining was used to mark neuronal membranes. Scale bar, 10 um.

Larval size Larval size
1-3mm 3-5mm

velocity [mm/s] p-value velocity [mm/s] p-value
D42 0.30 £ 0.04 - 0.58 £ 0.09 -
D42>Khc"! 0.30 £ 0.04 n.s 0.51 +0.08 n.s
D42>KhcN?%%® 0.10 £0.02 <0.01 0.09 £ 0.02 <0.001
D42>Khc'™" 0.30 £ 0.05 n.s 0.49 £ 0.09 n.s
D42>Khc"™""?%% | 0.31 +0.03 n.s 0.51 +0.07 n.s

Table 13: Expression of truncated Khc proteins has no impact on the locomotion of
Drosophila larvae.
Values are means + SD. Statistical significance was determined using a Kruskal-Wallis H-

test for multiple comparisons. The p-values shown are when compared to D42 larvae.

Quantification of Khc fluorescence levels in segmental nerves indicates that the
truncated Khc proteins are stably expressed, as fluorescence levels of Khc were
significantly increased in D42>Khc™"N?%25 |arvae and showed a trend towards an

increase in D42>Khc™net

compared to D42 animals (Figure 24A). Fluorescence
levels of Khc in D42>Khc™"" and D42>Khc™"N?25 |arvae in segmental nerves

were lower than fluorescence levels detected in the D42>Khc™ animals (Figure 24A).
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Furthermore an interaction of the truncated Khc proteins with full-length Khc is
indicated by motor-neuron specific co-expression of Khc“?®*®> and Khc™"". Co-
expression of Khc“?°%® and Khc™"" at 29<C rendered no larvae. Upon expression of
each of the proteins alone at 29C, the animals sur vived to the L2 or L3 larval stage
(Khc"%23) or adulthood (Khc™"™™). The non-viability of the D42>Khc"?°%® larvae upon

co-expression of Khc™""

, iIndicates an additional impact of the truncated Khc. This
is most likely due to the interaction of the truncated Khc with full-length wild-type Khc.
Thereby the availability of intact full-length Khc homodimers, ensuring axonal

N262S+truncwt

transport, is further decreased in D42>Khc animals. This might impair

truncwt

larval fitness and thereby viability more severely. When Khc alone is expressed
the reduction of available full-length Khc homodimers, caused by the truncated Khc
protein, presumably is not that severe and therefore does not cause lethality of

D42>Khc™"™™ animals.

Analysis of larval locomotion upon ectopic expression of truncated Khc proteins
(Khe™"™ or Khc"™"N262%) showed no difference in locomotion of these animals
compared to animals expressing no ectopic Khc (D42) or animals expressing an
additional copy of full-length wild-type Khc (D42>Khc") (Figure 24B and Table 13).
D42>Khc™"™™ as well as D42>Khc™"N?%25 |arvae were considerably faster than the
D42>KhcN?%® |arvae (Figure 24B and Table 13). Anti-HRP and CSP staining in the
segmental nerves showed that neither D42>Khc™"" nor D42>Khc™"*N?2S |arvae
N262S

exhibited axonal swellings (Figure 24C), which were present in the D42>Khc

animals (Figure 24C, arrowheads).

In conclusion, truncated Khc“??° does not seem to act as a dominant-negative allele
in vivo. This indicates that cargo binding by homodimeric or heterodimeric mutant

motors and detaining it from the synapses might be responsible for the dominant-
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negative effect exerted by Khc"?°?®, However, the stable expression and interaction
of the truncated proteins by western blot and co-immunoprecipitation assays need to

be confirmed.

4.2.1.7 Analysis of axonal transport of mitochondria

To directly address the effects of the expression of Khc"?*® and Khc"*"N?02S

on
anterograde and retrograde cargo transport, in vivo imaging was performed. Kinesin-
1 has been described as the primary motor for anterograde transport of mitochondria
in Drosophila (Pilling et al., 2006). In order to quantify the axonal transport of
mitochondria, mitochondria were visualized using a green fluorescent protein (GFP)
fused to a mitochondrial targeting sequence (mito-GFP) (Pilling et al., 2006). For the
assay, D42, D42>Khc", D42>Khewt+V?°%° and D42>Khc“?**° larvae co-expressed

mito-GPF under the D42-Gal4 driver were used. Larvae were raised at 29 and

third-instar larvae were used for analysis.
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4.2.1.7.1 Expression of Khc"***® reduces mitochondrial transport

frequency in motor-neuron axons of Drosophila larvae
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Figure 25: Motor-neuron expression of Khc

frequency in axons of Drosophila larvae.
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N262S reduces mitochondrial transport

The movement of mitochondria was recorded in anesthetized larvae after bleaching a section

of the segmental nerve. (A-D) A representative frame of a movie for each genotype is shown.
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(A', B") Kymographs of mitochondrial movement in axons of Drosophila larvae. Mitochondria
moving in the anterograde and retrograde direction appear as oblique lines. Red arrowheads
in A' highlight the movement of one mitochondrion in the retrograde direction. Scale bar: 5
um. (E-F) The transport frequency of mitochondria is significantly reduced in D42>Khc"*™N?02S
and D42>Khc“?®* |arvae compared to the controls (D42 and D42>Khc"). For quantification
7-9 movies of individual larvae per genotype were analyzed. Statistical significance was
determined by using a Kruskal-Wallis H-test for multiple comparisons. Stars indicate
statistical significance compared to D42 (dark gray bar). The SEM is shown as a box, the SD

as a black line. * p < 0.05; ** p < 0.01

Anterograde Retrograde
Frequency Frequency
[mitos/min] p-value [mitos/min] p-value
D42 443 +0.76 - 224+1.01 -
D42>Khc™! 5.43+0.63 0.313 3.05+1.04 0.937
D42>Khc"'*N0%s 1.62 +0.42 0.006 0.87 +0.44 0.024
D42>KhcN?6%S 0.48 +0.21 0.008 0.3+0.11 0.007

Table 14: Quantification of transport frequency of mitochondria along motor-neuron
axons in Drosophila larvae.
Data represent the mean = SD. Statistical significance was determined using a Kruskal-

Walllis H-test for multiple comparisons. The p-values shown are when compared to D42.

Motor-neuron specific expression of Khc"' slightly increased the mitochondrial
transport frequency in the anterograde and retrograde direction, but this was not
significantly different to D42 larvae (Figure 25E - F and Table 14). In D42>Khc"*N2625
larvae the mitochondrial transport frequency was significantly decreased in both
directions compared to D42 animals (Figure 25E - F and Table 14). The expression
of Khc"?°%® without an additional copy of Khc™ in the wild-type background reduced

the transport frequency of mitochondria even further (Figure 25E - F and Table 14).
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The more pronounced reduction in mitochondrial transport frequency in
D42>KhcV?%?® animals compared to D42>Khc**N?%25 |arvae, is consistent with an
expected lower number of Khc"'-homodimers and thus fully functional kinesin-1

N2625 animals. A decrease in the number of functional

motor proteins in the D42>Khc
motor proteins would be expected to also decrease the transport frequency of

kinesin-1 cargo.

4.2.1.7.2 Khc"** expression does not affect total amount of
mitochondria in motor-neuron cell bodies in the VNC of Drosophila

larvae

In order to exclude that the observed reduction in mitochondrial transport frequency
resulted from a decrease in the amount of mitochondria in the VNC of
D42>Khc"*N?%25 and D42>Khc“?*?°  animals, the VNCs of D42, D42>Khc",
D42>Khewt+V2%% and D42>KhcV#°*® larvae were stained for mito-GFP, a marker of

mitochondria.
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)
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N262S

Da2>Khe | P42>Khe

Figure 26: Expression of Khc"?*® does not affect total amount of mitochondria in the
motor-neuron cell bodies in the VNC of Drosophila larvae.
Anti-GFP staining of mito-GFP in the VNC of Drosophila larvae, to mark mitochondria. Scale

bar, 50 pm.

The amount of mitochondria was not reduced in the VNC of D42>Khc"*N?%?S gnd
D42>KhcN%% animals compared to controls, as indicated by fluorescence intensities
of mito-GFP in the VNCs of the four genotypes. In fact, fluorescence intensities were
slightly increased in D42>Khc""*N?2° gand D42>KhcN?°%°, suggesting an accumulation
of mitochondria in motor-neuron cell bodies of the VNC of these animals (Figure 26,
arrowheads). A decrease in fluorescence intensities of mito-GFP in the segmental
nerves exiting the VNC in D42>Khc""N?25 and D42>KhcN?®%® larvae (Figure 26,

N262S animals than

arrows) was evident. This reduction was more distinct in D42>Khc
in D42>Khc"*N?%25 \which is consistent with the observed reduction in the transport

frequency of mitochondria, that was also more severe in D42>KhcN?°%° Jarvae.
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4.2.1.7.3 Khc"?**® expression in motor-neurons does not affect the

velocity of wild-type kinesin-1 motors in Drosophila larvae

The transport velocity of mitochondria was determined during periods of
uninterrupted runs. Movement of mitochondria was recorded in anesthetized larvae
after bleaching a section of the nerve. For quantification, 7-9 movies of individual

larvae were analyzed per genotype. From each movie the speed of 5-10

mitochondria per direction was quantified.

A Anterograde B Retrograde
© 04 - 204 1
£ 5
= =
z =z
'g 0.2 9 0.2 -
] 2
>
0 0 -

Figure 27: Expression of Khc“?*® does not affect the transport velocity of
mitochondria in motor-neuron axons of Drosophila larvae.

(A-B) There is no difference in the velocity of mitochondrial transport among the four
genotypes analyzed. Statistical significance was determined by using a Kruskal-Wallis H-test

for multiple comparisons. The SEM is shown as a box, the SD as a black line.
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Anterograde Retrograde
Velocity Velocity
[um/s] p-value [um/s] p-value
D42 0.21+0.02 - 0.40 £ 0.09 -
D42>Khc™ 0.23+£0.03 1 0.37 £ 0.05 1
D42>Khc"N202s 0.22 +0.04 1 0.39£0.10 1
D42>Khc"?%%° 0.23 +0.03 0.520 0.34+0.14 1

Table 15: Quantification of transport velocities of mitochondria in motor-neuron axons
of Drosophila larvae. No difference is observable in the velocity of transport mitochondria
among the four genotypes analyzed. Data given are means + SD. Statistical significance was
determined using a Kruskal-Wallis H-test for multiple comparisons. The p-values shown are

when compared to D42.

There was no significant difference in either anterograde or retrograde transport
velocity among the four genotypes (Figure 27 and Table 15). The transport velocities
in the anterograde and retrograde direction determined in D42 larvae in this study
(Table 15) are similar to transport velocities previously described for mitochondria in

wild-type Drosophila larvae (Pilling et al., 2006).

4.2.1.7.4 Khc"?**® expression does not change number or duration
of pauses between mitochondrial runs in Drosophila motor-neuron

axons

To further address the impact of ectopic Khc?%%°

expression on axonal transport, the
number and duration of pauses between mitochondrial runs were determined. For

evaluation of the number of pauses, we assessed the mitochondria that completely
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traversed the bleached area (around 30 um) of the segmental nerve. For analysis of
the duration of the pauses, we analyzed the mitochondria that entered the bleached
zone and completely traversed it or paused till the end of the movie, but were

traceable for at least 50 frames.

These analyses were performed in the genotypes D42, D42>Khc™ and
D42>Khc"*N?925 ' |n D42>KhcV?%%® |arvae too few moving mitochondria were available

for analyses.

For analysis of the number of pauses, pauses were defined as follows: (1) the
particle did not move for at least two consecutive frames, and (2) the particle jittered
back and forth before moving in its original direction again. Using these
specifications, there was no difference in the number of pauses observed when a
mitochondrion traversed a 30 um part of the nerve, in either the anterograde or

retrograde direction (Table 16).

Anterograde Retrograde
median mean median Mean
D42 2 21 1 1.6
D42>Khc" 2 1.9 2 1.4
D42>Khc NS 2 1.8 1 1.6

Table 16: Khc“?**® expression does not change number of pauses between
mitochondrial runs in Drosophila motor-neuron axons.

The number of pauses was quantified for each mitochondrion that traversed a 30 pm part of
the nerve. For quantification, the following numbers of mitochondria were analyzed:
Anterograde: D42 (27 mitochondria from four larvae), D42>Khc™ (16 mitochondria from four
larvae), and D42>Khc""*N?%%% (30 mitochondria from seven larvae); Retrograde: D42 (18
mitochondria from four larvae), D42>Khc" (18 mitochondria from four larvae), and

D42>Khc"*N?%25 (19 mitochondria from six larvae).
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D42 17.12 1 17.12 1
D42>Khc™ 19.26 1 19.26 1
D42>Khc"t*N2628 17.12 1 27.82 1

Figure 28: Khc“**?® expression does not change duration of pauses between
mitochondrial runs in Drosophila motor-neuron axons.

(A-B) Boxplots of the durations of pauses. Distribution of the length of pauses in D42,
D42>Khc™ and D42>Khc"*"%%° |arvae in the anterograde (A) and retrograde (B) direction.
For quantification of the anterograde pause duration, a total of 27 mitochondria from four
larvae were analyzed for D42, 16 mitochondria from four larvae for D42>Khc", and 37
mitochondria from seven larvae for D42>Khc"*N?°%°  For quantification of the retrograde
pause duration, a total of 21 mitochondria from four larvae were analyzed for D42, 18
mitochondria from four larvae for D42>Khc", and 22 mitochondria from six larvae were
analyzed for D42>Khc"*™%25 |n the boxplot the 25-75 percent quartiles are shown as a box.
The median is drawn as a horizontal line inside the box. The whiskers represent the upper
and lower 1.5 times interquartile range (IQR). Values outside the 1.5 times IQR are defined
as outliers. Values between the 1.5 IQR and 3 IQR and are shown as circles, values outside
the 3 IQR, are shown as dark circles. (C) Determination of median value of duration of
pauses. Statistical significance was determined by using a Kruskal-Wallis H-test for multiple

comparisons. The p-values shown are when compared to D42.
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Quantification revealed that there was no statistically significant difference in pause
duration among the three genotypes, neither in the anterograde nor in the retrograde
direction (Figure 28). In the retrograde direction, the proportion of pauses with a

Wt+N262S

longer duration seemed slightly increased in D42>Khc animals; however this

was not statistically significant.

4.2.1.8 The severity of NMJ defects caused by Khch*®%

expression depends on the length of the innervating axon

WHN262S and D42>KhceV?%%S |arvae, as well as

Behavioral experiments with D42>Khc
data obtained from khc null mutants (Hurd and Saxton, 1996a) predict more severe
defects in the posterior abdominal segments of the larvae. To address this NMJ
structure was analyzed in the anterior abdominal segment A2 and the posterior

abdominal segment A5.

To this D42, D42>Khc", D42>Khc"*™N%2S and D42>Khc“?°%° |arvae were raised at
29T and third-instar larvae were dissected and stained for neuronal membrane
marker (anti-HRP; quantification of NMJ area) and the presynaptic marker Brp
(quantification of synapse number). To account for possible differences in larval size,

data were normalized to the area of muscle 6/7 of segment A2 and A5.
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Figure 291: NMJ defects caused by expression of Khc"?*?° depend on the length of the
innervating axon.

(A) Confocal images of anti-HRP staining showing NMJs of muscle 6/7 in abdominal
segments A2 and A5 of Drosophila larvae. Boutons with abnormal anti-HRP accumulation
(A, arrowheads) were observed in D42>KhcV?°*® and D42>Khc"*"?°%° |arvae. Scale bars: 20
pm, enlargement 20 um. (B) Quantification of the NMJ area in the anterior segment A2 and
in the posterior segment A5. (C) Quantification of synapse numbers in segment A2 and A5.
For quantification, 8-10 larvae per genotype were analyzed. Statistical significance was
determined using One-way ANOVA. ** p < 0.01; ** p < 0.001. The SEM is shown as a box,

the SD as a black line.

Segment A2 Segment A5

NMJ area NMJ area

[um 2/NMJ] p-value [um 2/NMJ] p-value
D42 449 + 97 - 284 + 129 -
D42>Khc™ 500 + 173 0.835 268 + 82 0.982
D42>Khc"N262s 375+ 143 0.631 133 £52 0.007
D42>KhcN#2S 386 + 97 0.745 132 +99 0.006

Synapses Synapses

[synapses/NMJ] p-value [synapses/NMJ] p-value

D42 260 * 64 - 127 £35 -
D42>Khc™ 263 55 0.998 131 £ 20 0.994
D42>Khc"N2625 222 +31 0.306 82+ 30 0.002
D42>Khc\?%2S 181 +28 0.004 59 +17 0.0002

Table 17: Motor-neuron specific expression of Khch#?S

reduces area and synapse
number of NMJs of muscles 6/7 in abdominal segments A2 and A5.
Data represent the mean + SD. Statistical significance was determined using One-way

ANOVA. The p-values shown are compared to D42 larvae.
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The NMJs of the D42>Khc"™™N%% and D42>Khc“%°*® larvae exhibited an
inhomogeneity in anti-HRP staining. There was a strong increase in the anti-HRP
intensity in terminal boutons of the NMJs (Figure 29A, arrowheads). This
inhomogeneity in anti-HRP staining of the NMJs is comparable to that observed in
segmental nerves, where axonal swellings in D42>Khc"*N?%25 gnd D42>KhcV?%%°
animals are characterized by a strong increase in anti-HRP intensity, while outside of

the swellings anti-HRP staining was dimmer (Figure 22).

Segment A2 Segment A5 Segment A2 Segment A5
HRP area [%)] Synapse number [%0]
D42 100 100 100 100
D42>Khc"! 103 94 101 97
D42>Khc"*?6%s 84 47 85 65
D42>KhcN?%? 85 46 70 46

N262S

Table 18: Motor-neuron expression of Khc results in a reduction of NMJ areas and

synapse numbers.

N262S

Motor-neuron specific expression of Khc reduces percental NMJ areas and synapse

numbers in D42>Khc""*N?%%% and D42>KhcV?°*° larvae more severely in the posterior segment
Ab.

Analysis revealed differences in the severity of NMJ defects caused by Khc\%%®

expression that were dependent on the length of the innervating axon. In abdominal
segment A2 there was a trend towards a reduction of the NMJ area (Table 17 and
Figure 29B) in D42>Khc"*N?%25 and D42>KhcN?°%® animals; however this was not
statistically significant. The synapse number at the NMJ of muscle 6/7 in segment A2
was significantly decreased in D42>Khc“?®? animals but not in D42>Khc"*N2625
larvae (Table 17 and Figure 29C). Only a trend towards a decrease in synapse

numbers was present in these animals. In abdominal segment A5 both the NMJ area
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Wt+N262S and

as well as synapse number were significantly reduced in D42>Khc
D42>KhcV?%?® animals (Table 17 and Figure 29B - C).The reduction in synapse
numbers in abdominal segment A5 was more severe in the D42>Khc"?*%° |arvae.

Motor-neuron specific expression of Khc™ did not alter the NMJ area or synapse

number in either of the two segments compared to D42 animals.

The decrease in the NMJ area and synapse number was proportional within the
segments (Table 18) and was more distinct in the posterior segment A5, which is
innervated by longer axons than segment A2. This reflects the more severe
impairment of longer axons by the N262S mutation in Khc that also becomes obvious

N262S

in the tail-flipping phenotype of the Khc expressing larvae (paragraph 4.2.1.2).

4.2.1.9 Motor-neuron specific expression of KhcN%%
causes presynaptic degeneration of neuromuscular

structures in Drosophila larvae

HSP is a neurodegenerative disorder characterized by a progressive distal
axonopathy, presumably triggered by the degeneration of the synapses. Thus, it was
of interest, whether any signs of degeneration of the NMJs could be observed in the

Drosophila model of SPG10.

To examine presynaptic degenerative alterations the synaptic footprint assay, initially

described by G. Davis and colleagues (Eaton et al., 2002) was used.

To investigate degeneration occurring at the NMJs, the postsynaptic SSR was
marked with a Discs-large-GFP (Dlg-GFP) fusion protein. GFP was inserted into the

dlg locus (Buszczak et al., 2007) resulting in the expression of DIg-GFP under the
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control of the endogenous DIg promoter (Flytrap: CC01936). In the assay D42,
D42>Khc™, D42>Khc"*™N?25 gnd D42>KhcV?°%® larvae, that co-expressed DIg-GFP
under the endogenous Dlg promoter, were used. Larvae were raised at 29C and
third-instar larvae were dissected and stained for presynaptic neuronal membranes
(anti-HRP antibody) and synaptic vesicles (anti-Synapsin antibody). NMJs of muscles

6/7 of the posterior abdominal segment A5 were examined.

94



RESULTS

B p42>Knhc™

N262S

D p42>Khc

o
)

Ratio Syn/Dlg area m
o o o
o N E- [=}]
j_ ¥
B
*
Ratio HRP/Dig
o o
O N B ® B
” *
b

‘\?{c% «-&’r‘?o)

s & & s & &
AN AN A SN
Q Q Q9 9 Q Q@ Q 9

95



RESULTS

N262S

Figure 30: Motor-neuron specific expression of Khc results in presynaptic

alterations at the NMJs of Drosophila larvae.

(A-D) Confocal images of NMJs innervating muscle 6/7 from segment A5 of Drosophila
larvae that expresse DIg-GFP. NMJs were additionally stained for HRP (neuronal
membranes) and Syn (synaptic vesicles). In the control larvae (D42 and D42>Khc", A-B)
presynaptic neuronal membranes and Syn were almost completely apposed to Dlg (red
arrowheads). In D42>Khc""*N?%2% and D42>Khc"?°° larvae (C-D), the level of presynaptic Syn
was reduced (white arrowheads) and the neuronal membranes showed abnormal
organization (yellow arrowheads) Scale bar: 20 um; enlargement 5 um. (E-F) Quantification
of the ratio of the presynaptic components, synaptic vesicles (E) and neuronal membranes
(F), to the SSR marker Dlg in NMJs innervating muscles 6/7 of segment A5. For
guantification, 6-10 NMJs per genotype were analyzed. Statistical significance was
determined using One-way ANOVA or Kruskal-Wallis H-test for multiple comparisons * p <
0.05; ** p < 0.01. The SEM is shown as a box, the SD as a black line.

In the control animals (D42 and D42>Khc™), neuronal membranes (marked by HRP)
and presynaptic vesicles (marked by Syn) showed almost complete apposition with
the SSR marker DIlg (Figure 30A - B, red arrowheads). In contrast, the
D42>Khc"*N?%2S (Figure 30C) and D42>KhcM**%® (Figure 30D) larvae exhibited
reduced abundance and altered distribution of synaptic vesicles (Figure 30C - D,
white arrowheads) as well as alterations in neuronal membrane organization (Figure
30C - D, yellow arrowheads). The D42>Khc"?*?° larvae were generally affected more
severely compared to the D42>Khc"*N?625 |arvae. However, synaptic footprints
(Eaton et al., 2002), regions negative for both synaptic vesicles and neuronal
membranes, and positive for DIg were detected infrequently (Figure 30D, white

arrow).

To investigate the presynaptic changes, observed in D42>Khc""*"*%?> and

D42>KhcV?%?° |arvae, in more detail the corresponding pre- and postsynaptic areas
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were examined. To this the ratio of the presynaptic Syn area to the Dlg area, as well

as of the presynaptic HRP area to the Dlg area was quantified.

Syn/Dlg ratio HRP/DIg ratio Syn/HRP ratio
p-value p-value p-value
D42 0.36 + 0.07 - 0.70 + 0.06 - 0.51 + 0.09 -
D42>Khc" 0.46 + 0.17 1 0.71+0.08 0998 | 0.54%0.05 0.979
D42>Khc"*™%2° | 22 1 0.08 0.049 | 061011 0270 | 0.36+0.09 0.105
D42>Khc?%?® 0.14+0.08  0.0065 | 0.50+0.12  0.0029 | 0.30%0.19 0.013

N262S

Table 19: Motor-neuron specific expression of Khc alters the ratio of presynaptic

to postsynaptic area at the NMJs of muscles 6/7 in abdominal segment A5 of
Drosophila larvae.

Data represent mean + SD. Statistical significance was determined using One-way ANOVA
or Kruskal-Wallis H-Test for multiple comparison. The p-values show are when compared to
D42.

The Syn/Dlg ratio was decreased in mutant larvae (Figure 30E and Table 19),
showing that presynaptic Syn was lowered in these animals in relation to the
postsynaptic SSR area. The decrease was more distinct in the D42>Khc"?%® |arvae.
The ratio of the presynaptic neuronal membrane (HRP) area to the Dlg area, was
also decreased in D42>Khc“??° larvae, but not in D42>Khc"*N?%%5 |arvae (Figure
30F and Table 19). Generally, the alteration of the Syn/Dlg ratio was more
pronounced than the alteration of the HRP/DIg ratio in both mutant genotypes,
implying a stronger decrease in the amount presynaptic vesicles (Syn) than neuronal
membrane area (HRP) compared to the postsynaptic SSR. Determination of the ratio
of presynaptic vesicles (Syn) to presynaptic neuronal membrane area (Syn/HRP)

N262S

revealed that it was significantly reduced in D42>Khc animals, suggesting a
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stronger decrease in presynaptic vesicles than neuronal membranes (Table 19). In
the D42>Khc"*N?25 |arvae there was a trend towards a decrease in Syn/HRP ratio;

however this was not statistically significant.

4.2.1.10 Motor-neuron specific expression of Khc"***® does
not cause loss of motor-neuron cell bodies in Drosophila

larvae

HSP is assumed to be a progressive distal axonopathy, presumably starting with
degeneration of synapses. Interestingly, there is typically little neuronal cell death in
HSP patients (Blackstone et al., 2011). So far nothing is known about motor-neuron
cell loss in human SPG10 patients, as no autopsies have been reported. Thus, we
were interested whether degeneration of synapses in the Drosophila SPG10 model is
accompanied by a loss of motor-neuron cell bodies. Since the degeneration of

N262S

synapses was more severe in D42>Khc animals, analysis of motor-neuron cell

bodies was only performed in this genotype. For analysis D42 and D42>KhcN?6%®

larvae were raised at 29C and third-instar larvae were used.

To determine loss of motor-neuron cell bodies, a subset of motor-neuron cell bodies
was marked by staining for the transcription factor Eve. Eve is, amongst others,
expressed in the medially located aCC and RP2 motor-neurons, as well as in the
pCC interneurons (Landgraf et al., 2003). To quantify motor-neuron cell loss the aCC
(innervating abdominal muscle 1) and RP2 (innervating abdominal muscle 2) motor-
neurons that are located in the VNC middle line and innervate segments A1l-A3
(anterior segments) and A5-A7 (posterior segments) were quantified. For a more

detailed description of the assay see Material and Methods, paragraph 3.7.6.
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Figure 31: Motor-neuron specific expression
of Khc“*?° does not cause loss of aCC and
RP2 motor-neuron cell bodies in Drosophila
larvae.

Even-skipped staining in the VNC of
D42>Khc“?%?® and D42 larvae. The white lines
indicate the groups of neuronal cell bodies
responsible  for innervations of different

abdominal segments. Scale bar: 20 pm.

No motor-neuron loss was detected in D42>Khc"?**® larvae (Figure 31) at a stage
when degeneration at the NMJ was already pronounced (D42: 5 Ilarvae;
D42>KhcN?%®: 5 larvae). This is consistent with the concept that HSP is primarily
caused by synaptopathy and axonopathy, whereas motor-neuron cell loss is neither

causative for HSP nor an early feature of the pathological process.

4.2.2 Possible mechanisms contributing to pathology in the

HSP subtype SPG10

4.2.2.1 The role of mitochondria in the pathology of SPG10

Mitochondrial dysfunction has been implicated in a number of neurodegenerative
diseases, e.g. Parkinson’s or ALS (Schon and Przedborski, 2011) and genes
associated with HSP have been linked to mitochondrial function (Blackstone et al.,
2011). Kinesin-1, which is affected in SPG10, is the major motor protein for
anterograde transport of mitochondria in vertebrates and Drosophila (Pilling et al.,

2006). In vivo analysis of the axonal transport of mitochondria revealed that the
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transport frequency of mitochondria was strongly decreased when Khc"“%* was

expressed in motor-neurons of Drosophila larvae, in both the anterograde and
retrograde direction (paragraph 4.2.1.7). We were therefore interested to assign
mitochondrial densities at the NMJs of the SPG10 Drosophila model. Since
mitochondria are the major site of ATP production, the amount of mitochondria at the
NMJ is critical to maintain energy levels and thus proper synaptic function. In
contrast, energy depletion, due to decreased amount of mitochondria at the NMJs,
might initiate synaptic dysfunction and eventually loss of synapses (Sheng and Cai,

2012).

To study the impact of impaired mitochondrial transport in Drosophila larvae on the
mitochondrial density at the NMJs, mitochondria were labeled with mito-GFP (Pilling
et al., 2006). For the assay D42, D42>Khc", D42>Khc"%?® and D42>Khc"*N2625
larvae, that co-expressed mito-GFP, were raised at 29T and third-instar larvae were
analyzed. Quantification of mitochondrial density was performed at the NMJs of
muscle 6 and 7 of segment A2 and the percentage of mitochondrial area per NMJ

area was determined.
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Figure 32: Motor-neuron specific expression of Khc"N#?S
at the NMJs of Drosophila larvae.

reduces mitochondrial density

(A) Confocal images of NMJs of muscles 6 and 7 of segment A2 of Drosophila larvae. In
mutant larvae (D42>Khc"™%2S and D42>Khc"?°?°), the mitochondrial density at the NMJs
was lowered compared to that in the control larvae (D42 and D42>Khc""). Scale bar: 20 um;
enlargement, 10 um. (B) Quantification of the mitochondrial density at NMJs of muscle 6/7 of
segment A2. For quantification, 6-9 NMJs per genotype were analyzed. Statistical

significance was determined using Kruskal-Wallis H-test for multiple comparisons ** p < 0.01.
The SEM is shown as a box, the SD as a black line.
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Mitochondrial

density / NMJ n p-value
D42 9.64 +5.23 7 -
D42>Khe™ 5.95+1.72 6 0.8017
D42>Khc "1N262S 3.81+1.97 7 0.1287
D42>Khc V%62 0.36 +0.43 9 0.0062

Table 20: Mitochondrial density per NMJs of muscles 6/7 in segments A2 is reduced

N262S

when Khc is expressed in motor-neurons of Drosophila larvae.

Data represent mean + SD. Statistical significance was determined using Kruskal-Wallis H-

test for multiple comparisons. The p-values shown are when compared to D42.

Quantification revealed that the mitochondrial density at the NMJ was significantly
reduced in the D42>Khc"?*?® animals (Figure 32A - B and Table 20). These animals
exhibited a 96% reduction in mitochondrial density per NMJ compared to D42 larvae
(p < 0.01) and a 90% reduction compared to the D42>Khc"*N?2° |arvae (p < 0.05).
Although quantification revealed an almost 60% lower mitochondrial density per NMJ
in the D42>Khc""*™N%%° |arvae compared to D42 (Figure 32A - B and Table 20), this

was not statistically significant; probably due to the high variance in the D42 animals.

In conclusion, we observed a strong decrease in mitochondrial density at the NMJs of

D42>KhcN?%%° animals and a trend towards a decrease in the D42>Khc"™N?%25 |arvae.
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4.2.2.2 BMP signaling is impaired in a Drosophila model of

the HSP subtype SPG10

Alterations in BMP signaling have been suggested as a potential common
pathological mechanism underlying some subtypes of HSP (Blackstone et al., 2011).
In BMP signaling at the Drosophila NMJ, presynaptic BMP receptors are activated by
postsynaptically released Gbb (Marques et al., 2003, McCabe et al., 2003) inducing
the phosphorylation of Mad (pMad), which in turn translocates to the nucleus, where

it act as a transcription factor.

To examine BMP signaling in the Drosophila SPG10 model, pMad levels in motor-
neuron cell bodies (aCC and RP2 motor-neurons), at the NMJs and in segmental
nerves were quantified. For the assays D42, D42>Khc", D42>Khc“?*?* and
D42>Khc"*™N%2S |arvae were raised at 25C or 29C and third-insta r larvae were
analyzed. For details on quantification of nuclear and presynaptic pMad levels see

Material and Methods, paragraph 3.7.8.
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Figure 33: Motor-neuron specific expression of Khc“***® impairs BMP signaling in
motor-neurons of Drosophila larvae.

(A) Eve (magenta) and pMad (green) staining in the VNC of Drosophila larvae raised at
29C. Motor-neurons innervating abdominal segments A3 to A7 are shown in the upper
panels of (A). Squares indicate the magnification of motor-neurons innervating abdominal
segment A6 shown in the bottom panels of (A). The aCC and RP2 motor-neurons, used for
guantification of pMad (E), are encircled in the bottom panel to indicate their position. Scale
bars: 10 um. (B) Eve (magenta) and pMad (green) staining in the VNC of Drosophila larvae

raised at 25C. pMad levels were also lowered in D4 2>Khc"*N?%%° and D42>Khc“?°%° |arvae if
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they were kept at 25C. Scale bar: 10um. (C) Brp (magenta) and pMad (green) staining at
NMJs innervating muscles 6/7 of segment A5 used for quantification shown in (F). Brp
staining was used to mark the active zones of the NMJs. Scale bars: 5 um. (D) pMad and
anti-HRP staining in segmental nerves used for quantification shown in (G) Scale bar: 5 um.
(E-G) Quantification of pMad levels. (E) D42>Khc"%?° and D42>Khc""*™N?2° |arvae displayed
significantly reduced levels of pMad in aCC and RP2 motor-neuron cell bodies compared to
the control groups D42 and D42>Khc". Five larvae were analyzed per genotype. (F) In the
D42>Khc"“#°?S |arvae no differences in pMad levels were observed at the NMJs innervating
muscles 6/7 in segment A5. A minimum of five NMJs were analyzed per genotype. (G) The
pMad level in the segmental nerves of D42>Khc“?®* larvae was significantly elevated
compared to the control group D42. Per genotype, n = 8-12 segmental nerves were
analyzed. Statistical significance was determined by using One-way ANOVA. ** p < 0.01; ***
p <0.001. The SEM is shown as a box, the SD as a black line.

Motor-neuron cell NMJ Segmental nerves
bodies
pMad
[AU] p-value |pMad][AU] p-value pMad[AU] p-value

D42 49.03 +9.16 - 21.12 +7.68 - 30.62 + 2.60 -
D42>Khc™ 4524 +576  0.782 | 30.33+2.81 0.241 28.38 + 4.26 0.380
D42>Khe "% | 2562 +6.12 0.00032 | 24.11+9.63 0919 | 33.87+2.24  0.104
D42>Khc™*®?® | 2230 £3.14 0.00021 | 24.99 +8.45  0.844 |37.49+3.07  0.00024

Table 21: Motor-neuron specific expression of Khc'?%%®

alters pMad levels in motor-
neuron cell bodies and segmental nerves of Drosophila larvae, but not at the NMJ.
Data represent mean + SD. Statistical significance was determined using One-way ANOVA.
The p-values show probability compared to D42.

Number of samples (n) used for quantification:

Motor neuron cell bodies: D42 5; D42>Khc™ 5; D42>Khc"*"*%?° 5; D42>Khc?%%° 5

NMJ: D42 5; D42>Khc™ 5; D42>Khc"*"?%?® 6; D42>Khc**%° 6

Segmental nerves: D42 9; D42>Khc™ 8; D42>Khc"*"*%?S 11; D42>Khc"*%%° 12

Motor-neuron specific expression of Khc"*N?62° and KhcN?°%® at 29 resulted in a

strong reduction of pMad levels in motor-neuron cell bodies (Figure 33A + E and
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Table 21). In order to distinguish between a decreased activation of the BMP
signaling pathway at the NMJ and impaired translocation of pMad to the nucleus, the
pMad levels at the NMJ and within the segmental nerves were quantified. For these
guantifications larvae were raised at 25C, as for some unknown reason pMad
staining at the NMJ did not work reasonably good in larvae raised at 29C and could
thus not be used for quantification. Although larvae raised at 25C have a reduced

expression level of KhcN#%%

, they display ameliorated but similar HSP-pathology
resembling characteristics and the nuclear pMad level in motor-neuron cell bodies

was also decreased in these larvae (Figure 33B).

There were no significant differences in the presynaptic levels of pMad among the
four genotypes analyzed (Figure 33C + F and Table 21). In contrast, quantification of
the pMad levels in segmental nerves revealed an increase in pMad in the
D42>KhcN?% animals (Figure 33D + G and Table 21). In the D42>Khc"*N?%% |arvae,
a slight trend towards an increase was present, but this was not statistically
significant compared to D42 larvae (Table 21). However the pMad level in segmental
nerves of D42>Khc"*N?62° |arvae was significantly higher than in the D42>Khc™

larvae (p = 0.0019).

Taken together, these data indicate that the BMP signaling pathway is normally
activated at the NMJ of D42>Khc"*™N?%25 and D42>KhcN**?S larvae. The observed
decrease in nuclear pMad level is most likely due to impaired retrograde axonal
transport of pMad, as indicated by the increased pMad level in segmental nerves of

D42>Khc"V?%%5 animals.
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4.2.2.3 The cytoskeleton is disorganized in a Drosophila

model of HSP subtype SPG10

Different studies suggest a role of BMP signaling in the maintenance of axonal
microtubules. Down regulation of BMP signaling has been associated to a reduction
of total and acetylated tubulin levels in axons of Drosophila (Wang, Shaw et al.
2007), as well as a loss of the microtubule associated protein Futsch from distal

boutons of the NMJs (Wang, Shaw et al. 2007).

Since we observed reduced pMad levels in motor-neuron cell bodies in the
Drosophila SPG10 model, implying a down regulation of BMP signaling, we were
interested to investigate the cytoskeletal arrangement in motor-neuron axons and at

the NMJs of these animals.

4.2.2.3.1 The axonal cytoskeleton is disturbed in a Drosophila

model of SPG10

The axonal cytoskeleton is mainly comprised of the microtubules. For analysis of
axonal microtubules D42, D42>Khc™, D42>Khc“?%° and D42>Khc"*N?%%S |arvae
were raised at 29C and third-instar larvae were dissected. Microtubules were
visualized using antibodies to total alpha-tubulin (recognizing free alpha-tubulin and
microtubules) and acetylated alpha-tubulin (recognizing microtubules, but not free

alpha-tubulin).

For analysis, the levels of total alpha-tubulin as well as acetylated alpha-tubulin were
guantified. The fluorescence intensities of the alpha-tubulin channels were not

normalized to a control channel (anti-HRP). Anti-HRP staining in segmental nerves of
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Drosophila larvae, expressing Khc

fluorescence intensities were higher in segmental nerves of D42>Khc

N262S

, was strongly inhomogeneous and anti-HRP

N262S and

D42>Khc"*N?%2S |arvae (Table 22), due to the high fluorescence intensity of anti-HRP

staining in the axonal swellings. In D42>Khc"?**® animals anti-HRP fluorescence

intensities were significantly higher compared to D42 larvae (Table 22). Thus for

analysis total and acetylated alpha-tubulin levels were not normalized to anti-HRP

fluorescence intensities as this would distort the results of the quantification.

Anti-HRP fluorescence intensities in segmental ner  ves

Genotype D42 D42>Khce V262 D42>Khc N6

1 39.535 42.303 52.603

2 38.297 47.711 48.586

3 29.394 47.381 49.947

4 31.726 40.479 46.220

5 33.839 39.422 37.214

6 38.170 37.210 44.940

7 34.310 46.857

8 25.734

Mean £ SD 35.160 +4.119 39.319 +7.169 46.624 + 4.869

p-value - 0.3855 0.0043

Table 22: anti-HRP fluorescence intensities are increased in segmental nerves of

Drosophila larvae expressing Khc"?%%°, Statistical significance was determined using One-

way ANOVA. The p-values shown are when compared to D42.
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N2625 disturbs axonal microtubules in

Figure 34: Motor-neuron expression of Khc
Drosophila larvae.

(A) Total alpha-tubulin and anti-HRP staining in segmental nerves of Drosophila larvae
Images shown are projections of three planes of the original stack. Scale bar, 10 pm. (B)
Quantification of acetylated alpha-tubulin (stable microtubules) levels in segmental nerves.
For quantification 6-8 segmental nerves per genotype were analyzed. (C) Quantification of
total alpha-tubulin levels in segmental nerves. For quantification five segmental nerves per
genotype were analyzed. AU, arbitrary units. Statistical significance was determined by using

One-way ANOVA ** p < 0.01. The SEM is shown as a box, the SD as a black line.
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Acetylated alpha-tubulin Total alpha-tubulin

[AU] n p-value [AU] n p-value
D42 68 + 12 6 - 100 + 18 5 -
D42>Khc"*™N?%%5 | 63 +7 8 0.545 117 £ 28 5 0.733
D42>KhcN?2 49 +9 7 0.003 116 +31 5 0.759

Table 23: Quantification of acetylated and total alpha-tubulin within segmental nerves.
Data represent the mean + SD. Statistical significance was determined using One-way

ANOVA. The p-values show probability compared to D42.

Immunohistochemical staining of alpha-tubulin within segmental nerves revealed that
the progression of the filamentous microtubules in D42>Khc"*™N%%5  and
D42>KhcN?%5 animals was disturbed. In the control larvae (D42 and D42>Khc™) the
microtubules progressed almost parallel to each other (Figure 34A), whereas in the
D42>Khc"*N?02S and D42>Khc"?°% animals the axonal swellings interfered with the
progression of the microtubules (Figure 34A, arrowheads). There were “holes” in the
alpha-tubulin staining at the sites of axonal swellings (Figure 34A, arrowheads),

indicating that the microtubule progression was altered at these sites of the axons.

Quantification of acetylated alpha-tubulin in segmental nerves (stable microtubules)
revealed that the levels of acetylated alpha-tubulin were significantly decreased in
the D42>Khc“?%° |arvae (p < 0.01 compared to D42), but were unchanged in the
D42>Khc"*N?%25 |arvae compared to the D42 larvae (Figure 34B and Table 23). The
total alpha-tubulin levels in segmental nerves were not significantly altered among

the three genotypes (Figure 34C and Table 23).

These data show that the organization of the axonal microtubule cytoskeleton is
disturbed in the Drosophila model of SPG10.
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4.2.2.3.2 The NMJ cytoskeleton is disturbed in a Drosophila model

of SPG10

To visualize the NMJ cytoskeleton in Drosophila larvae, staining for the microtubule-
associated protein Futsch was performed in D42, D42>Khc", D42>Khc"***® and
D42>Khc"*N?02S |arvae, raised at 29<C. Futsch staining in the NMJ s of muscles 6/7 in

abdominal segments A2 and A5 was examined.

Futsch staining was bright at the entry point of the axon into the NMJ and weakened
as it extended into the terminal boutons of the NMJs in D42 and D42>Khc™ larvae.
However, Futsch extended almost to the tip of all terminal boutons of the NMJs of
muscle 6/7 in segment A2 (Figure 35A - B, arrows) and segment A5 (Figure 36A - B,
arrows) of the control animals. In contrast, the NMJ cytoskeleton was disturbed in the
D42>Khc"*N?925 gnd D42>Khc“?%* |arvae. At the NMJs of abdominal segment A2 of
D42>Khc"*N?%25 gand D42>Khc“?%?° animals, Futsch staining was generally weaker
within the branches of the NMJs. Although it extended almost to the tip of some
terminal boutons (Figure 35C-D, arrows), some branches of the NMJs showed no
Futsch staining (Figure 35C-D, arrowheads). In segment A5 the impairment in the
mutant animals was more distinct (Figure 36C-D). Futsch staining was faint (Figure
36C-D, arrows) or completely gone (Figure 36C-D, arrowheads) within the branches

of these NMJs.
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HRP Futsch

Figure 35: Motor-neuron expression of Khc“?®*® disturbs cytoskeleton in NMJs of
muscle 6/7 in abdominal segment A2 in Drosophila larvae.

(A-D) Confocal images of NMJs innervating muscles 6/7 in segment A2 of Drosophila larvae.
NMJs were stained for Futsch and anti-HRP. In the control larvae (D42 and D42>Khc", A-B),
Futsch extended to the terminal branches of the NMJ (arrows). In mutant larvae
(D42>Khc"*™N?%25 and D42>Khc"?%?°, C-D), Futsch was detected in some terminal branches

(arrows), but was completely lacking in others (arrowheads). Scale bar, 20 pm.
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HRP Futsch
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D42>Khc™

N262S
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Figure 36: Motor-neuron expression of Khc“?®*® disturbs cytoskeleton in NMJs of
muscle 6/7 in abdominal segment A5 in Drosophila larvae.

(A-D) Confocal images of NMJs innervating muscles 6/7 in segment A5 of Drosophila larvae.
NMJs were stained for Futsch and anti-HRP. In the control larvae (D42 and D42>Khc", A-B),
Futsch extended to the terminal branches of the NMJ (arrows). In mutant larvae
(D42>Khc""*™N?%25 and D42>Khc"“#°?, C-D), Futsch was fragmented (arrows) or completely

absent in the terminal branches (arrowheads). Scale bar, 20 pum.
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In conclusion, the axonal as well as the NMJ cytoskeleton are disturbed in a
Drosophila SPG10 model. Analysis of the NMJ cytoskeleton revealed that defects
were more pronounced at NMJs in the posterior abdominal segment A5. This is
N262S

consistent with the data showing that the severity of NMJ defects caused by Khc

expression depends on the length of the innervating axon (paragraph 4.2.1.8).
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4.2.3 Comparative analysis of two HSP-associated

mutations in SPG10

In a previous study the velocity and microtubule binding affinity of the HSP-
associated mutations KIF5A?**N and KIF5AN*®S in human KIF5A (SPG10) were
analyzed in vitro (Ebbing et al., 2008). This study showed that both mutations cause
a decrease in velocity of homodimeric mutated KIF5A. Furthermore, the mutation
K253N reduced the microtubule binding affinity of homodimers, while N256S did not.
We were interested whether the differences in biophysical properties of mutated Khc
observed in vitro might result in different phenotypic characteristics in the Drosophila

model. For a comparative analysis Drosophila Khc*?*%N

(corresponding to the human
KIF5A*?*3N) and Drosophila Khc“?%?* (corresponding to the human KIF5AN?%2%) were

expressed in motor-neurons of Drosophila.

4.2.3.1 Motor-neuron expression of Khc*®™ and Khc"#®* affects

locomotion of Drosophila larvae

A previous work (Stérungen des axonalen Transports bei der hereditaren
spastischen Spinalparalyse im Drosophila-Model (Disturbance of axonal transport in
a Drosophila model of hereditary spastic paraplegia, Inaugural Dissertation by Vera
K. Siegert) showed that the mutation K259N in Drosophila Khc displayes a dominant-

negative effect in vivo. Ectopic expression of Khc#**N

in the wild-type background,
driven by pan-neuronal elav°*'*-Gal4, severely impaired larval locomotion of small (1-

3mm) as well as big (3-5mm) larvae (Siegert, 2011).

For a comparative analysis of larval locomotion upon motor-neuron specific

expression of Khc"?® or Khc“*®N D42, D42>Khc"™, D42>Khc"***°  and
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D42>Khck?*N |arvae were raised at 25C and the locomotion of s econd and third-

instar larvae was analyzed.
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Figure 37: Motor-neuron expression of Khc“?*® or Khc*®™ strongly impairs

locomotion of Drosophila larvae.

Boxes indicate SEM; black lines indicate SD. Statistical analysis was performed using a

Kruskal-Wallis H-test for multiple comparisons. All genotypes within one size group were

compared to D42 (dark gray bare). Eight movies per genotype were analyzed.

Larval size Larval size

1-3 mm 3-5mm
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velocity [mm/s] p-value velocity [mm/s] p-value
D42 0.30 £ 0.04 - 0.58 £ 0.09 -
D42>Khc" 0.30 £0.04 n.s 0.51+0.08 n.s
D42>Khc"?%%S 0.10 £ 0.02 <0.01 0.09 +0.02 <0.001
D42>Khc N 0.08 £0.03 <0.001 0.07 £0.02 < 0.001

Table 24: Quantification reveals severe impairment of Drosophila larval locomotion

upon motor-neuronal expression of Khc“?°%® or Khc"?*N,

Data represent the mean = SD. Statistical significance was determined using a Kruskal-
Wallis H-test for multiple comparisons. A minimum of eight movies per genotype were

analyzed. The p-values show probability compared to D42.

The locomotion of small (1-3mm) and large (3-5mm) D42>Khc"%**® and
D42>Khc*®N |arvae was strongly impaired compared to D42 and D42>Khc™ larvae
(Figure 37 and Table 24). There was no significant difference in locomotion between
the D42>Khc"?**N and the D42>Khc“?°?° animals in either size group. No difference

in locomotion was observed between D42 and D42>Khc" larvae in either size group.

4.2.3.2 Motor-neuron expression of Khc"®*™ or Khc"?**® both cause

axonal swellings in Drosophila larvae

For the assay D42, D42>Khc™, D42>KhcV?°*® and D42>Khc*®**N larvae were raised
at 29C and third-instar larvae were dissected and stained for the kinesin-1 cargo

CSP and neuronal membranes (anti-HRP).
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D42>Khc" _ _

N262S

D42>Khc

K259N

D42>Khc

N262S or KhCKZSQN

Figure 38: Motor-neuron expression of Khc cause axonal swellings in

Drosophila larvae.
Confocal images of anti-HRP and CSP staining in segmental nerves of Drosophila larvae.
Axonal swellings (arrowheads in A-B) are characterized by a bright anti-HRP staining and the

accumulation of CSP. Scale bars, 10 pm.

In vitro analysis of axonal transport revealed that motor-neuron specific expression of
Khc"?**N also caused the formation of axonal swellings and an accumulation of the
kinesin-1 cargo CSP within the swellings (Figure 38, arrowheads), similar to axonal

swellings detected in D42>Khc"?°%® larvae (Figure 38, arrowheads).

4.2.3.3 Motor-neuron expression of Khc"?**® and Khc"**™ cause a
decrease in synapse number at the NMJ that depends on the length

of the innervating axon

For comparison of synapse numbers at the NMJ D42, D42>Khc™, D42>Khc"?%%° and
D42>Khc*®*N |arvae were raised at 29 and third-instar larvae were dissected and
stained for the presynaptic marker Brp and the neuronal membrane marker anti-HRP.
For quantification of synapses Brp puncta per NMJ were counted. To account for the
possible differences in larval size, data were normalized to the area of muscles 6/7 of

abdominal segments A2 and Ab5.
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Figure 39: Motor-neuron expression of Khc“?**® and Khc*®*™ reduces synapse
numbers at the NMJ of Drosophila larvae.

Comparison of synapse numbers in the anterior segment A2 (A) and posterior segment A5
(B). Per genotype, 5-9 NMJs for each segment were analyzed. Statistical significance was
determined using One-way ANOVA. * p < 0.05; ** p < 0.01. Statistical significance was

determined by comparison to D42 (dark gray bare). The SEM is shown as a box, the SD as a
black line.
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Segment A2 Segment A5
Synapses Synapses
[synapses/NMJ] n p-value | [synapses/NMJ] n p-value
D42 269 + 46 7 - 141 + 15 7 -
D42>Khc™ 316 +43 5 0.311 177 + 29 8 0.244
D42>KhcN?6%S 249 +34 8 0.865 63 + 39 7 0.0015
D42>Khc ? 227 + 63 7 0.384 83+71 9 0.021

N262S or KhCK259N

Table 25: Motor-neuron expression of Khc result in a reduction of

synapse numbers at the NMJ of Drosophila larvae.
Data represent the mean + SD. Statistical significance was determined by using One-way

ANOVA. The p-values shown are compared to D42.

In the anterior segment A2 there was a trend towards a decrease in synapse number
in D42>Khc"“?°%® and D42>Khc*®**N animals but this was not statistically significant
compared to D42 (Figure 39A and Table 25). In the posterior segment A5, however,
the reduction in synapse number was more pronounced (Figure 39A and Table 25)
and statistically significant in both mutant genotypes. There was no significant
difference in the synapse number of the NMJs of abdominal segments A2 and A5

between D42>KhcN?%%5 and D42>Khck?*N Jarvae.
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4.2.3.4 Motor-neuron expression of Khc"?**® and Khc"**™ cause a

decrease in mitochondrial density at the NMJ of Drosophila larvae

To compare mitochondrial density at the NMJs in the D42>Khc****™ and the
D42>Khc“?°%® animals, D42, D42>Khc“?*?® and D42>Khc***M larvae that co-
expressed mito-GFP were raised at 29 and third-in star larvae were analyzed. For

guantification the percentage of mitochondrial area per NMJ area was determined.
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Figure 40: Motor-neuron expression of Khc"%?* and Khc***M reduces mitochondrial
density at NMJs of Drosophila larvae.

(A) Confocal images of NMJs innervating muscles 6 and 7 of segment A2 of Drosophila
larvae. Larvae express mito-GFP, a mitochondrial marker, and are stained for anti-HRP. In
mutant larvae (D42>Khc“?°*® and D42>Khc***®), the mitochondrial density at the NMJ was
significantly reduced compared to D42 larvae. Scale bar: 20 um. (B) Quantification of
mitochondrial density per NMJ of muscle 6/7 in abdominal segment A2. For quantification, 5-
6 NMJs per genotype were analyzed. Statistical significance was determined by using One-
way ANOVA *** p < 0.001. The SEM is shown as a box, the SD as a black line.
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Mitochondrial

density / NMJ n p-value
D42 28.9+5.1 5 -
D42>KhcN#2s 4127 5 0.00019
D42>Khc %> 47 +5.2 6 0.00019

Table 26: Mitochondrial density per NMJs of muscles 6/7 in segments A2 is reduced
when KhcV?%% or Khc***N js expressed in motor-neurons of Drosophila larvae.
Data represent the mean + SD. Statistical significance was determined using One-way

ANOVA. The p-values show probability compared to D42.

Quantification of mitochondrial density per NMJs of muscle 6 and 7 in segment A2

N262S and

revealed a reduction of mitochondria at the NMJs of the D42>Khc
D42>Khc"?**N animals compared to D42 larvae (Figure 40 and Table 26). The

severity of reduction was similar in D42>Khc*?**N and D42>Khc"V?%% animals.

4.2.3.5 Motor-neuron expression of Khc"?%* and Khc*®N cause

disorganization of the NMJ cytoskeleton in Drosophila larvae

To compare cytoskeletal defects at the NMJ D42, D42>Khc"**® and D42>Khc" %N
larvae were raised at 29C and third-instar larvae were dissected and stained for
neuronal membranes (anti-HRP) and the microtubule associated protein Futsch. For
analysis, the NMJs of muscle 6 and 7 in the anterior segment A2 were used. For

guantification the percentage of Futsch area per NMJ area was determined.
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Figure 41: Motor-neuron expression of Khc"?*%® and Khc"?*™ alters the cytoskeleton of
the NMJ in Drosophila larvae.

(A) Confocal images of Futsch and anti-HRP staining of NMJs innervating muscles 6/7 of
abdominal segment A2 of Drosophila larvae. In the D42 larvae Futsch extended to the
terminal branches of the NMJ (arrows). In D42>Khc“?*® mutant larvae Futsch was detected
in some terminal branches (arrows), but was lacking in others (arrowheads). In D42>Khc**%N
mutant larvae Futsch was lacking in almost all terminal branches of the NMJs (arrowheads).

Scale bar, 20 um. (B) Quantification of the percentage of Futsch area per NMJs innervating
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muscles 6/7 of abdominal segment A2. For quantification, 5-6 NMJs per genotype were
analyzed. Statistical significance was determined using Kruskal-Wallis H-test. * p < 0.05. The

SEM is shown as a box, the SD as a black line.

[%] Futsch area /
NMJ n p-value
D42 56.7 £ 8.5 5 -
D42>KhcN?2s 32.2+20.2 5 0.199
D42>Khc" %> 23.5+15.6 6 0.043

Table 27: The cytoskeleton of the NMJs of muscles 6/7 in segments A2 is altered when
KhcN%2S or Khc*?N js expressed in motor-neurons of Drosophila larvae.
Data represent mean + SD. Statistical significance was determined using Kruskal-Wallis H-

test. The p-values show probability compared to D42.

Immunofluorescent staining of the microtubule associated protein Futsch at the NMJ
showed that in D42 larvae Futsch was extending almost to the tip of all terminal
boutons of the NMJs of muscle 6/7 in segment A2 (Figure 41A, arrows). In
D42>KhcN#% animals Futsch was observable in some terminal boutons (Figure 41A,
arrows), but was gone from other terminal boutons of the NMJ (Figure 41A,

arrowheads). In D42>KhcN%N

animals the alterations in NMJ cytoskeleton seemed
more severe, as Futsch was lacking from terminal boutons more frequently (Figure

41A, arrowheads) than in D42>Khc"“?°%® animals.

Quantification of the percentage of Futsch area per NMJ area showed that in the D42
larvae around 60% of the NMJ area was covered with Futsch (Figure 41B and Table
27). In the D42>Khc“?®%° |arvae around 30% of the NMJ area was covered with
Futsch. However there was no statistically significant difference compared to D42

N262S

larvae, most likely due to the high variability in the D42>Khc animals.
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In D42>Khc*®*N animals the Futsch area per NMJ was reduced to around 23%
(Figure 41B and Table 27) and was significantly different compared to D42 larvae.
Although there was a trend towards a reduction in Futsch area per NMJ in
D42>Khc"*?**N compared to D42>KhcV?°%° |arvae, no statistically significant difference

was observed between the two genotypes (p=0.946).
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V. Discussion

5.1 A role of PP2A in synapse development in Drosophila

melanogaster

Chapter 5.1 of the discussion is adapted from: “PP2A and GSK-34 Act
Antagonistically to Regulate Active Zone Development”, N.M. Viquez, P. Fuger et al.,

Journal of Neuroscience, 2009.

Reversible protein phosphorylation is a key regulatory mechanism in many cell
biological processes. Recently a B' regulatory subunit of PP2A, named Well-rounded
was indentified in Drosophila by the group of Prof. DiAntonio (Viquez et al., 2006). In
that study it was demonstrated that PP2A acts in the motor-neuron to control synaptic
terminal morphology likely via regulation of microtubules (Viquez et al., 2006). Here

we investigate a possible role of PP2A on the level of the individual synapse.

The Drosophila NMJ is organized in a string of boutons, each bouton containing 10-
50 individual synapses. Within each synapse a cluster of postsynaptic GIuRs is
directly apposed to an AZ and the presynaptic AZ protein Brp. When PP2A is
inhibited, individual GIuR clusters are found to be unapposed to AZs and Brp. The
unapposed GluR clusters are distributed throughout the boutons, however they are
more prevalent in the distal boutons of the NMJ, a part were new synapses tend to
be added. Quantification of the size of these unapposed GIuR clusters in PP2A
inhibited larvae revealed that these GIuR clusters were substantially smaller than

GIuR clusters apposed to presynaptic Brp. At the NMJ newly formed postsynaptic
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GluR clusters are quite small and precede the presynaptic localization of Brp (Rasse
et al., 2005). Taken together this suggests that neuronal inhibition of PP2A impairs
presynaptic maturation (i.e. delivery of Brp to a part of the synapses) rather than
maintenance of Brp at the synapses. However, to better understand the impact of
neuronal PP2A inactivation on Brp delivery or maintenance at individual synapses

the dynamics of Brp should be investigated in vivo.

In addition to affecting presynaptic maturation neuronal inhibition of PP2A impairs
GluR clustering in the postsynaptic muscle at the NMJ. In vivo imaging showed that
within six hours of larval development the addition of new GluR clusters was 5-fold
higher in control larvae compared to dnPP2A larvae. Furthermore the size of GIuR
clusters was strongly increased in dnPP2A larvae. Thus neuronal inhibition of PP2A
impairs presynaptic maturation of synapses and in addition causes defects in

postsynaptic development.

The group of Prof. DiAntonio further identified the serine-threonine kinase glycogen
synthase kinase-33 (GSK-3B) as an antagonist of PP2A function. Neuronal
inactivation of GSK-3[3 function suppresses the synaptic misapposition phenotype
and the disruption of the NMJ cytoskeleton induced by neuronal PP2A inactivation.
However GSK-3[ inactivation does not rescue the defects in axonal transport and
evoked transmitter release observed upon inactivation of PP2A function. Thus GSK-
3B/ PP2A act as an antagonistic kinase/phosphatase pair to regulate some aspects

of synapse development.

Interestingly GSK-33 / PP2A also act antagonistically on the phosphorylation state of
the microtubule associated protein tau in models of Alzheimer’s disease. Defects in

axonal cytoskeleton and synapse loss are suggested to be early events in the
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pathogenesis of Alzheimer’s disease. Thus studying the role of the antagonistic
GSK-3B/ PP2A pair in regulating synaptic cytoskeleton and integrity during
development might provide important insights into their possible role in disease

manifestation.
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5.2 Drosophila melanogaster as a model of the SPG10
subtype of the neurodegenerative disorder Hereditary

Spastic Paraplegia

Parts of the following discussion are adapted from:

“Spastic paraplegia mutation N256S in the neuronal microtubule motor KIF5A
disrupts axonal transport in a Drosophila HSP model”, P. Flger, V. Sreekumar et al.,
Manuscript accepted for publication

HSPs are a group of clinically and genetically heterogeneous neurological disorders
characterized by a progressive spasticity and weakness of the lower extremities,
caused by a progressive retrograde axonopathy of the longest corticospinal motor
neurons (Salinas et al., 2008). Of the 48 genetic loci related to HSP (SPG 1-48)
(Slabicki et al., 2010, Blackstone et al., 2011), 25 genes have been identified (Schule
and Schols, 2011). One of the genes identified is kif5a (SPG10) that encodes a

neuron specific kinesin heavy chain of human kinesin-1.

Here we establish a Drosophila model for the HSP subtype SPG10, thereby focusing
on the HSP related point mutation N256S in KIF5A, which corresponds to N262S in

Drosophila Khc.
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5.2.1 The Drosophila SPG10 model replicates main disease features

of HSP

5.2.1.1 Drosophila larvae exhibit impaired locomotion upon motor-

neuron expression of Khc"?%%°

N2625 3lone or in combination with a copy of Khc™

Motor-neuron expression of Khc
(Khc""*™N?%2%) in Drosophila caused a tail-flipping phenotype of the larvae, due to a
more pronounced paralysis in the ventral distal parts of the larvae. Furthermore
D42>KhcN?%5 and D42>Khc"*N?2S |arvae exhibit impaired locomotion compared to
control groups. In the D42>Khc""*N%%25 |arvae the locomotion phenotype was less
severe than in D42>Khc"“?°%® larvae, presumably due to a higher availability of wild-
type Khc in D42>Khc"™N%%%5 animals. Generally the locomotion defects caused by

the motor-neuron expression of mutated Khc were more pronounced in larger larvae,

resembling the degenerative character of HSP pathology.

5.2.1.2 Drosophila larvae exhibit axonal swellings upon motor-

neuron expression of Khc\?%°

Axonal swellings filled with kinesin-1 as well as kinesin-3 transport cargo, indicating
disturbed axonal transport, were detected in D42>KhcV?%® and D42>Khc"*N262S
animals. Again the phenotype, i.e. the prevalence of swellings, was more distinct in
the D42>Khc"?% larvae. The occurrence of axonal swellings, that contain cargo of
axonal transport such as neurofilaments, mitochondria and multivesicular bodies, has
been reported before as a HSP-associated pathological finding from autopsies of
human SPG4 patients (Kasher et al., 2009), as well as mouse models of SPG4

(Kasher et al., 2009) and SPG7 (Ferreirinha et al., 2004).
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5.2.1.3 Khc"?**® expression causes pathological changes at the

Drosophila NMJ that depend on the length of the innervating axon

HSP is a degenerative disorder affecting primarily the longest motor axons of the
corticospinal tract (Salinas et al., 2008, Blackstone et al., 2011). In the Drosophila
model likewise longer axons were more severely affected. Analysis of the NMJ area
and the synapse number revealed that motor-neuron expression of Khc"“?°%® causes
defects at the NMJs of Drosophila larvae. The severity of these defects depends on
the length of the innervating axon. NMJs innervating muscle 6/7 in the posterior
segment A5 were more severely impaired than those innervating muscle 6/7 in the
anterior segment A2. In Drosophila, axons innervating the posterior abdominal
segments are considerably longer than those innervating anterior abdominal

segments and seem to be more compromised in their function by impaired axonal

transport.

The more prominent NMJ defects in distal segments as well as the distal paralysis of
Drosophila larvae resemble human pathological symptoms that are characterized by

a particular affection of the longest motor-neurons. (Blackstone et al., 2011).

5.2.1.4 Presynaptic degeneration can be observed in the Drosophila

SPG10 model

The retrograde axonopathy described in HSP, is presumably initiated by
degeneration of the synapses (Blackstone et al., 2011). To address presynaptic
degenerative alterations in the Drosophila model the synaptic footprint assay (Eaton

et al., 2002) was used. This assay was established to score for retraction events,
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occurring during synaptic development at the Drosophila NMJ. Retraction and
degeneration have been described to occur via different mechanisms (Saxena and
Caroni, 2007). Since retraction is a regulated process the presynaptic material is
transported back to more proximal sections of the axon before retraction of the axon.
In degeneration the presynaptic material is fractionized at the synapse and in the
axon, presumably followed by local uptake by phagocytes (Saxena and Caroni,
2007). Thus, if presynaptic degenerative changes occur, we would detect a gradual
diminishment of presynaptic components rather than synaptic footprints. In
consistence with this assumption we found reduced abundance and altered
distribution of synaptic vesicles as well as alterations in neuronal membrane

WeN202S and D42>Khe“?%?S larvae. The abundance of

organization in the D42>Khc
presynaptic vesicles was significantly decreased in relation to the SSR marker DlIg,
compared to D42 larvae. The ratio of neuronal membrane area to DIg was decreased
in D42>Khc“?%?° animals but not in the D42>Khc""*"™%%% |arvae. The decrease in the
abundance of presynaptic vesicles was more pronounced, which might indicate that
degeneration processes at the synapse start by disassembly of synaptic components
such as synaptic vesicles, before neuronal membranes are degraded. Synaptic
footprints, NMJ areas positive for the SSR marker Dlg, but devoid of synaptic

vesicles and neuronal membrane area, were infrequently detected. They might

represent sites were degradation of presynaptic material was complete.

The presynaptic alterations detected in the Drosophila SPG10 model, were not
accompanied by loss of motor-neuron cell bodies. This is in agreement with the
concept that HSP is primarily caused by synaptopathy and axonopathy, whereas
motor-neuron cell body loss is neither causative nor an early feature of the

pathological process of HSP (Blackstone et al., 2011).
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In summary, pathological features, associated with HSP, can be replicated in the
Drosophila model of SPG10. Generally the HSP-associated phenotypes were more
pronounced in D42>Khc?®*5 than in D42>Khc"*N?%2S |arvae. This shows that the

N262S and

occurring phenotypes in Drosophila are attributable to the expression of Khc
the severity of the phenotypes depends on the ratio of mutated Khc to wild-type Khc.
Drosophila is a suited model to investigate mechanisms of pathology of the HSP

subtype SPG10.

5.2.2. Khc"%?® acts as a dominant negative allele in Drosophila

SPG10 is inherited in an autosomal dominant way. This is consistent with a dominant

negative function of the KIF5AN?®S

allele (Reid et al., 2002). This hypothesis was
backed up by in vitro analysis of homodimeric KIFSAN*®S showing that KIFSAN?%3

exerts a dominant-negative effect in vitro (Ebbing et al., 2008).

Drosophila larvae carrying only one copy of endogenous wild-type khc (Khc™") did not
exhibit impaired locomotion compared to larvae carrying two copies of endogenous

wild-type khc (D42 larvae). One wild-type copy of Khc is therefore sufficient to sustain

N262S

normal larval locomotion. Expression of Khc in animals carrying two copies of

endogenous wild-type khc severely impaired larval locomotion, comparable to the
locomotion deficits of khc null animals (Khc™). Thus in the presence of the KhcN6%S
allele two copies of endogenous Khc are not sufficient to sustain normal larval
locomotion. This demonstrates that Drosophila Khc carrying the corresponding point

N262S

mutation (Khc ) acts as a dominant negative allele in vivo and thus confirms the

proposed dominant-negative function of the KIF5AN?°S allele.
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5.2.3 Khc"?**® does not act as a roadblock in the Drosophila SPG10

model

A question arising is whether the axonal swellings in Drosophila motor axons,
containing axonal transport cargo, represent sites of abnormal Khc accumulations.

From in vitro studies it was suggested that KIFSAN?®S

might act as a roadblock
(Ebbing et al., 2008). Although there was a trend towards elevated Khc levels in
D42>Khc“?°%® and D42>Khc"'*N?25 |arvae, no abnormal Khc accumulations were
present in axonal swellings of Drosophila larvae expressing Khc"?®?. Thus it seems
most unlikely that abnormal accumulations of kinesin-1 cause the establishment of
axonal swellings in the Drosophila SPG10 model. In consistence with this finding it
was reported from a study of axonal transport of mitochondria in Drosophila Khc
mutants that axonal swellings do not cause a general blockage of the microtubules
(Pilling et al., 2006), as organelles in swellings were found to be quite mobile (Pilling
et al., 2006). The authors hypothesize that axonal swellings rather represent sites of
local axonal autophagocytosis (Pilling et al., 2006), possibly triggered by cell death

signals released by trapped mitochondria that have passed the membrane

permeability transition.

If Khc"?°> does not act as a roadblock to disturb axonal transport how does its
expression affect axonal transport in Drosophila motor-axons? A second hypothesis
is that expression of Khc“?®?° diminishes cargo delivery within the axon or to the
synapses. The lack of cargo necessary for maintenance of synaptic and/or axonal
structure and/or function, might then trigger degeneration of the axons. This
hypothesis is strengthened by preliminary results using a truncated Khc protein,
which is able to dimerize and move along microtubules (Sung et al., 2008), but lacks
the domain to bind to Klc. This truncated Khc protein will not compete for cargo
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binding with the full length Khc, thereby leaving more cargo available for fully
functional motor complexes. Motor-neuron specific expression of a mutated truncated
Khc (Khc™"N%23) increased Khc levels in segmental nerves but did not cause axonal
swellings and had no impact on larval locomotion. Thus binding cargo and retaining it

from its destination by the full length Khc"#%%®

seems necessary for the establishment
of axonal swellings and further HSP-pathology like characteristics in the Drosophila
model. The finding that the severity of the HSP-pathology like phenotypes in the

Drosophila model depends on the amount of available wild-type Khc is consistent

with this hypothesis.

So far there is only indirect evidence that the truncated Khc is stably expressed and

dimerizes in vivo. This needs to be confirmed in future experiments.

5.2.4 Axonal transport is disturbed in the Drosophila SPG10 model

Over the years several reports link defects in axonal transport to degeneration of
motor-neurons in a variety of motor-neuron diseases (lkenaka et al., 2012). In HSP
the most direct evidence for an implication of disturbed axonal transport in the
pathology comes from SPG10. Preliminary results indicate that ectopic expression of
Khc"?®%® might reduce the frequency of cargo transported along the axon. To

investigate this axonal transport of mitochondria was analyzed in vivo.

Analysis of axonal transport of mitochondria in Drosophila, revealed a strong
reduction of mitochondrial transport frequency in both anterograde and retrograde
direction in D42>Khc"*N?%2S and D42>Khc"?%?® |arvae. The transport velocity in either

direction was unchanged among the genotypes analyzed. Furthermore, no
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differences in the number or the duration of pauses between single runs of

mitochondria in either direction were observed.

In line with these observations Wang and colleagues reported that expression of
KIF5AN%®S in cultured mouse cortical neurons decreases both the anterograde and
the retrograde frequency of neurofilament transport while having no effect on

transport velocities (Wang and Brown, 2010).

The fact that transport velocities of mitochondria were unchanged in Drosophila

larvae expressing KhcN#%%®

, seemed surprising first, as in vitro analysis of the
corresponding point mutation in vertebrate KIF5A revealed a reduction of microtubule
gliding velocities more than two fold upon mixture of wild-type and N256S-mutant
KIF5A at a stoichiometric ratio of 1:1 compared to wild-type KIF5A only (Ebbing et al.,
2008). However, when a modified bead assay was used in the same study, velocities
were only slightly reduced by less than 10%. For this assay quantum dots were
coated randomly with 3-6 motors derived from a 1:2:1 mixture of wild-type
homodimer : heterodimer : N256S homodimer (Ebbing et al., 2008). Using this assay
different KIF5A dimer populations could be visualized and a histogram plot of the
KIF5AN?°%S data showed a pronounced fraction of slowly moving quantum dots
compared to wild-type KIF5A alone (Ebbing et al., 2008). The differences in quantum
dot velocities presumably depend on the number of wild-type homodimer
heterodimer : N256S homodimer attached to the quantum dot. This assay might be

more akin to the in vivo situation, where one would also expect random attachment of

wild-type homodimer : heterodimer : N256S homodimer to the cargo.

When analyzing anterograde transport velocities in Drosophila expressing Khc"V?°%® in

vivo we could not distinguish fractions of mitochondria moving with different

velocities. We hypothesize that the majority of mitochondria analyzed were attached
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predominantly to wild-type motors, while mitochondria predominantly attached to
mixed or mutant motors did not move along microtubules very effectively, if at all.
Therefore we conclude that in vivo transport of mitochondria in Drosophila larvae

Wt+N262S or KhCN2628

expressing Khc is primarily driven by the Khc"'-homodimers. In the

D42>Khc"*N?%S |arvae, that possess more Khc"-homodimers than D42>KhcN%%°

animals an increased mitochondrial transport frequency compared to D42>Khc\2%2°
larvae was observed. These data likewise support the notion that expression of

KhcV?2S in Drosophila causes a diminishment of cargo arriving at the synapses and

does not hinder the movement of wild-type kinesin-1 along microtubules.

Different studies have shown that mutations in anterograde motor proteins not only
disturb anterograde but also retrograde transport. In cultured mouse neurons
transport frequency of neurofilaments was reduced in anterograde as well as
retrograde direction upon knockdown of KIF5A function (Uchida et al., 2009) or
overexpression of mutated KIF5AN**®*S (Wang and Brown, 2010). Furthermore the
transport velocities of mitochondria were reduced in anterograde and retrograde
direction in KIF5A knockout mice (Karle et al., 2012) and Khc mutant Drosophila
larvae revealed a reduction in mitochondrial flux in both transport directions (Pilling et

al., 2006).

In the Drosophila SPG10 model we also observed a reduction in both anterograde
and retrograde transport frequencies of mitochondria, but not in transport velocities.
However the reduction of retrograde transport frequency of mitochondria most likely
arises from the low availability of mitochondria at the NMJ. Thus our data do not
prove disturbed retrograde transport in the Drosophila SPG10 model. However we

hypothesize that retrograde transport is also disturbed in this model and different
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approaches are possible to further investigate retrograde transport in the Drosophila

SPG10 model.

5.2.5 Possible mechanisms contributing to SPG10 pathology

What are the pathophysiological mechanisms possibly causing or contributing to
neurodegeneration of the longest corticospinal motor-axons in SPG10? Different
mechanisms have been implicated to play a role in the pathology of

neurodegenerative diseases.

Mitochondrial dysfunction, changes in mitochondrial dynamics and mobility, and
perturbation of mitochondrial turnover are involved in the pathology of some
neurodegenerative disorders such as Parkinson’s, Alzheimer's and ALS (Reviewed
in Schon and Przedborski, 2011). Cytoskeletal changes (Goellner and Aberle, 2012)
and changes in the microtubule-associated proteins (MAPs) have been linked to
neurodegeneration in human neurodegenerative disorders and in Drosophila
(Bettencourt da Cruz et al., 2005). Furthermore, alterations in BMP signaling are
emerging as a possible mechanism in some neurodegenerative disorders (Bayat et

al., 2011).

5.2.5.1 Mitochondrial density is reduced at the NMJ of the

Drosophila SPG10 model

In vivo imaging of axonal transport of mitochondria revealed a severe reduction of
anterograde mitochondrial transport frequency along the axon in D42>Khc"*N2625

and D42>KhcV?®?® |arvae. This resulted in a similar reduction of mitochondrial density
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at the NMJs innervating muscles 6/7 in abdominal segment A2. As mitochondria are
the main site of ATP production, a strong reduction of mitochondria in presynaptic
terminals reduces local ATP supply and thus affects ATP-dependent processes such
as neurotransmission. At the Drosophila NMJ a reduction of synaptic mitochondria
impairs mobilization of the reserve synaptic vesicle pool resulting in a faster decrease
in EJP amplitude during prolonged trains of stimulation pulses (Verstreken et al.,
2005). Thus defects in synaptic function caused by a reduction of mitochondrial
density at the NMJ and local ATP depletion may contribute to synaptic
loss/degeneration in the Drosophila SPG10 model. Loss/degeneration of synapses

may then instigate retrograde axonopathy.

5.2.5.2 BMP signaling is impaired in the Drosophila SPG10 model

Alterations in BMP signaling might be a unifying mechanism in causing axonopathy in
some classes of HSP (Blackstone et al., 2011). The spastic paraplegia genes
Atlastin, Spastin, NIPA1 and Spartin have all been shown to be negative regulators
of BMP signaling (Wang et al., 2007, Tsang et al., 2009, Fassier et al., 2010),

presumably by regulation of BMP receptor trafficking.

In the Drosophila motor-neuron presynaptic BMP receptors at the NMJ are activated
by postsynaptically released Gbb (Marques et al.,, 2003, McCabe et al.,, 2003)
inducing the phosphorylation of Mad, which in turn translocates to the nucleus of

motor-neuron cell bodies, where it acts as a transcription factor.

Quantification of pMad levels in the Drosophila SPG10 model revealed a strong
decrease of pMad in the motor-neuron cell bodies of the VNC. This is due to impaired
retrograde translocation of pMad to the VNC as activation of the BMP signaling
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pathway at the NMJ was unchanged in these larvae. We hypothesize that retrograde
transport of pMad from the NMJ to the motor-neuron cell body is impaired in the
Drosophila SPG10 model. However, so far direct evidence showing impairment of
retrograde transport is lacking. This is going to be the subject of continuative

investigation.

A loss of pMad accumulation from motor-neuron cell bodies was also found in
Drosophila mutants of the type Il BMP receptor wit (Marques et al., 2002). Notably
some phenotypic characteristics observed in the Drosophila SPG10 model, such as
reduced NMJ size and accumulation of axonal transport cargo in segmental nerves
have also been described for mutants of BMP signaling components. Drosophila Wit
mutants exhibit small NMJs, severe defects in evoked junctional potentials and a
lower frequency of spontaneous vesicle release (Marques et al., 2002). In addition,
the cargo of fast axonal transport accumulates in segmental nerves of larvae with
mutations in the BMP receptor wit (Aberle et al., 2002). Also mutations in other
components of the BMP signaling cascade, the type | receptors Tkv and Sax, the R-
Smad Mad and the Co-Smad Med were reported to cause a reduction in NMJ size
(McCabe et al., 2004). Our data suggest that the loss of pMad accumulation in the
motor-neuron cell bodies reduces BMP signaling in the Drosophila SPG10 model.
The alteration of BMP signaling might cause or contribute to the establishment of

pathology in the Drosophila model.

What are the cellular processes affected by altered BMP signaling? Several studies
demonstrated interactions between altered BMP signaling and cytoskeletal integrity.
It has been shown that BMP signaling regulates microtubule dynamics (Wang et al.,
2007, Fassier et al.,, 2010). Wang and colleagues demonstrated a connection

between down regulation of BMP signaling in Drosophila and perturbations of axonal
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and neuromuscular cytoskeleton (Wang et al., 2007). Down regulation of BMP
signaling caused a loss of Futsch from distal boutons of the NMJs (Wang et al.,
2007) and a reduction of total and acetylated (stable microtubules) tubulin levels in
the axons, implying a loss and destabilization of microtubules from the axons (Wang
et al., 2007). In contrast a study on the role of Atlastin (SPG3A) showed that an up
regulation of BMP signaling decreased levels of acetylated tubulin in motor-neurons
of zebrafish (Fassier et al., 2010). Recently a study showed that retrograde BMP
signaling, regulates neuromuscular growth in Drosophila via modulation of the actin
cytoskeleton (Ball et al., 2010). Thereby BMP signaling regulates expression of Trio,
a guanine nucleotide exchange factor (GEF) of Rac (Ball et al., 2010). Racs are
major intracellular regulators of the actin cytoskeleton in many cells, including

neurons (Ball et al., 2010).

5.2.5.3 Disorganization of the cytoskeleton is detected in the

Drosophila SPG10 model

An undisturbed cytoskeleton is crucial for the maintenance of stability and
functionality of neurons. As a link between BMP signaling and cytoskeletal integrity
has been described in different studies we investigated cytoskeletal changes in

segmental nerves and at the NMJs of the Drosophila SPG10 model.

We observed a loss of the microtubule associated protein (MAP) Futsch from distal
boutons of the NMJs and a reduction of acetylated tubulin in segmental nerves of

mutant Drosophila larvae.

Futsch is the Drosophila homolog of mammalian MAP1A, a member of the MAP1

family, representing microtubule associated proteins. In mammals the MAP1 family
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comprises MAP1A and MAP1B, which are predominantly expressed in neurons and
are important for formation and maintenance of axons and synapses. In Drosophila
Futsch represents the only MAP1 family member. Mutations in Futsch have been
reported to cause alterations in the microtubule network, causing progressive
degeneration of neurons in the fly brain (Bettencourt da Cruz et al., 2005). From the
same study it was reported that in primary neuronal cultures prepared from the futsch
mutants, significant reduction in mitochondrial movement compared with wild-type
neurons was observed, most likely reflecting a general reduction in axonal and
dendritic transport due to disruptions in the microtubule network (Bettencourt da Cruz
et al., 2005). Recently it was shown that TDPH, the Drosophila homolog of TDP-43,
is necessary in the regulation of cellular Futsch levels (Godena et al., 2011). TDP-43
is an RNA binding protein and large insoluble aggregates of TDP-43 redistributed
within the cytoplasm have been associated to neurodegenerative disorders such as
ALS and frontotemporal lobar degeneration (FTLD) (Neumann et al., 2006). It was
shown that TBPH maintains NMJ growth and microtubule organization through
Futsch protein action (Godena et al., 2011). Flies lacking TDPH exhibit ALS like
symptoms such as progressive defects in locomotion and reduced life span (Feiguin

et al., 2009).

Destabilization of the NMJ cytoskeleton due to reduced Futsch levels may contribute
to synaptic dysfunction and synaptic loss in the Drosophila model of SPG10. In
addition, unstable and distorted microtubule tracks likely interfere with axonal
transport processes to and from synapses and thus contribute to the axonal transport
defects observed in D42>Khc""*™N?°%° and D42>KhcV?%%° animals. These cytoskeletal
changes observed might be caused by reduced BMP signaling in the motor-neurons

of the Drosophila larvae. These data are in consistence with findings of Wang and
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colleagues (Wang et al.,, 2007). However a different study postulated that an up
regulation of BMP signaling reduces levels of acetylated tubulin in motor-axons of
zebrafish (Fassier et al., 2010). Thus, a fine regulation of BMP signaling seems to be

necessary for a proper maintenance of the cytoskeleton.

5.2.6 Comparative analysis of two SPG10-associated mutations in

Drosophila

In vitro analysis of the HSP related mutations KIF5A*?>*N and KIF5AN?*%S revealed
differences in the biophysical properties of the mutated proteins (Ebbing et al., 2008).
Both mutations caused a decrease in velocity of homodimeric mutated KIF5A. The
mutation K253N further reduced the microtubule binding affinity. Both mutations,
K253N (Siegert, 2011) and N256S (this study) act in a dominant-negative way in vivo
when introduced at the corresponding sites into Drosophila Khc. Motor-neuron

specific expression of Khc<®™N

caused an slightly earlier lethality of the Drosophila
larvae compared to expression of Khc“?°*°. Furthermore larvae were generally
weaker upon expression of Khc“?**N. Analyses of larval locomotion, synapse number,
mitochondrial density at the NMJ and cytoskeleton of the NMJ revealed no significant

N262S

differences between D42>Khc and D42>KhcV?**N |arvae. Also no clear trend

N262S

was discernible in the severity of the occurring phenotypes in D42>Khc and

D42>Khc"?>*N |arvae.

In conclusion, two HSP-associated mutations that exhibited different biophysical
properties in vitro result in the same phenotypic characteristics in a Drosophila
model. Although no significant differences in the occurring phenotypes became

obvious, D42>Khc*®™ |arvae exhibited earlier lethality than D42>Khc"?°%° animals,
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K259N

implying some differences in the severity of pathology between D42>Khc and

D42>Khc"V?%% animals. It is conceivable that a combination of reduced microtubule

binding affinity and reduced gliding velocity of Khc" %N

might affect cellular
processes that depend on efficient axonal transport more severely than a reduction in
the gliding velocity only. The biophysical differences of Khc caused by the two
mutations might have differential impact on axonal transport in vivo. This might cause

K259N

differences in the establishment and progression of pathology in D42>Khc and

D42>KhcN?%® Drosophila larvae, that are not obvious in the final stage of pathology.

Gaining insight into the progression of the disease dependent on the mutations in
Khc in Drosophila might be a first step to predict disease progression in SPG10

patients.

5.2.7 Conclusion

We established a Drosophila model of the HSP subtype SPG10, which recapitulates
key disease features such as impairments in locomotion, axonal swellings,
degeneration of synapses and a more severe affliction of longer axons. The occurring
phenotypes in Drosophila are attributable to the expression of Khc“?®® and the
severity of the occurring phenotypes depends on the amount of available wild-type
Khc. Thus pathology in the Drosophila SPG10 model seems to be caused by a
reduction of axonal cargo transport frequency due to impaired anterograde transport.
This might affect proper localization of a specific cargo necessary for maintenance of
synaptic and/or axonal structure and/or function. Therefore it seems crucial to
investigate depletion of which cargo or multiple cargos might initiate and progress the

disease.
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As possible mechanisms contributing to pathology in the Drosophila SPG10 model
reduced mitochondrial density at the NMJ, a reduction in BMP signaling and
alterations in axonal as well as neuromuscular cytoskeleton were identified. All of
these findings have been linked to neurodegenerative disorders before. Several
studies demonstrated interactions between altered BMP signaling, cytoskeletal
integrity and mitochondrial movement. Destabilization of microtubules was shown to
contribute to a reduction in mitochondrial movement (Bettencourt da Cruz et al.,
2005). In turn reduction of ATP supply due to a reduction of availability of
mitochondria might further enhance axonal transport deficits. Thus, there might be an
interaction between a reduction in BMP signaling, alterations in axonal as well as
neuromuscular cytoskeleton and reduced mitochondrial density at the NMJ, in the

Drosophila SPG10 model, affecting each other reciprocal.

The Drosophila SPG10 model provides a good means to follow the establishment
and progression of pathology in vivo and thereby decipher cause and consequence

of SPG10 pathology in the Drosophila model.
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