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SUMMARY

Autosomal dominant mutations in the gene coding for the neuronal Kinesin-1 isoform
KIF5A cause spastic paraplegia type 10 (SPG10). The mechanism behind Kinesin-1 mutation
leading to slow progressing spasticity and weakness of the lower limbs of patients is not

N2565
N

clear and there is no causative treatment. One of the point mutations in KIF5A is Khc n

N2365 acts dominant negative over wild type Khc [Ebbing et al.

vitro studies show that Khc
2008]. Mouse and zebrafish animal models with loss of Khc function hint at predominantly
neurodevelopmental defects [Hurd and Saxton 1996; Xia et al. 2003; Karle et al. 2012;
Nakajima et al. 2012; Campbell et al. 2014]. In contrast human SPG10 is clinically classified as
a neurodegenerative disorder. The fly model used in this study is characterized by low-level
ectopic overexpression of the Drosophila melanogaster orthologue of KIF5A (kinesin heavy
chain, khc) bearing the SPG10 point mutation (khc"?®%). As Khc"***® acts in a dominant
negative manner, overexpression of mutant Khc resembles more closely the situation in
heterozygous SPG10 patients. Using this milder affected model the parallel occurrence of
neurodevelopmental defects and neurodegeneration could be shown for the first time.
Larvae expressing khc"?®% build less new synapses in a given time window than controls. In
addition to this neurodevelopmental defect, neuromuscular junctions (NMlJs) of khc%%
expressing larvae show overgrowth including enhanced transport of active zone (AZ)
precursor vesicles that also lead to increased Brp intensity, a marker for AZs, at the NMJ. But
in parallel neurodegenerative signs such as accumulation of neuronal membranes inside
boutons and disorganized microtubule (MT) cytoskeleton are detectable. In larvae

N262S

expressing khc , the impaired axonal transport of mitochondria leads to a reduced

number of mitochondria at the NMJ. This could explain the behavioral defects, characteristic
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for fly models of axonal transport deficits [Hurd and Saxton 1996; Gindhart et al. 1998;
Martin et al. 1999; Bowman et al. 2000]. These results show in greater detail the progression
of paralysis in the posterior part of larvae because the chronology of emerging pathological
characteristics of a Drosophila model of SPG10 could be described. To further study the way
of degeneration in a model of loss of functional Khc, NMJs of khc” larvae were analyzed.
They grow much slower than controls and die before pupation. NMJs are characterized by
smaller size compared to controls and show frequent occurrence of accumulated neuronal
membranes in NMJs as well as in axons. Cargos like Brp or synaptic vesicle marker VGlut
accumulated in- and outside of axonal swellings and were diminished at the NMJ. The NMJ
was especially marked by fragmentation of neuronal membranes and MTs. These did not
retract from the terminal bouton as described for classical neuronal retraction [Eaton et al.
2002], but dispersed in central regions of the NMJ, separating parts of the NMJ from the
innervating axon. Therefore, they show a disassembly of the NMJ, which is different from
classical neuronal retraction and resembles more a Wallerian-like deconstruction of neuron-

muscle innervation.
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1 INTRODUCTION

1.1 Hereditary spastic paraplegia

Hereditary spastic paraplegias (HSPs) are a group of heterogeneous neurological

disorders with an estimated prevalence of 3-9/100 000 [Blackstone et al. 2011].

1.1.1 Clinical symptoms

HSPs are clinically classified as pure or complex [Harding 1983]. Symptoms of pure
HSPs are confined to the pyramidal track leading to weakness and spasticity of lower
extremities, bladder disturbances and to a lesser extent sensory impairments [Harding 1983;
Fink 2003; Martin et al. 2012]. Patients with a complex form of HSP might suffer from
additional neurological defects such as optic neuropathy, retinopathy, deafness, ataxia,

ichthyosis, dementia, mental retardation and epilepsy [Blackstone et al. 2011].

The onset of HSP is mild and from early childhood to late adulthood [Salinas et al.
2008]. It is characterized by the development of leg stiffness, because of a dramatically
increased tone in the legs, but a relative maintenance of power, which is different to other
causes of spastic paraplegias like multiple sclerosis and spinal cord injury [Harding 1981;

Salinas et al. 2008].

1.1.2 HSP treatment

To date there is no causative treatment of any subtype of HSP [Fink 2013; Lo Giudice
et al. 2014]. Only the symptoms can be treated with different drugs for muscle relaxation
[Fink 2013; Lo Giudice et al. 2014] or injections of botulinum toxin (A or B) in selected areas

[Geva-Dayan et al. 2010] to reduce spasticity. For long-time treatment surgically implanted
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pumps are also in use [Motta and Antonello 2014]. Regular physical therapy can improve
walking speed and also maintains or increases the physical strength in lower extremities
[Zhang et al. 2014]. As many patients of HSP are dragging toes, foot orthotics and a special
nerve stimulation that is synchronized with the gait phase can meliorate the phenotype [Fink

2013].

1.1.3 Genetic background and pathophysiology of HSP

To date more than 70 HSP loci (spastic paraplegia gene, SPG1-72 [Finsterer et al.
2012; Fink 2013; Novarino et al. 2014]) have been identified for which autosomal dominant,

autosomal recessive and X-linked modes of inheritance have been described.

Table 1: Selected mutant proteins in HSP

SPG Heredity Involved Protein Function Reference
Protein

SPG3a AD Atlastin-1 ER morphogenesis [Zhao et al. 2001]

SPG4 AD Spastin cytoskeletal [Hazan et al. 1999]

(SPAST) remodeling

SPG6 AR NIPAl endosomal [Rainier et al. 2003]
trafficking

SPG7 AD Paraplegin mitochondrial [Casari et al. 1998]
protease

SPG10 AD KIF5A fast axonal [Reid et al. 2002;
transport Schiile et al. 2008]

SPG11 AR Spatacsin motor neuron [Stevanin et al. 2007;
development, Chang et al. 2014]

lysosome formation

SPG13 AD heat shock  mitochondrial [Hansen et al. 2002]
protein 60 chaperone




SPG

Heredity

Involved
Protein

Protein Function
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Reference

SPG15

AR

Spastizin

motor neuron
development,
lysosome formation

[Hanein et al. 2008;
Chang et al. 2014]

SPG20

Troyer
Syndrome

AR

Spartin

endosomal
trafficking,
regulates
mitochondrial
calcium
homeostasis,
localizes near ER

[Patel et al. 2002; Joshi
and Bakowska 2011]

SPG21

AR

Maspartin

endosomal
trafficking, cellular
transport, axonal
branching

[Simpson et al. 2003]

SPG30

AR

KIF1A

intracellular
anterograde
transport of dense
core vesicles

[Klebe et al. 2006]

SPG31

AD

REEP1

mitochondrial
chaperone-like

[Zuchner et al. 2006]

SPG55

AR

Cl12orf65/
C120RF65

peptide chain
termination in the
mitochondrial
translation
machinery

[Shimazaki et al. 2012]

AD: autosomal dominant heredity, AR: autosomal recessive heredity. References show first mentioning authors. Table is modified from

[Salinas et al. 2008; Blackstone et al. 2011]

Studies of different genes that are involved in HSP show, that distal parts of neurons

are predominantly affected showing a “dying back” mechanism when axonal transport of

macromolecules, organelles or other cargo is impaired [Crosby and Proukakis 2002;
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Soderblom and Blackstone 2006; Salinas et al. 2008]. It is likely the unique morphology of
spinal cord axons which can be up to one meter in humans, that leads to their apparent
dependence on membrane trafficking, cytoskeletal organization and microtubule (MT) based
transport (Figure 1). The mechanisms could be “cell autonomous” and lead to degeneration
only in the affected neurons, but also “non-cell autonomous” where structure degenerates
on which the axon relies on [Fink 2013]. SPG2 (proteolipid protein) and SPG42 (Connexin 47)
are encoding proteins that are primarily expressed in oligodendroglia and not in neurons
[Fink 2013], but proteins, that are implicated in axonal transport like SPG10 and SPG30 rise

evidence for primary pathology of axons, rather than glia.

JpPASLILITI, DEIPIN)

heat shock protein 60,
Spartin, REEP1)

Figure 1: Potential pathogenic pathways of HSP proteins in a schematic neuron

The schema shows sites of possible pathogenic interventions of mutant HSP proteins in a neuron. Mitochondria are affected by mutations
in Paraplegin, Spartin and REEP1. KIF5A and KIF1A mediate anterograde transport. Endosomal trafficking (NIPA1, Spartin, Maspartin) and
lysosome formation (Spastizin, Spatacsin) can also be implicated in HSP pathology. The cytoskeleton can be affected by Spastin mutations.

The endoplasmic reticulum can be influenced by mutations in Atlastin, NIPA1 and Spastizin. Image is modified from [Salinas et al. 2008].
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Most of the HSP-related proteins are implicated in mitochondrial function and axonal
transport (compare Table 1). Therefore, these predominant targets of HSP pathology will be

explained in detail below.

1.2 Molecular railways and motor proteins

In neurons the complexity of motor proteins is higher than in most other cell types,
which likely reflects the special importance of specific intracellular transport in these cells
because of their high polarization [Silverman et al. 2010]. The transport of cargo with motor
proteins is adenosine triphosphate (ATP) dependent and unidirectional. Kinesins are the
motor proteins for anterograde, Dynein for retrograde direction. With hydrolyzing ATP, they
undergo conformational changes and thereby walk continuously along their tracks. MTs,
actin filaments and intermediate filaments form the cytoskeleton of neurons and contribute
to their morphology and function. However, axonal transport depends mainly on MTs. They
are important for long distance axonal transport, whereas actin maintains the movement

near the plasma membrane at the presynapse.

1.2.1 Microtubules

MTs are formed out of polarized tubulin polymers with fast-growing plus ends and
more stable minus ends. In the axon, parallel MTs form a unipolar array with plus ends
orientated towards the neuromuscular junction (NMJ) and minus ends towards the cell body
[Burton and Paige 1981; Stepanova et al. 2003]. In dendrites, MT arrays are often of mixed
polarity [Baas et al. 1989; Kwan et al. 2008; Kleele et al. 2014]. MT associated proteins
(MAPs) bind along the length of axonal and dendritic MTs and are responsible for
polymerization and stabilization of MTs [Maday et al. 2014]. MAPs also link MTs with other

components of the cytoskeleton. At the Drosophila NMJ presynaptic MTs are associated with
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Futsch, a MAP1B homologue [Hummel et al. 2000; Roos et al. 2000]. Futsch molecules can
be observed as a single filamentous bundle that traverses the center of each NMJ branch

[Ashley et al. 2005].

The various cargos that are transported along MTs move in a saltatory fashion with
periods of rapid movements, pauses and directional switches [Wang et al. 2000; Lovas and

Wang 2013].

1.2.2 Actin

Actin filaments (F-actin) are polarized polymers that function as tracks for the large
family of myosin proteins [Fletcher and Mullins 2010]. The continuous assembly and
disassembly of F-actin is mediated by local activity of signaling systems [Parent 2004]. F-actin
localizes beneath the plasma membrane of the pre- and postsynapse (Figure 2, [Hirokawa et
al. 2010]). In the postsynapse it is associated with postsynaptic receptors [Ruiz-Canada et al.
2004; Dobbins et al. 2006]. Presynaptic actin based myosin transport is important for the
delivery of synaptic vesicle (SV) precursors to the terminals (Figure 2, [Bridgman 1999]). F-
actin is also implicated in the refilling of the readily releasable vesicle pool of vesicles
[Doussau and Augustine 2000; Cingolani and Goda 2008]. Inhibited actin dynamics leads to

altered NMJ morphology and disrupted synaptic endocytosis [Zhao et al. 2013].



Introduction |7

Figure 2: Functions of myosin and actin at the presynapse

(A) SVs are transported to the AZ via F-actin (yellow) by myosin (red), which then binds to Syntaxin. (B) Vesicle priming for the entry into
the readily releasable pool. (C) Vesicle fusion with the AZ membrane. (D) Myosin transports recycled vesicles to the center of the bouton.
Vesicles exit (E) or re-enter (F) the presynaptic terminal. At the postsynapse actin is important for proper receptor clustering. Image is

modified from [Cingolani and Goda 2008].

1.2.3 Dynein

Dynein-1 is the major motor protein of organelle dynamics in the retrograde
direction [Paschal and Vallee 1987]. It consists of two heavy chains, three intermediate
chains and four light chains [Paschal and Vallee 1987]. Most of its function in the cell
requires the dynein activator Dynactin [Gill et al. 1991]. The p150Glued subunit of Dynactin
drives transport initiation from the distal axon [Lloyd et al. 2012; Moughamian and Holzbaur
2012]. Dynein transports neurotrophin-signaling endosomes [lbanez 2007], mitochondria
[Hollenbeck and Saxton 2005], injury-generated signals [Perlson et al. 2005] and RNA-

associated proteins [van Niekerk et al. 2007]. Interestingly, the opposing motor proteins
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Kinesin-1 and Dynein can be interdependent. Kinesin-1 mutations can inhibit transport in
both directions, whereas mutant Dynein only inhibits the retrograde direction [Pilling et al.
2006; Flger et al. 2012]. This might be explained by the anterograde transport of Dynein and

Dynactin by Kinesin-1 [Yamada et al. 2010].

1.2.4 Kinesins

The human genome encodes for more than 45 proteins that contain a domain
homologous to the kinesin motor domain and are members of the kinesin superfamily. 38 of
them are expressed in the brain [Miki et al. 2001]. Kinesins are grouped into 14 subfamilies
(Kinesin-1 — Kinesin-14, Table 2). Kinesin-1, Kinesin-2 and Kinesin-3 contribute to axonal

transport [Maday et al. 2014].

Table 2: Kinesin superfamily members and their functions

Family Functions

Kinesin-1 vesicle, organelle and mRNA transport

Kinesin-2 vesicle, melanosome and intra-flagellar transport
Kinesin-3 vesicle transport

Kinesin-4 chromosome positioning, organelle transport
Kinesin-5 spindle pole separation and spindle bipolarity
Kinesin-6 central spindle assembly and cytokinesis
Kinesin-7 kinetochore—MT attachment and chromosome congression
Kinesin-8 chromosome congression

Kinesin-9 glia and flagella (?)

Kinesin-10 chromosome positioning

Kinesin-11 signal transduction
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Family Functions

Kinesin-12 spindle pole organization

Kinesin-13 kinetochore—MT error correction and chromosome segregation
Kinesin-14 spindle pole organization and cargo transport

Table is modified from [Miki et al. 2005; Verhey and Hammond 2009].

1.2.5 Kinesin-1

Kinesin-1, also called conventional kinesin, is the founding member of the kinesin
superfamily [Vale et al. 1985]. It transports cargo like vesicles, organelles, proteins and RNA
particles. In Drosophila oocytes, Kinesin-1 is also required for establishing the anterior-
posterior axis with transporting a complex containing oskar mRNA and the associated
protein Staufen to the posterior pole [Brendza et al. 2000]. Kinesin-1 contributes to the fast
axonal transport on MTs in the anterograde direction with velocities from 0.5um/s to 1um/s

[Hirokawa et al. 2010]. Its movement is ATP dependent [Hua et al. 1997; Rice et al. 1999].

Domain structure of Kinesin-1

Kinesin-1 consists of a dimer of kinesin heavy chains (Khcs) that are encoded by the
three mammalian genes KIF5A, KIF5C (neuron specific) and KIF5B (ubiquitously expressed),

which differ in their coiled-coil domain [Aizawa et al. 1992; Kanai et al. 2000].
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Figure 3: Subunit composition of Kinesin-1

Kinesin-1 consists of three subunits: First: the N-terminal heads (light grey), which are connected to the stalk domain via the neck linkers.
The heads contain the motor domain including ATP hydrolysis and MT binding sites. Second: the coiled-coil stalk domain (black line), where
dimerization of the Khcs takes place. This unit contains two hinges. Hinge 2 allows kinking of the stalk during autoinhibition, hinge 1
probably enables movements of the stalk during the conformational changes of the heads while walking. The C-terminal tail (dark grey) is
the third subunit. It is responsible for cargo recognition and binding. It is also involved in autoinhibition of the motor protein. Image is

modified from [Verhey et al. 2011].

Each Khc contains an N-terminal motor domain, a coiled-coil stalk and a C-terminal
globular tail domain (Figure 3, [Hirokawa et al. 1989; Scholey et al. 1989]). Both Khc
monomers bind with their C-terminal tails to cargo or cargo adaptors and with their N-
terminal heads to MTs. Dimerization of two Khc monomers to form a Kinesin-1 dimer takes
place at the coiled-coil stalk domain (Figure 3). Two hinges interrupt this domain. Hinge 1 is
probably important for providing a larger range of motion for the neck linkers and the N-
terminal heads during walking [Hunt and Howard 1993; Gutierrez-Medina et al. 2009]. Hinge

2 plays a role in autoinhibition of Kinesin-1 (see below).

Cargo binding of Kinesin-1

Most cargo is transported by multiple transport proteins. In vitro assays showed

increasing velocity for increasing number of motor proteins [Gagliano et al. 2010]. However,
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in vivo experiments with varying the expression of kinesin-1 in Drosophila eggs claimed the
opposite [Shubeita et al. 2008]. The resulting force is also not increasing with the numbers of

motor proteins [Furuta et al. 2013].

In half of all Khc molecules in a cell, the C-terminal domain is bound to Klc [Gyoeva et
al. 2004], the rest binds to other cargo adaptors or directly to the cargo (reviewed by [Lovas
and Wang 2013]). Cargos of Khc in mammals are for example neurofilaments [Xia et al.

2003], GAP-43 and Synapsin in cultured hippocampal neurons [Ferreira et al. 1992].

Transport of RNA granules [Brendza et al. 2000; Kanai et al. 2004; Ling et al. 2004],
cytoplasmic streaming [Palacios and St Johnston 2002] and MT-MT sliding [Straube et al.
2006; Jolly et al. 2010] does not require Klc as an adaptor for cargo binding to Khc. For
mitochondrial transport a complex of Khc with the two adaptor proteins Milton and Miro is

required [Glater et al. 2006].

Khc also carries soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins [Hirokawa and Noda 2008] and synaptosomal-associated protein
25 (SNAP25), which both directly bind to Khc [Diefenbach et al. 2002] and Syntaxin, which
binds Khc via Syntabulin [Su et al. 2004]. Direct binding to Khc was also shown for DISC1
[Taya et al. 2007], and JIP family proteins [Bowman et al. 2000; Kelkar et al. 2000; Verhey et
al. 2001]. In dendrites KIF5 transports a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors [Kim and Lisman 2001; Setou et al. 2002], mRNA [Severt et al. 1999]
and members of the mRNA/Protein complex [Ohashi et al. 2002; Kanai et al. 2004]. The
binding of cargo also seems to determine the destination of the motor protein [Setou et al.

2002].
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Autoinhibition of Kinesin-1

Kinesin-1 is the best studied motor protein for autoinhibition. Active Kinesin-1 exists
in an extended conformation, whereas inactive cytoplasmic Kinesin-1 is folded [Cai et al.
2007]. Thereby hinge 2 in the coiled-coil stalk domain is important for the inactivation of
Kinesin-1 [Coy et al. 1999; Kirchner et al. 1999]. Through kinking the stalk domain at hinge 2
the C-terminal tail domain of Khc can bind to the N-terminal motor domain, which then
leads to inactivity [Friedman and Vale 1999; Kaan et al. 2011]. The tail domain blocks
intrinsic and MT stimulated release of adenosine diphosphate (ADP) from the nucleotide
binding site [Coy et al. 1999; Hackney and Stock 2000, 2008; Wong et al. 2009]. During
inactivation the two head domains are separated from each other [Cai et al. 2007]. Kinesin
light chain (Klc) can also inhibit the MT binding of Khc [Verhey et al. 1998]. The reactivation
is dependent on cargo binding [Hirokawa and Noda 2008], e.g. the binding of JNK-interacting
protein 1 (JIP1) and fasciculation and elongation protein T (FEZ1) to the Khc tail domain
[Blasius et al. 2007]. By reactivation the two motor domains are again pushed closer

together for proper MT interaction [Cai et al. 2007].

Models of Kinesin-1 movement

The movement itself seems to follow an asymmetric hand-over-hand mechanism

with alternating steps causing the Kinesin-1 to limp [Asbury et al. 2003].
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Figure 4: Asymmetric hand-over-hand walking mechanism of Kinesin-1

& ..D.

Models explaining the limping nature of kinesin walk. MTs are shown as light and dark grey beads; Kinesin-1 motor proteins are shown in
black and white. (A) The misregistration model: left panel shows a model where the dimerization happened in register. Right panel shows a
model where the dimerization happened with a shift in register, leading to a length difference in the tails of one heptad (~1 nm). (B) The
winding model: Along with stepping forward of the black head the coiled-coil stalk domain gets over-wound relative to the relaxed state.
With stepping forward of the white head the coiled-coil domain gets under-wound. This leads to asymmetric torsional force in the two

heads. Figure is modified from [Asbury et al. 2003].

One possible cause for the limping is a possible misregistration by one heptad repeat,
which would shift the globular heads and increase the length of one neck linker compared to
the other (Figure 4A [Asbury et al. 2003]). Thereby, the distance of the heads to the MT is
different, leading to altered velocity of MT binding of both heads. Another possible cause is
that the coiled-coil stalk domain has an asymmetric torsional compliance because of its
chirality (Figure 4B, [Bryant et al. 2003]). This would lead to over- or under-wound positions
of the coiled-coil stalk domain [Asbury et al. 2003]. A forward step of the first head provokes
the coiled-coil stalk to get over-wound relative to the relaxed state. The step of the next
head leads to an under-wound condition of the coiled-coil stalk. Thereby asymmetric

torsional forces arise from the stalk.
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Influence of MT configuration and MAPs on kinesin movement

Posttranslational modifications of MTs and MAPs can possibly alter the binding
affinity of Kinesin-1 [Hammond et al. 2010]. Acetylated or detyrosinated MTs show different
transport events in cells. Increased tubulin acetylation navigated Kinesin-1 motor proteins to
axons [Reed et al. 2006; Konishi and Setou 2009] and leaded to higher transport rates in a
model of Huntington’s disease [Dompierre et al. 2007]. MAPs like tau regulate the stability
of the MT network and can interact with motor proteins on MTs ([Seitz et al. 2002;

Mandelkow et al. 2004], reviewed in [Marx et al. 2006]).

Kinesin-1 walking on MTs by ATP hydrolysis

The interplay between MT binding, ATP binding and hydrolysis drives the motor
activity of Kinesin-1 [Gigant et al. 2013]. With cryo-electron microscopy (cryo-EM)
reconstructions a description of the three states of the motor domain of Kinesin-1 could be
described: KIF5A bound to an aB-tubulin dimer (1) with no nucleotide bound, (2) with a non-
hydrolysable ATP analogue and (3) an ATP hydrolysis transition state mimic [Atherton et al.
2014; Shang et al. 2014]. During all nucleotide states the contact to the tubulin dimers is
maintained from at least one of the two heads (Figure 5). The coordination of both heads is
thought to be realized through a gating mechanism in which the different positions of the
neck linkers of the rear and the leading head lead to different docking states [Shang et al.

2014].
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Figure 5: Sequential steps of Kinesin-1 walking

Kinesin-1 walks in an asymmetric hand-over-hand mechanism [Asbury et al. 2003]. Each head takes steps of 16 nm [Yildiz et al. 2004]. MTs
are shown as light and dark grey beads, Kinesin-1 motor proteins are shown in black and white. (A) Free Kinesin-1 motor proteins bind
ADP. (B) By activation, the first head (white) binds a MT and releases its nucleotide. (C) After ATP binding to the first head, conformational
change pulls the new leading head (black) in front of the bound head. (D) Eventually diffusion plays also a role in new positioning of the
leading head. (E) After ADP release of the leading head, head-head communication prevents new ATP binding in the leading head. (F, G, H)
y-phosphate release in the rear head (white) leads to its detachment from the MT. A new ATP hydrolysis cycle can start (step (B)). Figure is

modified from [Valentine and Gilbert 2007].

Free cytosolic Kinesin-1 motor proteins bind ADP in their nucleotide cleft [Hackney
1994]. The release of ADP, when the Kinesin-1 binds to MTs, is the rate limiting step
[Hackney 1988]. The first head bound is then the leading head, which can bind ATP [Hackney

1994; Ma and Taylor 1997]. This ATP binding results in a neck linker movement towards the
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plus end of the MT [Rice et al. 1999; Gigant et al. 2013]. As this mechanical step covers only
~2.7nm of the whole 8nm step, diffusion might also play a role [Valentine and Gilbert 2007;
Kawaguchi 2008]. The second head also releases its ADP when bound to MTs in front of the
first head. To ensure sequential stepping of the two motor domains, the binding of new ATP
to the leading head must be coordinated with the hydrolysis of ATP in the rear head
[Valentine and Gilbert 2007]. Potential ways of head-head communication are proposed
from Mori and colleagues and Alonso and colleagues (reviewed by [Gennerich and Vale
2009]). Mori et al. proposed that the detached (rear) head locates near the bound (leading)
head which creates a closed “polymer gate”. Thereby, MT binding is abolished [Alonso et al.
2007]. The gate can be opened by ATP binding to the leading head. With an open polymer
gate, the rear head can bind to MTs in front of the former leading head [Alonso et al. 2007].
Fluorescence resonance energy transfer analysis of Mori and colleagues show, however, that
the detached head is positioned behind the attached head [Mori et al. 2007]. ATP hydrolysis
only occurs in leading heads [Guydosh and Block 2006]. Thereby, the conformation of the
neck linker at the free head could prevent the head from MT binding and ADP from
disassociation [Mori et al. 2007]. This rear head gating mechanism is supported by Uemura
and Ishiwata who showed that ADP affinity increases with forward tension of the neck linker

[Uemura and Ishiwata 2003].

Biochemical structure of Kinesin-1

Kinesin-1 function is dependent on ATPase activity because it enables the movement
on MTs [Hirose et al. 1995]. In turn MT binding accelerates the rate limiting step of ADP
release [Ma and Taylor 1997; Yun et al. 2001]. Binding and hydrolyzing ATP leads to

conformational changes in Kinesin-1 motor proteins [Hirose et al. 1995] that results in
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sequential steps of ~8nm [Schnitzer and Block 1997], the exact distance between two af-

tubulin subunits [Svoboda et al. 1993].

The motor domain of Kinesin-1 is located in the C-terminal heads of the protein,
which also contains the MT binding motives. A description of the head domain in closer

detail is shown in Figure 6.

Figure 6: Subdomains important for conformational changes in Kinesin-1

The motor domains are built out of several a-helices, loops and B-sheets. The three domains that can be distinguished, are shown in
different colors: the P-loop subdomain in orange, the tubulin binding domain in purple, which is connected to the switch domain (blue) by

loop 11 (grey). Figure is modified from [Atherton et al. 2014; Cao et al. 2014].

Structurally Kinesin-1 shows high similarity to myosins [Kull et al. 1996]. They both
bind nucleotides in a well conserved P-loop [Hirokawa and Noda 2008]. The P-loop connects

B-sheet 3 to helix-a2 (Figure 6, [Atherton et al. 2014; Cao et al. 2014]).
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Analogous to G proteins loop 9 undergoes the major conformational change during
the ATPase cycle [Hirokawa and Noda 2008; Atherton et al. 2014]. This conformational
change leads to a change in the nucleotide binding site of the protein [Sablin et al. 1996]. It

contains switch | and connects helix-a3 to B-sheet 6.

Loop 11 (contains switch Il) that connects strand-B7 to helix-a4, is part of the MT
binding surface together with Loop 12 and helix-a5 [Hirokawa and Noda 2008; Atherton et
al. 2014]. Loop 11 and helix-a4 are thought to mediate the communication between the
nucleotide and the MT binding site [Sablin et al. 1996; Song and Endow 1998]. The binding of
Khc to MTs is thought to trigger helix-a4 to recruit the adjacent ~10 amino acids of loop 11

into an extended helix [Djagaeva et al. 2012].

The coupling of conformational changes to the ATP hydrolysis cycle

The ADP bound state is characterized by an association of loop 11 and the N-terminal
part of helix-a4 to MTs. By the subsequent amino acid shift from loop 11 to helix-a4, loop 11
is shortened and switch Il is shifted [Djagaeva et al. 2012]. Thereby binding of MTs to loop 11
triggers the ADP release and facilitates the exchange of ADP for ATP [Woehlke et al. 1997;
Ebbing et al. 2008; Uchimura et al. 2010; Atherton et al. 2014]. The binding to MTs causes a
distortion of the nucleotide binding site by rotations of the switches | and Il and the P-loop
[Cao et al. 2014]. By releasing ADP the conformation of loop 11 and helix-a4 gets stabilized
[Atherton et al. 2014]. Loop 9 changes conformation during ADP release and extends around
the nucleotide binding site [Atherton et al. 2014; Shang et al. 2014]. Due to additional
contacts the conformations of loop 9 and loop 11-helix-a4 complex are likely further
stabilized through the extended conformation of loop 9 [Woehlke et al. 1997; Ebbing et al.

2008; Uchimura et al. 2010; Atherton et al. 2014]. Thereby a nucleotide free motor protein is
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strongly bound to MTs [Nakata and Hirokawa 1995]. ADP release also seems to prime the
motor domain for the next ATP binding [Atherton et al. 2014]. The binding of ATP itself does
not lead to major conformational changes in the motor domain, but it is critical for a pincer-
like spatial approach of loop 9 and 11 (contain switches | and Il) [Atherton et al. 2014]. This
again leads to strong additional contacts between them and the N-terminal of helix-a4 and
the P-loop [Atherton et al. 2014]. Thereby the switch regions are thought to “sense” the
presence or absence of y-phosphate [Kull and Endow 2013]. During ATP binding, the
nucleotide cleft undergoes a clamshell distortion [Shang et al. 2014]. This in turn causes the
large movement of the neck linker, which is necessary for determining the direction of
movement and new neck linker docking [Rice et al. 1999]. The direction of neck linker
movement towards the MT plus end also seems to be determined by hydrogen bonds and
hydrophobic interactions that exist between the neck linker and the core of the motor
domain [Gigant et al. 2013]. The force needed for detaching the motor protein from MTs in
the minus direction is much higher (140%) than the force needed towards the plus direction
[Uemura et al. 2002]. The mechanical amplification, needed for neck linger docking, results
out of B-sheet tilting and multiple rearrangements across the domain, but mostly in helix-a6
[Atherton et al. 2014]. Thereby the direction of movement as well as the head-head tension
is ensured which is necessary for proper amplification. With neck linker docking the

hydrolysis of ATP takes place [Atherton et al. 2014].

MT binding stimulates the release of ADP and seems to prepare the catalytic site for
ATP hydrolysis as the conformation of the active site is very close to that during catalysis
[Atherton et al. 2014]. Consistently ATP hydrolysis is increased by a multiple when the motor

domain is bound to MTs [Ma and Taylor 1997].
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The MT binding complex can form two conformations: In the “up” conformation
helix-a4 fits into the intra-dimer groove between a- and B-tubulin and loop 11 moves
toward the MTs and thus contributes to the strong binding state [Hirokawa and Noda 2008].
In the second (“down”) conformation helix-a4 is located between helices-a5 and -a6 and
loop 11 is bended towards helix-a4. Consequently the binding to MTs is weak [Hirokawa and

Noda 2008].

1.3 Mitochondria

One known cargo of Kinesin-1 is mitochondria [Glater et al. 2006]. As most ATP in the
brain is produced by mitochondria [Lin et al. 2010; Hall et al. 2012], their distribution is
essential for proper function of neurons. In humans the nervous system consumes a high
fraction of the resting energy production. The brain represents only 2% of the body weight,

but uses 20% of the overall O, consumption [Mink et al. 1981].

1.3.1 ATP consumption at synapses

In the brain the major consumers of energy are electrical signaling processes (Figure
7, [Harris et al. 2012]). Chemical synapses are connecting neurons with each other and build
a huge neuronal network. The signal transduction occurs via the coupling of electric signal
that arrives at the presynapse. There the signal gets translated into the release of chemical
messengers (neurotransmitters) that are released into the synaptic cleft. In the membrane
of the postsynaptic side these messengers bind to ligand gated receptors. Either the
receptor directly opens a chemical channel causing ions to enter the postsynaptic cell
[Pollard et al. 2007]. Thereby, the membrane potential is changed and a postsynaptic
potential is initiated. The other possibility is that the activated receptor leads to production

of chemical messengers inside the postsynapse [Pollard et al. 2007].
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Figure 7: Sites of ATP consumption at synapses

Signaling mechanisms consume high ranges of ATP at synapses. The sodium pump ejects Na” ions and powers calcium removal by Na*/Ca*
exchange. The Ca”-ATPase and H'-ATPase (for vesicle transmitter uptake) and also motor proteins (kinesins, dyneins and myosins)

consume ATP. Figure is modified from [Harris et al. 2012].

Due to a massive shift in ion distribution during the signal transduction, ion pumps
need to maintain the concentration of Na* (sodium), K* (potassium) and Ca*" (calcium).
Carriers in the presynapse and adjacent supporting cells transport the neurotransmitters
from the synaptic cleft back to the presynapse and thereby terminate the transmission

[Pollard et al. 2007]. In the presynapse, the load and unload of neurotransmitters into SVs



22 |Introduction
and the transporters of vesicles from the different vesicle pools are also energy consumers
[Verstreken et al. 2005]. As all these processes are active transports and they all consume

ATP.

1.3.2 Homeostatic function of mitochondria

In the adult brain ATP is produced mostly from mitochondria, the rest coming from
glycolysis [Lin et al. 2010; Hall et al. 2012]. Consistently mitochondria are preferentially
located at the pre- and postsynapse, where ATP is consumed [Chang et al. 2006]. With ATP
consumption, the ratio of (ADP/ATP) will rise. By the law of mass action, this will increase
ATP production by oxidative phosphorylation [Chance and Williams 1955]. Additionally,
there is another stimulus for ATP production during synaptic activity from rising intracellular
calcium concentrations because of neurotransmitter release presynaptically and from cation
channel N-methyl-D-aspartate (NMDA) receptors or AMPA receptors postsynaptically
[Gellerich et al. 2009; Gellerich et al. 2010; Chouhan et al. 2012]. Therefore, mitochondria

are essential for neuronal function and survival [Nicholls and Budd 2000].

Additionally to their energy production, mitochondria have an enormous capacity to
sequester calcium transients from action potentials [Werth and Thayer 1994]. During signal
transduction in chemical synapsis calcium concentration is an essential chemical messenger
[Katz and Miledi 1970]. The arriving action potential triggers voltage gated calcium channels
to open. Due to a concentration gradient between intra- and extracellular calcium
concentrations, the opening of calcium channels lead to calcium influx into the presynapse.
The increase of intracellular calcium, in turn, leads to neurotransmitter release into the
synaptic cleft. Thereby chemical synapses are highly dependent on tightly regulated calcium
homeostasis (reviewed in [Frank 2014]). Mitochondria regulate cytosolic calcium during

normal transmission, but also during synaptic depression high calcium sequestration is
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necessary for recovery [David and Barrett 2003]. Especially during and after tetanic
stimulation mitochondria buffer calcium and release it after stimulation to maintain residual

calcium levels [Tang and Zucker 1997].

Drosophila larvae with an axonal transport defect of mitochondria have been shown
to be unable to maintain vesicle release during prolonged stimulation [Guo et al. 2005]. The
lack of mitochondria at the synapse also leads to a defect in cycling of reserve pool vesicles
[Verstreken et al. 2005]. Furthermore, damaged mitochondria not only lead to altered ATP
production and impaired calcium buffering, but also release apoptotic cell death signals (for
review see [Green and Van Houten 2011]). Consequently, regulated mitochondrial transport

is essential for functional cellular homeostasis.

1.3.3 Mitochondrial dynamics

Mitochondria are highly mobile organelles that form dynamic networks [Westermann
2012]. They are often located at sites of high energy demand like nodes of Ranvier, the axon
initial segments and presynaptic sides [Hollenbeck and Saxton 2005]. Mitochondria are
thought to be mainly synthesized in the cell body [Hollenbeck and Saxton 2005]. But
frequent cycles of fission and fusion of mitochondria can also maintain their proper function
outside the cell body [Westermann 2012]. Partly damaged mitochondria can be rescued by
fission with healthy mitochondria [Detmer and Chan 2007]. The importance of these fission
and fusion events became clear by the discovery of various diseases (e.g. Charcot-Marie-
Tooth disease type 2A, CMT2A [Zuchner et al. 2004], optic atrophy [Olichon et al. 2006]) that
originate in the dysfunction of these processes and by the connection to apoptosis and
mitophagy [van der Bliek et al. 2013]. Nevertheless, newly synthesized mitochondria need to
be transported long distances, especially in neurons. Long distance transport of

mitochondria is mainly driven by Kinesin-1 in the anterograde direction and Dynein in the
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retrograde direction [Pilling et al. 2006; Karle et al. 2012; Sheng and Cai 2012; Campbell et al.
2014]. Kinesin-3 can transport mitochondria in tissue culture cells [Nangaku et al. 1994], but
not in Drosophila [Barkus et al. 2008]. The binding of mitochondria to Kinesin-1 is Klc
independent, but is mediated by the two adaptor proteins Miro and Milton. The C-terminal
of Khc directly binds to Milton, which is associated to Miro. Miro is anchored to the outer
mitochondrial membrane [Glater et al. 2006]. The movement of mitochondria is not
uniform. It shows frequent pausing and halting at stationary residence sites between stable
run periods [Chada and Hollenbeck 2004; Miller and Sheetz 2004]. Although energy for
axonal vesicle transport seems to be provided from glycolysis, transport of mitochondria is
not dependent on glycolysis [Zala et al. 2013]. Therefore, fast axonal transport is not totally

blocked by perturbing glycolysis, but it gets decreased [Zala et al. 2013].

1.3.4 Regulation of mitochondrial transport

Synaptic activity is far from constant and ATP production needs to be matched to this
demand. The organelles representing the major energy source are mitochondria. Therefore,
their transport needs to be tightly regulated. What exactly controls anterograde or
retrograde movement of mitochondria or their stationary periods is not entirely clear. One
hypothesis is that all types of motor proteins could be attached to the mitochondrion, but
differentially silenced and activated [Saxton and Hollenbeck 2012]. The other hypothesis
says that the rapid change in stop and start movement of mitochondria could arise from
complete release of motor proteins during pauses and new binding of motor proteins when
movement starts again. It is also possible that both types of regulation co-exist [Saxton and

Hollenbeck 2012].

Mironov and colleagues reported that the local ratio of ADP to ATP influences the

movement of mitochondria near sites of synaptic activity [Mironov 2007]. In cardiac
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myoblasts mitochondrial mobility can be controlled by the level of cytoplasmic calcium
concentrations [Yi et al. 2004]. Local changes in intracellular calcium concentrations also
regulate indirect the attachment of mitochondria to their tracks [Brough et al. 2005; Wang

and Schwarz 2009].

The mechanism by which mitochondrial movement is regulated by calcium
concentrations is probably at the level of motor protein function and through detachment

from the tracks (Figure 8).

A ‘motor—MIRO binding’ model

Milton

MIRO ()

B ‘motor-releasing’ model

r A )

Figure 8: Two models for calcium dependent regulation of mitochondrial movement on MTs

MTs are shown as light and dark grey beads, Kinesin-1 motor proteins are shown in black and white. (A) In the “motor-Miro binding” model
calcium binds to the EF hands of Miro and leads to the binding of the Khc motor domain to Miro instead of MTs. (B) In the “motor-
releasing” model calcium induces separation of Khc from the Miro-Milton-mitochondria complex. Image is modified from [Sheng and Cai

2012].
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There are two proposed models of the role of Miro in the calcium-mediated
regulation of mitochondrial mobility (Figure 8). As Miro has two calcium binding sites (EF-
hand motifs), it is able to regulate mitochondrial mobility in response to calcium signaling
pathways. In the absence of calcium Kinesin-1 transports mitochondria via the Miro/Milton
complex. In the ‘motor-Miro binding’ model calcium binds to the EF-hands of Miro [Wang
and Schwarz 2009]. Thereby the Khc motor domain detaches from MTs and binds at Miro
instead of MTs. In the ‘motor-releasing’ model [Macaskill et al. 2009], calcium binding to
Miro leads to a release of Khc from Miro-bound mitochondria. Additionally, mitochondrial
mobility can also be influenced by Miro dependent calcium influx in the mitochondrial

matrix [Chang et al. 2011].

1.4 SPG10

This study focuses on the consequences of the expression of mutant Khc (Khc"*%,

N262S N256S

th'/') in Drosophila larvae. Khc in Drosophila corresponds to Khc in the human
genome, which represents one specific mutation in the HSP subtype SPG10. The SPG10 locus
is on chromosome 12q13 and the affected gene codes for KIF5A [Reid et al. 1999; Reid et al.
2002], one of the three human Khcs. Non-functional Kinesin-1 inevitably leads to defects in

axonal transport.

1.4.1 Mutations in the HSP locus SPG10

In the HSP locus SPG10, which contains the KIF5A gene, 20 different mutations were
found in patients of HSP (Figure 9, [Reid et al. 2002; Fichera et al. 2004; Lo Giudice et al.
2006; Schiile et al. 2008; Tessa et al. 2008; Goizet et al. 2009; Crimella et al. 2011; Musumeci
et al. 2011]. SPG10 accounts for approximately 3% of autosomal dominant HSPs in European

families [Schiile et al. 2008] and causes pure and complex forms of HSP [Reid et al. 2002;
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Goizet et al. 2009; Kawaguchi 2013]. The onset varies from early childhood to the third

decade of life [Schiile et al. 2008].

P-Loop 86-93
1032

Switch 1199-204
witch 11232-237
k Linker 325-340

N-terminal C-terminal

Head Stalk Tail

Figure 9: Domain structure of KIF5A and locations of SPG10 mutations

Most HSP mutations, identified in Kinesin-1, are located near to switch | or switch Il cluster. Exceptions are located in the coiled-coil
domain (E755K, [Crimella et al. 2011]) at the neck of the motor domain (A361V, [Goldstein 2001; Lo Giudice et al. 2006]) and near the P-

loop (Y63C, D73N, [Schiile et al. 2008; Goizet et al. 2009]). Image is modified from [Kawaguchi 2013].

1.4.2 Possible consequences of SPG10 mutations
Mutations in khc might subsequently have numerous consequences on its function
dependent on the affected residues. Mutations in loop 11 (amino acids 233-257) can lead to

changed binding affinity on MTs, but also affect the coupling of MT binding and ATP

hydrolysis.

The SPG10 mutation N256S was found by Reid and colleagues. The amino acid
exchange at position 256 from asparagine (N) to serine (S) is caused by a point mutation at
nucleotide 767. The wild type adenine is replaced by a guanine in the mutant gene [Reid et

al. 2002]. In comparison to asparagine serine lucks one amino-residue and has thereby a
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smaller molecular mass, but both are polar amino acids. The position N256 belongs to the
~10 amino acids of loop 11 that can be recruited by helix-a4 during MT binding
conformational changes of Kinesin-1 [Djagaeva et al. 2012]. Consequently, an involvement in

the coupling of MT binding and ATP hydrolyses cycle of the mutation is very likely.

In Saccharomyces cerevisae a mutation in the homologues amino acid position of
Khc®® in KAR3 (N650K), a minus-end-directed motor protein of the mitotic spindle, was
isolated [Hoyt et al. 1993]. This mutation showed dominance over the wild type, but did not
gain a new activity compared to the wild type protein and thereby was suggested to act in a
dominant-negative manner [Hoyt et al. 1993; Reid et al. 2002]. A more recent study showed
that the mutant KAR3 could tightly bind MTs independent from nucleotide binding [Song
and Endow 1998]. ATP binding and hydrolysis was not affected, whereas the coupling of
nucleotide binding site and MT stimulation was disturbed [Song and Endow 1998]. This
probably led to an inhibition of movement. An in vitro study of the SPG10 mutation Khc*>®
showed that MT and cargo binding was not affected, but sliding velocity and ATP hydrolysis

rate were strongly reduced [Ebbing et al. 2008]. In summary the KhcN22%

mutation probably
leads to normal cargo binding, but reduced ATP hydrolysis rates and thereby reduced

transport velocities.

1.5 Defects of axonal transport in other neurodegenerative
diseases

An increasing number of motor neuron diseases is linked to disrupted axonal
transport [De Vos et al. 2008; Ikenaka et al. 2012]. Mitochondrial dysfunction or altered

mitochondrial dynamics are also a common hallmark of many neurodegenerative disorders
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(for review see [Chang and Reynolds 2006; Chen and Chan 2009; Schon and Przedborski

2011; Sheng and Cai 2012]).

Length dependent axonal neuropathy of peripheral neurons is a common feature of
HSPs and CMT [Baloh et al. 2007]. CMT is the most common hereditary neuropathy and is
characterized by weakness and atrophy of distal muscle and mild sensory loss. CMT2 has
also been associated to mutations in SPG10 loci KIF5A [Crimella et al. 2011]. The close
relation between CMT2 and HSP was also indicated in a study of Liu and colleagues. They
describe two SPG10 mutations in patients with clinical symptoms of CMT2 [Liu et al. 2014].
CMT2A is also associated with several mutations in the mitochondrial fusion protein
Mitofusin2 [Zuchner et al. 2004], which is needed for axonal transport of mitochondria as it
interacts with mammalian Miro and Milton proteins [Misko et al. 2010]. Consequently,
transgenic mouse models of CMT2A show disrupted axonal transport of mitochondria [Baloh
et al. 2007; Cartoni et al. 2010]. Thereby, common pathological mechanisms for both CMT

and HSP are conceivable.

The degeneration of motor neurons in cortex, bulbus and spine is characteristic for
amyotrophic lateral sclerosis (ALS), which is the most common adult-onset motor neuron
disease. EM analysis revealed swellings in motor axons of patients with ALS that contained
vesicles, lysosomes, mitochondria and intermediate filaments [Sasaki et al. 1990; Corbo and
Hays 1992]. Earliest symptoms may be lower extremity spastic weakness that is very similar
to symptoms of HSP [Okada et al. 1995]. 20% of familial cases of ALS are caused by gain of
function mutations in superoxide dismutase (SOD1). Then motor neurons degenerate first at
the NMJ [Frey et al. 2000; Fischer et al. 2004]. Mice expressing mutant SOD1 show reduced
anterograde and retrograde transport of mitochondria in motor neurons [De Vos et al.

2007], as well as impaired fusion and a reduced mitochondrial potential [Magrane et al.
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2012]. Bosco et al. perfused misfolded SOD1 into squid plasm and inhibited fast axonal
transport [Bosco et al. 2010]. Hence, impaired axonal transport might be a common

pathological feature of ALS and HSPs.

Studies of neurotoxin-induced Parkinsonism have shown increased Dynein-mediated
retrograde and decreased kinesin-mediated anterograde transport of vesicles [Morfini et al.
2007]. These transport impairments were accompanied by a loss of synaptic membranous
organelles in presynaptic terminals and are therefore likely responsible for the altered
synaptic function and the primary cause of the dying back pathology of Parkinson’s disease
[Morfini et al. 2007]. Parkinson’s disease is characterized by the degeneration of
dopaminergic neurons in substantia nigra, which causes rigidity, shaking and gait

disturbance.

1.6 Drosophila as a model organism

Since more than a century, Drosophila melanogaster has been used as a model
organism. Big advantages of the fruit fly are for example their short life cycle (Figure 10) and

the large number of individuals that can be easily generated.

~1 day ~4 days ~2 days ~3 days _
embryo firstinstar third instar pupa male adult female
larva larva adult

Figure 10: The Drosophila life cycle

The whole generation time of a Drosophila melanogaster fly takes about 10 days at 25°C. About 24h of embryogenesis after egg laying
result in the hatching of a first instar larva that starts to feed. Once again 24h later, second instar larvae hatches. The next molt generates
the third instar larva that persists two to three days. The prepupal stage crawls out of the food and attaches to a dry surface. After five

days of metamorphoses the adult fly ecloses. After a few hours it becomes fertile. An adult fly can then live around four weeks.
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A further characteristic is the unparalleled wealth of tools that have been generated

(for review see [Frank et al. 2013]). For fundamental questions in synapse biology Drosophila
serves well as a model for neuroscientists. Synaptic proteins of Drosophila are at the amino
acid level about 70% similar to their mammalian counterparts. Almost every mammalian
protein has a Drosophila orthologue [Littleton 2000; Littleton and Ganetzky 2000; Lloyd et al.
2000]. The NMJ as well as the innervating motor neuron is positioned near the muscle layer
beyond the transparent body wall of Drosophila larvae. Thereby, they are easily accessible in
filleted preparations, as well as by in vivo imaging [Flger et al. 2007]. These advantages have
led to some of the first in vivo measurements of synaptic trafficking rates ever obtained in a
model organism. It is a matter of cause that in vivo studies have great advantages to cultured

systems because of the intact cellular and developmental context.

In many neurodegenerative diseases Drosophila serves as a model organism.
Expression of a-synuclein leads to Lewy body like accumulations in the brain and flies show
motor dysfunction by climbing defects [Feany and Bender 2000]. The common pathway of
Pink1 and Parkin has also been found in Drosophila [Clark et al. 2006; Park et al. 2006; Yang
et al. 2006]. As a model for Alzheimer’s disease Drosophila has shown that overexpression of
human wild type or mutant Tau leads to age-dependent axonal transport defects,
neurodegeneration and death (for review see [PriRing et al. 2013]). Therefore, the
possibility of modeling fundamental aspects of human degenerative diseases in a simple

model organism like the fly contains many advantages.
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1.6.1 The Drosophila neuromuscular junction

The larval Drosophila neuromuscular system contains 32 motor neurons in each
abdominal hemisegment that are innervating the 30 body wall muscles [Landgraf et al.
1997]. As they are organized in a stereotypical way, they are individually specified and easily
to re-identify in single larvae [Johansen et al. 1989; Collins and DiAntonio 2007]. Each muscle
in the fly is a single syncytial fiber that is innervated by up to three motor neurons [Bate and
Broadie 1995]. These motor neurons end up in a NMJ, which connects the neuron to the

muscle surface.

Ib Is Il i

Figure 11: Different bouton types and their structure

Neuronal membranes were stained for horseradish peroxidase (HRP, red), subsynaptic reticulum (SSR) was stained by an antibody against
discs-large (Dlg, green). Different types of boutons on a muscle 12 are indicated by arrows. Type Ib and Is boutons are both glutamatergic,
but differ in size, morphology and the amount of SSR that surrounds them. Type Il and type Il boutons do not stain for DIg and use

peptides among others as neurotransmitters [Menon et al. 2013]. Scale bar 5um. Image is modified from [Menon et al. 2013].
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Each NMJ consists of about 20-50 boutons that are classified in three types: Type | is
glutamatergic and is subdivided in Ib (large) and Is (small). Type Il and type Ill boutons use

primarily peptides for neurotransmission (Figure 11, [Menon et al. 2013]).

Each bouton consists of about 5-20 individual presynaptic release sites, also called
active zones (AZs). The AZ is composed of a number of proteins that provide a scaffold for
the vesicle docking procedure. Here, transmitter vesicles cluster and fuse with the synaptic
membrane (chemical synapse, [Couteaux and Pecot-Dechavassine 1970]). In the larval NMJ
ionotropic glutamate receptors are positioned at the postsynaptic side of the AZ to sense the
released transmitters. The homology to AMPA-glutamate receptors in the mammalian brain
makes the larval neuromuscular system a good model for vertebrate glutamatergic synapses

[Collins and DiAntonio 2007].
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Figure 12: Organization of the NMJ

(A) Abdominal body wall muscles of Drosophila larvae are
organized in overall eight segments that are almost equally
constructed. (B) Magnification of segments A4 and A5 of a
dissected and fixed L3 larva. Neuronal membranes are
stained for HRP (cyan). Bright light image is shown in blue.
The innervating axon spreads to its allocated body wall
muscles from the medial axis. (C) Boutons of NMJ 6/7 are
magnified and stained for Bruchpilot (Brp), an AZ protein
and with glutamate receptor IIC to visualize postsynaptic
densities (PSDs) (D) EM image shows one bouton with
several dark spots at the surface that indicate PSDs. (E)
Magnification of (D) shows the structural architecture of an
AZ. The synaptic cleft spans the AZ and separates the pre-
and postsynapse. Synaptic vesicles are arranged around the

T-bar. EM images were kindly provided by J. Kern.
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The presynapse

The presynaptic compartment of the NMJ is located at the neuronal part of the
synaptic cleft (Figure 12). It consists of various proteins that localize near to the AZ. SVs store
neurotransmitters. They exist in different populations depending on how they participate in
synaptic transmission: the readily releasable pool, the recycling pool and the reserve pool
[Rizzoli and Betz 2005]. The readily releasable pool (1-2% of the total vesicle pool) can
directly fuse to the presynaptic membrane upon action potential arrival. On high frequent
stimulation the reserve pool (80% of the total vesicle pool) provides neurotransmitter, when
the readily releasable pool is empty. The recycling pool (~*20% of the total vesicle pool)
maintains exo- and endocytosis at moderate stimulation and can be continuously refilled by
the endocytotic machinery (for review see [Rizzoli and Betz 2005; Denker and Rizzoli 2010]).
The plasma membrane at the presynapse contains several proteins that enable signal
transduction. Voltage-gated calcium channels are needed for action potential-driven calcium
influx that triggers SV fusion [Kawasaki et al. 2004]. This vesicle fusion is mediated by the
SNARE complex [Sudhof 2004]. The core SNARE complex consists of Synaptobrevin, Syntaxin,
SNAP-25 and Synaptotagmin. Synaptobrevin anchors the vesicles to the SNARE complex,
Syntaxin and SNAP-25 are located to the presynaptic membrane [Sollner et al. 1993].
Synaptotagmin is located in the membrane of the vesicles and serves as a calcium sensor
[Mackler et al. 2002]. It was also shown to influence Bruchpilot (Brp) organization at AZs
[Paul et al. 2015]. Brp is the Drosophila homologue to the mammalian ELKS/CAST/ERC
protein and organizes the assembly of AZ cytomatrices, known as T-bars, in Drosophila
[Wagh et al. 2006]. It also influences the size of the readily releasable pool of SVs [Matkovic

et al. 2013]. T-bars are electron dense structures at the presynapse where calcium channels
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cluster and the fusion of SVs takes place [Kittel et al. 2006]. Besides Brp, RIM-binding protein

is @ major component of the T-bar [Liu et al. 2011].

Adhesion molecules like integrins [Chavis and Westbrook 2001] and cadherins
[Cifuentes-Diaz et al. 1994; Fannon and Colman 1996] also provide a proper apposition of

pre- and postsynaptic structures.

The postsynapse

The specialized zone that opposes the presynaptic AZ on the postsynapse is
ultrastructurally characterized by an electron dense structure and therefore called
postsynaptic density (PSD). In this region adhesion molecules that associate with their
presynaptic counterparts and glutamate receptors (GluRs) are enriched. GluRs are
heterotetrameric complexes that consist of the essential subunits GIuRIIC, GIuRIID and
GIuRIIE and either GIuRIIA or GIuRIIB. The latter showing differences in their single channel
properties and synaptic currents [DiAntonio et al. 1999; DiAntonio 2006]. The PSD is also
comprised of scaffolding proteins, cytoskeletal proteins and associated signaling proteins.
Clustering of neurotransmitter receptors and scaffolding proteins is mediated by Discs-large
(Dlg) protein [Budnik et al. 1996], the Drosophila homologue of mammalian PSD-95 protein
[El-Husseini et al. 2000]. Dlg was shown to regulate structure and function of type |
glutamatergic synapses [Budnik et al. 1996]. It is also responsible for proper localization of
the potassium channel Shaker [Tejedor et al. 1997] and the homophilic cell adhesion
molecule Fasciclin Il (Fasll) [Thomas et al. 1997]. Fasll is the Drosophila homologue for
mammalian N-CAM and functions in growth cone guidance [Menon et al. 2013] and synaptic
stabilization [Schuster et al. 1996]. At the postsynaptic side type | boutons are surrounded by

a system of membranes called the subsynaptic reticulum (SSR), which appears to form a halo
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surrounding the boutons [Petersen et al. 1997]. Dlg is expressed at the SSR and in
association to presynaptic membranes [Lahey et al. 1994]. Fasll expression in the SSR is

restricted to the postsynapse [Schuster et al. 1996].

Synaptic plasticity

A remarkable feature of synapses is that they are highly dynamic. During
development synapses undergo an activity-dependent review. Competition results in
progressive changes in synaptic structure. The initial overproduction of synapses is followed
by a period of selective elimination [Zhang and Poo 2001]. This leads to weakening and loss
of some synapses, but also to strengthening and maintaining of others [Wyatt and Balice-
Gordon 2003]. Long-term plasticity in synaptic function (hours or days) leads to structural
alterations [Guo and Zhong 2006], whereas short-term changes (milliseconds to minutes)
involve the modulation of presynaptic transmitter release or postsynaptic transmitter

detection [Zucker 1989].

Molecular mechanisms that regulate NMJ development are inherently similar
between vertebrates and Drosophila [Keshishian et al. 1996; Featherstone and Broadie
2000]. In Drosophila each muscle cell is innervated by an identified motor neuron and this
input persists throughout development [Keshishian et al. 1996]. Therefore, the number of
boutons and the size of the NMJ innervating the muscle has to be expanded due to a tight

coupling of synaptic and muscle growth [Davis and Bezprozvanny 2001; Menon et al. 2013].

NMJ formation

During larval development diverse mechanisms like neuronal activity, target derived
signals and glial activity [Packard et al. 2002; Margues and Zhang 2006; Fuentes-Medel et al.

2012] drive synaptic growth. From hatching of the embryo to late third instar larvae, muscle
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surface area increases up to 100-fold. The final increase of AZs then matches this
fundamental growth [Menon et al. 2013]. New boutons either locate between preexisting
boutons or at the end of a branch of the NMJ. They arise by asymmetric budding, symmetric
division or by de novo formation from the axonal membrane (Figure 13, [Zito et al. 1999;

Menon et al. 2013]).

Muscle Muscle
6 7

: i
el

Figure 13: Schematic overview of bouton formation mechanisms.

The expansion of NMJ 6/7 during larval growth is characterized by increasing branch and bouton numbers. New boutons can be added by
three different mechanisms: asymmetric budding of an already existing bouton, symmetric division of a bouton or de novo formation out

of the neuronal membrane at the NMJ [Zito et al. 1999]. Image is modified from [Menon et al. 2013].

The development of NMlJs begins with an initial contact of motor neurons to the
muscle surface, which then extents in size to both sides, anterior and posterior, at
embryonic stage 17 [Schuster et al. 1996]. By hatching the NMJ contains AZs with T-bars and

is physiologically mature [Broadie and Bate 1993; Schuster et al. 1996].

Mutants with hyperexcitable neurons show increased number of synaptic boutons,

suggesting a positive regulation of synaptic activity to NMJ growth [Budnik et al. 1990;
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Mosca et al. 2005]. Steward and Mclean have shown that the population density of
Drosophila larvae also has an impact on synaptic morphology [Stewart and McLean 2004].
NMJ branch length and bouton number decrease with increasing larval population [Stewart

and McLean 2004].

In Drosophila, synaptic growth and stabilization is dependent on MAP Futsch [Roos et
al. 2000] and the neuronal cell adhesion molecule Fasll, which is strongly expressed at
synaptic terminals [Schuster et al. 1996]. Fas// null mutants show maturation of the NMJ
with building new AZs only until the first instar larva. After that, NMJ outgrowth stops
[Schuster et al. 1996]. Larvae lacking Futsch show a dispersed MT and Futsch staining and

cannot form MT loops that are necessary for proper bouton formation [Roos et al. 2000].

During larval development the formation of NMJs underlies a complex system that
leads to stabilization of some transient structures und retraction of others. Transient
structures contain synaptopods, presynaptic debris and ghost boutons. These structures can
be observed during normal growth of the NMJ and seem to be remnants of the refinement

process of the nervous system [Menon et al. 2013].

Ghost boutons are immature boutons that are not surrounded by postsynaptic
elements and contain vesicles, but no AZs. These boutons can be stained for horseradish
peroxidase antibody (HRP, binds to neuronal membranes), Fasll, SV marker and Synapsin,
but rarly show Brp immunoreactivity. They likely represent an immature bouton that can
differentiate into a mature bouton [Ataman et al. 2008]. In contrast, synaptic footprints
show areas where presynaptic structures have retracted (Figure 14). In this stage the
postsynaptic specialization is still visible. The frequency of synaptic footprints is around 18%

in early larval development and even lower in third instar larva [Eaton et al. 2002].
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VSV Qaand

Figure 14: Presynaptic retraction resulting in a “footprint”

Schematic presentation of a hypothesized series of events in a retracting NMJ that results in a “footprint”. Thereby presynaptic retraction
is more rapid than postsynaptic disassembly. The synaptic “footprint” is consequently a transient state during retracting NMJs. Figure is

modifed from [Eaton et al. 2002].

1.6.2 Neurodegeneration in Drosophila NMIs - presynaptic
retraction and Wallerian-like degeneration

Studies of NMJ retraction in Drosophila are based on mutants that affect NMIJ
stability. Genetic loss of different proteins, which are necessary for stable NMlJs, show a
common kind of neuronal retraction. In a state prior to retraction of the neuromuscular
terminal, Futsch and MT staining is reduced. Then, the AZ marker Brp and the vesicular
glutamate transporter (VGlut) disappear. In the end, the neuronal membrane and Fasll
structure are disturbed [Graf et al. 2011]. Thereby, the presynaptic part of the NMJ retracts
from the muscle fiber in a distal-to-proximal manner towards the axon and postsynaptic
specializations are left unopposed (Figure 14, [Eaton et al. 2002; Eaton and Davis 2005;

Pielage et al. 2005; Massaro et al. 2009]).

Classically Wallerian degeneration is defined as degeneration of axons after a distal
injury that follows the original nerve transection experiments from Waller [Waller 1850].

Here, synaptic boutons, located at the NMJ distal to the site of nerve transection, become
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morphologically separated from one another [Xiong and Collins 2012]. In between 12h after
injury, they become also devoid of presynaptic proteins like Brp and GIuRIIC and Futsch
[Xiong and Collins 2012]. Influx of extracellular calcium was shown to be necessary and

sufficient to trigger Wallerian degeneration [George et al. 1995].

As chemical or genetic inhibitors of apoptosis cannot block Wallerian degeneration
[Finn et al. 2000; Whitmore et al. 2003; Osterloh et al. 2012], it appears to be a mechanism
that is molecularly distinct from apoptosis. The term Wallerian-like degeneration means the
degeneration of axons in the absence of transection or crush injury with Wallerian-like
morphology. Wallerian degeneration can be slowed down by the wallerian degeneration
slow (WId®) protein. WId® is a fusion protein of the 70 N-terminal amino acids of Ube4b with
full-length Nmnat1 [Coleman et al. 1998; Conforti et al. 2009] that can delay degeneration of
injured axons by ten-fold [Coleman and Freeman 2010]. WId® is not present in wild type

animals.

Most probably the mechanism, by which NMJs degenerate, is influenced by the

trigger that leads to neuronal degeneration.

1.6.3 Animal models of non-functional Khc protein

Clinically, SPG10 has been classified as a neurodegenerative disorder [Reid et al.
2002]. However, experimental data derived from Kif5a knockout mice, KIFSA mutant
zebrafish and Drosophila khc null mutant provide evidence for neurodevelopmental defects
[Hurd and Saxton 1996; Xia et al. 2003; Karle et al. 2012; Nakajima et al. 2012; Campbell et

N262S

al. 2014]. However, morphological changes observed in the respective khc mutant

Drosophila larvae seem to be primarily degenerative in nature [Fliger et al. 2012].
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KifSA knockout mouse models

Kif5a knockout mouse models die shortly after birth. Karle and colleagues reported
severe deficits in neurodevelopment with impaired neurite outgrowth in cultured motor
neurons from Kif5a knockout mice, while axonal swellings were not prominent [Karle et al.

2012].

Postnatal conditional knockout of Kif5a in mice results in severe seizures [Xia et al.
2003; Nakajima et al. 2012]. The conditional Kif5a knockout mouse model of Nakajima and
colleagues died at approximately three weeks of age [Nakajima et al. 2012]. They showed
abnormal trafficking of inhibitory GABAA receptors to the neuronal membrane in the brain, a
seemingly neurodevelopmental defect. Nakajima and colleagues suggested this to be the

possible cause of the reported epileptic seizures [Nakajima et al. 2012].

Xia and colleagues reported a similar conditional knockout model for which 75% of
the knockout mice had seizures and died at the age of around three weeks [Xia et al. 2003].
The remaining mice however, survived for three months or longer. These mice displayed age
dependent neurodegeneration, accumulation of neurofilaments and hindlimb paralysis.
Though, Nakajima and colleagues could not confirm a survival of Kif5a knockout mice after
four weeks [Nakajima et al. 2012]. Consequently, developmental defects dominate in these

mouse models of HSP.

Kif5A mutant zebrafish model

In zebrafish, KIF5A mutations truncating the tail domain of the protein led to seizures
and to higher sensitivity. Additionally, the posterior lateral line nerve (pLLn), the longest
motor neuron, was shorter and thinner compared to controls (Campbell et al., 2014). These

pathologic alterations can thereby also be classified as neurodevelopmental delay.
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Khc mutant Drosophila models

Hurd and colleagues suggested a reduced outgrowth as reason for less synaptic

boutons in khc”” Drosophila larvae [Hurd and Saxton 1996].

In summary, this means that so far the developmental delay was the major
pathological factor of HSP animal models.

Fliger and colleagues established a Drosophila model with ectopic overexpression of

N2625 [Fuger et al. 2012]. The larvae showed a tail-

the dominant negative Khc mutation Khc
flip phenotype and axonal traffic jams with enrichment of markers for synaptic vesicles
(VGlut, CSP), dense core vesicles (ANF) and AZ particles (Brp), autophagosomes (ATG8) and
lysosomes (LAMP). The mitochondrial flux in axons was reduced in both directions and NMJ
size was reduced [Fliger et al. 2012]. The electrophysiological transmission at the synapses

was reduced and NMJs were retracting [Flger et al. 2012]. In this Drosophila model of SPG10

neurodegeneration is the predominant pathology.

Compared all available animal models of HSP, this approach resembles most the
patients’ situation. As the clinical evaluation resulted in a degenerative pathology of HSP, the
predominantly degenerative pathology of the fly model of Fiiger and colleagues fits best for
examinations of the origin of the disease. Unfortunately the above mentioned model dies
early and is only accessible shortly before death [Fliger et al. 2012]. This led to the idea to
create a Drosophila model with lower expression levels of the mutant protein to achieve less
severe affected larvae. Aim of this study was to shed light on the pathological progression

events that lead to the HSP like symptoms in larvae: the posterior paralysis.
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2 AIMS

The point mutation Khc2>®

causing SPG10 acts dominant negative on dimer forming
wild type Khc. Few animal models of KIF5A loss exist [Hurd and Saxton 1996; Xia et al. 2003;
Karle et al. 2012; Nakajima et al. 2012], but can hardly simulate a partial loss of function of
wild type Khc protein, as it is thought to happen in patients of SPG10. Furthermore these
models hint at neurodevelopmental defects, whereas HSP is clinically classified as a
neurodegenerative disease [Salinas et al. 2008; Novarino et al. 2014]. Therefore the
establishment of ectopic overexpression of khc bearing the corresponding point mutation in

N262S

Drosophila (khc ) is a major advantage in SPG10 research. Aim of this study was to create

a fly model of SPG10, which contains an amount of mutant Khc that resembles more closely

N2625 or khc"'*N?6% at moderate

the situation in heterozygous SPG10 patients. Expressing khc
levels allows the analysis of pathologic steps developing the slow progression of paralysis of
the posterior part of the larval body. First question to answer was, if neurodevelopmental
delay and neurodegeneration occur in parallel. As Kinesin-1 is an anterograde transport
protein, transport of axonal cargo to the posterior part of the larvae will be analyzed.
Furthermore the morphology of NMJs of posterior segments of the larvae is an important
indicator for their functionality. The most important known cargo of Khc is mitochondria. As
mitochondria are important for a number of processes essential for neuronal function, it will
be important to clarify the effectiveness of mitochondrial transport. Reduced exchange and
less or non-functional mitochondria at synapses could be the reason for impaired

locomotion [Hurd and Saxton 1996] and could be the initiator of neuronal degeneration,

which was described for Drosophila larvae expressing mutant khc [Flger et al. 2012].
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3 MATERIALS AND METHODS

3.1 Chemicals

All chemicals were purchased from Roth (Karlsruhe, Germany), Sigma (St. Louis, USA)
or Applichem (Darmstadt, Germany), if not stated otherwise. Primer were ordered from

MWG-Biotech AG (Ebersberg, Germany).

3.2 Solutions and buffers

Solution A 0.1M TrisHCI, pH 9.0; 0.1M EDTA; 1% SDS

Ca’' free HL3 70mM NaCl, 5mM KCI, 20mM MgCl,, 10mM
NaHCOs, 5mM trehalose, 115mM

saccharose, 5mM HEPES, pH 7.2

Phosphate buffered saline (PBS) 136.9mM NaCl, 2.7mM KCl, 1.5mM KH,PQy,,

65mM, NazHPO4°2H20

PBST PBS with 0.05% Triton TX100

3.3 Cloning of pUAST-LifeAct-mTurquoise

All cloning steps were performed as previously described [Sambrook et al. 1989].
Restriction enzymes were purchased from New England Biolabs (Frankfurt am Main,
Germany). Shrimp Alcaline Phosphatase (SAP) and T4 Ligase were purchased from Roche

Diagnostics GmbH (Mannheim, Germany). QlAprep® Spin Miniprep Kit, QlAquick® Gel
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Extraction Kit, QIAquick® PCR Purification Kit and QIAfilter® Plasmid Maxi Kit from QIAGEN

GmbH (Hilden, Germany) were used for purification.

Both vectors (Backbone: pUAST and Insert: pLifeAct-mTurquoise N1) were cut with
restriction enzymes Xbal and EcoRl. After dephosphorylation with SAP backbone vector
(pUAST) and insert (LifeAct-mTurquoise N1) were ligated together. Finally, a restriction
digest and sequencing was used to prove the correct integration of the insert. The pUAST-
LifeAct-mTurquoise N1 vector was sent for injection into Drosophila embryos to BestGene

(Chino Hills, USA).

3.4 Isolation of genomic DNA

Genomic DNA was isolated from a single or 10 adult flies (same sex and genotype).
First, flies were frozen in an Eppendorf tube at -80°C for at least 5min. After addition of
100pl (200l for 10 flies) solution A, flies were homogenized using a plastic pistil and
incubated at 70°C for about 30min. After adding 14ul (28ul for 10 flies) of 8M KAc and a
cautious shaking, they were incubated another 30min. on ice. After centrifugation for 15min.
with 13,000rpm at 4°C, supernatant was gently mixed with 100% isopropanol and once again
centrifuged at 10,000rpm for 5min. The pellet was washed two times with 500ul 70% EtOH
and dried at room temperature for 30min. The pellet was then solved in dH,0 and DNA
content was measured using a NanoDrop™ spectrophotometer (Thermo Fisher Scientific,

USA).
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3.5 Drosophila culture conditions

Flies were raised on standard corn meal/agar medium (0.8% agar, 14.3% dried yeast,
10% soy flour, 21.3% treacle, 8% malt extract, 8% corn meal, 0.63% propionic acid) seeded

with yeast. They were maintained at 25°C in plastic bottles (Greiner Bio-One).

3.6 The Gal4/UAS system for targeted gene expression in
Drosophila

The establishment of the Gal4/UAS system in flies enabled the possibility to express
genes of interest in a temporal- and tissue-specific manner. Brand and Perrimon established
the ectopic expression of genes under the control of a specific driver. Gal4 was identified in
yeast (Saccharomyces cerevisae) and functions as a transcription factor for genes with an
upstream activating sequence (UAS, [Brand and Perrimon 1993]). If both, Gal4 and a UAS,
are expressed in one fly, the gene with the UAS gets expressed under the control of Gal4
driver. The key feature of the technique is that the transcription factor (Gal4) is separated
from the targeted gene (with UAS). Only the combination of both by a cross of two
transgenic Drosophila lines (Figure 15) leads to their activation. Thereby a huge library of
different Gal4 and UAS lines could be built up that can be combined in every conceivable
combination. Additionally, it is also possible to maintain stocks containing lethal target
genes. Importantly, the expression of Gal4 in Drosophila has no overt deleterious phenotypic

effects [Duffy 2002].
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Gal4 expressing line UAS-target gene line

/ /

)

BN e —

Endogenous Gal4 UAS Target gene
promotor/ enhancer (Gal4 binding sites)

Progeny of cross

&@%@

Gal4 drives expression of UAS-target gene in cell- or tissue specific pattern

Figure 15: Directed gene expression through Gal4/UAS system

The yeast transcriptional activator Gal4 can bind to an UAS and induces expression of the following gene. Gal4 can be expressed under the
control of the requested promotor. Only the progeny combines the driver and the target gene and therefore, expresses the desired gene.

Image is modified from [Phelps and Brand 1998].

In Drosophila the activity of Gal4 is temperature dependent. With keeping the flies at
16°C minimal activity is reached, whereas a temperature of 29°C provides minimal effect on
viability of the flies and maximal Gal4 activity [Duffy 2002]. This increases the flexibility of
this system and is particularly interesting for studies that aim to examine mild phenotypes

with lower expression levels of the targeted gene.

3.7 Drosophila larvae used for analysis

Transgenic fly stocks were obtained from the Indiana University Stock Center

(Bloomington, IN), unless otherwise specified. Table 3 lists all fly strains used in this study.



Table 3: Fly strains used in this study
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Donor/ BDSC

Allel Chromosome Reference
number

Deficiencies ~ w'''® X BL 3605 [Castiglioni 1951]
khc® I BL 1607 [Saxton et al. 1991]
khckt3314 I BL 11084 [Spradling et al. 1999]

. [Gustafson and

Driver D42-Gal4 1] BL 8816 Boulianne 1996]

UAS- wt . ..

Constructs UAS-khc i intern [Flger et al. 2012]
UAS-khc26% 11 intern [Flger et al. 2012]
UAS-GIuRIIA-C1- -
genomic-GFP 11 S. Sigrist [Rasse et al. 2005]
pacman-BRP-GFP I S. Sigrist unpublished
UAS-IVS-myr- .
tdTomato I BL 32221 [Trichas et al. 2008]
UAS-mito-GFP I BL 8442 [Barkus et al. 2008]
UAS-LifeAct- i this study
mTurguoise

- Flytrap
E.xon Trap Dlg-GFP X [Buszczak et al. 2007]
Line CC01936

UAS-khc", UAS-khc"?®® and UAS-khc"' in combination with UAS-khc"?®* were

expressed in a wild type background using the motor neuron driver D42-Gal4 [Sanyal 2009].

As control D42-Gal4 was crossed to wild type (w

1118

) flies for heterozygous expression of

D42-Gal4. To create khc null larvae (khc'/') the two alleles khc® and khc***1* were combined.
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The khc® allele [Saxton et al. 1991] carries an ethyl methanesulfonate induced point
mutation (C948T) which leads to an early stop codon in the khc gene (R210STOP). In the
khc31 allele a transposon (P{IacW}thk13314) that disrupts the khc gene was inserted in
minus orientation at position 2R:12159268 [Spradling et al. 1999]. The UAS-IVS-myr-
tdTomato construct leads to UAS-controlled expression of a membrane tagged myristoylated
tandem Tomato fluorescent protein [Trichas et al. 2008]. LifeAct is a nontoxic actin marker
that does not interfere with actin dynamics in vivo [Riedl et al. 2008]. The genetic

combination of LifeAct with mTurquoise is described above.

For a list of all genotypes used in this study and abbreviations used see Table 4.
Expressing an additional copy of khc"' makes no difference to control regarding behavior,

survival, NMJ and axonal morphology [Fliger et al. 2012].

Table 4: Genotypes used in this study

Genotype Abbreviation
w/wW';+/+;D42-Gal4/+ control

W /W;+/+;D42-Gald/ UAS-khc"* khc™t

W /W :+/+;D42-Gald,UAS-khc"'/UAS-khcV26% khc"tN262s

W /W :+/+;D42-Gal4/UAS-khc"?*% khch26%

w/w;khc®/khe®*31+/+ khc”"
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Table 5 shows the exact genotypes used in this study, listed according to Figure

numbers.

Table 5: Genotypes according to figure numbers

Figure number

Genotype

16A-C; 20A,B;
22B,C,E,F; 28

w/w;+/+;D42-Gald/+
W /W ;+/+:D42-Gal4,UAS-khc"' /UAS-khcV?®%
W /W :+/+;D42-Gald/UAS-khcV?®%

17A-C

W /W;+/+;D42-Gal4, IIA-GFP/+
W /W :+/+:D42-Gal4, IA-GFP/UAS-khcV?%

18A,B; 19A-D;
23A,C; 24

Dlg-GFP/w;+/+;D42-Gal4/+
Dlg-GFP/w';+/+;D42-Gal4,UAS-khc"*/UAS-khc"***
Dlg-GFP/w’;+/+;D42-Gal4/UAS-khc"***

20C

w'/w’;+/+;D42-Gal4/Brp-GFP
W /W ;+/+;D42-Gald,UAS-khc"'/Brp-GFP, UAS-khc\?°%
W /W;+/+;D42-Gal4/Brp-GFP, UAS-khc"***

21A-E

W /W;+/UAS-mito-GFP;D42-Gal4/+
W /W ;+/UAS-mito-GFP;D42-Gal4,UAS-khc"'/UAS-khc"?%%
w /W ;+/UAS-mito-GFP;D42-Gal4/UAS-khc"?6%

22A,D; 23B

Dlg-GFP/w;+/+;D42-Gal4/+
w/w;+/+;D42-Gal4/+
Dlg-GFP/w';+/+;D42-Gal4,UAS-khc"*/UAS-khc"***
W /W' +/+;D42-Gal4,UAS-khc"'/UAS-khc"**%
Dlg-GFP/w;+/+;D42-Gal4/UAS-khcN?%

W /W' +/+;D42-Gal4/UAS-khc?%%

25

w/w';+/+;D42-Gal4/UAS-mTurquoise-LifeAct
W /W ;+/+;D42-Gal4,UAS-khc"*/UAS-mTurquoise-LifeAct , UAS-khc'2®%

w/w’;+/+;D42-Gal4/UAS-mTurquoise-LifeAct, UAS-khc\?6%
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Figure number  Genotype

Dlg-GFP/w’;+/+;+/D42-Gal4, UAS-myr-tdTomato
26; 27 Dlg-GFP/w’;+/+;D42-Gal4,UAS-khc"'/UAS-myr-tdTomato, UAS-khc"*°*
Dlg-GFP/w';+/+; D42-Gal4, UAS-myr-tdTomato /UAS-khc'?°%

w/w';+/+;D42-Gal4/+
29
W /W +/+;D42-Gal4/UAS-khc"?6%

w/w;+/+;D42-Gald/+
31; 34; 35C,D W /W :+/+;D42-Gald/UAS-khcV?®%

w/wkhc®/khe'*3 %+ /+

Dlg-GFP/w;+/+;D42-Gal4/+
32; 33; 35F,G Dlg-GFP/w ;+/+;D42-Gal4/UAS-khc\?°%*
Dlg-GFP/w’;khc®/khc™*31+/+

Dlg-GFP/w;+/+;D42-Gal4/+
w/w';+/+;D42-Gal4/+

35A,B,E Dlg-GFP/w ;+/+;D42-Gal4/UAS-khcN?%
W /W ;+/+;D42-Gal4/UAS-khc"***
Dlg-GFP/w’;khc®/khc'*3+/+

w/w;khc®/khet*3+/+

36A w/wkhc®/khe*3 %+ /+

36B,C; 38 Dlg-GFP/w ;khc®/khc®3%:+/+

3.8 Behavioral analysis

3.8.1 Imaging and scoring of the tail-flip phenotype

Individual larvae were placed on a thin slice of apple juice agar at 25°C. They were

imaged while crawling with a DCM510 (SkopeTek, P.R. China) camera integrated in a custom-
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built stereomicroscope. Tail-flipping phenotype was scored visually. A score of 1 represents a

weak phenotype, a score of 5 complete paralyses excluding the mouth.

3.8.2 Righting assay

Larvae of variable size (and age) were recovered from food and washed in 15%
sucrose. After 2min. for acclimatization on apple juice agar plates larvae were placed ventral
side up. The time they needed for coming into crawling position/ dorsal side up was
recorded in seconds [Daigle et al. 2013]. At least 50 larvae were assayed per genotype. Each
larva was assayed three times. The average righting time per larva was used for further
analysis. 60s was used as a cut-off for the calculation of the average. N represents the

number of larvae analyzed.

3.8.3 Quantification of larval size and stage

Larvae of each genotype were kept at 25°C for four days and washed in 15% sucrose

for analysis.

3.9 Larval body wall muscle preparation

Larvae of either sex were used for all experiments except for immunostaining of
larvae expressing native DIg-GFP (Flytrap CC01936, [Buszczak et al. 2007]). In this case only
females were used (DIg-GFP is located on the X chromosome). For statistical analysis of area
fraction swelling, Futsch intensity, axonal VGlut, VGlut intensity at the NMJ, axonal Brp
intensity, Brp intensity at the NMJ, NMJ size, AZs per NMJ, PSDs per NMJ, bouton size, AZs
per bouton, PSDs per bouton, % abnormal membrane morphology and % Futsch innervated

NMJ area of all genotypes, three experiments were pooled. Within these three experiments
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larvae were dissected on the same day, stained in the same tube, mounted on the same

slide and imaged using the same settings.

3.9.1 Larval body wall dissection

Larvae were fixed on a rubber dissection pad with insect pins (Austerlitz, Slavkov,
Czech Republic) and covered with ice cold calcium free hemolymph-like solution (HL-3,
[Stewart et al. 1994]). Larvae were cut open along the dorsal midline with dissection spring
scissors (NO.15005-08, Fine Science Tools, Vancouver, Canada). Everything except the body
wall muscles and the brain and axons (when needed for analysis) was removed with fine
forceps (A1 231-20, Fine Science Tools, Vancouver, Canada) and the epidermis was pinned
down at the sides [Rasse et al. 2005; Schmid et al. 2008; Kern et al. 2013]. Larvae were fixed
with 4% paraformaldehyde in phosphate buffered saline for 3min. (native green fluorescent
protein, GFP, epifluorescence detection) or for 10min. Larvae that were stained for Futsch
were dissected with solutions at room temperature and fixed for 3min. in Bouin's Solution
(Sigma; HT10132). After the fixation time larval filets were washed with PBST (0.05% Triton-X

100 in PBS) and were then also kept in PBST until immunostaining procedure.

3.9.2 Immunostaining procedure

After 30min. of blocking with 5% normal goat serum (NGS) in PBST, larval filets were
stained with primary antibodies at 4°C overnight. The antibodies were diluted in 5% NGS in
PBST (dilutions for each antibody see Table 6). After three short and three 30min. washing
steps with PBST, larvae were incubated with secondary antibodies (diluted in 5% NGS in
PBST) for two hours at room temperature. Then larvae were washed in three short and three

long washing steps and incubated for 30min. in VectaShield mounting medium (Vector
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Laboratories, Burlingame, USA). Finally, larvae were mounted in VectaShield® on glass object

slides.

Table 6: Primary and secondary antibodies used for immunohistochemistry

Primary Antibodies

Antigen Antibody Host Dilution Fixation  Donor Reference

Bruchpilot  Nc82 mouse  1:100 ig;\"i”' DSHB* Qggsg]h et al.
EZeGr::t rabbit  1:2000 ;?J?ns H. Aberle [A'\S::; zogg]d
Futsch 22C10 mouse  1:150 ;?L:?n's DSHB 2:“;3:;)?' et
Fasciclinll  1D4 mouse  1:50 égzﬂn' DSHB 2:“;3&‘)? et
GIURIIC rabbit  1:2000 Fl,gz'i”' intern [z'f)elr:] et al.

Secondary Antibodies

Antigen Antibody Host Dilution Fixation  Donor
HRP** Cy3 goat 1:500 oyer DiAnova
night
mouse Atto-647N  goat 1:500 g;/gehrt Fluka/Sigma
rabbit Alexa-405 goat 1:500 oyer Invitrogen
night
. over Molecular
rabbit Alexa-488 goat 1:500 )
night Probes

*DSHB Developmental Studies Hybridoma Bank
**HRP Horseradish peroxidase (plant glycoprotein common on neuronal membranes of Drosophila, [Snow et al. 1987; Paschinger et al.
2009]).
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3.10 Imaging of Drosophila larvae

3.10.1 Imaging of fixed larvae

NMJs and axons were recorded using a Zeiss LSM 710 Confocal Microscope using 40x
Plan-Apochromat 1.3 N.A. oil objective. Pinhole was set to 1 Airy Disc and voxel dimensions
(x/y/z) of 100 x 100 x 500nm were used. Images used for deconvolution were recorded with

voxel dimensions (x/y/z) of 100 x 100 x 200nm.

3.10.2 Life imaging

In vivo imaging was essentially performed as previously described [Fliger et al. 2007]
at a Zeiss LSM 710 Confocal Microscope using 40x Plan-Apochromat 1.3 N.A. oil objective.
Pinhole was set to 1 Airy Disc and voxel dimensions (x/y/z) of 100x100x500nm were used.
Brp-GFP was recorded at a speed corresponding to 1 stack per 10sec. Overall 10 Z-planes
were recorded. The total time window was no more than 60min. For glutamate receptor
imaging at two different time points the GFP-tagged Drosophila glutamate receptor subunit
lIA (GIUuRIIA-GFP) was expressed under the native promotor [Rasse et al. 2005]. The imaging
for this experiment was done by Shabab Hannan und kindly provided from him for this
study. The pinhole was 35um and an average of eight was taken. For counting mitochondria
at the NMJ and measuring mitochondrial flux in the axon, UAS-mito-GFP and UAS-IVS-myr-
tdTomato were expressed using the motor neuron driver D42-Gal4. Living larvae were
recovered from food and pinned on a small Sylgard® plate, which sticked to a glass objective
slide. They were dissected in Ca®* free HL3 essentially as described above. Here the insect
pins used for fixation of the larva were trimmed and pushed completely into the Sylgard®
plate. After putting a cover slip onto the larva, it was imaged directly after dissection [Smith

et al. 2012]. As the mitochondrial density in axons is high especially in controls, a part of the
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axon was bleached by high laser intensity (488nm) for about 30sec. Directly after bleaching,
12 confocal z-planes were imaged once a minute during a time period of 10-12min. Images
were recorded using a Zeiss LSM 710 Confocal Microscope using 40x Plan-Apochromat 1.3
N.A. oil objective. Pinhole was set to 1 Airy Disc and voxel dimensions (x/y/z) of
100x100x750nm were used and four times averaged. Stacks with movement were aligned
using Imagel plugin StackReg (Philippe Thevenaz, Biomedical Imaging Group, Swiss Federal
Institute of Technology Lausanne; www.epfl.ch/thevenaz/stackreg). Laser intensities were
adjusted such that none of the genotypes gave an oversaturated image and then kept

constant within one dataset. Shabab Hannan did in vivo imaging of GIuRIIA receptor fields.

3.11 Sample preparation for EM of NMJs

Larval fillets were prepared for EM analysis as previously described [Flger et al.
2012]. In brief, larvae were fixed with 4% paraformaldehyde for 10min. and incubated with
2.5% glutaraldehyde overnight, postfixed with 1% osmium tetroxide in 100mM phosphate
buffer (pH 7.2) for 1h, rinsed with water and treated with 1% aqueous uranyl acetate for 1h
at 4°C. Next dehydration was done with an ethanol series and larval fillets were kept in fluid
epon overnight. Then muscles were dissected and single muscles were embedded in epon
and polymerized for 48h at 60°C. Ultrathin sections were stained with uranyl acetate and
lead citrate and viewed in a Philips CM10 electron microscope. EM was done by Dr. Jeannine

Kern, Raphael Zinser and Matthias Flotenmayer.
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3.12 Data Analysis

3.12.1 Data processing

Image) 1.46r was used for data analysis and processing (US National Institutes of
Health; http://rsb.info.nih.gov/ij/download.html). Common settings were chosen in single
data sets, avoiding oversaturation in any of the genotypes. If necessary, brightness and
contrast were adjusted. Partly, images were scaled by a factor of 2, next a Gaussian blur
filtering was applied (pixel radius = 2 or 1) or scaled after the Gaussian blur filtering. As last
step relevant sliced of the image stacks were maximum-projected. In images processed for

visualization purposes, gamma values were adjusted to 0.75.

The area of NMJs was analyzed by HRP staining. Area of binary masks of stacks that
were processed like described above was measured using Imagel. Measurements of
fluorescence intensity of HRP, Futsch, or AZs were made such, that the binary mask of HRP
was superimposed (minimum projection) with the maximal projected image. Thereby,

original fluorescent intensities could be measured.
Number of boutons was counted manually.

The number of synapses was quantified either by counting PSDs, which were
visualized by staining for the GIuRIIC or GIuRIIA [Qin et al. 2005] or scoring AZs that were
visualized by staining for Brp [Kittel et al. 2006; Wagh et al. 2006]. For automatic counting
images were processed as described above. Then grey value filter was applied and points
were counted using Delta2D software (DECODON GmbH, BioTechnikum Greifswald,
Germany). For PSD counting Delta2D settings were: background 7, spot size 2 and sensitivity

100; for AZ counting setting were: background 7, spot size 1 and sensitivity 100.
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The area of high HRP intensities in axons and NMJs was quantified setting a threshold

such, that control images did only show a minority of pixels over the set threshold. Then a
binary mask with pixels above the set threshold was created and the percentage of total

area to area with pixels above the threshold was quantified.

The number of mobile Brp packages and flux of mitochondria were counted manually

from images processed as described above.

The area innervated by MTs was quantified by manually deleting areas that were not
covered by Futsch staining from the original binary HRP mask and then quantify the area of

the new binary HRP mask.

3.12.2 Quantification of larval size

Within one experiment all larvae were stained in one tube. For being able to
distinguish larvae of different genotypes after common staining, the genotypes were marked
with cutting away a unique part the body wall. Complete larval size was therefore quantified
with a factor multiplied with the muscle length of segment A5. This factor was calculated by
measuring length of whole larval body wall length and muscle length in control larvae that

were not cut.

3.12.3 Normalization of values

NMJ area, AZ number and PSD number was normalized to larval length using the

following formula:

) value
Normalized value = m * average larval length of the group

Number of mitochondria was normalized to NMJ area using the same formula.
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3.12.4 Deconvolution

Images were deconvolved using AutoQuant X.2.2.2. 3D volume rendering was

created using Imaris 7.6.1.

3.12.5 Statistical analysis

Statistical significance was tested with JMP from SAS Institute GmbH (Boblingen,
Germany). In normal distributed data sets with more than two groups, significance was
determined by one-way ANOVA analysis followed by Dunnett's multiple comparison test. In
data sets with only two groups significance was tested by Students T-Test. The standard
error of mean is shown as a box and standard deviation as a black line. The following alpha
levels were used for all tests: * p<0.05; ** p<0.01; *** p<0.001. p-values < 0.05 were

considered to be statistically significant.



Results| 61

4 RESULTS

4.1 Establishment of a slow progressing SPG10 model

In an earlier study Fliger and colleagues established the first SPG10 fly model

N262%) [Fuger et al. 2012]. In this model a high

expressing a mutant Khc protein (Khc
expression rate of mutant khc"?°* led to a very fast progressing pathology and an early
lethality of larvae. The high expression rate was achieved by keeping the larvae at 29°C,
where the efficiency of the Gal4-UAS system is higher than at 25°C. Analyzing this model
aimed the investigation of pathological events directly preceding larval paralysis and death.
Major characteristics are a severe larval tail-flip, axonal swellings and traffic jam of several

cargos, reduced axonal flux of mitochondria in both directions and less mitochondria at the

NMJ [Flger et al. 2012].

For a more detailed investigation of initial pathological events leading to paralysis of
the posterior segments, a delayed disease progression that circumvents larval lethality was
required. Therefore, a slow progressing model was established in this study by keeping the
larvae at 25°C, leading to a lower expression rate of mutant Khc protein. In this model
lethality is shifted to pupal or adult stage and young larvae represent a comparatively early
stage of SPG10 pathology in flies. This model uses the same motor neuron driver (D42-Gal4)

as the fast progressing model.

4.1.1 Introductory remarks on the analysis of the slow progressing
SPG10 model

To investigate different disease stages during development, a range of larval sizes

N262S

was analyzed. As the pathology in khc expressing larvae is progressing during ageing,
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larvae were divided in two groups of different ages: a younger group between 1.25 and
2.75mm in length and an older group between 2.75 and 4mm.

Control larvae (w/w’;+/+;D42-Gal4/+) and those expressing khc"™™?%% (w/w
;+/+;D42-Gal4, UAS-khc™'/UAS-khc"%°%*) molt from larval stage L2 to the next larval stage L3
at a size around 2.5mm. Larvae expressing khc"?%% (w'/w’;+/+;D42-Gal4a/UAS-khc?°%) molt
from L2 to L3 at a size of about 2mm. All larvae analyzed had an age between three and four
days and were raised and maintained at 25°C. As defects of mutant Khc in Drosophila larvae

seem to be length dependent [Figer et al. 2012], size matched and not larval stage matched

larvae were taken for analysis.

The analysis of the khc"""?*% larvae was performed, because a suppression of the
phenotype due to the additional expression of khc"* was expected. Nearly all patients of
SPG10 are heterozygous for their mutation [Reid et al. 2002; Lo Giudice et al. 2006; Schiile et
al. 2008; Tessa et al. 2008; Goizet et al. 2009]. With equal expression of both alleles [Ding et
al. 2004] wild type Khc dimers, homodimeric mutant dimers and heterodimeric motors that
contain wild type and mutant subunits at a stoichiometry of 1:1:2 are expected [Ebbing et al.

N256S

2008]. In vitro assays have shown that dominant inherited khc shows reduced gliding

velocity depending on the ratio of mutant to wild type protein [Ebbing et al. 2008].

wt+N2625)

Therefore, expressing an additional copy of wild type Khc (UAS-Khc should lead to a

higher proportion of homodimeric wild type dimers of Khc and ameliorate the phenotype.

4.1.2 Behavioral deficits of larvae expressing khc"""?®% and khc"?%%

In patients mutant KIF5A leads to a slow progressing spasticity and paralysis of the
lower limbs [Harding 1993]. Fast progressing SPG10 model larvae and

khc null mutant larvae also show posterior paralysis [Hurd and Saxton 1996; Fliger et al.



Results|63
2012]. To characterize body posture and locomotor behavior of slow progressing SPG10
model larvae, they were imaged while crawling. Righting assay was performed to determine

the orientation and motoric skills of the larvae.

Figure 16: Behavioral analysis of slow progressing SPG10 model larvae
(A) Khc""™% and khc"*** expressing larvae display a posterior paralysis, also called tail-flip phenotype. (B) Quantification of tail-flip

wt+N262S

severity reveals that small khc expressing larvae only show a mild tail-flip, whereas large larvae of the same genotype and larvae

M52 show deficits in righting

expressing khc"?*% display a more severe manifestation of the phenotype. (C) Only larvae expressing khc
compared to controls. Larval sizes are summarized in the individual panels. Statistical significance was determined using a one way ANOVA

test followed by Dunnett’s multiple comparison test. The standard error of mean is shown as a box, the standard deviation as a black line.

***p<0.001.

Behavioral analysis revealed that larvae expressing khc“?°% or khc""™™?6% display

posterior paralysis, also called tail-flip phenotype (Figure 16A, B), which was also seen in
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other mutant Drosophila larvae with deficits in axonal transport [Hurd and Saxton 1996;
Hanein et al. 2008; Flger et al. 2012; Ikenaka et al. 2012; Lo Giudice et al. 2014]. The righting
assay showed that the khc"?®% larvae, which display strong posterior paralysis, were slower
in righting than controls (Figure 16C). However, no significant difference in righting speed
was detected between controls and khc""*"?°* larvae, which display milder posterior
paralysis (Figure 16B, C). The tail-flip phenotype of larvae of the slow progressing SPG10
model is comparable with larvae of the fast progressing SPG10 model. Consequently, there is

also a parallel to SPG10 patients that develop spasticity and paralysis of the lower limbs.

wt+N262S

4.1.3 Decreased synaptogenesis of larvae expressing khc and

N262S
khc

Khc knockout (KO) mouse models suggest a delay in neuronal development [Xia et al.
2003; Karle et al. 2012; Nakajima et al. 2012], whereas SPG10 is clinically classified as a
neurodegenerative disorder [Salinas et al. 2008; Novarino et al. 2014]. In vivo imaging of
slow progressing SPG10 model larvae was performed to investigate parallels to the
developmental defects in KO mouse models. In Drosophila neurodevelopment the genesis of
new PSDs seems to take place previously to the formation of the presynaptic specialization
of the NMJ [Rasse et al. 2005]. Therefore, a genomic construct of the glutamate receptor
subunit IIA C-terminally tagged with GFP [Rasse et al. 2005] was used to visualize newly
formed synapses at the NMJ in between a time window of 24h. The GIuRIIA construct was
chosen, because it is expressed at physiological levels and reliably labels PSDs [Rasse et al.
2005]. Anesthetizing the larvae during imaging and recovery afterwards allowed imaging of

NMJ 26/27 in segment A4 of mid L2 and early L3 larvae.
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Figure 17: Synaptogenesis visualized by GIuRIIA-GFP

(A) Confocal images show several boutons of the NMJ 26/27 in segment A4 at two time points. Larvae are expressing a genomic construct
of the GIuRIIA C-terminally tagged with GFP. The first time point (t=0) is at mid-second instar and second time point (t=24h) at mid-third
instar. White and yellow arrows point at synapses that were stable between the two imaging time points and thus were used as landmarks.
White arrowheads highlight some newly formed synapses. Scale bar: 5um. (B) Quantification of degraded synapses in between the 24h

N262S

time period is shown. No significant difference was determined between larvae expressing khc and control larvae expressing khc"™". (C)

Quantification of the rate, at which new synapses were formed, showed a significant decrease in khc"*** larvae compared to controls.
Images were kindly provided by S. Hannan. Statistical significance was determined using a Student’s T-Test. The standard error of mean is

shown as a box, the standard deviation as a black line. * p<0.05.

wt

As the expression of an additional copy of khc™ makes no difference to control
regarding behavior, survival, NMJ and axonal morphology [Fliger et al. 2012], this genotype
was here used as control. By determining synapses that were found at both time points
(Figure 17A, alternating white and yellow arrows), newly formed synapses and the ones that

disappeared could be counted. Analysis of rates of synapse disassembly revealed no

increased disassembly of PSDs between control larvae expressing an additional copy of khc"*
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and those expressing khc"'?%%

(Figure 17B). However, significantly decreased rates of synapse
formation were observed in khc"*®® larvae (Figure 17C), demonstrating a mild

developmental delay.

4.1.4 Abnormalities in axonal transport and components of the
synaptic transmission machinery at the NMJ of larvae
expressing khc""""?*** and khc"*°*

Khc is an important motor protein for axonal transport (details see section 1.2.5) and
the integrity of axonal MT architecture is essential for Kinesin-1-based transport
[Bettencourt da Cruz et al. 2005; Yao et al. 2011]. Therefore, the morphology of axons
regarding the structure of neuronal membranes (HRP) and MTs (Futsch, Drosophila
homologue for the mammalian MAP1B) was investigated. An accumulation of HRP
immunoreactivity was also shown in axons of larvae with mutant Khc [Hurd and Saxton

1996; Flger et al. 2012].
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Figure 18: Structure of neuronal membranes and MT integrity in the axon

(A) Confocal images of segmental nerves stained for HRP. Quantification of the area fraction of high HRP intensity showed a significant
higher percentage of increased HRP intensity of mutant larvae in both sizes compared to controls. (B) As Kinesin-1 is moving on MTs,
segmental nerves were also stained for the MT-associated protein Futsch. Quantification of Futsch intensity did not show a significant
difference between the genotypes. Larval sizes are summarized in the individual panels. Scale bar: 5um. Statistical significance was
determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The standard error of mean is shown as a box,

the standard deviation as a black line. ** p<0.01; ***p<0.001.

Staining for the neuronal membrane marker HRP revealed local inhomogeneity in

axons of khc mutant larvae. This is indicative for altered neuronal membranes and may be
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used as a biomarker for the presence of axonal swellings [Fliger et al. 2012]. The percentage
of area of strong HRP intensity in axons compared to average HRP intensity was significantly

witN2625 or khc"?°%* larvae compared to control (Figure 18A).

higher in small and large khc
Flger and colleagues also detected an accumulation of HRP immunoreactivity in axons of

khc mutant larvae and showed by EM that various vesicles are also accumulating in regions,

where the axon diameter is increased [Flger et al. 2012].

Comparison of axonal Futsch abundance showed no significant difference between
any of the investigated genotypes (Figure 18B). The axonal swellings of SPG10 model larvae

did therefore not develop from altered MT cytoskeleton in axons.

However, it is not clear whether the accumulation of HRP signal originates in the
accumulation of transport vesicles that are also labeled by HRP antibody or if the neuronal
membrane surrounding each axon changed its composition. To test whether the
membranous accumulations in axons of the slow progressing SPG10 model larvae also
contain cargo accumulations, segmental nerves were stained for HRP as neuronal marker
and for VGlut, which was used as a marker for SVs. As changes in axonal transport could also
lead to a synaptic defect, NMJ 6/7 of segment A5 was also stained with these two

antibodies.
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Figure 19: Axonal accumulation of Brp and amount of Brp at the NMJ in larvae expressing khc"?%%

(A) Confocal immunofluorescence images showing segmental nerves stained for VGlut (grey and magenta) and HRP (green). (B)

N262S .
expressing larvae. (C) Confocal

Quantification shows that VGlut intensity in axons was significantly increased in large khc
immunofluorescence images showing several synaptic boutons stained for VGlut (magenta and grey) and HRP (green and grey) in NMJ 6/7
of segment A5. Quantification of VGlut intensity at the NMJ revealed no significant difference between the genotypes. Larval sizes are
summarized in the individual panels. Scale bar in segmental nerves: 5um. Scale bar in boutons: 3um. Statistical significance was

determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The standard error of mean is shown as a box,

the standard deviation as a black line. ***p<0.001.
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Quantification of VGlut intensity revealed an increased intensity primarily in axons of

N262S

large khc expressing larvae (Figure 19A, B). Most HRP positive areas in segmental nerves

N2625 collocate with VGlut signal. This supports the hypothesis that

of larvae expressing khc
the accumulation of HRP immunoreactivity originates from accumulation of cargo vesicles
and not from altered neuronal membrane surrounding the axon. Analysis of total VGlut
abundance at the NMJ 6/7, segment A5 revealed no significant alterations between the

genotypes (Figure 19C). Thus, SVs can be transported to the synapse and the abundance of

SVs can be maintained despite the existence of axonal swellings.

It was previously demonstrated that Brp, although primarily transported by the
Kinesin-3 Unc-104 [Kern et al. 2013], accumulates in- and outside of axonal swellings in the
fast progressing SPG10 model [Flger et al. 2012]. Brp is a marker for AZ precursor vesicles
and is located to AZs at the NMJ. To test, if it also accumulates in the slow progressing SPG10
model, segmental nerves and NMJ 6/7 segment A5 were stained for Brp. As with VGlut,
segmental nerves and NMlJs were both imaged to relate eventual differences in Brp

transport with Brp abundance at the NMJ.
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Figure 20: Axonal accumulation of Brp and amount of Brp at the NMIJ in larvae expressing khc"?%%

(A) Segmental nerves stained for Brp, a marker for AZ precursor vesicles (magenta) and HRP (green). Quantification shows that axonal Brp

t+N262S N262S
w262 and khc

levels were increased in khc expressing larvae of all sizes compared to control. (B) Confocal immunofluorescence images

showing several synaptic boutons NMJ 6/7 segment A5 stained for Brp (magenta and grey) and HRP (green and grey). Quantification of Brp

N262S

intensity showed a significant increase of Brp in NMIJs of khc expressing larvae. (C) Quantification of % motile Brp packages in vivo in

segmental nerves shows no significant difference, but the total number of motile Brp packages is significantly increased in khc“?**
expressing larvae. Larval sizes are summarized in the individual panels. Scale bar in segmental nerves: 5um. Scale bar in boutons: 3um.

Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The standard error of

mean is shown as a box, the standard deviation as a black line. * p<0.05; ** p<0.01; ***p<0.001.
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wt+N262S an d

Increased axonal Brp abundance is also observed in small and large khc
khc"?°%* larvae of the slow progressing model (Figure 20A). This increased level of Brp might
be indicative for a more generalized impairment of axonal transport. Alternatively, it might
indicate that increased trafficking of Brp might be part of a homeostatic compensatory
response to the synaptic deficits that lead to impaired locomotion (Figure 16). The
observation that Brp abundance at the NMJ is also significantly increased in small and large
khc"?% larvae (Figure 20B) supports the latter hypothesis. In vivo imaging of GFP-tagged Brp
was used to further address this question. The overall percentage of motile Brp packages is
low in nerves of both mutant and control larvae and no significant difference was detected
between the genotypes (Figure 20C, top). As Brp is thought to have a very slow turnover of
at least eight hours (Stefan Sigrist, personal communication), it is not expected to see high
trafficking rates in the given time window of no more than 60min. However, the absolute
numbers of Brp packages in axons were higher in mutant larvae than in controls and hence,

also the total number of motile Brp packages was higher (Figure 20C, bottom). Thus,

expression of mutant khc leads to a compensatory increase of Brp transport to the NMJ.

4.1.5 Reduced mitochondrial supply to the NMJ of larvae expressing
As Kinesin-1 is the major motor protein for axonal transport of mitochondria, in vivo

N262S

imaging was performed to measure mitochondrial transport in axons of khc and

khc""™N?%%% expressing larvae. The expression of mito-GFP in small larvae allowed imaging of

axons in vivo as previously described [Smith and Taylor 2011].
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Figure 21: Defects in axonal transport and
reduced numbers of mitochondria at the
NMJ

(A)-(C) Confocal images show segmental nerves of larvae
expressing a genomic construct of mitochondrial located
GFP. Segmental nerves were imaged once before
bleaching of the white box and directly after bleaching
(t=0) for up to 15min. (A) In the control mitochondria
filled the bleached gap after t=11min. (B) Larvae

wt+N262S

expressing khc could partly refill the gap after this

2525 the bleached gapis

time. (C) In larvae expressing khc
still clearly visible after t=11min. Scale bar: S5um. (D)
Quantification of axonal transport of mitochondria
revealed severe defects in both mutant genotypes in
anterograde, as well as retrograde direction in small
larvae. (E) The number of mitochondria at the NMJ is

2625 statistical

just reduced in larvae expressing khc
significance was determined using a one way ANOVA
test followed by Dunnett’s multiple comparison test.

The standard error of mean is shown as a box, the

standard deviation as a black line. * p<0.05; ***p<0.001.
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After bleaching a part of the axon, moving mitochondria that enter the bleached

zone can be easily counted. In control axons the bleached zone of the axon was almost
completely refilled with transported mitochondria after 11min. (Figure 21A). In larvae

wt+N262S

expressing khc , there was only a minor recovery after this time (Figure 21B). Worst

N2625 “\which showed minimal recovery during the given

affected were larvae expressing khc
time period (Figure 21C). Quantification of axonal flux of mitochondria showed a significant
decrease of transported mitochondria per minute in either direction (retrograde and

wtHN2625 and khc'V2% expressing larvae (Figure 21D). Disturbed

anterograde) of both: khc
axonal transport of mitochondria leads to reduced exchange of mitochondria at the NMJ.
Additionally, it could lead to reduced numbers of mitochondria at the NMJ. Quantification of
the number of synaptic mitochondria revealed indeed a significant decrease in both small
and large larvae expressing khc"?%, but no differences in larvae expressing khc"""?6%
compared to the control (Figure 21E). Thus, the expression of khc"?°* leads to reduced

axonal transport of mitochondria and partially to a reduced number of mitochondria at the

NMJ.

4.1.5.1 Altered morphology of the NMJ of larvae expressing

Expression of khc"?°% leads to severely impaired axonal transport in larvae of slow
progressing SPG10 model. As a consequence proper supply of the NMJ through axonal
transport is probably not ensured. Results obtained in the fast progressing SPG10 model
showed reduced NMJ size and synapse number [Fliger et al. 2012] and the Drosophila khc””
mutant was also shown to have smaller NMJs [Hurd and Saxton 1996]. To clarify if these
defects occur also in slow progressing SPG10 model larvae, NMJs were stained for neuronal

membranes (HRP), AZs (Brp) and PSDs (GIuRIIC).
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Figure 22: Structural characterization of the NMJ 6/7 segment A5

wt+N262S

(A) Quantification of NMJ size revealed significantly larger NMJs in mutant larvae except for the small khc expressing larvae that had

NMJs of the same size as controls. Quantification of AZs (B) and PSDs (C) per NMJ did not show a significant difference between the

N2625

genotypes. (D) Bouton size was significantly increased in khc expressing larvae, whereas (E) increase in AZs per bouton was only

N262S

significant in small khc expressing larvae. In large larvae the slight increase was not significant. (F) PSDs per bouton were not increased
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compared to control. Larval sizes are summarized in the individual panels. Statistical significance was determined using a one way ANOVA
test followed by Dunnett’s multiple comparison test. The standard error of mean is shown as a box, the standard deviation as a black line. *

p<0.05; ***p<0.001.

Consistent with milder effects of the slow progressive SPG10 model, no significant reduction
of NMJ size (Figure 22A), number of AZs (Figure 22B) or PSDs (Figure 22C) was observed in

wt+N262S or thN2625

segment A5 NMJ 6/7 of larvae that expressed khc compared to control.

N262S

Interestingly, in khc expressing larvae NMJ size was even increased compared to controls

(Figure 22A). Average bouton sizes in small and large khc"?%%

expressing larvae were also
increased compared to controls (Figure 22D). Analysis of AZs per bouton revealed that
bouton enlargement was accompanied by increased numbers of AZs per bouton of small
khc"?®% arvae, but this difference was not statistically significant in large larvae (Figure 22E).
Furthermore, there is no statistical difference in the numbers of PSDs per bouton between
the investigated genotypes (Figure 22F). Thus, the structural characterization of the NMJ of
the slow progressing SPG10 model did not show a decreased NMJ size or less synaptic

components compared to the control. In contrast NMJs were even larger compared to

controls.

4.1.6 Altered structure of neuronal membranes and microtubule
innervation of larvae expressing khc""*"?** and khc"**%*

In former studies of larvae with mutant Khc, the staining for HRP at the NMJ was non-
uniform with frequent areas of high HRP intensities [Hurd and Saxton 1996; Flger et al.

N2625 alone or in combination with khc"",

2012]. A closer look at NMlJs in larvae expressing khc
which were stained for neuronal membranes, revealed also high inhomogeneity in HRP

immunoreactivity (Figure 23). To quantify eventual NMJ disassembly, NMJs were stained for

HRP and the MT marker Futsch.
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Figure 23: Altered neuronal membrane morphology and MT innervation at the NMJ

(A) Confocal immunofluorescence images showing abnormal membrane morphology (arrowhead) stained for HRP (green) and Futsch
(magenta and grey). Enlargements on the right panel show abnormal membrane morphology of terminal boutons. (B) Quantification of
increased HRP intensities show a significant increase in both size groups of mutant larvae compared to controls. (C) Futsch innervation in
terminal boutons was not significantly altered in mutant larvae compared to controls. Larval sizes are summarized in the individual panels.
Scale bar: 10um and 3um in enlargements. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s

multiple comparison test. The standard error of mean is shown as a box, the standard deviation as a black line. ***p<0.001.
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Confocal images of NMlJs of khc'?6%

expressing larvae show a dramatic increase in
HRP labeled membranes at several boutons (Figure 23A,B) in small and large larvae. To find
out if these membrane accumulations at the NMJ correlate with altered MT cytoskeleton,
NMJs stained for HRP and Futsch were further analyzed. The quantification of Futsch loss
from terminal boutons revealed no significant differences between the genotypes in the

percentage of HRP area innervated by Futsch (Figure 23C). Thus, there is abnormal

accumulation of HRP at the NMJ, but no clear local MT retraction from terminal boutons.

NMIJs of khc“?%* mutant larvae frequently exhibited unusually large boutons (Figure
22D). Interestingly, the Futsch structure inside these large boutons seems to be different

than in boutons of controls.
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Figure 24: Altered Futsch structure at the NMJ

Confocal immunofluorescent images of several boutons (NMJ 6/7, Segment A5) and enlargements thereof are shown. Larvae between
2.75-4mm in length expressing a genomic DIg-GFP construct were stained for neuronal membranes (HRP), SVs (VGlut) and MTs (Futsch) as

WHN22S and khc°%) were frequently filled with MTs (arrows).

indicated. Giant boutons that were observed in both mutant genotypes (khc
Stars mark boutons positive for DIg and positive for the SV marker VGlut that contain disorganized Futsch structures. In inter-bouton areas

Futsch staining had a cable-like appearance (arrowheads) in all genotypes. The proportion of disorganized, fragmented or lost Futsch

staining was bigger in large boutons, while a cable like or loop structure was more frequent in normal sized boutons. Scale bar: 3.5um.

N2625 and khc""*™N?5% expressing larvae,

A high proportion of large boutons in both, khc
was surrounded by the SSR positive for discs large (DIg) and was positive for the SV marker

VGlut (Figure 24, star). Conspicuously, NMJs of khc mutant larvae frequently had boutons

that were filled with disorganized MT (Figure 24, arrows), whereas this was never seen in the
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control, where MTs form cables or loops inside boutons. However, Futsch staining in inter-
bouton areas (Figure 24, arrowheads) had a normal cable-like shape in all genotypes. Such
locally disorganized MT cytoskeleton was also seen in disassembling NMJs [Pielage et al.
2005] and other forms of neurodegeneration or retraction [Zhai et al. 2003; Massaro et al.
2009]. Hence, the abnormal Futsch structure could be a sign for NMJ disassembly in slow

SPG10 model larvae.

4.1.7 Normal distribution and intensity of actin at the NMJ of larvae
expressing khc""*"*?°* and khc"*°*

N2623 is altered (Figure

The structure of the MT cytoskeleton in larvae expressing khc
24) and hence, also the transport possibilities at the NMJ are likely impaired. Besides MTs,
the actin cytoskeleton plays also an important role as short range transport rails at the NMJ.
F-actin is important for various functions maintaining synaptic activity (Figure 2 and Figure
7). It is located preferentially near the plasma membrane [Hirokawa et al. 2010], whereas
MTs are located more in the center of the NMJ branches and boutons. To clarify the status
of the actin cytoskeleton NMJ 6/7, segment A5 of larvae expressing the actin marker LifeAct

tagged with mTurquoise was imaged. LifeAct was shown to collocate to actin without

disturbing actin or other cellular functions [Riedl et al. 2008].
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control

kh th+N2 625

Figure 25: Intensity and distribution of actin at the NMJ

(A) Confocal images of in vivo imaged larvae (2.75 - 4mm) expressing the actin marker LifeAct tagged with mTurquoise fluorescence. (B)
Overall intensity of LifeAct was not significantly altered in Khc mutant larvae compared to control. The non-uniform distribution can be
found in all genotypes. Scale bar: 5um. Quantification of overall intensity at the NMJ shows no significant differences between the
genotypes. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The

standard error of mean is shown as a box, the standard deviation as a black line.

The overall intensity of LifeAct was not significantly different in larvae expressing
khc"?°** compared to control (Figure 25). The distribution of actin in the NMJ is not uniform,
but shows regions with high fluorescent intensity and areas, where signal is low in all three
genotypes. Thus, the morphology of the actin cytoskeleton seems not to be affected by

impaired Khc function.
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4.1.8 Formation and development of dystrophic or giant boutons

The average bouton size of larvae expressing khc'?%%

is enlarged compared to
controls (Figure 22D). Interestingly, this average enlargement originates from the existence
of very large (giant) boutons and small dystrophic boutons among normal sized boutons
(compare Figure 20B, Figure 24 and Figure 27). The frequent occurrence of giant boutons led
to the question, if they persist once formed or if they collapse and develop into dystrophic
boutons. To clarify this question, in vivo imaging at two successive time points was

performed. To visualize neuronal membranes, larvae were expressing a membrane-tagged

tdTomato fluorescence protein together with DIg-GFP for visualizing the SSR.

myr-tdTomato

Figure 26: In vivo imaging of giant bouton development
In vivo confocal images of larvae expressing a membrane (myr-) tagged tdTomato and DIg-GFP. (A) Images of in vivo imaging in between

24h timespan of khc"?**

expressing larvae. The giant bouton shown in the left panel at time point t=0 gets slightly smaller, but does not
develop into a small dystrophic bouton with prominent neuronal membrane accumulations at the second imaging time point 24h later

(right panel). (B) In vivo confocal images of a giant bouton that contains aggregated neuronal membranes inside a bouton (t=24h). Scale

bars: 5um



Results| 83

Here, giant boutons appear to develop out of normal sized boutons and — once
formed — stay until pupation with only minor decrease in size (Figure 26A). They did not
seem to be the origin of dystrophic boutons by collapsing together. Nevertheless, giant
boutons sometimes contain areas where neuronal membranes are highly enriched (Figure
26B). Studying the development of boutons with such high HRP intensity of khc"“?%%

expressing larvae in vivo revealed that dystrophic boutons did not change morphology once

formed.

Figure 27: Disassembly within 24h of NMJ 4 of larvae expressing khc"**%

N2625

In vivo confocal images of NMJ 4 of larvae expressing khc and a membrane (myr-) tagged tdTomato within 24h. The thin connection

(arrowheads) between the boutons (all normal sized) is disappeared at the second time point (t=24h). The dystrophic terminal bouton and
the bouton located directly next to the innervating axon (arrows) are the only ones left at the second imaging time point, 24h later. Scale

bars: 5um

N2625 and a membrane

In vivo confocal imaging of NMJ 4 of larvae expressing khc
tagged tdTomato showed that disassembly of NMJs with dystrophic boutons can occur
within 24h (Figure 27). At time point t=0 a thin line of neuronal membranes connects the
(normal sized) boutons to the innervating axon. 24h later only a small dot that marks the

former terminal bouton and the bouton next to the axon were visible. The terminal bouton

already showed accumulated neuronal membrane at time point t=0, the bouton next to the
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axon just got smaller. This first set of experiments suggests that normal sized boutons either
form giant boutons that almost keep their size until pupation, or they form dystrophic
boutons. However, further experiments are required to confirm the development and

N262S

physiological role of giant and dystrophic boutons in khc expressing larvae.

4.1.9 Altered Fasll structure in disassembling boutons

Boutons that contain areas with highly disorganized Futsch structure were also
shown in other mutant larvae with disassembling NMJs [Pielage et al. 2005]. Fliger and
colleagues reported synaptic degeneration in larvae of the fast progressing SPG10 model
[Fuger et al. 2012]. To validate the hypothesis that NMJ disassembly happens in larvae

N2625 3t 25°C with a slower pathological progression, NMJ 6/7 was stained for

expressing khc
PSDs, HRP and Fasciclin Il (Fasll), a peri-synaptic cell adhesion molecule, which is expressed
in the pre- and postsynapse. An intact Fasll structure has previously been shown to be
important for NMJ stability [Schuster et al. 1996; Pielage et al. 2005, 2006]. Hence, defects in

cell adhesion are established markers for early stages of NMJ degeneration [Pielage et al.

2008].
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Figure 28: Morphological characteristics of disassembling boutons

N2625

Defects in cell adhesion were assessed by staining 2.75 — 4mm large khc expressing and control larvae for HRP, the PSD marker GIuRIIC

and the peri-synaptic cell adhesion molecule Fasciclin Il (Fasll). (A) At stable boutons Fasll formed a honeycomb network that surrounds
PSDs (arrows). At boutons that are putatively undergoing dissociation, as indicated by increased HRP intensity and diminished size of PSD
fields (arrowheads), the Fasll network was disturbed. Scale bar: 2um. (B) Internalization of the presynaptic membrane was visualized using
3D volume rendering after deconvolution. HRP staining that normally localizes only to the membrane (arrow) extended into the interior of
the bouton (arrowhead). Deconvolution was done using AutoQuant X 2.2.2, 3D volume rendering was created using Imaris 7.6.1 Scale bar:

1um (C) Schematic representation of a stable bouton (left) and a bouton that is in the process of degradation (right).

Normally, Fasll forms a honeycomb-like network that surrounds PSDs at synaptic
boutons. The disruption of this network has been shown to precede NMJ retraction [Pielage
et al. 2008]. Indeed, disruptions of the Fasll network could be observed at boutons that
displayed increased HRP intensities in NMJs of khc mutant larvae (Figure 28A, arrowhead). In
stable regions normal shaped Fasll network surrounded PSDs (Figure 28A, arrow). Analysis of
3D volume rendering following deconvolution provided evidence for the presence of internal
presynaptic membrane at boutons that show high HRP intensities in maximum intensity

projections (compare Figure 23A, B, Figure 26B and Figure 28B). A schematic representation
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of the structure of mutant and control boutons shows the different shape and the
accumulation of internal vesicles in the putatively degrading bouton (Figure 28C). Thus,
disrupted Fasll network and accumulation of neuronal membranes seem to be signs for

synaptic disassembly, which also occurs in larvae expressing khc'?%% at 25°C.

4.1.10 Ultrastructural analysis of NMJ disassembly of larvae
expressing khc""*"?°* and khc"*°*

EM analysis was used to further investigate the frequent morphological alterations of
HRP staining in boutons of SPG10 model larvae. Internal lab data show that the alterations in

HRP staining occur more frequently in NMJ 4 of larvae kept at 29°C. For technical reasons

wt+N262S

third instar larvae expressing khc were taken for EM analysis.
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Figure 29: Ultrastructural analysis of NMJ disassembly

NMIJ 4, segment A4 of larvae raised and maintained at 29°C was analyzed with EM. (A) Boutons of control larvae were round and contained
small clear SVs near the synaptic membrane (yellow arrowheads). Green arrows show AZs that conformed to a flat plane. (B) Boutons of
mutant larvae showed frequently large vesicles that were either clear (cyan arrowhead) or densely filled (black arrowhead). (C, E) AZs of
mutant larvae also had a different shape compared to that of controls. They were “bumpy” or curved towards the center of the bouton
(red and orange arrows). (D) Autolysosome structures were also present in boutons of mutant larvae. Images were kindly provided by J.

Kern. Scale bars: 100nm

While control boutons contained primarily small SVs (Figure 29A, yellow arrowhead),

mutant NMJs were characterized by boutons that were densely filled with membranous
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organelles such as multi-vesicular bodies (black arrowheads), autolysosome structures
(brown arrowheads) and large clear vesicles (cyan arrowheads) (Figure 29B-D). Additionally,
another characteristic of NMJs undergoing degeneration and disassembly could be observed
[Pielage et al. 2008]: Wild type AZs typically conformed to a flat plane (Figure 29A, green
arrow), whereas curved AZs have been associated with NMJ disassembly [Pielage et al.
2008]. Indeed, AZs in mutant larvae were frequently either “bumpy” (Figure 29B, C, red
arrows) or curved towards the center of the bouton (Figure 29E, orange arrow). The intense

N262S

HRP staining in several boutons of larvae expressing khc could originate from the

accumulation of vesicles surrounded by neuronal membranes. Therefore, these areas of high
HRP staining could be another evidence for NMJ degeneration in the slow progressing SPG10

model larvae.

4.2 Correlation of the amount of functional Khc to
pathological severity

N262S

Analysis of larvae expressing khc either alone or in combination with khc"*

showed common characteristics for both genotypes. Axonal swellings, high Brp levels and
reduced mitochondrial transport were detectable in axons of both mutant genotypes and
both larval sizes. Another common feature was areas of high HRP intensity at the NMJ. The

tail-flip phenotype and larger NMJ size was only significantly altered in large larvae

wt+N262S N262S

expressing khc and both sizes of larvae expressing khc . Defects in the righting

assay, larger bouton size, Brp accumulation and less mitochondria at the NMJ were only

N262S

shown for small and large larvae expressing khc . Finally, VGlut accumulations in axons

N262S

were only significantly altered in large larvae expressing khc (compare Figure 30).
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Figure 30: Correlation of the amount of functional Khc to larval pathology

High Brp levels, axonal swellings and reduced mitochondrial flux in axons as well as abnormal membrane morphology at the NMJ were

common for all mutant genotypes and for both size groups. The tail-flip phenotype and larger NMJs were detected in large larvae

wt+N262S N262s

expressing khc and on both size groups of larvae expressing khc™“"*. Defects in locomotion, less mitochondria and increased

N262S

amounts of Brp at the NMJ were only present in both size groups of larvae expressing khc . Finally, clogging of SVs was only significantly

. . . N262S
higher in large larvae expressing khc .

Summarizing the results in larvae with ectopic overexpression of mutant Khc a
correlation of the amount of functional Khc, the age of larvae and the severity of pathology
could be suggested. Figer and colleagues previously demonstrated that pathological

N2625 are caused by antimorphic effects that

changes observed following expression of khc
disturb the function of endogenous Khc [Fliger et al. 2012]. Larvae deficient for khc should
consequently represent a good model to study defects that occur late during pathogenesis

of loss of functional Khc. To this aim the next part of this study focuses on the pathology of

larvae deficient for khc.
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4.3 Khc’” mutant larvae as model for late stage SPG10
pathology

Khc null mutant larvae were generated through a combination of the two alleles khc®

and khck33%4 (khc'/'). Larvae were raised and maintained at 25°C. Khc”” larvae grow slower
than controls and die as early third instar larvae. Therefore, they were compared to size

matched controls and — for comparison of different Khc mutants — khc"?°* expressing larvae.

4.3.1 Khc”" larvae display severe tail-flip and righting deficits

Hurd and Saxton described for their khc null mutant a severe tail-flip phenotype
[Hurd and Saxton 1996]. Larvae expressing khc“?°** have also shown a tail-flip phenotype
and additionally, deficits in righting. To confirm the tail-flip phenotype of khc”” larvae

behavioral analyses, including the righting assay, were performed.

Figure 31: behavioral analysis of khc” larvae

N262S .
expressing larvae and

Small khc”" larvae (1.25 to 2.75mm), raised and maintained at 25°C, were compared to size-matched khc
controls. (A) Exemplary results obtained in the righting assay are shown as a series of images. Color-coded arrows indicate orientation of

the larvae during the righting assay. Green arrow: normal posture, red arrow: ventral side up, white arrow: lateral side up. (B) Khc” larvae

displayed a severe tail-flip and moved slower as scored by the righting assay. Quantification of the time in seconds larvae need to turn from



Results|91

ventral side up to dorsal side up was significantly longer than for controls. The control of posterior body segments was also severely
impaired compared to controls. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple

comparison test. The standard error of mean is shown as a box, the standard deviation as a black line. ***p<0.001

In addition to the tail-flip phenotype of khc” larvae, indeed, behavioral analysis
revealed also a defect in righting score. As shown in a time series of images taken during the

righting assay, khc”" larvae are only half turned at a time point, when khc"?%%

expressing
larvae already crawl away (Figure 31A). Furthermore, the level of posterior paralysis is even

higher than in small larvae expressing khc"?°% (Figure 31B).

4.3.2 Axonal swellings and MT integrity in axons of khc” larvae

Hurd and colleagues described axonal swellings and abnormal accumulation of Khc,
but no abnormal structure of MTs in segmental nerves of khc”" larvae. To confirm that there
are swellings, but no alteration in MT abundance in axons of khc” larvae, segmental nerves

were stained for MT marker Futsch and neuronal membrane marker HRP.
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Figure 32: Axonal swellings and axonal MTs in khc” larvae

(A) Confocal images show segmental nerves stained for neuronal membranes (HRP). Quantification of the area fraction of bright HRP
staining revealed a significant higher proportion of axonal swellings in khc”" larvae than in controls. (B) Confocal images show segmental
nerves stained for Futsch. Quantification of the total level of axonal Futsch intensity showed no significant differences between the
genotypes. Scale bar: 5um. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple comparison

test. The standard error of mean is shown as a box, the standard deviation as a black line. ***p<0.001

Khc”" larvae display severe axonal swellings (Figure 32A), but the integrity of the MT

cytoskeleton in the axon seems not to be affected (Figure 32B).

4.3.3 Accumulation of axonal cargo and reduced synaptic supply of
khc” larvae

Hurd and Saxton described for their khc null mutant axonal swellings containing
kinesin, mitochondria and large, likely fused vesicles [Hurd and Saxton 1996]. To find out if
cargos of Kinesin-1 or other transport proteins get stalled in these axonal swellings, as it is

N262S

the case in larvae expressing khc and if this also leads to a diminished supply to the NMJ,

segmental nerves and NMJs were stained for VGlut, Brp and HRP.
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control e it

Figure 33: Axonal accumulation of VGlut and amount of VGlut at the NMJ in khc” larvae

(A) VGlut accumulation is mostly collocated with HRP enrichments in axons of both mutant genotypes. (B) Quantification of the axonal
intensity of VGlut immunoreactivity revealed a significant higher amount of VGlut in axons in khc” larvae than in controls. (C) NMJs of khc”
larvae show only a tendency towards reduced VGlut intensity compared to controls. Scale bars in segmental nerves: 5um, scale bars in
boutons: 1.5um. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The

standard error of mean is shown as a box, the standard deviation as a black line. ** p<0.01

N2625  as well as khc”” larvae, showed

Segmental nerves of larvae expressing khc
mostly collocated staining of VGlut and HRP (Figure 33A). In line to this, the quantification of
VGlut intensity in axons revealed a significant higher amount of VGlut in axons of khc”
larvae than in controls (Figure 33B, left). The enriched VGlut intensity in nerves of khc”
larvae in axonal swellings leads to the assumption that traffic jams persist at sides of axonal
swellings. Quantification of the amount of VGlut at the NMJ showed a tendency towards less
VGlut in NMJs of khc” larvae (Figure 33B, right) and consequently suggests the traffic jam

hypothesis. As an example for cargos not transported by Khc, but by the Kinesin-3 Unc-104

[Kern et al. 2013], segmental nerves were also stained for the AZ marker Brp.
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control

Figure 34: Axonal accumulation of Brp and amount of Brp at the NMJ in khc” larvae
(A) Confocal images show segmental nerves stained for Brp (AZs). Brp packages are present inside, as well as outside axonal swellings. (B)

N262S

Quantification of Brp intensity in the axon showed even higher amount of Brp as in khc expressing larvae. (C) Staining of Brp at the NMJ

N262S . . .
expressing larvae. Scale bars in segmental nerves: 5um, scale bars in

revealed less Brp in NMlJs of khc”" larvae than in controls and khc
boutons: 1.5um. Statistical significance was determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The

standard error of mean is shown as a box, the standard deviation as a black line. ** p<0.01; ***p<0.001

N262S

As in larvae expressing khc , Brp accumulates in the axon in- and outside of axonal

N2625 expressing

swellings of khc”" larvae (Figure 34A). But in contrast to the examined khc
larvae where Brp intensity at the NMJ was even higher than in controls, khc”” larvae show
less Brp at the NMJ (Figure 34B,C). The same phenomenon was also shown for larvae

N2625 that were kept at 29°C and are therefore more severely affected. Thus, in

expressing khc
khc” larvae seems to be a general defect of axonal transport (Figure 33 and Figure 34),

which also leads to diminished supply to the NMJ.
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4.3.4 Reduced HRP area and synapse number with MT retraction at
the NMJ of khc”” larvae

Hurd and Saxton reported less boutons in khc” larvae [Hurd and Saxton 1996]. To
test whether the HRP area of khc”” larvae is smaller and if the NMJ shows further defects as

a result of the lack of Khc, NMJs were stained for HRP, AZs (Brp) and PSDs (GIuRIIC).
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Figure 35: Khc”" larvae display strong signs for NMJ degeneration

(A) Quantification of NMJ size showed significant smaller NMJs and (B) a tendency towards smaller boutons in khc” larvae compared to
controls. (C) The number of AZs, as well as (D) the number of PSDs was also significantly reduced in NMJs of khc” larvae compared to
controls. (E-G) NMJ 6/7 of segment A5 of mutant and control larvae was stained for neuronal membranes (HRP) and MT marker Futsch. (E)
Quantification of area of high HRP staining showed significant differences of both mutant larvae compared to control. (F) The NMJ area
innervated by Futsch is only significantly reduced in khc” larvae. (G) Abnormally increased membrane staining (arrowheads) and loss of MT
from terminal regions of the NMJ (arrows) was frequently observed at boutons of khc” larvae. Scale bar: Sum. Statistical significance was
determined using a one way ANOVA test followed by Dunnett’s multiple comparison test. The standard error of mean is shown as a box,

the standard deviation as a black line. ** p<0.01; ***p<0.001.
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The quantification of HRP area (Figure 35A) could confirm a smaller NMJ size of khc”

larvae compared to controls, but no differences in bouton size (Figure 35B). Counting AZs
and PSDs per NMJ also revealed a reduced number of both in NMJs of khc”" larvae compared
to controls (Figure 35C,D). Additionally, khc”" larvae showed a high percentage of abnormal

N2625 (compare Figure 23A

bright HRP staining as it was also seen for larvae expressing khc
and Figure 35E). The reduction of NMJ size could either derive from diminished outgrowth or
from retraction of the NMJ. Retracting MTs were shown to be an early marker for
disassembling NMJs [Eaton et al. 2002]. Therefore, NMJs were stained for HRP and MT
marker Futsch. To score for retracting MTs from the terminal sides of the NMJ, which Eaton
and colleagues suggest as a sign for the retraction of the NMJ [Eaton et al. 2002], the
percentage of Futsch innervated NMJ area was quantified. Indeed the percentage of the by
Futsch innervated NMJ area was significantly reduced in khc”" larvae compared to control

(Figure 35F). Hence, NMJs of khc”" larvae show clear signs of synaptic retraction, which could

be an explanation for the smaller NMJ size.

4.3.5 NMJ disassembly in khc”” larvae

To point out more details about the morphology of NMJ degeneration in a
khc”" background, larvae were stained for Brp and GIuRIIC together with HRP or Dlg with

Futsch and HRP.
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Figure 36: NMJs of khc” larvae
degenerate locally

(A)-(C) Confocal images showing NMJ 6/7 of
segment A5 of khc” larvae. (A) Larvae were
stained for HRP (grey), Brp (magenta and grey)
and GIuRIIC (green). White arrowheads point on
the missing connection of boutons. White stars
mark the boutons separated from the remaining
NMJ and positive for HRP and GIuRIIC, but with a
lack of Brp signal. Green arrowheads are showing
a GIuRIIC and Brp positive bouton where very low
HRP signal is visible. Blue arrowheads point at
GIuRIIC fields that show reduced HRP staining, but
a complete loss of Brp. (B) Confocal images from
larvae that expressed SSR marker DIg-GFP (green)
and were stained for HRP (grey) and MT
associated protein Futsch (magenta). MTs were
just innervating less than 60% of the NMJ. White
arrowheads and white stars mark a branch that
has no MT connection to the remaining NMJ.
Yellow arrowheads show a region with bright HRP signal that suggests membranous structures being accumulated. Orange arrowheads point at a region of the NMJ, which could be on the way to be disconnected,
because of very thin Futsch signal. (C) Confocal images from larvae that were expressing DIg-GFP (green) and were stained for HRP (grey). An isolated bouton is marked with a white star; lost HRP connection to the
remaining NMJ is marked by a white arrowhead in the enlargement below. The blue arrowhead is showing a synaptic footprint (negative for HRP, but positive for Dlg), which was rarely seen in NMJs of khc”" larvae. Scale

bars: 5um and 1.5um in zoom-in.
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Further analysis of NMJ 6/7 of khc”” larvae revealed many aspects of NMJ
disassembly. Isolated boutons that were not connected to the NMJ through neuronal
membranes (Figure 36A, white star and arrowhead), but were positive for pre- and
postsynaptic markers did exist as well as classical retracting parts (Figure 36A, blue
arrowhead), where postsynaptic marker and neuronal membrane were present, but
presynaptic markers were missing. Otherwise, there were also regions that were possibly on
the way to disassemble with showing few Brp packages and low HRP signal, but normal
postsynaptic marker (Figure 36A, green arrowhead). NMJs that were stained for Dlg as
marker for SSR together with HRP and Futsch showed bright HRP signal (Figure 36B, yellow
arrowhead). This staining revealed that disconnected branches of NMJs also completely
missed MT cytoskeleton (Figure 36B, white star and arrowhead). Furthermore, branches that
were connected to the remaining NMJ through neuronal membranes and showed only very
thin Futsch cables could be in the process to disconnect (Figure 36B, orange arrowhead).
Figure 36C shows a second example for disconnected NMJ branches (Figure 36C, white star
and arrowhead), but also shows one of the rarely seen footprints at NMIJs of
khc”" larvae (Figure 36C, blue arrowhead). Footprints count to the classical signs for neuronal
retraction [Eaton et al. 2002]. Schematic representations of the different forms of NMJ

disassembly in comparison with healthy NMJs are shown in Figure 37.
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Figure 37: Schematic representation of disassembling NMJs

Schematic representations of the different forms of NMJ disassembly in comparison with healthy NMJs are shown.

4.3.6 Unusual molecular anatomy of NMJ disassembly of
khc” larvae

For further analysis of the nature of synaptic disassembly of khc” larvae, NMJ 4 was
imaged. The motor neuron that innervates muscle 4 is branched from that innervating
muscles 6/7 and is slightly longer because NMJs 4 are farer away from the symmetrical
middle of the larvae where all axons are led along (compare Figure 12). In some studies NMJ
4 seems to be more vulnerable to synaptic defects than NMJ 6/7 [Tsai et al. 2008; Liu et al.
2010]. Larvae were expressing the SSR marker DIg-GFP and NMJs were stained for HRP,

Futsch and VGlut.
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Figure 38: NMJ disassembly in NMJ 4 of khc” larvae

Confocal images of khc” mutants showing different magnifications of the NMJ on muscle 4 in three different panels. The different stainings
are indicated once on top of the image. (A) NMJs categorized in class 1 are positive for Futsch, VGlut, HRP and Dlg in the whole NMJ and
their connection to the axon is intact. Abnormal bright HRP staining is frequent in the terminal bouton. (B) NMJs categorized in class 2
show a thin HRP connection to the axon, whereas MTs are just present in the middle of the NMJ. DIg can be tattered and regions of the

NMJ retract and are positive for HRP, but negative for MTs and DIg. Class 2 NMJs are at least to 50% innervated by MTs, but the connection
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to the axon is either devoid of MTs or displays membrane fragmentation. (C) NMJs categorized in class 3 are completely negative for VGlut
and DIg and the connection to the axon is lost. MTs are just present in the central bouton and the neuronal membrane is fragmented all

over the NMJ. Scale bars: first image 5um, first zoom-in 1.5um and second zoom-in 6um.

Interestingly, the imaged NMJs 4 of segments A2 to A5 showed different degrees of
severity of NMJ disassembly. Therefore, all imaged NMJs of segments A2 to A5 were
assigned to one of the following three classes: class 1 for structurally intact NMJs that were
just showing dystrophic boutons (Figure 38A) as they were already described for khc”" larvae
[Hurd and Saxton 1996]; class 2 for NMlJs that were structurally not connected to the
innervating axon through MTs, but might have a thin connection through neuronal
membranes (Figure 38B). In this category a quarter of all boutons were negative for VGlut or
Dlg. In class 3 NMJs were collected that were fragmented and had no connection to the
innervating axon (Figure 38C). In this class one third of all boutons were negative for VGlut
and a quarter was negative for Dlg. The analysis of the distribution of these different classes
revealed that class 1 NMJs were located on segments A2 or A3, class 2 NMJs were found on
segments 2,3 and 4, whereas class 3 NMJs were primary located on segments A4 or A5.
Thus, the analysis showed that NMJ 4 seems to be indeed more vulnerable for synaptic
defects in khc”” larvae than NMJ 6/7. This hints at a dependency on the distance to the brain,
which is highest at segment A5. Such a correlation was also shown for the fast progressing

SPG10 model (Fuger et al. 2012).

In khc”” larvae neurodegeneration could be detected in the form of normal neuronal
retraction, but predominantly as a Wallerian-like NMJ disassembly. This is characterized by
structural dissociation of single boutons of the NMJ without retracting in a distal-to-proximal
manner towards the innervating axon [Xiong and Collins 2012], which would be the case in

conventional retraction of Drosophila NMlJs (Figure 14, [Eaton et al. 2002]).
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4.4 Data collection and summary

In summary, most pathological features occurred in larvae expressing khc*"*"?*% or

khc"?°% as well as in khc” larvae. As visualized in Figure 39, small khc"""?%%* larvae can be
seen as the least affected group of larvae analyzed in this study. The graphic shows the
increasing severity of pathology with position of the groups to the right. In each group of

larvae listed to the right direction, some additional defects were added.

Figure 39: Common pathological feature of larvae expressing khc""*"*%% or khc"?*® and khc”” larvae
The graphic lists all in this study analyzed groups of larvae indicated by genotype and size on the top. The severity of pathology is increasing

wiHN22S rapresenting the least affected group and khc” larvae

with position of the groups to the right with small larvae expressing khc
representing the most affected group. Red lines indicate the opposite of the black lines (decreased NM!J size instead of increased NMJ size

and decreased Brp intensity instead of increased Brp intensity). Data is derived from this study except mitochondrial traffic in axons of

khe” larvae, which was examined by Hurd and Saxton [Hurd and Saxton 1996].

N2625 3lone or in combination with

In between the four groups of larvae expressing khc
khc"*, pathologic alterations that were seen in a milder affected group appeared again in

more severely affected groups to the right. The most conspicuous difference between larvae
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N262S

expressing khc and khc”" larvae was that NMJ size and Brp number at the NMJ was

increased in the first and decreased in the latter group.
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5 DISCUSSION

HSPs are a group of heterogeneous neurological disorders caused by a length-
dependent, distal degeneration of corticospinal tract axons [Blackstone et al. 2011]. These
defects in axon maintenance and function then lead to weakness and spasticity of lower
extremities, bladder disturbances and to a lesser extent sensory impairments [Harding 1983;
Fink 2003; Martin et al. 2012]. The underlying molecular cell biology of HSPs reveals

disrupted neuronal trafficking, organelle morphogenesis and distribution (compare Figure 1).

5.1 Mild neurodevelopmental delay as common ground
with other animal models of HSP

Clinically, HSPs have been classified as neurodegenerative disorders [Salinas et al.
2008; Novarino et al. 2014]. However, experimental data derived from kif5a knockout mice,
Kif5A mutant zebrafish and a Drosophila khc null mutant are less conclusive and provide
evidence for neurodevelopmental, rather than neurodegenerative defects [Hurd and Saxton
1996; Xia et al. 2003; Wang and Brown 2010; Karle et al. 2012; Nakajima et al. 2012;
Campbell et al. 2014]. There the developmental delay was the major pathological factor of

N2625 alone

HSP animal models. The present study and previous work of larvae expressing khc
or in combination with khc"* [Fuiger et al. 2012] could show a mild neurodevelopmental

delay and the degeneration of the NMJs in a fly model of HSP.

As already mentioned in the introduction, synapses are continuously further
differentiated and remodeled. With growing muscles NMJs are adding a similar number of
AZs matching the muscle surface and volume [Menon et al. 2013]. In a time window of 24h

control larvae built up about 40% new synapses, whereas larvae expressing mutant khc only
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N262S

formed 30% (Figure 17). The observed developmental delay in khc expressing larvae is,

however, only minor compared to the degeneration effects. At the same time khc'?6%
expressing larvae depleted about three times the amount of synapses compared to
depletion rate of synapses in controls. However, this difference was not significant.

Therefore, khc"?°%* expressing larvae likely show only a mild delay in development compared

to controls.

In this study, for the first time the parallel occurrence of both, neurodevelopmental
and neurodegenerative defects in the same model, could be proven. However, more
detailed analyses are needed to reveal, whether similar neurodegenerative defects may also

occur in vertebrate models of HSP.

5.2 Increased NM I size — a contradiction to
neurodegeneration?

The major difference of the SPG10 model of this study compared to previously
published fly models [Hurd and Saxton 1996; Fiiger et al. 2012] is the expected amount of

N262S and

functional Kinesin-1. The model of the present study expressed less mutant Khc
presumably contains more functional Kinesin-1, than previously published khc mutant
larvae. In contrast to these other Drosophila models of mutant Khc, where NMJ size was
reduced [Hurd and Saxton 1996; Fliger et al. 2012], larvae of this study show even larger
NMJ areas compared to control (Figure 22A). This might be a compensatory effect of the
NMJ to circumvent the dysfunctional synaptic transmission that leads to posterior paralysis.

This compensation may develop because of the slow progression of pathology in the present

model in contrast to fast progressive pathology in previous Drosophila models.
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5.3 Compensatory increase of Brp particles at the NMJ of
khc"?®% expressing larvae

Brp is important for proper AZ assembly, calcium channel clustering [Kittel et al.
2006] and the size of the readily releasable vesicle pool at the synapse in Drosophila
[Matkovic et al. 2013]. In axons of control larvae Brp appears as sparse and small packages.

In khc mutant larvae, Brp was enriched in the axon and at the NMJ (Figure 20).

Brp seems to be primarily transported by Unc-104 (Kinesin-3). Larvae mutant for Unc-
104 show reduced amounts of Brp at the NMJ and in axons, but an enrichment of Brp in
motor neuron cell bodies, which could be rescued by pan-neural expression of wild type

Unc-104 [Pack-Chung et al. 2007; Kern et al. 2013].

Interestingly, an axonal enrichment of Brp was also reported for dMiro null mutant
larvae, while the number of synapses at the NMJ of those larvae revealed no difference to
the control [Guo et al. 2005]. dMiro is important for the axonal transport of mitochondria.
Consequently, another common feature of both larvae is the reduced number of
mitochondria at the NMJ (Figure 21, [Guo et al. 2005] and also an abnormal locomotion,
hinting to a synaptic defect at posterior NMJs [Guo et al. 2005]. Therefore, lacking
mitochondria at the NMJ could be the trigger for axonal Brp enrichment in both, dMiro and

khc mutants.

Using in vivo imaging of GFP-tagged Brp, it could be shown that the axonal transport
of Brp was not disturbed, but the total number of transported particles was even increased

compared to control (Figure 20C).

The nature of Brp movement in control larvae was comparable to the movement of

putative AZ precursor vesicles containing Bassoon in time-lapse confocal microscopy of rat
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cultured hippocampal neurons [Shapira et al. 2003]. Brp seems to correspond to neuronal
CAZ-associated structural protein (CAST) isoforms in mammals [Wagh et al. 2006]. In
vertebrates, Bassoon and Piccolo are thought to organize the AZ together with RIM1, Munc-

13 and CAST [Dresbach et al. 2001; Ohtsuka et al. 2002].

As Brp was enriched in the axons of all mutant larvae used in this study (Figure 39)
and the axonal transport of Brp particles seems to be enhanced, rather than generating a
traffic jam, the hypothesis of a compensatory upregulation of Brp transport to NMJs seems
natural. In models of presynaptic strengthening, where only GIuRIIB is expressed, lacking the
GluRIIA subunit, the amount of Brp at NMJs increased within 10min. [Weyhersmuller et al.

2011]. Thereby the absolute number of Brp packages was, just like in khc?6%

expressing
larvae of this study, not increased (compare Figure 20 and Figure 22, [Weyhersmuller et al.
2011]). This shows that a compensatory response in Drosophila NMJs is possible within a few

minutes. As Brp is transported by Unc-104 and not by Khc [Kern et al. 2013], the upregulated

transport also suggests a communication between different transport proteins.

5.4 The tail-flip phenotype and spastic posterior paralysis

A common phenotype of Drosophila models with axonal transport deficits is the tail-
flip body posture, also called dystonic posterior paralysis [Hurd and Saxton 1996; Gindhart et
al. 1998; Martin et al. 1999; Bowman et al. 2000]. Homozygous mutant larvae lacking
Kinesin-1 or Dynein exhibit intense axonal organelle jams. Larvae deficient for the amyloid
protein precursor-like (APPL) protein also show axonal traffic jams, but to a much lesser
extent than Kinesin-1 or Dynein mutant larvae [Gunawardena and Goldstein 2001]. As APPL

deficient larvae do not show tail-flipping or paralysis, it is thought that the extent of
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blockage within axons may determine the severity of the phenotype [Gunawardena and

Goldstein 2001].

Normal larval crawling originates in the rhythmic contraction of dorsal and ventral
muscle groups. The lateral muscles in the adjacent posterior segment contract concurrently
[Heckscher et al. 2012]. Most probably abnormal contraction of the posterior body wall
muscles leads to flipping of the posterior part of the larvae while crawling and impairs
locomotion. In HSP patients also the long motor neurons that innervate the lower part of the
body are affected, whereas shorter ones mostly do not show any impairments [Blackstone et
al. 2011]. The varying degree of effects in different muscle groups could derive from the

different length of innervating axons just like in humans.

In Drosophila, this could be due to the fact that most dorsal muscles are innervated
by axons that are longer than those innervating the ventral muscles (compare Figure 12 and

Figure 40).
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Figure 40: Location of motor neurons
innervating NMJ 6/7 and NMJ 4 in third instar
larvae

On the left side on the top, a third instar Drosophila larva
with a tail-flip is shown. On the left side on the bottom, an
in vivo image of two segments of a larva expressing a
neuronal membrane tagged tdTomato is shown. On the
ventral side nerves are guided to the respective segment
and then split to lead to the muscle they innervate. On the
right side a single segment and the corresponding axons
and NMJs are shown. As the axons split after leaving the
ventral middle line, NMJ 6/7 is innervated by a different

axon than NMJ 4.
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When arriving at the designated segment nerves split into several different branches,

which innervate different muscles (Figure 40, [Menon et al. 2013]). Per segment three
different motor neurons are leaving the CNS: the segmental nerve root (SN), the
intersegmental nerve root (ISN) and the transverse nerve (TN) [Menon et al. 2013]. They
innervate lateral and ventral muscles (SN) or dorsal (ISN) and ventrolateral muscles (ISNb).
Each motor neuron pathway is genetically determined and in each larvae the same [Menon
et al. 2013]. As NMJ 4 is located at the dorsal side and the bundles of axons are guided to the
respective segment at the ventral side of the larvae, axons innervating NMJ 4 are

considerably longer than axons innervating NMJ 6/7.

In the Drosophila model of this study the aberrant larval crawling is triggered by a
pathogenic mutation, which in patients leads to spastic paralysis of the lower extremities.
The Drosophila larval nervous system does not contain upper and lower motor neurons and
therefore, spastics cannot be explained by increased reflex activity. Still the origin of the
abnormal contraction lies most probably in the innervating axon and not in the brain, since
reduced transport rates at long distances are the major defect in animal models. Therefore,
the tail-flip phenotype in the SPG10 model is more a spastic posterior paralysis than a

dystonic posterior paralysis, which would originate in the brain.

5.5 Axonal traffic jams — a common feature of kif5a mutants

Neurons, perhaps more than any other cell, heavily depend on effective intracellular
transport. Cargo that is transported along axons of control larvae distributes smoothly
throughout the axon. In the SPG10 models of this study, enrichment of neuronal membranes
in large aggregates in the axon is an early feature of pathology, when delivery of presynaptic

markers like VGlut and Brp to the NMJ is not diminished (Figure 19 and Figure 20).
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Disruption of axonal transport seems to be a common mechanism in a number of
neurodegenerative diseases including motor neuron disorders [De Vos et al. 2008]. Post-
mortem analysis of two HSP patients with mutations in SPG4 (Spastin) also showed strong
axonal swellings in the cortico spinal tract. Spastin is responsible for MT severing and
bundling [Kasher et al. 2009], indicating that defects in axonal transport may underlie the
disease process in SPG4. Axons of cultured motor neurons of kif5a knockout mice show an
accumulation of neurofilaments [Uchida et al. 2009; Wang and Brown 2010; Karle et al.
2012] and kif5A mutant zebrafish had axonal swellings and acetylated tubulin accumulations
[Campbell et al. 2014]. Axonal traffic jams and the tail-flip phenotype are typical for deficits
in axonal transport [Hurd and Saxton 1996; Martin et al. 1999; Horiuchi et al. 2005; Karle et
al. 2012]. However, it is also conceivable that the membrane accumulations seen in the
SPG10 model of this study could be directly linked to the impaired mitochondrial flux
observed in larvae of the same stage (Figure 21). As vesicle transport seems to be mainly
maintained by ATP, which is generated by glycolysis, mitochondria are not needed for
energy supply during vesicle transport [Zala et al. 2013]. The transport of mitochondria,
however, does not depend of glycolysis. Thereby, a high number of mitochondria that are
stationary bound to MTs, could trigger the generation of traffic jams for other cargos, too.
Therefore, further research in this field can also be of importance for many other diseases
that involve axonal transport problems, including Alzheimer’s disease, Parkinson’s disease

and ALS [De Vos et al. 2008].

5.6 The formation of dystrophic NMJs

HRP stained neuronal membranes distributed uniformly throughout the NMJ in

control larvae. In all khc mutants analyzed in this study (khc""*"?®%, khc"*** and khc'/') even
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the small larvae show highly irregular HRP staining with accumulations at several boutons
(Figure 39). As shown by 3D reconstruction, these areas were located at the center of the
bouton (Figure 28). EM analysis has shown an increased amount of different kinds of vesicles

weeN2625 (Figure 29). Such dystrophic boutons were

inside boutons of larvae expressing khc
also shown for khc null mutant larvae (Figure 35, [Hurd and Saxton 1996], glued mutant
larvae [Lloyd et al. 2012] and ankyrin mutant larvae [Pielage et al. 2008]. Ankyrin provides a
link between intercellular adhesion and cytoskeletal stabilization in neurons. Larvae
expressing a large isoform of Ankyrin show retracting NMJs with inhomogeneous HRP
staining as well as disorganized NMJ structure [Pielage et al. 2008]. Ultrastructural analysis
of these larvae revealed an abnormal accumulation of membranes as well as curved AZs
[Pielage et al. 2008] that indicate sites of NMJ disassembly. Lloyd and colleagues also report
inhomogeneous HRP staining in larvae deficient for Glued, the major subunit of Dynactin.
They also show a dependence of the severity of this phenotype on the gene dosage of Khc,
because Khc functions synergistically with Glued at terminal boutons [Lloyd et al. 2012]. The
related phenotypes of mutants of the SPG10 model of this study (Khc), another transport
protein (Glued) and a scaffolding protein (Ankyrin) hint at common pathological pathways
leading to membrane accumulation and NMJ degeneration. Possibly, an interaction between

Glued and Khc, which could be necessary for proper transport, cannot take place when one

partner is missing or non-functional.

5.7 Irregular MT cytoskeleton, Fasll staining and giant
boutons as signs for neurodegeneration

The MT cytoskeleton and MT-associated proteins like Futsch are crucial for the

delivery of cargo to synapses and thereby for synaptic growth and stability [Hummel et al.
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2000; Roos et al. 2000]. In control larvae MTs form a cable-like structure with loops at sides
of nerve branching and at terminal boutons [Roos et al. 2000]. NMJs of large larvae
expressing mutant Khc revealed strongly jumbled MT organization with Futsch accumulating
at several boutons, whereas it was lucking at others (Figure 24). A resembling phenotype is
shown in NMJs with altered Fasll expression [Ashley et al. 2005]. Asymmetric expression of
Fasll at the pre- and postsynapse was accompanied by giant boutons and aberrant MT
cytoskeleton. These giant boutons also stained brightly for HRP and showed altered Fasll

structure [Ashley et al. 2005], like larvae expressing khc'®%

of this study do. Pielage and
colleagues also describe disorganized MT and Fasll structures at NMJs with knocked-down B-
Spectrin, which is essential for synaptic stability [Pielage et al. 2005]. These results suggest

NZEZS, which show alterations of MT

that regions at the NMJ of larvae expressing khc
cytoskeleton or irregular Fasll staining, were instable and could be on the way to

degenerate.

5.8 Disrupted axonal transport of mitochondria as trigger
for the initiation of NMJ disassembly?

Presynaptic mitochondria are important for the sequestration of calcium, which is
especially important during synaptic depression, post-tetanic potentiation [David and
Barrett 2003] and for ATP production that can overcome the high energy demands of vesicle
recycling at the presynapse (Figure 7, [Verstreken et al. 2005]). Mitochondria are thought to
be mainly synthesized and degraded in the motor neuron cell body [Sheng and Cai 2012].
Hence, the delivery of mitochondria to the NMJ is crucial for many functions of the synapse.
Campbell and colleagues reported less mitochondria in the plLLn of a truncated Kif5A

expressing zebrafish [Campbell et al. 2014]. The Drosophila SPG10 model of this study also
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showed impaired axonal transport of mitochondria as a very early defect in the SPG10
pathology (Figure 30), resulting in reduced number of mitochondria at the NMJ at later
stages. Mitochondrial dysfunction or altered mitochondrial dynamics are a common
hallmark of many neurodegenerative disorders like Parkinson’s disease, ALS, Huntington’s
disease, Alzheimer’s disease, CMT2A and optic atrophy (for review see [Chang and Reynolds
2006; Chen and Chan 2009; Schon and Przedborski 2011]). Lack of mitochondria at the
synapse could serve as a reason for the very early occurring synaptic defects leading to
posterior paralysis. As the transport of mitochondria is slowed down, the exchange rate of

mitochondria at the synapse could be slowed down, too. Mitochondria in khc?%*

expressing
larvae might be older and consequently less functional than the probably younger ones in
control larvae. As damaged mitochondria not only lead to altered ATP production and

impaired calcium buffering, but also release apoptotic cell death signals (for review see

[Green and Van Houten 2011]), this might be the trigger for later synaptic degeneration.

5.9 The link between mitochondrial calcium homeostasis
and Wallerian degeneration

As mentioned before, axonal swellings, accumulations of acetylated tubulin and
reduced numbers of mitochondria were discovered in pLLn of zebrafish expressing a Kif5A,
which is truncated at the tail domain of the protein [Campbell et al. 2014]. Interestingly, in
these swellings an increased calcium signal was detected [Campbell et al. 2014]. The influx of
calcium is both, necessary and sufficient to induce axonal degeneration and blocking calcium
influx by calcium channel or calpain antagonists inhibited the degeneration [George et al.
1995]. Elevated intracellular calcium concentrations via the influx of extracellular calcium in

neurons were shown to occur during Wallerian degeneration [Mishra et al. 2013]. Thus,
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calcium is discussed to be the trigger for initiating Wallerian degeneration, which is a special
way of degeneration that can be mechanistically distinguished from normal
neurodegeneration. Classic neurodegeneration leads to a stepwise retraction of the NMJ to
the axon [Eaton et al. 2002]. In contrast, Wallerian degeneration is characterized by the
fractionation of the NMJ and was originally found in models of spinal cord injury [Waller
1850]. The term Wallerian-like degeneration describes an NMJ disassembly that shares
features of the original Wallerian degeneration, which is caused by nerve injury, but is
triggered by different factors. Wallerian degeneration slow (WId°) protein can protect axons
and NMJs from Wallerian degeneration, but the mechanism behind is not known [Coleman
and Freeman 2010]. Studies in Drosophila have shown a co-localization of WId® protein with
mitochondria [Avery et al. 2012]. As already mentioned in the introduction, mitochondria
are very important for calcium homeostasis [Ganitkevich 2003] and their mobility can be
regulated by intracellular calcium levels [Yi et al. 2004; Wang and Schwarz 2009]. In models
of axonal injury, raising calcium concentrations near the side of injury, lead to decreased
mitochondrial mobility in controls [Avery et al. 2012]. In the presence of WId®> mitochondrial
mobility remains stable after injury [Avery et al. 2012]. Thereby these mitochondria are able
to buffer higher levels of calcium compared to those of wild type larvae [Avery et al. 2012]
and further more show increased ATP production [Yahata et al. 2009]. In some models of
axonal transport impairments WId> also delays neurodegeneration [Coleman 2005].
Although axonal transection (e.g. spinal cord injury) is rare in clinical neuroscience,
disruption of axonal transport could also be seen as a form of isolation of axons and
synapses from their cell bodies. It is conceivable that impaired axonal transport — especially
of mitochondria — can lead to a malfunction of the remaining mitochondria at the NMJ. This

then leads to (A) lower levels of ATP that indirectly elevate the intracellular calcium level and
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creates an imbalance of cellular homeostasis, (B) activation of the mitochondrial
permeability transition pore that leads to mitochondrial damage and (C) the generation of
reactive oxygen species [Conforti et al. 2014]. As elevated intracellular calcium levels already
can initiate Wallerian degeneration on their own [George et al. 1995], all factors together
could result in the initiation of a Wallerian-like degeneration of NMlJs in larvae exhibiting

impaired axonal transport especially of mitochondria.

5.10 SPG10 pathology in khc”” larvae

Comparison of the pathology of khc”" larvae with overexpression of khc“?*** has

shown a much faster pathological progression in khc”" larvae. Many common features lead
to the assumption that the mechanism behind could be the same in all mutants examined in

this study (Figure 39).

Axonal swellings with high HRP immunoreactivity in khc”" larvae were already
described by Hurd and Saxton [Hurd and Saxton 1996]. The accumulation of Khc in these
swellings leads to the suggestion that impaired transport of Khc cargos led to these swellings
[Hurd and Saxton 1996]. In the present study it could be shown that cargos indeed
accumulate in swellings and might be the trigger for their development (Figure 19). In

N2625 the examined cargo is consequently reduced at the

contrast to larvae expressing khc
NMJ. This further supports the traffic jam hypothesis. Thereby, less AZs and PSDs in smaller

NM!Js could either result from neuronal retraction or from impaired neurodevelopment.

As MTs were partly retracted from terminal boutons and were also fractionated
inside NMJs (Figure 23 and Figure 24), the presence of neurodegeneration is clearly shown.
Thereby, cargo transport within NMJs could additionally be impaired and promote

developmental delay. During normal neuronal retraction materials are transported from the
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synapses towards the axon (Figure 14). Without connection to the axon through MTs a
coordinated back transport is hardly possible. HRP accumulations at the NMJ, which were

also shown by Hurd and Saxton, could thereby also be explained by a kind of traffic jam.

Consequently it might well be that the only possible way of NMJ disassembly is

through a Wallerian-like mechanism.

5.11 Pathologic sequence of different khc mutants

SPG10 is an autosomal dominant form of HSP [Reid et al. 2002; Schiile et al. 2008]. /In

N256S

vitro experiments showed that khc acts in a dominant-negative manner [Ebbing et al.

2008] and in Drosophila this mutant acts as an antimorph interfering with endogenous Khc
function [Flger et al. 2012]. Both khc mutant larvae (khc""™?%% and khc"?°%) used in this
study contain presumably different amounts of functional Khc. As Khc is forming dimers, the
predicted amount of functional Kinesin-1 depends on the percentage of mutant to wild type

wt+N262S

Khc in the organism. Following this hypothesis, khc expressing larvae contain more

N262S

functional Kinesin-1 than larvae expressing only khc . Further on, khc”" larvae contain less

N2625 expressing larvae. In this connection it should be

functional Kinesin-1 than khc
remembered that all larvae develop with maternal Khc from the egg [Hurd and Saxton

1996]. Nevertheless, the amount of functional Khc dimers, present during the whole

development, presumably influences the pathological progression.

Summarizing most results of the present study, it could be concluded that all models
follow a common pathological pattern, but to a different extent.

wt+N262S

In young larvae expressing khc a reduced mitochondrial flux in both directions,

the formation of axonal swellings, more axonal Brp and abnormal membrane morphology at
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the NMJ were among the first differences to the control of the same larval size (Figure 30).
Interestingly, changes at NMJs and axons occurred before considerable behavioral defects
were detectable. This could be explained by a compensation of synaptic defects that prevent
behavioral defects at this stage. Additionally the reduced mitochondrial flux does not yet
lead to reduced number of mitochondria at the NMJ (Figure 30). The larger larvae expressing
khcwt+N262$

showed, additional to the first pathological features, clear movement defects,

increased NMJ size and the beginning of synaptic disassembly.

Small larvae of the more severely affected genotype expressing only khc?%? at 25°C
showed slowed locomotion in turning assay and increased Brp intensity, as well as
decreased number of mitochondria at the NMJ. In large larvae of this genotype synaptic
vesicles are accumulating in the axon and decreased synaptogenesis was detected.

Following the hypothesis that the amount of functional Khc determines the

N2625 5t 29°C would be the next

pathologic progression in Drosophila, larvae expressing khc
model to be integrated into this sequence, because a higher expression rate of mutant Khc

protein presumably leads to a lower amount of functional Kinesin-1.
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Figure 41: Integration of the previous published SPG10 model in the proposed pathological progression
Illustration of the common pathological features of published Drosophila SPG10 models. The least affected larvae are those expressing

khcwt+N2625 N262S

(25°C), the most affected larvae are khc” larvae and larvae expressing khc that were kept at 29°C. Red lines indicate the

opposite of the black lines (decreased NMJ size instead of increased NMJ size and decreased Brp intensity instead of increased Brp

intensity). Data is derived from this study except mitochondrial traffic in axons of khe” larvae, which was examined by Hurd and Saxton

N262S

[Hurd and Saxton 1996] and all data regarding larvae expressing khc kept at 29°C [Fuger et al. 2012].

Indeed, khc"?°* expressing larvae kept at 29°C show most pathological changes
observed in khc“?°% larvae kept at 25°C (Figure 41). Interestingly Figer and colleagues
describe in the fast progressive SPG10 model (kept at 29°C) smaller NMJs accompagnied
with less VGlut and Brp at the NMJ. These results could also be seen in khc”” larvae of this
study. One possible explanation is that the likely compensatory increase in NMJ size, bouton
size and Brp intensity at NMJs of mutant larvae expressing khc"?®%° and khc"**"%% kept at
25°C did not happen in larvae with a faster pathological progression. Possibly because the
non-functional Khc dimers build up an early traffic jam and the remaining functional Khc

dimers cannot carry enough material to facilitate an over-growing NMJ.
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6 CONCLUSION

The slow progressive SPG10 model of this study could link the pathological features
of both, neurodevelopmental defects and neurodegeneration. Defects in neurodevelopment
like impaired synaptogenesis as well as degenerative changes like altered HRP staining and
disrupted MT and Fasll organization could be observed in the same animal. As additional
signs for degeneration, morphological changes in boutons using 3D convolution and EM
were highlighted where SPG10 model larvae exhibited abnormal accumulation of large
vesicles and an altered shape of AZs. As the observed developmental defects were only
minor, degenerative changes are presumably the primary trigger promoting the pathological
changes that cause the pathological hallmarks of mutant Khc in Drosophila, the tail-flip

phenotype.

These results provide a more detailed view of how SPG10 leads to paralysis of the
distal segments in Drosophila larvae. A similar advancement in knowledge of the human
pathology should provide multiple points for possible interventions that could lead to

development of new therapies that cure or halt the progression of SPG10.



122 |Outlook

/7 OUTLOOK

The anterograde axonal transport protein Kinesin-1 is formed out of dimers of Khc.
As SPG10 patients are heterozygous for the point mutation N256S in KIF5A, it is assumed
that 25% of dimers in patients are wild type dimers and fully functional and according to the
dominant negative action of Khc"***® 75% of dimers are non-functional. Therefore, the ratio

of wild type Khc to Khc"*>%°

is very important to the progress of the disease. Detailed analysis
of the expressed amount of both intrinsic wild type Khc of the larvae and the ectopic

overexpression would be extremely helpful for further analysis of the disease progression of

SPG10 in Drosophila.

As mitochondrial transport is disturbed already in early stages of SPG10 progression
in the Drosophila model used in this study, whereas the number of mitochondria at the NMJ
is not diminished, it would be very interesting to investigate the condition of these
mitochondria. If they are really the initiating factor of the behavioral defect seen in this
stage of larval disease, the exchange factor would have to be decreased and they would
have to be less functional than control mitochondria: either concerning their ability of
sequestration of calcium or their production of ATP. As analysis of SPG20 (Spartin) also
revealed a diminished ability of mitochondrial calcium uptake [Joshi and Bakowska 2011],
parallels in the pathology of SPG10 and SPG20 are conceivable. Further on, mitochondria
could release reactive oxygen species that lead to apoptotic cell death signals [Green and
Van Houten 2011]. Thereby, reactive oxygen species measuring could also be a possible

target for further studies.
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To confirm the hypothesis that the behavioral defect in larvae expressing khc?%% is
originating in defective synapses, electrophysiological analysis of the relevant NMJs could
clarify their state of function. Furthermore the examination of the calcium concentrations in

axons near axonal swellings (as it was shown in zebrafish [Campbell et al. 2014]) and

posterior NMJs would be an interesting point to argue for mitochondrial defects.

Finally, of course a knock-in fly or mouse, rather than knockout or ectopic
overexpression of khc would be the way in which the pathology of SPG10 could be examined

in the most appropriate way.
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