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ABSTRACT

Neurons use axonal transport to shuttle organelles and vesicles essential for their
function and survival between soma and synapses. It thus appears logical that intact
axonal transport is an important requirement for neuronal survival. Indeed, deficits in
axonal transport have been shown in many neurodegenerative diseases including
Alzheimer's disease, Huntington's disease and amyotrophic lateral sclerosis (ALS). The
work in this PhD thesis was focused on the motor neuron disease ALS, because — in my
view — the question if and how transport impairments are involved in ALS pathogenesis is
still not settled. By imaging changes in axonal morphology and organelle transport over
time in several animal models of ALS, | found that deficits in axonal transport of
organelles (mitochondria and endosomes) and axon degeneration can evolve
independently. This conclusion rests on the following results: (I) Axons can survive
despite long-lasting transport deficits: In the SOD%% model of ALS, transport deficits are
detected soon after birth, months before the onset of axon degeneration. (ll) Transport
deficits are not necessary for axon degeneration: In the SOD%" model of ALS, motor
axons degenerate, but transport is unaffected. (lll) Axon transport deficits are not
sufficient to cause degeneration: In mice that over-express wild-type superoxide
dismutase-1 (SOD""), axons show chronic transport deficits, but survive. Taken together
these findings indicate that transport deficits are neither necessary nor sufficient to cause

axon degeneration in these classical ALS models.



ABSTRACT

In Nervenzellen werden die fUr die Funktion der Zelle benétigten Organellen im Soma
synthetisiert und anschlieBend mittels axonalem Transports bis in die Synapsen
beférdert. Es erscheint daher selbstverstandlich, dass ein intakter axonaler Transport
Grundvoraussetzung fiir das Uberleben eines Neurons ist - in der Tat zeigt sich in
zahlreiches neurodegenerativen Erkrankungen, wie bei Alzheimer, amyotropher
Lateralsklerose oder Chorea Huntington ein Defizit im Organellentransport. Die Frage, wie
genau eine Beeintrachtigung des axonalen Transportes in die Entstehung einer
neurodegenerativen Erkrankung involviert ist, ist jedoch noch nicht vollstandig geklart. Mit
Hilfe von bildgebenden Verfahren wurden in dieser Doktorarbeit der Transport von
zellularen Organellen und Veranderungen der Axonmorphologie in  mehreren
Mausmodellen der amyotrophen Lateralsklerose, einer verheerenden Erkrankung des
motorischen Nervensystems, untersucht. Dabei stellte sich jedoch heraus, dass Defizite
im axonalem Transport verschiedener Organelle (Mitochondrien und Endosomen) und
eine Degeneration der Axone unabhéngig voneinander auftreten kdnnen. Diese
Schlussfolgerung beruht auf folgenden Resultaten: (I) Axone kdnnen trotz langfristiger
Transportdefizite Uberleben: Im SOD®*A-Mausmodell der ALS kénnen Stbérungen im
axonalen Transport bereits kurz nach der Geburt nachgewiesen werden, viele Monate vor
Beginn der Axondegeneration. (ll) Transportdefizite sind nicht unbedingt notwendig flr die
Degeneration von Axonen: Im SODG®R-Modell der ALS degenerieren Motorneurone,
obwohl ihr axonaler Transport unbeeinflusst ist. (lll) Defizite in axonalem Transport sind
nicht ausreichend um eine Degeneration auszuldsen: In Mausen, die die Wildtypform der
Superoxid-Dismutase (SODY") Uberexprimieren, zeigen die Axone chronische
Transportdefizite, Uberleben jedoch. Diese Daten legen daher nahe, dass
Beeintrachtigungen im Transport von Organellen kein notwendiger oder hinreichender

Schritt dabei sind, eine Erkrankung der Motorneurone auszulésen.
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1. INTRODUCTION

Neurons use axonal transport to shuttle organelles and vesicles essential for their
function and survival between soma and synapses (Hirokawa et al., 2010; Hollenbeck and
Saxton, 2005). It thus appears logical that intact axonal transport is an important
requirement for neuronal survival. Indeed, deficits in axonal transport have been shown in
many neurodegenerative diseases including Alzheimer's disease, Huntington's disease
and amyotrophic lateral sclerosis (ALS) (Stokin et al., 2005; Bilsland et al., 2010; De Vos
et al., 2007; Szebenyi et al., 2003). However, the exact relationship between axonal

transport disturbances and motor axon degeneration remains unclear.

The aim of this PhD thesis was to investigate the role of axonal transport in the
pathogenesis of the motor neuron disease, ALS. Therefore, in first part of this
introduction, | will give an overview of the mechanisms that allow for axonal transport with
special attention to mitochondrial transport — the latter being the transport cargo which
my study is most concerned with. The second part of the introduction describes the
clinical manifestations, pathology, genetics and treatment options for ALS and our current
understanding of the pathogenic mechanisms that underlie this disease. Here it will
become clear that axonal transport disturbances have been a favored mechanism in
many attempts to explain the specific pathological characteristics of motor neuron

diseases, including ALS.
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1.1. Axonal transport

The unique morphology of neurons makes them very dependent on proper intracellular
transport (Grafstein and Forman, 1980). Lipid, protein and RNA synthesis occurs almost
exclusively in the cell body. Therefore these molecules need be actively transported to
dendrites and axons. Similarly, the normal physiology of neurons depends critically on
transport and intracellular distribution of various cell organelles, including mitochondria
and peroxisomes. Lastly, signaling molecules taken up by synapses (such as
neurotrophins and their receptors) are transported back to cell body allowing the cell to
respond to changes in its environment. Transport in axons is classically divided into two
categories; fast axonal transport of vesicles and organelles at rates of ~ 1um/s and slow
transport of cytoskeleton components, RNA and protein complexes at rate of ~ 1mm/day.
It seems that the two categories of axonal transport share the same transport machinery
(Wang et al., 2000; Terada et al., 2010), which | describe in detail in the following parts of

this introduction.

Efficient transport is achieved in neurons by molecular motors that operate along the
cytoskeleton. Three large super-families of molecular motors have been indentified —
kinesins, dyneins and myosins (Hirokawa et al., 2010). Kinesins are using microtubules as
rails to transport various cargoes and with few exceptions these motors are moving
towards the plus end of microtubules. Dyneins are involved in transport towards the
minus end of microtubules, while myosins in neurons use actin filament for short-range
transport. As kinesin/dynein-mediated organelle transport along microtubules is most
relevant to my study, | will give a detailed description of the structure, function and

regulation of the molecules involved in this form of transport.
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1.1.1. Microtubules

Microtubules are cytoskeletal filaments found in all eukaryotic cells which are involved
in mitosis, cytokinesis, intracellular transport and maintenance of cell morphology.
Microtubules are polarized polymers of a- and B-tubulin dimmers. The dimers form
protofilaments thirteen of which are assembled into hollow cylinders to make one single
microtubule of ~ 24 nanometers in diameter. In cells microtubules polymerize from
templates made of gamma tubulin ring complexes, which as a result cap the minus end
of microtubules. Thus further polymerization is only possible at the plus end. In neurons,
microtubules are composed of tubulins of various isotypes with numerous different post-
translational modifications, which can modulate polymerization rate and hence stability of
microtubules (Conde and Caceres, 2009). In addition, microtubules interact with a large
group of proteins called microtubule associated proteins (MAPs). Several types of MAPs
are found in neurons, including structural MAPs (Halpain and Dehmelt, 2006), microtubule
motors (Hirokawa et al., 2010) and plus-tip interacting proteins (+TIPs) (Galjart, 2010).
+TIPs fused with fluorescent proteins are a tool for studying microtubule dynamics
(Stepanova et al., 2003). It has been shown (Dixit et al., 2008) that MAP-microtubule
interactions can impact the engagement of molecular motors to microtubules and hence
organelle transport. Such a "road block" mechanism has, for instance, been suggested to

explain the transport alterations induced by the dementia-associated MAP, tau.

In axons, microtubules are uniformly oriented with their plus end pointing away from the
soma, while in dendrites microtubules show mixed orientation. Using microtubule
depolymerising agents like nocodazole, two different populations of axonal microtubules
were indentified: stable microtubules resistant to nocodazole with a half life of several
hours and dynamic microtubules, which have turn-over rate of several minutes. How
dynamic microtubules are recruited to the stable pool is still not entirely clear but it seems
that post-translational modifications of tubulin like detyrosination and acetylation play an
important role (Fukushima et al., 2009). Moreover, post-translational modifications can
affect axonal transport. In that respect, a role of class 2 histone deacetylaze 6 (HDACS) is
important (Hubbert et al.,, 2002). HDAC6 deacetylazes a-tubulin, inhibiting in that way

binding of molecular motors to microtubules. Subsequent retardation of axonal transport
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was shown to be a critical step in pathogenesis of sensory-motor neuropathies
(d'Ydewalle et al., 2011). Blocking HDACG6 could therefore serve as a starting point for

developing disease-modulating therapies that recuperate axonal transport.

1.1.2. Kinesins

Kinesin superfamily proteins (KIFs) are grouped into three main classes depending on
the position of the motor domain in the molecule: N-terminal motor domains KIFs (N-
KIFs), middle motor domain KIFs (M-KIFs) and C-terminal motor domains KIFs (C-KIFs).
The motor domain is responsible for microtubule binding and ATP hydrolysis.
Additionally, KIFs have so called “stalk” and “tail” domains. The majority of KIFs motors
recognizes and binds cargoes with their “tail” domains. N-KIFs are the largest group
within the kinesin superfamily and they generally move toward microtubule plus end while
much rarer C-KIFs move toward minus end. By now more then 45 kinesin genes have
been identified in mammals (Hirokawa et al., 2009). The first member of this gene family
to be implicated in transport was Kinesin 1 (KIF5) indentified independently by two
research groups (Vale et al., 1985; Brady, 1985) Most KIFs are structurally similar to KIF5.
The KIF5 motor complex is a heteromer composed of two heavy (KIF1A, KIF1B, or KIF1C)
and two light (KLC1 or KLC2) chains and it is binding directly to microtubules as revealed
by electron microscopy (Hirokawa et al., 1989). KIF1B is expressed ubiquitously, while

expression of KIF1A and KIF1C is neuron-specific.

KIFs evolved into a large group of structurally similar proteins which enabled them to
recognize and bind various cargoes. Of interest for this study are KIFs that transport
organelles and vesicles, but it was shown that the same KIFs are involved in slow axonal
transport of proteins as well (Terada et al., 2010). KIFs transport cargos anterogradely
such as synaptic vesicle precursors (KIF1A and KIF1Bp), presynaptic membrane or active
zone vesicles (KIF5), mitochondria (KIF1Ba/KIF5), amyloid precursor protein (APP)-
containing vesicles (KIF5), APOER2 vesicles (KIF5), TrkB vesicles (KIF5), plasma
membrane precursors (KIF3), and phosphatidylinositol 3,4,5-triphosphate (PIP3) vesicles
(KIF13B) (Hirokawa et al., 2010). It seems that, at least for mitochondria, KIF5s bind
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cargoes through direct interaction with adaptor proteins and independent of kinesins light
chains (Glater et al., 2006; Cai et al., 2005).

It is of interest for this thesis to mention that mutations in KIF genes can cause
neurodegenerative phenotypes. Mutations in KIF5 can cause heredity spastic paraplegia
(Reid et al., 2002) and KIF1A is mutated in hereditary sensory and autonomic neuropathy

type 2 (Riviere et al., 2011).

1.1.3. Dynein

The members of the dynein superfamily proteins comprise two major groups of
proteins: cytoplasmic and cilliary dyneins. Cytoplasmatic dynein is a huge protein
complex (1.5 megadaltons) which is driving transport towards the microtubule minus end.
It consists two heavy chains, which have ATPase activity and generate moving force, two
intermediate chains, four light intermediate chains and several light chains. Additionally,
dynein interacts with the dynactin complex composed of seven to nine subunits including
p150¢ked dynamitin, actin related protein 1 (Arp1) and others. The dynactin complex
seems to be very important for normal functioning of dynein. It increases processivity (i.e.
the time that dynein is moving along the microtubules) of dynein and binds vesicular
cargoes (Karki and Holzbaur, 1995; King and Schroer, 2000). In contrast to KIFs, which
during evolution diverged into a big superfamily of proteins each of which directly
recognizes and binds a specific set of cargoes, only a single cytoplasmatic dynein heavy
chain (Dync1h1) is responsible for transport of different cargoes in axons and dendrites.
Specific cargo recognition and binding is achieved by evolution of different isoforms of
other subunits and recruitment of associated proteins such as dynactin. Cytoplasmic
dynein transports signaling endosomes which contain brain-derived neurotrophic factor
(BDNF) or nerve growth factor (NGF) bound to their receptors TrkA and TrkB,
respectively. The piccolo/bassoon complex, mitochondria and myosin V are also

retrogradely transported in the axons by dynein (Hirokawa et al., 2010).

Similarly to mutations in KIFs, mutations in dynein and p150¢+? subunit of dynactin as

well as disruption of the dynein/dynactin complex, can cause neurodegeneration, again
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highlighting the importance of axonal transport for normal functioning of neurons (Puls et
al., 2003; LaMonte et al., 2002; Hafezparast et al., 2003).

1.1.4. Axonal transport of mitochondria

Mitochondria are essential cellular organelles. Their main function is energy production
in form of ATP through oxidative phosphorylation. Therefore, proper distribution and
function of mitochondria is of great importance for neurons because of this cell's high
metabolic demand. Moreover, mitochondria are buffering cellular calcium, which is
essential for signaling in neurons. Finally, mitochondria have an important role in
apoptosis, which occurs in developmental and degenerative processes in the nervous

system.

It is believed that the majority of mitochondria is produced in the cell body (Davis and
Clayton, 1996). Thus, distal compartments of neurons, such as synapses, are dependent
on active transport of mitochondria. Mitochondria are also transported back to be
degraded or possibly fused with mitochondria in the cell body (Cai et al., 2012; Detmer
and Chan, 2007). Finally, axonal transport of mitochondria is not just delivering or
retrieving mitochondria but it also serving to position and reposition them along the axon
(Hollenbeck and Saxton, 2005). Accordingly, axonal transport of mitochondria is being

intensively studied, and a number of different approaches have been devised to do so.

1.1.4.1. Studying mitochondrial transport

Mitochondrial dynamics in axons are classically studied in cultured neurons prepared
from embryonic or early postnatal mice. To visualize mitochondria, cells can be loaded
with mitochondrial dyes (MitoTracker) or transfected to express fluorescent proteins
targeted to mitochondria. Culture systems provide a valuable tool to study cellular and
molecular mechanism of transport. However, this approach is limited to developing

neurons which have a different morphology in culture than in vivo. Furthermore, culture
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systems cells do not provide a natural environment for cells and are not suitable for
investigating transport over longer periods of time, i.e. over an entire disease course of a
slowly progressing condition. Finally, supporting cells (such as myelin forming glia cells)
can impact transport (Ohno et al., 2011) and are lacking in simple cell culture systems
(but see Di Giorgio et al., 2007). To overcome these limitations, transgenic mice with
fluorescently labeled mitochondria selectively in neurons (“MitoMice”) were developed in

the Lichtman lab at Harward University

(Misgeld et al., 2007) and in a number of other groups (Vande Velde et al., 2011; Wang
et al., 2011c). These mice provide an excellent tool to study mitochondrial dynamics in

single, fully matured neurons in their natural environment.

By using time-lapse microscopy in vivo or in acute nerve muscle explants from
MitoMice, complex and interesting mitochondrial behavior in axons can be observed. It
was shown that the majority of axonal mitochondria is stationary and that only around
20% are moving at any given time-point (Misgeld et al., 2007). Moving mitochondria are
transported as individual organelles, which as a population are shorter than their
stationary counterpart. The motility of moving mitochondria is characterized by frequent
stops and re-starts. Aimost double the number of mitochondria is being transported away
from the cell body (anterograde) than transported back to the cell body (retrograde).
Mitochondria are transported slightly slower in the anterograde direction; 0.8 pm/s - 1.0
pum/s compared to 1.1 um/s - 1.4 pm/s in the retrograde direction (peak velocity; Misgeld
et al., 2007 and present study). Although often reported in cell culture, changes in
direction of mitochondrial movement and fusion/fission events are rarely seen in vivo and
in acute explant preparations (Misgeld et al., 2007; Liu et al., 2009). Interestingly, very
similar behavior of mitochondria as found in mice was also observed in Drosophila
neuromuscular preparations implying conserved transport mechanisms across species
(Pilling et al., 2006).
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1.1.4.2. Motor, adaptor and docking proteins

Mitochondria move in axons through the action of molecular motors that operate along
cytoskeletal filaments (Figure 1.1). Generally, KIFs are driving anterograde movement
while dynein is responsible for retrograde transport along microtubules. So far three
members of the KIF family have been implied in anterograde transport of mitochondria. It
is known that mutations in KIF5 cause impairments in transport and accumulation of
mitochondria in the cell body (Tanaka et al., 1998). In addition to KIF5, KIF1Ba is a
monomeric protein, which colocalizes with mitochondria in vivo and moves them along
microtubules in vitro (Nangaku et al., 1994). Recently, KLP6, a newly identified kinesin
was found to regulate the morphology and transport of mitochondria in neuronal cells
(Tanaka et al., 2011). However, the exact role of KIF1Ba and KLP6 in anterograde
transport is still unclear. In contrast to anterograde transport, where a number of motors
were identified, strong evidence suggest that cytoplasmatic dynein is the sole motor for
retrograde transport of mitochondria. Mutations in dynein specifically inhibit retrograde

transport without any effects on anterograde transport (Pilling et al., 2006).

Similar to other organelles, mitochondria also use adaptors proteins to bind to motor
proteins (Figure 1.1). By linking mitochondria to specific adaptor proteins which in turn
can only bind to specific motors, the direction of mitochondrial transport can be
regulated. Recently, substantial progress has been made in indentifying mitochondrial
adaptor proteins and their mechanism of action, even though some details remain a
matter of active debate in the field. | will give a short overview of our current knowledge of
mitochondrial adaptor proteins. More detailed descriptions are available in excellent
reviews by Macaskill and Kittler, 2010 and by Cai et al., 2011.

The first adaptor protein complex that was described linking mitochondria to KIFs was
the Miro-Milton complex, which the Schwarz lab identified in Drosophila (Glater et al.,
2006). Using genetic screens, in these papers the authors showed that Milton mutants
have mitochondria restricted to the cell body, while in axons and synapses mitochondria
were absent, suggesting a transport defect. It seems that Milton is directly recruiting
kinesin heavy chain (KHC, the KIF5 Drosophila homologue) to mitochondria independent

of the kinesin light chain. Since the initial identification of Milton in Drosophila, two
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mammalian kinesin binding orthologues, TRAK1 and TRAK2 (also known as OIP106 and
OIP98/Grif-1, respectively), have been identified. However, while Milton in Drosophila is
binding exclusively to mitochondria, TRAK1 and TRAK 2 are involved in transport of

endosomes and other cargoes (Grishin et al., 2006; Kirk et al., 2006).

In Drosophila, Milton is binding to mitochondrial Rho-GTPase (Miro), a mitochondrial
outer membrane protein. In flies, mutations in Miro induced abnormal distribution of
mitochondria, confining them in neuronal cell bodies and preventing their transport into
neurites (Guo et al., 2005). The mammalian Miro orthologs are Miro 1 and 2. Orthologs
were also found in several eukaryotic organisms, including Saccharomyces cerevisiae and
Caenorhabditis elegans (Fransson et al., 2003). Structural analysis showed that Miro
proteins have two GTPase domains, two Ca?* binding EF-hands and a transmembrane
domain. These domains have role in Ca?* induced stopping of mitochondria at synapses

which will be described in more details later.

Syntabulin is another adaptor protein which is capable of linking mitochondria to KIF5
(Figure 1.1; Cai et al., 2005). Syntabulin has a C- terminal domain anchored to the
mitochondrial outer membrane and an N-terminal domain which can directly bind KIF5.
Reducing syntabulin expression or blocking its interaction with KIF5 leads to a decrease
in anterograde transport of mitochondria in cultured hippocampal neurons while

retrograde transport remains unaffected.

Several other proteins have also been suggested as adaptors for KIF5 binding to
mitochondria including fasciculation and elongation factor zeta-1 (FEZ1) and RAN-
binding protein 2 (RANBP2) (Fujita et al., 2007; Cho et al., 2007). Their exact role and

mechanism of action still need to be elucidated (Figure 1.1).

While there is clear evidence that mitochondria bind to the KIFs via several adaptors, in
case of dynein it is not entirely clear which, if any, adaptors are involved. The candidates
include dynactin and dynein light chain, Tctex1, which interacts with mitochondrial
voltage-dependent anion-selective channel (VDAC) (Schwarzer et al., 2002) but the
prevailing view is that dynein is bound through direct interaction with mitochondria
(Figure 1.1. Sheng and Cai, 2012).
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Finally, transported mitochondria are supposed to be immobilized in certain places along
the axon. Recent study identified syntaphilin as a protein specific to docked axonal
mitochondria that mediates an interaction with microtubules. Accordingly, the deletion of
syntaphilin results in an increased number of motile mitochondria and a reduced
mitochondrial density in axons (Kang et al., 2008). The interaction between syntaphilin
and microtubules appears to be regulated by the dynein light chain, LC8 (Chen et al.,
2009). Here it is worth noting that there are strong evidences that mitochondria dock
along other elements of cytoskeleton besides microtubules. First morphological evidence
came from the fascinating work of Hirokawa which showed by electron microscopy that
axonal mitochondria are connected to neurofilaments (Hirokawa, 1982) . Work by Chada
and Hollenbeck, 2004, further suggested that mitochondria can also dock along actin
filaments. However, the mechanisms of these interactions and the involved docking

proteins still have to be identified.
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Figure 1.1 — Mitochondrial transport machinery (modified from Macaskill and Kittler,
2010)

A) Motor and adaptor proteins involved in mitochondrial transport. (B) Structure of the Miro protein. (C) Two
models for Ca?* induced mitochondrial arrest.
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1.1.4.3. Regulation of mitochondrial transport

Mitochondrial mobility changes in regions such as synapses and nodes of Ranvier,
where ATP consumption and demand for Ca?* buffering are high. Mitochondrial transport
can be regulated by numerous modifications of microtubules and their interaction with
MAPs. In addition, a variety of motor, adaptor and docking proteins offers a number of
levels at which mitochondrial mobility can be modulated. Taken all together, it is
attractive to propose that this complex transport machinery evolved to allow neurons to
regulate mitochondrial transport through separate mechanisms in response to different
signals (Sheng and Cai, 2012). Here, | will address regulation of mitochondrial movement
at synapses and nodes of Ranvier. Additionally, | will outline how some signaling

pathways and MAPs might influence mitochondrial transport.

Local changes of ADP and Ca? can change mitochondrial motility and recruit
mitochondria to metabolically active compartments such as synapses. An increase in
ADP slows down the mitochondria, retaining them in the area where ATP production is
needed (Mironov, 2007). How mitochondria sense changes in ADP/ATP concentration is
unknown. In contrast, progress was made in understanding how mitochondrial movement
is regulated by local Ca?*levels (Figure 1.1). Three groups have independently shown that
Ca?* binding to the Miro promotes stopping of the mitochondria (Wang and Schwarz,
2009; Macaskill et al., 2009b; Macaskill et al., 2009a). However, two competing models
have been proposed as to how this is accomplished mechanistically: In one model,
proposed by Schwarz and Wang (2009), Ca?* binding to Miro triggers uncoupling of
kinesin from microtubules and subsequent binding of kinesin to Miro. In another model,

Ca?* binding detaches mitochondria and Miro from kinesin (Macaskill et al., 2009Db).

Compared to synapses, less is known how mitochondrial mobility is regulated at nodes
of Ranvier. During repetitive action potentials mitochondria are recruited to the nodes of
Ranvier in PNS axons as shown by Zhang et al., (2010). These authors proposed a model,
in which a local increase in Ca?* and ATP depletion through action of the Na/K-ATPase
are responsible for mitochondrial arrest (Zhang et al., 2010; Chiu, 2011). Similarly, in the
CNS axons, increased electrical activity reduced mitochondrial transport and increased

the stationary mitochondria pool in the nodal region (Ohno et al., 2011).
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For a few signaling pathways it has already been shown that they can regulate
mitochondrial transport. One of them is the NGF pathway. Mitochondria tend to
accumulate close to a source of NGF, probably through increased transport and
increased docking to actin filaments (Chada and Hollenbeck, 2004). The exact
mechanism of this NGF effects is not clear, but the authors of the study suggested the
glycogen-syntase kinase 3p (GsK3pB) pathway as a possible regulator of mitochondrial
transport. GskK3p can phosphorylate kinesin light chain and inhibit anterograde transport
of membrane-bound organelles (Morfini et al., 2002). In later studies, it was shown that
the GsK3p pathway can directly modulate transport of mitochondria (Chen et al., 2007;
Chen et al., 2008). For example, serotonin (5-HT), acting through the 5-HT1A receptor
subtype, promotes axonal transport of mitochondria in cultured hippocampal neurons by
increasing Akt activity, and consequently decreasing GsK3p activity. Application of
dopamine agonists had the opposing effect. Recently a link between GsK3p and HDAC6
emerged (Chen et al.,, 2010). This is of interest, since HDAC 6 activity plays a very
important role in regulating mitochondrial transport and could promote pathogenesis in

some neurodegenerative conditions (d'Ydewalle et al., 2011).

Another molecular regulator appears to be tau, a MAP. The main role of tau in axons is
to stabilize microtubules. In addition, it can regulate axonal transport. Overexpression of
tau blocks anterograde transport of organelles including mitochondria in cell culture
(Stamer et al., 2002). The proposed mechanism was competition of tau with KIFs for
binding sites on the microtubules (Trinczek et al., 1999). Interestingly, tau and HDAC 6
interact with each other establishing another cross-link between different pathways that

regulate transport (Ding et al., 2008).

Finally, a critical role for the Parkin/PINK1 complex in regulating mitochondrial motility
was demonstrated (Wang et al., 2011b). PINK1 phosphorylates Miro, which leads to
proteasome-mediated degradation of Miro. Without Miro, the kinesin motor is detached
from the mitochondrion which leads to mitochondrial arrest. This could be a regulatory
mechanism, which would target damaged mitochondria. Once immobile they would

undergo degradation. This new concept contrasts with previous views, where
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incapacitated mitochondria would be retrogradely transported towards the soma for

digestion, rather than locally degraded (Miller and Sheetz, 2004; Cai et al., 2012).

In summary, mitochondrial transport is driven by a very complex machinery and it can
be changed and regulated in response to many physiological signals. Detailed knowledge
of the underlying mechanisms would offer a possibility to manipulate mitochondrial
transport. This could be a possible avenue for therapy in many neurodegenerative
diseases, as for many diseases there is growing evidence that mitochondrial dysfunction
and transport impairments are important pathological events. The work in this PhD thesis
was focused on a devastating disease, ALS, because — in my view - the question, if and
how mitochondrial dysfunction and transport impairments are involved in ALS
pathogenesis is still not settled. ALS constitutes the one relatively common disorder,
where the case for a "transport-o-pathy" has been made most forcefully. Moreover,
motor neurons represent the neuron type, which due to size, bio-energetics and
geometry, is believed to depend most critically on transport. Hence | believe pathology of
this cell type can provide a "lackmus" test for the idea that transport disruptions might

represent a final common pathway of "dying-back" type axonopathies.
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1.2. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common adult motor neuron disease
typically with an onset in middle-age. One to two out of 100.000 people develop ALS
each year with men being affected slightly more often than women. In North America it is
known as Lou Gehrig’s disease after a famous baseball player, who was diagnosed with
this in 1939. The main feature of the disease is progressive degeneration of motor
neurons. This leads to denervation of muscle, which causes weakness, muscle atrophy,
paralysis and ultimately death due to respiratory failure. First case reports of disorders
resembling ALS were published during the first half of the 18" century. It was the French
neurologist, Jean-Martin Charcot, who first linked the symptoms of the disease to the
pathology in the lateral columns of the spinal cord that he observed during autopsies. In a
paper from 1874, he described the symptoms and course of the disease and for the first

time used the term, “amyotrophic lateral sclerosis” (Charcot J-M., 1874).

1.2.1. Signs and symptoms

Earliest signs of disease in ALS are muscle weakness and atrophy. Affected muscles
show fasciculations, cramping and become rigid. Depending on which motor neurons
degenerate first, muscles in different parts of the body can be affected. About 75% of
patients experience so called “limb onset”, i.e. muscle weakness in legs or arms, while
around 25% have “bulbar onset”, characterized by difficulties in speaking clearly and
swallowing. As the disease progresses, muscle weakness and atrophy spread. Patients
have problems with locomotion, swallowing and talking and with time are not able to
stand, walk or eat on their own. Eventually they cannot breathe unassisted, as the
respiratory muscles are denervated. ALS is usually fatal within five years of onset. ALS
affects both corticospinal neurons (clinically called "upper" motor neurons) and spinal

("lower") motor neurons. Muscle spasticity and hyperreflexia, as well as an abnormal
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Babinski’s sign, suggest degeneration of "upper" motor neurons in the cortex, while
muscle weakness and atrophy are the direct consequence of muscle denervation due to
degeneration of spinal motor neurons. Also neurons outside the motor system can be
affected in ALS. For example, in about half of the ALS patients some cognitive
impairment can be observed, with 2-3% suffering from overt frontotemporal dementia
(Ringholz et al., 2005).

1.2.2. Diagnosis of ALS; electrophysiological and histopathological
changes in ALS

Definitive diagnosis of ALS is only possible post-mortem. The diagnosis in the patients
is based on a combination of clinical signs, neurophysiological investigations and tests to
rule out other diseases with similar symptoms. It is necessary to follow patients over
longer periods of time and monitor progression by neurological examination. The El
Escorial criteria (Brooks, 1994) revised in 1997 (Miller et al., 1999) use a combination of
clinical symptoms to establish diagnostic certainty. However, these criteria are often
criticized as stringent and restrictive, especially early in the disease process, when

patients are likely to benefit from therapy.

The most commonly used neurophysiological examinations to diagnose ALS are nerve
conduction velocity studies and electromyography (EMG). The nerve conduction velocity
test is very useful in diagnosis because it could suggest that a patient suffers from some
forms of peripheral neuropathy rather then ALS. For example, sensory nerve conduction
is usually normal in ALS patients and therefore abnormalities in sensory conduction could
point to a demyelinating neuropathy (Eisen and Swash, 2001). In the EMG, electrical
activity of muscle is recorded which is often combined with muscle biopsies to confirm
involvement of lower motor neurons. Muscles in ALS show complex traces in EMG with
fibrillation potentials, positive sharp waves and late components (Hardiman et al., 2011).
In other words, they show signs of ongoing denervation and reinnervation, which are
processes typical for ALS. Fibrillation potentials and positive sharp waves are even

detectable in muscles that look clinically normal, which is important for early diagnosis of
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ALS. Having this in mind, it is clear why investigation of electrophysiological changes in

ALS gained a lot of interest.

Motor neurons affected by ALS tend to fire spontaneously, causing muscle cramps
and fasciculations. It is thought that the underlying mechanism of such ectopic motor
neuron activity are changes in the electrophysiological properties. Changes in axonal ion
channel function, such as reduction of slow and fast K* channel conductance, are
described in familial and sporadic ALS patients (Vucic and Kiernan, 2006). The motor
neurons from ALS animal models show increased persistent inward currents (PICs). PICs
are generated by voltage sensitive Na and Ca channels that inactivate slowly (Heckman et
al.,, 2008). Motor neuron excitability and firing rate can be modulated by PICs and it is

thought that increased PICs could lead to axon degeneration (Vucic and Kiernan, 2010).

While investigation of spinal motor neurons is relatively easy even in humans,
degeneration of upper motor neurons is much more difficult to assess, especially in early
phases of the disease. In search for signs of upper motor neurons involvement,
techniques like diffusion tensor imaging, magnetization transfer imaging and functional
magnetic resonance imaging are used (Wang et al., 2011a). Recently, researchers
established a novel technique based on trans-cranial magnetic stimulation to record
changes in cortical excitability, which would distinguish ALS from similar disorders (Vucic
et al., 2011).

Denervation of muscle fibers is one of the hallmarks of ALS. Denervated muscle fibers
get atrophic, which is clearly visible in muscle biopsies from ALS patients. The main
neurohistopathological feature of sporadic and familial ALS is loss of both upper and
lower motor neurons (Kato, 2008). Large motor neurons in ventral (anterior) horn are
especially affected in ALS. In some cases of fALS including some caused by mutations in
the super-oxide dismutase 1 (SOD) gene, axons in dorsal (posterior) column are also
affected. The surviving motor neurons show typical neurodegenerative changes:
cytoplasmatic shrinkage, aggregation of lipofuscin granules and intracytoplamatic
inclusions. Characteristic intracytoplasmatic inclusions for sporadic ALS are Bunina
bodies, skein-like and round hyaline inclusions. Bunina bodies are also found in some

cases of familial ALS. In familial SOD cases, presence of Lewy-body-like hyaline
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inclusions, which show strong immunoreactivity for ubiquitin and SOD is common in

motor neurons (Bruijn et al., 1998).

1.2.3. Treatment

Unfortunately, there is no treatment that can cure ALS. Only one drug, riluzole, is
approved by the Food and Drug Administration in the United States for treatment of ALS.
The use of riluzole is based on the "glutamate excitotoxicity" hypothesis of ALS (for
details see “Nonneuronal cells and excitotoxicity” chapter, page 23). It is known that high
levels of glutamate are toxic to neurons, and it is believed that glutamate excitotoxicity is
one of the pathophysiological mechanisms contributing to motor neuron damage in ALS
(Bogaert et al., 2010; Lau and Tymianski, 2010). Riluzole is blocking release of glutamate,
but it might also be acting as an indirect antagonist of glutamate receptors or by
inactivating neuronal voltage-gated Na* channels (Doble, 1996). However, the effects of
riluzole in ALS are modest, prolonging life in patients for only a few months. All other
treatments for ALS patients are palliative, i.e. designed to relive symptoms and improve

quality of life.

1.2.4. Sporadic ALS

Most cases of ALS are sporadic (i.e. non-familial). It is not known what the cause of the
disease in these patients is. Around 10% of ALS patients suffer from an inherited
"familial" form of ALS (fALS). Sporadic and familial forms of ALS show very similar clinical
pictures and affect the same motor neuron populations. Hence, it is hoped that studying
fALS, which could be modeled in animals, might elucidate the pathophysiological

mechanism underlying the sporadic form of the disease as well.

Several environmental factors were suggested to contribute to ALS susceptibility. Initial
evidence came from the high incidence of ALS with dementia in the Chamorro people of
Guam. In was found that Chamorro people were consuming seeds from cycad plants,

which are rich in neurotoxins such as sterol glucosides and p-methylamino-L-alanine
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(BMAA) (Khabazian et al., 2002). Neurotoxin exposure is also a plausible explanation for
the high incidence of ALS in Gulf war veterans and in people, who occupationally come in
contact with insecticides and pesticides (Horner et al., 2003; Qureshi et al., 2006).
Interestingly excessive physical activity was also proposed as a risk factor, as high ALS

incidence was observed among Italian professional football players (Chio et al., 2009).

Recently, it has been suggested that epigenetic factors are involved in causing
several neurodegenerative diseases, including ALS (Santos-Reboucas and Pimentel,
2007). Epigenetic factors are altering gene expression without changes in DNA sequence
(as opposed to genetic changes, i.e. mutations). This could explain the mechanism how
certain environmental factors induce neurodegeneration. Environmental factors could, for
example by DNA methylation, induce long-term changes in gene expression which would

promote degenerative processes in cells.

1.2.5. Familial ALS

Using family-based linkage studies twelve genetic loci with mutations that cause ALS
were identified. Additional genetic loci associated with ALS with fronto-temporal
dementia (ALS-FTD1 and 2), and ALS-FTD coupled with Parkinson’s disease (ALS-FTDP)

were also identified (Table 1.1). For eight fALS loci the actual genes are known.

A major step forward in ALS research was made when it was discovered that
mutations in the gene for SOD can cause ALS (Rosen et al., 1993). Around 1-2% of all
ALS cases are due to mutations in SOD. SOD is a ubiquitously expressed enzyme that
catalyzes conversion of superoxide radicals (O.) to hydrogen peroxide (H.O,). SOD is
located mostly in the cytosol, but also in the mitochondrial intermembrane space
(Weisiger and Fridovich, 1973) and possibly in the nucleus and peroxisomes (Crapo et al.,
1992). It is still not clear why and how mutated SOD causes degeneration, and why this is
restricted to motor neurons. Transgenic overexpression of mutated human SOD is the
basis of the most commonly used mouse models of fALS (SOD-mice) (Gurney et al.,
1994) and a major part of what is known about the pathophysiological mechanisms of

ALS comes from studies on SOD mice. Indeed, the experimental part of this PhD thesis
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also focuses on SOD mice. Therefore SOD-mediated pathogenesis will be described in

detail in a separate chapter.

ALS disease Chromosome Gene (gene symbol) Inheritance Onset Function Refs
type

Mendelian genes

ALS1 219221 Superoxide dismutase 1 (SOD1) AD Adult Detoxification enzyme Rosen et al., 1993
ALS2 2q33 Amyotrophic lateral sclerosis 2 (ALS2) AR Juvenile GEF signalling Hadano et al., 2001
ALS4 9q34 Senataxin (SETX) AD Juvenile DNA and RNA metabolism Chen et al., 2004
ALS6 16q12 Fused in sarcoma (FUS) AD/AR  Adult RNA binding, exon splicing Vance et al., 2009
and DNA repair
ALS8 20913.33 VeSl(‘-_le asscc_lated memprane AD Adult Vesicular trafficking Nishimura et al., 2004
protein-associated protein B (VAPB)
ALS9 14q11 Angiogenin (ANG) AD Adult Neovascularization Greenway et al., 2006
ALS10 1p36.22 TAR DNA-binding protein (TARDBP) AD Adult  RNA processing Sreedharan et al 2008
ALS 2p13 Dynactin 1 (DCTN1) AD Adult Axonal transport Puls et al 2003
ALS-FTDP 17g21.1 Microtubule-associated protein tau AD Adult Microtubule assembly Hutton et al.. 1998
(MAPT) and stability '
Mendelian loci
ALS3 18q21 Unknown AD Adult  Unknown Hand et al., 2002
ALS5 15q15.1-21.1 Unknown AR Juvenile Unknown Hentati et al., 1998
ALS7 20p13 Unknown AD Adult  Unknown Sapp et al., 2003
ALS-X Xcen Unknown XD Adult  Unknown Siddique et al., 1998
ALS-FTD1 9g21-22 Unknown AD Adult Unknown Hosler et al., 2000
ALS-FTD2 9p13.3-21.3 Unknown AD Adult Unknown Morita et al., 2006

AD, autosomal dominant; AR, autosomal recessive; GEF, guanine nucleotide excange factor; XD, X-linked dominant
Table 1.1 — Genetic loci associated with ALS (modified from Dion et al., 2009)

By now seven genes more in addition to SOD have been identified that are associated
with fALS (Table 1.1). Especially interesting are the recent identification of mutations in
the TAR DNA-binding protein 43 (TARDBP) gene, which codes for TDP-43, and in the
"fused in sarcoma" (FUS) gene (Kwiatkowski, Jr. et al., 2009; Sreedharan et al., 2008;
Vance et al., 2009). These studies changed the general thinking about ALS pathogenesis,
bringing attention to impairments in RNA processing, in which both TDP-43 and FUS are
implicated. Specifically, it was found that ubiquinated and hyper-phosphorylated TDP-43
is @ major constituent of inclusions in cell bodies and proximal axons of motor neurons in
most ALS cases. TDP-43 was found in inclusions in patients with sporadic ALS, familial
ALS and in patients with FTD. Only exception were fALS cases induced by SOD
mutations (Mackenzie et al., 2007). This, on the one hand, suggests that

neurodegeneration in SOD cases might be the result of a different mechanism than other
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forms of ALS and, on the other hand, that TDP-43 could be a link between the majority of
fALS cases and the sporadic form of the disease. Indeed, by now more then 30 mutations
in the TARDBP gene have been described, accounting for 1-3% of ALS cases
(Sreedharan et al., 2008). TDP-43 is a nuclear protein that is well conserved among
species. It is a RNA/DNA-binding protein, which has been implicated in RNA splicing,
stability and transcription (Buratti et al., 2005; Tollervey et al., 2011). Mutations are almost
exclusively found in the C-terminal domain, with only one exception. This domain has a
role in interactions with other heterogenous nuclear ribonucleoproteins (hnRNPs). Still,
how TDP-43 mutations might lead to neurodegeneration or if the mutations are even
necessary to cause neurodegeneration is not clear, as TARDBP mutations are not
detected in the majority of ALS cases. One possible explanation could be that mutations
might speed-up degenerative processes, which can also be initiated in the absence of the
mutation as well. It is known that in ALS TDP-43 mislocalizes to the cytoplasm, where it
forms protein aggregates. These aggregates could be toxic per se, i.e. a primary cause of
degeneration, or solely the secondary by-product of an independent degenerative
process. Some evidence for the latter scenario came from studies of TDP43-transgenic
mouse models (Wegorzewska et al., 2009). In this study, the authors created a transgenic
mouse, which expresses a mutant form of TDP-43 under control of the mouse prion
protein promoter and shows ALS-like pathology. Interestingly, ubiquitin-positive but TDP-
43 negative aggregates were detected in neurons that degenerated in this mouse. Later
studies showed that overexpression of WT TDP-43 under the Thy1 or prion protein
promoters is sufficient to cause ALS-like pathology with characteristics aggregates of
TDP-43 leaving researchers with no definitive answer about the role of aggregates in
TDP-43 models (Wils et al., 2010; Xu et al., 2010). In the context of this work, it is worth
noting that also in the setting of TDP-43 based mouse models (as for SOD, see below)
the situation is complicated by the fact that overexpression of the wild type protein alone
suffices to induce toxicity, and the human disease-related mutations appear not to be

necessary.

Following the reports about TDP-43, search and sequencing for other RNA/DNA
binding proteins in genetic regions known to be implicated in ALS became very intense. It

was already known that a genetic locus on chromosome 16 (ALS6, Table 1.1) was
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implicated in ALS; however the responsible gene(s) had not been indentified. Sequencing
led to the discovery of mutations in the FUS gene (Vance et al., 2009; Kwiatkowski, Jr. et
al., 2009). Taking together results from both reports, mutations in FUS gene account for
~4% of familial ALS cases (0,4% of all ALS cases). Similar to TDP-43, FUS is also mainly
localized in the nucleus. The described mutations lead to cytoplasmatic retention and
aggregation of FUS protein, resembling the aggregation of TDP-43 or SOD in other forms
of fALS. However, no FUS-positive cytoplasmatic inclusions were observed in patients
with SOD or TDP-43 mutations. In converse, no TDP-43-positive inclusions were found in
patients with FUS mutations, suggesting that pathogenesis induced by FUS mutations is

independent from TDP-43 aggregation (Vance et al., 2009).

Finally, some more loci were implicated in ALS (Table1.1). Homozygous loss of
function in ALS2 has been found to underlie a juvenile form of ALS (Hadano et al., 2001).
Mutations in senataxin (SETX) are found in another atypical form of ALS with juvenile
onset (Chen et al., 2004). A mutation in the vesicle-associated membrane protein B
(VAPB) was found in one Brazilian family with classical autosomal dominant ALS
(Nishimura et al., 2004). Mutations in angiogenin (ANG) were associated with some
familial ALS cases (Greenway et al., 2006). Most relevant to this thesis, a slowly
progressing autosomal-dominant form of motor neuron disease is caused by mutations in
the p150 subunit of dynactin 1, which is part of retrograde motor protein complex, dynein
(Puls et al., 2003).
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1.2.6. SOD-mediated toxicity in ALS

Cytosolic Cu/Zn super-oxide dismutase 1 (SOD) is a metalloenzyme that is
ubiquitously expressed and catalyzes conversion of superoxide radicals (O.), a toxic by-
product of mitochondrial oxidative phosphorylation, to hydrogen peroxide (H.O). The
SOD protein has 153 amino acids and functions as a homodimer, with each subunit
binding a copper atom at its catalytic site. The SOD-catalyzed dismutation is a two step
process, mediated by the copper atom, which is first reduced and then oxidized by
superoxide. The first report about mutations in the SOD gene as a causative factor for
fALS was published in 1993 (Rosen et al., 1993). By now, more the 100 mutations have
been described (Gaudette et al., 2000) (a comprehensive and regularly updated list of
ALS-related SOD-mutations can be found at http://alsod.iop.kcl.ac.uk). Soon after this
initial report, transgenic mice overexpressing mutated forms of SOD were generated
(Gurney et al., 1994). Using such mice, ALS pathogenesis has been intensively studied.
These efforts revealed that neurodegeneration is caused by some novel property of
mutated SOD (i.e. a “gain of function”). However, what this toxic property might be, and

how it causes neurodegeneration, remains a topic of intense debate and study.

Many, not necessarily exclusive, hypotheses for ALS pathogenesis have been
advanced, including oxidative stress, intracellular protein aggregates, and glutamate
excitotoxicity (Rothstein, 2009). Recently, dysfunction of mitochondria and impairments in
axonal transport in motor neurons were postulated as key events in ALS pathology
(Manfredi and Xu, 2005; De Vos et al., 2008). Additionally, SOD toxicity in nonneuronal
cells and their contribution to the disease is a subject of intensive investigation (Rothstein,
2009; Boillee et al., 2006a). A current view of how mutated SOD toxicity might lead to

degeneration is schematically shown in Figure 1.2.
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Figure 1.2 — Schematic of the evolution of motor neuron degeneration and glial
activation during the course of mutant SOD-initiated ALS (from Boilee et al, 2006).

1.2.6.1. Role of nonneuronal cells and excitotoxicity

The hallmark of ALS is progressive degeneration of motor neurons. However, the
familial cases of ALS are caused by mutations in ubiquitously expressed proteins, such
as SOD. Hence, changes mediated by mutant SOD in non-neuronal cell types could
contribute to disease onset and progression. A number of studies, mainly from the
Cleveland lab, addressed this possibility. It became clear that ALS is non-cell
autonomous disease, to which microglia and astrocytes make an important contribution
and that SOD expression in motor neurons is necessary but not sufficient for full-blown
disease (Boillee et al., 2006a). First evidence came for studies, where expression of
mutant SOD was restricted to neurons (Pramatarova et al., 2001; Lino et al., 2002) and
astrocytes (Gong et al., 2000). This was achieved by using cell type specific promoters
like the GFAP promoter for astrocytes or the neurofilament light chain or Thy1.2. promoter
for neurons. However, in these studies no degeneration of motor neurons was observed.

Thy1.2. promoter was also used in later efforts which succeeded in producing disease
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phenotype. This, however, was milder and progressed more slowly than the disease
induced by expressing the same mutant protein ubiquitously (Jaarsma et al., 2008).
Evidence for the involvement of the non-neuronal cells in ALS came also from studies
with chimeric mice. It was shown that SOD mutant motor neurons survive longer when
they are surrounded by non-mutated non-neuronal cells (Clement et al., 2003). To further
dissect contribution of different cells to ALS pathology Boillee and colleagues made
transgenic mice carrying a “floxed” mutant SOD (Boillee et al., 2006b). Thus they were
able to delete mutant SOD in specific cell types. Excision of mutant SOD exclusively from
motor neurons extended survival by slowing disease onset and early progression, while
excision of mutant SOD from microglia and macrophages had almost no effect on
disease onset by significantly slowed later disease progression. Similar results were
obtained with experiments were myeloid cells in mutant mice were replaced by wild type
cells by transplantation (Beers et al., 2006). It can be concluded from these studies that
SOD-mediated damage of motor neurons determines the disease onset, while the speed

of disease progression is determined by SOD action in microglial cells.

Astrocytes are providing trophic support to neurons and they are involved in
neurotransmitter recycling after release into the synaptic cleft through action of the glial
glutamate transporter, EEAT2 (Oberheim et al, 2012). The main excitatory
neurotransmitter involved in signaling to motor neurons is glutamate. Excessive glutamate
in the synaptic cleft can lead to repetitive firing, which can induce damage in the
postsynaptic cell due to excesive levels of calcium. This phenomenon is known as
"excitotoxicity". Motor neurons might be inherently sensitive to excitotoxicity. Their AMPA
glutamate receptors have a low proportion of the GIuR2 subunit, a subunit which reduces
Ca?* permeability of the receptor. It seems that astrocytes can regulate expression of this
subunit in motor neurons (Hollmann et al., 1991; Van Damme et al., 2002; Van Damme et
al., 2007). Both in sporadic ALS and in familial ALS patients evidence for impaired
glutamate handling and reduced levels of EAAT2 were found (Rothstein et al., 1992;
Rothstein et al., 1995). Taken together with the fact that riluzole, which might plausibly
act as a glutamate receptor blocker, shows moderate effect in ALS treatment it seems

that glutamate induced-excitotoxicity contributes to ALS pathogenesis.
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What could be the mechanisms by which mutant SOD is involved in excitotoxicity? In
the model proposed by Boillee et al., 2006, mutant SOD within astrocytes would promote
loss of the EAAT2 glutamate transporter, reducing rapid recovery of synaptic glutamate
and driving an excitotoxic response (Figure 1.2). Moreover, mutant SOD in astrocytes
changes their ability to regulate GIuR2 subunit expression in motor neurons thus further

increasing their vulnerability to excitotoxicity (Van Damme et al., 2007).

1.2.6.2. Oxidative stress and copper toxicity

Initial reports suggested that mutations in SOD might cause a reduction in enzyme
activity. Thus motor neuron degeneration could be triggered by oxidative stress (Rosen et
al., 1993). However, knock-out mice lacking SOD do not develop any signs of motor
neuron degeneration, while mice overexpressing SOD%%R a mutated but dismutase-
inactive form of SOD, do develop motor neuron disease (Bruijn et al., 1997). Indeed, the
existence of dismutase-inactive human SOD mutations strongly indicates that the ALS-
relevant activity of mutated SOD is not its catalytic activity, giving the G85R mutation a
special value in testing any effect seen with active mutations for a spurious effect of
dismutase activity. SOD activity is dependent on catalytic copper. Free copper itself is
highly toxic and reactive. Copper is loaded into the SOD enzyme by a separate protein,
known as copper chaperone (CCS). Hence another hypothesis was that the changed
conformation of mutant SOD could lead to inappropriate copper loading and handling.
This hypothesis was tested by using mice with mutated CCS, which were crossed with
SOD mutants expressing active or inactive form of SOD. No changes in disease course
and progressing were observed (Subramaniam et al., 2002). Moreover mice, where all
four histidines crucial for copper handling are eliminated from a SOD protein (SOD®2) still
develop ALS-like motor neuron degeneration (Wang et al., 2003). Taking these results
together, it is clear that the toxic properties of the mutated SOD protein are independent

of its dismutase and copper-binding properties.
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1.2.6.3. Protein aggregation

Protein aggregates are common feature in neurodegenerative diseases. Aggregates of
tau and beta amyloid proteins are hallmarks of Alzheimer’s disease (Alzheimer 1907,
Haass, 2010). Huntingtin aggregates are found in Huntington’s disease (Steffan et al.,
2004). Similarly, a major component of Lewy bodies found in Parkinson’s disease is
misfolded a-synuclein (Spillantini et al., 1998; Spillantini et al., 1998; Bandopadhyay and
de Belleroche, 2010). Protein inclusions are also found in sporadic and familial human
ALS cases and in SOD-based mouse models of ALS (Watanabe et al., 2001). These
aggregates are highly immunoreactive for SOD and ubiquitin. The ability to form
aggregates in cell cultures was only seen in motor neurons, while they were absent in
dorsal root ganglion (DRG) or hippocampal neurons expressing similar levels of mutated
SOD (Durham et al., 1997). Similar to the case of TDP-43 aggregates in ALS, the
contribution of protein aggregates to degeneration of motor neurons is still unclear. For
example, it is unknown whether aggregates are toxic per se, or alternatively, whether they
simply are a "downstream" product of the degenerative process. Several hypotheses
have been proposed to explain how aggregates could cause degeneration (Figure 1.2).
Co-aggregation of essential proteins with SOD would be one of the possibilities.
Alternatively, aggregates could block the proteasome machinery or deplete chaperon
supply leading to misfolding of other proteins (Tummala et al., 2005). Finally, it was
proposed that aggregates could interfere with the function of cellular organelles, such as

mitochondria and peroxisomes (Boilee et al., 2006).

1.2.6.4. Mitochondrial dysfunction

Characterization of the first SOD transgenic mice revealed early vacuolar degeneration
of neurons and their processes in the anterior horns of the spinal cord (Gurney et al.,
1994). Ultrastructural analysis showed that these vacuolar changes are the light
microscopic equivalent of distended endoplasmatic reticulum, Golgi apparatus and
especially mitochondria (Dal Canto and Gurney, 1995; Figure 1.3), suggesting that

mitochondria may be a primary targets for SOD-induced toxicity. Even in early disease



Petar Marinkovié Introduction 27

stages, mitochondrial cristae already appear swollen. With disease progression
separation and fragmentation of cristae, accompanied by breaking and splitting of the
outer mitochondrial membrane, take place. Interestingly, mitochondria in neighboring
interneurons appear normal, suggesting that the degenerative processes in mitochondria
are specific for motor neurons. However, similar pathological changes were seen in mice
expressing high levels of non-mutated SODY', while being absent in mice expressing
dismutase inactive forms of the SOD enzyme (Jaarsma et al., 2000; Bruijn et al., 1997).
Taking these results together, it seems that vacuolation is a consequence of high
expression of SOD in transgenic mice, and probably not a primary cause of motor neuron

degeneration.

SODGQZEA

Figure 1.3 — Mitochondrial pathology in SOD%%3* mouse model of ALS

Intercostal axons (grey) in 4 months old WT and SOD®% mice. In SOD%%4 mice, mitochondria (cyan) are
shorter and appear swollen. In addition, mitochondrial density is reduced in intercostal axons in SOD%%A
mice at 4 months of age. Scale bar, 10 pm

Another finding that links SOD with mitochondria is the fact that SOD protein that
derives from a mutated gene, but not wild-type SOD, associates with mitochondria in the
spinal cord of both mice and humans (Liu et al., 2004). This association correlates with
disease progression. Ultractructural analysis revealed that mutant SOD molecules
aggregate on the cytoplasmatic side of spinal mitochondria and get imported into the
intramembrane space. The current model suggests that such aggregation impairs the
mitochondrial import machinery leading to organelle dysfunction (Liu et al., 2004; Igoudi;il
et al., 2011).
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Finally, mitochondria are a plausible target for SOD-induced toxicity because they are
"gate-keepers" for apoptotic cell death. It is believed that the process of the motor
neuron death is executed by apoptotic molecular machinery. Indeed, survival can be
extended in SOD mice by increasing the levels of the apoptosis inhibitor, Bcl-2 (Kostic¢ et
al., 1997; Vukosavic¢ et al., 2000). In accordance with this, increased levels of Bcl-2 delay
activation of caspase-1 and caspase-3 in the spinal cords of SOD mice (Vukosavic et al.,
2000).

1.2.6.5. Defects in axonal transport

Loss of neuromuscular junctions (NMJ) in ALS happens long before disease onset and
precedes motor neuron death (Figure 1.4). This suggested that motor neuron pathology
begins distally and then proceeds backwards, in a “dying back” pattern (Fischer et al.,
2004; Schaefer et al., 2005). Hence, ALS could be considered a distal axonopathy.
Furthermore, different types of motor neurons that innervate specific subgroups of
muscle fibers show variable susceptibility to SOD toxicity (Pun et al., 2006). Synapses of
so called "fast-fatiguable" neurons are lost first, followed by denervation of muscle fibers
innervated by "fast-fatiguable resistant" neurons. "Slow" motor neurons are most

resistant to SOD toxicity.

Motor neurons have one of the most fascinating geometries of all cells. Motor neuron
cell bodies are located in the spinal cord, with their axons extending over distances as
long as one meter in humans, before they reach their target muscle. In muscle, axon
branch and innervate numerous muscle fibers (the so called "motor unit"). These long
axons and their complex arbors are supplied by means of axonal transport with structural

components, organelles, enzymes etc.

Having in mind this peculiar geometry of motor neurons and the dying back pathology
seen in ALS, it is reasonable to propose that disturbances in axonal transport could be an
initial step leading to axon degeneration in ALS. In this view, disturbances in axonal
transport lead to inadequate support of distal arbors causing dying-back degeneration.

Supporting evidence for this hypothesis is also coming from that the insight that
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mutations in transport-related genes can result in motor neuron degeneration in mice and
humans (Puls et al., 2003; Hafezparast et al., 2003). A reduced density of organelles is
found in SOD and TDP-43 mouse models of ALS, further suggesting axonal transport
deficit (Pun et al., 2006; Shan et al., 2010). Initial studies in SOD mice models showed
deficits of slow axonal transport at very early stages of disease (Williamson and
Cleveland, 1999).

Figure 1.4 —Dying-back pathology in ALS

Confocal image of two NMJs in the triangularis muscle of a 4 months old SOD%%** mouse. The upper
synapse (stained with Alexa594-conjugated a-bungarotoxin, red) is fully covered by presynaptic axons
(gray) filled with mitochondria (cyan). The lower synapse is only partially covered by axon indicating ongoing
denervation-and reinnervation. Scale bar, 10 pm

Thus far, studies on fast axonal transport in the context of ALS were mostly done in
cell culture systems, usually using primary motor neurons derived from transgenic mice or
embryonic rat cortical neurons transfected with plasmids carrying human mutant SOD
(Kieran et al., 2005; De Vos et al., 2007). Kieran et al. studied retrograde transport of

endosomes labeled with tetanus toxin coupled with a fluorescent dye in cultured primary
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motor neurons. It is known that the C-terminal fragment of tetanus toxin binds with high
affinity to the neuronal plasma membrane and enters endocytic carriers containing
neurotrophins and their receptors. In this study, using in vitro assay, the authors showed
a retrograde transport deficit in SOD®®* and Loa motor neurons Further, the authors
crossed SOD®* mice with Loa mice, which carry a mutation in the dynein heavy chain
gene and develop motor neuron degeneration (Hafezparast et al., 2003). Contrary to the
expectation, crossing SOD®%* into Loa mice delays disease progression and significantly
increases life span. Authors also reported a full recovery of axonal transport in motor
neurons from Loa x SOD%%®*A mice in vitro, concluding that the recovery of the transport is
the main cause of disease amelioration in Loa x SOD®*Amice. De Vos et al., 2007 showed
that mutant SOD®*A damages in vitro transport of both mitochondria and other
membrane bound organelles, but in a direction specific manner. While transport of
membrane bound organelles was affected both in anterograde and retrograde direction,
mitochondrial transport was selectively reduced in the anterograde direction.
Furthermore, they showed reduced velocity and run length of transported mitochondria,
as well as reduced mitochondrial density in axons of cultured SOD®®** motor neurons.
Expanding these results for SOD®* motor neurons, the authors showed similar effect of
other ALS-causing mutations by transfecting various SOD constructs (G37R, G85R and

A4V) into isolated rat cortical neurons.

Recently, a study done on SOD®% transgenic mice in vivo showed reduced velocity of
retrogradely transported endosomes in sciatic nerve axons long before disease onset
(Bilsland et al., 2010). This study also addressed mitochondrial transport using the
transgenic approach developed in our lab (Misgeld et al., 2007). The authors reported no
changes in flux rate of mobile mitochondria, but a higher percentage of mitochondria that
paused in axons of SOD®®%A mice. A recent paper from Cleveland lab reported
pathological changes in mitochondrial shape and volume (Vande Velde et al., 2011).
These changes could affect mitochondrial axonal transport, as an “early and possibly
central aspect of disease pathogenesis” as proposed by the authors. Finally, in vitro
studies from the Manfredi lab done on primary motor neurons suggested altered
mitochondrial fusion and transport as an important step in emergence of motor neuron

degeneration observed in SOD mice (Magrane and Manfredi, 2009; Magrane et al., 2012)
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Together, these studies corroborated the prevailing hypothesis that axonal transport
deficits are early and central pathological features in SOD-caused fALS. In all these
studies, the authors suggested that the described deficits in axonal transport are the

immediate and key cause of axon degeneration.

However, there are also arguments to the contrary. A first hint that maybe axonal
transport and motor neuron degeneration are not as closely coupled as widely assumed
came from a seminal study by the Holzbaur lab (Perlson et al., 2009). These researchers
studied retrograde transport of quantum dots conjugated with neuronal growth factor
(NGF) in different models of neurodegenerative diseases including SOD®%* mice. Their
results showed quantitatively comparable deficits in transport in Loa, Tg®™mitn (mice that
overexpress dynamitin, which interferes with transport) and SOD®%* mice. However, Loa
and Tg¥mamiin develop only mild neurodegenerative disease, while SOD®** mice exhibit
rapidly progressive neurodegeneration. Thus, according to these authors, slowing of
retrograde transport alone leads only to mild degeneration and hence in isolation cannot
explain ALS etiology. Instead, Perlson and colleagues suggested that qualitative changes
in cargo composition and not quantitative changes in transport rates could be
responsible for degeneration. They base this conclusion on a switch in retrograde
signaling from survival to stress signals that they observed when analyzing the retrograde
cargos in SOD®% neurons. Along the same vein, a recent study showed that increasing
mitochondrial transport does not change the disease course in SOD®%* mice, arguing
that a central prediction of the "transport hypothesis" does not pan out (Zhu and Sheng,
2011).

In summary, it is clear from this overview of the literature that the role of axonal
transport in ALS pathogenesis is still not resolved. A study is needed that would follow
transport in mature, fully developed axons over the disease course, comparing various
SOD ALS models. This was exactly the main aim of this PhD thesis. In my view, using
comparative approach with various SOD mouse models and proper controls is very
important for the design of such a study. Next chapter gives an overview of available SOD
transgenic lines, which although different in many features, all show similar ALS like

pathology.
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1.2.7. SOD-based animal models of ALS

Since first report that mutations in SOD gene are causing ALS in humans, researchers
tried to model ALS pathology in mice by making transgenic animals carrying different
mutant human SOD genes. By now, there is a variety of SOD transgenic lines available
(SOD mice). In most of these models, expression of mutant SOD is driven by endogenous
promoter in various cell types and tissues. However, degeneration is observed only in
motor neurons indicating selective vulnerability of this cell type since expression levels in
some other tissues (i.e. in liver) are even higher then in motor neurons (Jonsson et al.,
2006).

SOD mice show ALS-like clinical features that are inherited in an autosomal dominant
fashion. The three most commonly used SOD mouse lines are: SOD%%4, SODS7R, and
SODEC®F mice (Gurney et al., 1994; Wong et al., 1995; Bruijn et al., 1997). Mice expressing
human non-mutated SOD protein (SODY) are often used as controls (Gurney et al., 1994).
Due to different transgene copy numbers inserted into the mouse genome, SOD mouse
lines have different expression levels of the SOD gene, which seems to determine disease
onset (Table 2). In SOD%F mice, the mutated protein is expressed to levels equal to the
endogenous protein. In contrast, in SOD"7, SOD%%A, and SOD®"? mice, the human
protein is overexpressed to levels several times higher than the endogenous protein.
Another variable in SOD mice lines is the enzymatic activity of the mutated protein. The
transgenic lines could be divided in two groups: one with enzymatically active mutant
SOD (SOD%%4, SOD%R) and a second one which has enzymatically inactive protein
(SODCR). Detailed biochemical analysis revealed that mutants differ in activity due to
different Cu-charging, which is critical for proper enzymatic action (Jonsson et al., 2006).
Finally some mutated forms are very stable (SOD%?4) while other have a short half-life
time (SOD®%%F). Having in mind the variety of mutant SOD characteristics in available
transgenic lines it is critical to use several different lines in any study. Our lab is proposing
the use of one active and one inactive mutant as minimum and preferably of lines with
lower expression levels. Further, mice expressing non-mutated SOD should be use as
controls. In that way, it is possible to search for patterns and alternation common to

different SOD mutants which induce essentially the same ALS-like phenotype.
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In order to elucidate the role and contribution of different cell types to ALS pathology
mouse lines with cell specific expression of mutated SOD were made. These mice have
SOD expression restricted to specific cell types such as astrocytes (Gong et al., 2000) or
strictly to neurons (Pramatarova et al., 2001; Lino et al., 2002; Jaarsma et al., 2008). This
is achieved by using cell type specific promoters like GFAP promoter for astrocytes or
neurofilament light chain and Thy1.2 promoters for neuronal cells. First attempts with
expression solely in neurons (Pramatarova et al., 2001; Lino et al., 2002) and astrocytes
failed to reproduce ALS-like pathology in mice. However in later attempts with higher
expression levels, motor neuron degeneration is observed but not as severe as in lines

when SOD was ubiquitously expressed (Jaarsma et al., 2008).

Many SOD mouse lines can be commercially obtained through Jackson Laboratory. An

overview of different SOD lines is given in Table 1.2.

mutation Line (transgene copy number) SOD1 activity in CNS relative to control Onset (months old) Reference
hG37R 42 14.5 3.5-4 Wong et al., 1995
9 9.0 5-6 Wong et al., 1995
106 7.2 5.5-7.5 Wong et al., 1995
29 7 6-8 Wong et al., 1995
hG85R 148 1.0 8 Bruijn et al., 1997
mG86R M1 1.0 3-4 Ripps et al., 1995
hD90A hetero slightly increased 4-5 Brannstrom et al., 2000
homo markedly increased N.D. Bréannstrom et al., 2000
hG93A G1H/+(25) N.D. 3 Gurney et al., 1994
G1L/+(18) 4.2 4 Gurney et al., 1994
G5/G5(10) ~50% of G1 10 Del Canto et al., 1997
G93AY(8) N.D. 6 Jaarsma et al., 2008
hWT N1029(7) 36 N.A. Gurney et al., 1994

h, human; m, mouse; N.D., not described; N.A. not applicable

Table 1.2 — Overview of SOD-based transgenic mouse lines (modified from Shibata,
2001).
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2. MATERIALS AND METHODS

2.1. Animals

Transgenic mice carrying human wild-type (WT) or mutated SOD genes were obtained
from Jackson Laboratory. The following strains were used (Jackson Laboratory strain

designation):

SODYT  (Tg(SOD)2Gur/J)
SOD%34  (Tg(SOD-G93A)1Gur/J)

SODS¥F  (Tg(SOD*G37R)42Dpr/J)

SODS%F  (Tg(SOD*G85R)148Dwc/J)

To study mitochondrial transport, density and morphology in ALS, males from these
strains were crossed with Thy7-mitoCFPC (Tg(Thy1-CFP/COX8A)C1Lich/J), and - in
selected cases - Thy1-mitoCFPS (Tg(Thy1-CFP/COX8A)S2Lich/J) or Thy1-mitoCFPX
females (Misgeld et al., 2007). Thy71-mitoKaede were generated and crossed with SOD
mice as described below. Double transgenic mice were identified by PCR from tail
biopsies (for details see below). As Thy1-mitoCFP and Thy1-mitoKaede animals were
maintained on a mixed genetic background, SOD-negative, mitoCFP or mitoKaede-
positive littermates were used as wild-type controls. For studying denervation and
reconstructing motor units, SOD-mutant mice were crossed with Thy7-YFP?® (Tg(Thy1-
YFP)16Jrs/J) and Thy1-YFP" (Tg(Thy1-YFPH)2Jrs/J) mice, respectively (Feng et al., 2000).
To study transport of synaptic vesicles precursors, SOD%?** mice were crossed with Thy1-
synaptophysin7-YFP mice (Umemori et al., 2004). G85R SOD-YFP mice were kindly
provided by Dr. Arthur Horwich (Yale University; Wang et al., 2009) as part of a
collaboration. All animal work conformed to institutional guidelines and was approved by

the Animal Study Committee of the Regierung von Oberbayern.
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2.2, Mouse genotyping

The mice were genotyped by PCR from tail biopsies. The labeling of animals and tail
sniping was done in our animal facility by our animal caretakers: Manuela Budak, Petra
Apostolopoulos and Ljiliana Marinkovi¢. The DNA isolation, PCR and gel electrophoresis

were done by our technical assistants Anna Thomer and Kristina Wullimann.

DNA isolation: The mouse tails were collected in 1.5 mL tubes and DNA was isolated

using a standard protocol:

Standard protocol for DNA isolation:

e Add 0.3 mL of lysis buffer with Proteinase K (Sigma, #P2308; 1uL Proteinase K per
mL lysis buffer)

e Incubate at 55 °C 60-90 min in Thermomixer at 400 rpm (Thermomixer comfort,
Eppendorf)

e Centrifuge for 5 min at 16 000 relative centrifuge force (rcf; Eppendorf 5415D)
e Prepare new tubes with 250 pL of isopropanol (ROTH, #6752.1.)

e transfer 250 pL of supernatant to the tubes with isopropanol and mix immediately
e Centrifuge for 5 min at 16 000 rcf (Eppendorf 5415D)

e Carefully discard the supernatant

e Wash the pellets with 0.7 mL 70% (vol/vol) ethanol

e Centrifuge for 5 min at 16 000 rcf (Eppendorf 5415D)

e Carefully discard the supernatant

e Centrifuge 1 min at 16 000 rcf (Eppendorf 5415D)

e Completely remove ethanol

¢ Incubate the pellets for 5 min at 65 °C in Thermomixer (400 rpm )

e Dissolve the DNA in 200 pL 10 mM TRIS pH 8.5; incubate for 20 min at 65 °C in
Thermomixer (400 rpm)

e Store the DNA at 4°C
e Before PCR, incubate the DNA for 5 min at 65 °C in Thermomixer
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PCR: The mice were genotyped for the expression of fluorescent proteins and different
SOD mutated proteins. The primers for SOD mutants were designed to recognize all
different forms of human SOD gene (SODWT, SOD®%#®A SOD®R and SOD%7R). The
following primers and protocols were used.

SOD:

SOD-F: 5-CATCAGCCCTAATCCATCTGA-3’
SOD-R: 5-CGCGACTAACAATCAAAGTGA-3’
Mito:

Mito-F: 5-CGC CAA GAT CCATTC GTT-3
EYFP-R: 5-GAA CTT CAG GGT CAG CTT GC-3’
YFP:

GFP-F: 5-CACATGAAGCAGCACGACTT-3’
GFP-R: 5-TGCTCAGGTAGTGGTTGTCG-3

Mito (181bp)

Total volume for one reaction 23.5 ul 94°C 2 min

H.O 18.375 pl

10 x Puffer S (PeqLab) = 1,5mM MgCls 2.5 ul 94°C 30 sec
Mito-F (10pmol/pl) 1l 57°C 30 sec 35x
EYFP-R (10pmol/ul) 1l 72°C 30 sec
dNTPs (10mM) 0.5 ul

Taqg-Polymerase (PegLab) 5U/ul 0.125 pl 72°C 5 min

DNA 1.5l 4°C oo
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YFP

Total volume for one reaction 23.5 ul 94°C 2 min

H.O 18.375 pl

10 x Puffer S (PeglLab) =1,5mM 2.5 ul 94°C 30 sec
MgCl,

GFP-F (10pmol/pl) 1l 58°C 30 sec  30x
GFP-R (10pmol/pl) 1l 72°C 1 min
dNTPs (10mM) 0.5 pl

Tag-Polymerase (PeqlLab) 5U/pl 0.125 pl 72°C 5 min

DNA 1.5l 4°C oo

SOD (235bp)

Total volume for one reaction 23.5 pl 94°C 4 min

H.O 18.375 pl

10 x Puffer S (PeqglLab) =1,5mM 2.5 ul 4°C 5 sec
MgCl, 63°C 45 sec 30x
SOD-F (10pmol/pl) 1pl 72°C 45 sec
SOD-R (10pmol/pl) 1pl

dNTPs (10mM) 0.5 pl 72°C 2 min
Tag-Polymerase (PeqLab) 5U/ul 0.125 pl 4° G oo

DNA

1.5
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DNA electrophoresis on agarose gels: DNA electrophoresis was performed in
horizontal gel chambers, DNA Pocket Block-UV (Biozym Diagnostik). For gels, buffers
and solutions see recipes section below. Analytical gels with ethidium-bromide were
prepared in order to visualize DNA. After the agarose gel solution preparation, gels were
loaded with 15 pL mixes of probes and 10% (v/v) DNA-load buffer mix. Additionally, 7.5-
10ul of DNA ladder solution was loaded into separate well (New England Biolabs,
#NO0469S). The electrophoresis was performed usually at a voltage of 70mV in 1 x TEA
running buffer. Separated DNA bands in the gels were visualized under UV-light (312nm)
and printed on Gel Doc 2000 (Biorad).

2.3. qPCR quantification of SOD gene copy number

The gPCR experiments were performed by Dr. Monika Brill in our laboratory. DNA was
isolated from tail biopsies using DNeasy Blood & Tissue Kit (Qiagen, #69504) and diluted

with 10 mM Tris pH 8.0. The following primers were used:

Mouse interleukin 2 (product: 139bp)
miL2-F: 5-CCT TTA CAG AGG ACA GGG AGT G-3
mIL2-R: 5-TTC TGT GGC CTA GAG GAG TAA TAA G-3’

human SOD (product: 152bp)
hSOD-F: 5-CCG ATG TGT CTATTG AAG ATT CTG-3’
hSOD-R: 5-CCG CGA CTA ACA ATC AAA GTG-3
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The mastermix was prepared using Qiagen,QuantiTect Sybr Green PCR Kit, #204143.

Mastermix for gPCR

H.O 6 pl
Forward primer (10pmol/pl) 1l
Reverse primer (10pmol/pl) 1l
Sybr 10 ul
DNA 2 ul

The following program was used for the PCR reaction:

LightCycler™ (Roche)
denaturation 95 900 none
amplification 94 15 none
55 30 none
72 20 single
final 95 0 none
elongation
melting 95 0 none
65 15 none
95 0
continous
cool 40 30 none
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gPCR reaction: A PCR reaction consists of three phases. In the first, so called
“background” phase, the signal form PCR product is lower than the background signal.
When enough of the PCR product is accumulated, signal becomes higher than
background signal and the amplification is exponential (exponential phase). The Ct value
is defined as the cycle in which there is a significant increase in signal above the
threshold. This is the cycle in which the curve crosses the threshold. The Ct value is
related to the initial amount of DNA. The Ct value shows also the sensitivity of the assay
and it is used for relative quantification of gPCR. Within exponential phase it is also
possible to define a point in the amplification curve that represents the same amount of
PCR product in every curve. This point is called crossing point and it is defined by cycle
number and identical copy numbers in all reactions. It is used in absolute quantification of

gPCR. In the last phase PCR reactions enters plateau with low efficiency of the reaction.

gPCR quantification: The transgene copy number were evaluated using real time
quantitative PCR by determining the difference in threshold cycle (ACt) between the
transgene (human SOD) and a reference gene. For the reference gene, mouse interleukin
2 (IL2) was used, previously shown to be reliable control for human SOD gene copy
number measurements (Alexander et al., 2004). The number of copies of the human SOD
gene can be calculated using the previously reported copy number for the SOD%34 mice
(25+1.5; Gurney et al 1994) and following formula: N*2 ACx-ACtGS3A “\where N is known copy
number and ACtx is the ACt of the gene for which copy number is calculated. Results
showed following ACT values SODG%A 7.1; SODS8R 5.38; SOD"T 6.2. Copy number
calculations based on SOD®%*A value gave following results: 10 copies in SOD®%" and 13
copies in SODY'. While the calculated value for SOD®R is within expected range (Bruijn et
al 1997), the value for SOD"Tis higher than values previously reported in the literature (7.2
+ 2.4; Gurney et al 1994).
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24. Generation of Thy1-mitoKaede mice

Thy1-mitoKaede transgenic mice used in this study were generated by Dr. Leanne
Godinho from our lab in collaboration with Dr. Jae Song in Jeff Lichtman's lab at Harvard
University by using standard procedures (Marinkovic¢ et al., 2011). Briefly, an N-terminal
in-frame fusion was created between the coding sequence of Kaede (MBL International
Corporation) and the mitochondrial targeting sequence from subunit VIII of the human
cytochrome ¢ oxidase gene (Clontech). This fusion was then cloned downstream of the
Thy1-promoter (Caroni, 1997); kindly provided by Dr. J.R. Sanes, Harvard University).
Transgenic mice were generated by standard pronuclear injection in the transgenesis
facility of Harvard University, and several founder lines were screened by Dr. Song to

establish the transgenic mouse strain used here.

2.5. Behavioral testing

Animals were tested and weighed every 3-4 days. The grid test was a binary
modification of a previously described test (Kraemer et al., 2010). Briefly, each mouse
was placed onto a metal grid, which was positioned ~30 cm above a soft surface. The
grid was inverted to determine whether an animal could support itself for more than 30s.
For each animal three trials were performed with a 5 min rest period in between. The test
was scored "normal” if the animal could hold itself for more than 30 s in at least one trial.
In the figures, a “survival” curve of the percentage of animals which showed a normal test

at a given time is presented.

2.6. Staging of SOD%F mice

For staging of SOD®%F mice | deviated from a purely age-based classification, as
clinical manifestation at a given age varied considerably given the long preclinical period
and fast disease progression once the disease started. | therefore considered animals
that had lost 10% of their peak body weight and showed an abnormal grid test as

“preterminal” and used these animals - which would be expected to die within 2-3 weeks
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- as the latest stage in my experiments. The mean ages of animals in these categories

were: preterminal — 302+8 days; terminal — 311+11 days.

2.17. Explants preparation and transcardial perfusion of mice

The initial steps in preparing the triangularis sterni explant and in transcardial perfusion
of mice are comprised of same dissection steps. Namely, the mice were first lethally
anesthetized with isoflurane, and fixed with the needles to Styrofoam plate. Using large
medical scissors (Fine Science Tools, #14108-09) | made a midline incision of the skin
over the sternum and two incisions parallel to the lower edge of the rip cage. Next, |
opened the abdominal wall and made incisions parallel to the rib cage all the way to the
vertebral column. | cut the diaphragm open just below the xiphoideum cartilage and then
dissected the diaphragm off along its costal insertions. While holding the rib cage onto
the xiphoid process using forceps (Dumostar, Dumont #3, Fine Science Tools, #11293-
00), | cut right and left ribs off the vertebral column, as close as possible to their
insertions. Two cuts converged above the heart level to the manubrium sternii. At this
point protocol for explantation and perfusion diverge. However, it is possible to continue
with both in parallel if needed (see below).

Triangularis sterni explant preparation: In the case of the explant preparation | have cut
the whole anterior thoracic wall off and transfer it into the dish with cooled 95% 0. /5%
CO. -bubbled Ringer’s solution (for recipe see below). After this step it is possible to
proceed with perfusion of the mouse (see below). However, total time that explant is kept
in cooled 95% 0O./5% CO. -bubbled Ringer’s solution should be < 10 min. Therefore, until
necessary experience in preparation is obtained, it is recommended to ask for assistance
from a colleague. All further steps were done under the dissection microscope with cold-
light illumination (Olympus SZ51 equipped with Schott KL 1500 LCD). | used small angled
spring scissors (Fine Science Tools, #15033-09) to remove the remnants of thymus,
pleura, diaphragm (inside) and pectoral muscles (outside). To fit the explant to the 3.5-cm
dish, | dissected off all the ribs that do not insert to the sternum. This is best done using
small angled spring scissors and cutting the tissue in between ribs. Finally, | pinned down

the triangularis sterni explant into the Sylgard-coated 3.5 cm dish filled with 95% O, 5%
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CO,-bubbled Ringer's solution using minutien pins (Fine Science tools, #26002-20,
shortened to < 4 mm). Standard approach to do this is to put two pins through
cartilaginous (white) parts of the sternum and at least two pins through the ribs both on
left and right side of the explant aiming for the softer cartilaginous parts and avoiding the

ribs under or close to the triangularis muscle.

Transcardial perfusion of mice: In case when fixing of triangularis sterni muscle in
addition to perfusion was needed, | have cut the whole anterior thoracic wall off and
submerged it into 4% paraformaldehyde (PFA; wt/vol, for recipe see below) for 2h.
Subsequently | washed the thoracic wall three times in 1x PBS. If no fixation of the
triangularis sterni was needed, | folded the anterior thoracic wall back, and pinned it down
with a hypodermic needle—to reveal the heart. While holding the heart with Russian
organ-holding forceps (Fine Science Tools, #11026-15), | carefully inserted the
hypodermic needle attached to the perfusion pump tubing into the left ventricle. The left
ventricle comprises the cardiac apex and can be recognized by its lighter color
(compared with the dark red of the right ventricle). Next, | opened the right atrium with
spring scissors and started the perfusion pump (Ismatec, ISM796B). | perfused the animal
with 1x PBS (for recipe see below) at ~5 mL/min for approximately 1 min (until the liver
turned from dark red to clay-like brown). Then | turned the pump off, put the tubing end in
the tube with 4% PFA and restarted the pump perfusing at the same speed as above.
After perfusing the mouse with ~25 mL of 4% PFA in 1x PBS, | removed the needle from
the heart, and flushed the perfusion system with water. | cut the skin off of the animal and
post-fixed the tissue in the 50mL tubes. To ensure access of the PFA to CNS tissue
during post-fixation | made a transverse scissor cut between two vertebrae, and opened
the cranium with a rostral cut. After the post-fixation period of 48h, | rinsed the tissues
three times with 1x PBS. The tissue was stored in 0.01% NaNs (#13412, Riedel de Haen)
in 1x PBS.

Saphenous nerve explant preparation: As the surgery for explanting the nerve is
complicated and it lasts ~ 20min, mice were not lethally anesthetized but kept alive under
ketamine-xylazine (KX; 1.5% ketamine, 0.1% xylazine) anesthesia. In that way better
viability of the nerve is achieved. Additionally, during the surgery mice were kept on the

heated metal plate ~30 °C and the exposed tissue was regularly manually superfused



Petar Marinkovi¢ Materials and Methods 44

with 95% O. 5% CO»-bubbled Ringer's solution using Pasteur pipette. The pure sensory
saphenous nerve is located on the inner side of the tie. Therefore, it is necessary to shave
the fur to get better visibility and prevent hair release during skin incisions. To explant the
saphenous nerve | made a longitudinal skin incision along the tie trying to avoid the
femoral artery which is visible through the skin. The saphenous nerve is immediately
visible after the incision. | transected the saphenous nerve on the distal side the nerve just
above the branching point using spring scissors. While holding the distal part of the nerve
with fine forceps (Dumostar, Dumont #5, Fine Science Tools, #11295-00), | have
dissected off the saphenous nerve with hypodermic needle. Finally, | made a transverse
cut on the proximal side of the nerve to release the nerve and transferred the nerve into
Sylgard-coated 3.5-cm dish, filled with 95% O, 5% CO.-bubbled Ringer's solution. |
pinned down the nerve using minutien pins (Fine Science Tools, #26002-10, diameter
0.1mm, shortened to < 4 mm). After nerve explantation mice were sacrificed according to

the animal protocol.

Tibialis nerve explant preparation: Similar like in the case of saphenous nerve
preparation, surgery for explanting the tibialis nerve is complicated and it lasts ~ 20min.
Therefore, mice were not lethally anesthetized but kept alive under KX anesthesia.
Additionally, during the surgery mice were kept on the heated metal plate ~30 °C. To
approach the tibialis nerve, | made skin incision using large medical scissors (Fine
Science Tools, #14108-09) on posterior side of one of the hind limbs. The incision is
made along the hind limb starting just below the knee joint and ending close to the
vertebral column. The sciatic nerve which gives rise to the tibialis nerve is visible through
the muscle tissue after the skin cut. Next, | exposed the sciatic nerve to the branching
point in the knee joint. Using spring scissors, | made transverse cuts on the common
peroneal branch and the tibialis branch. The tibialis branch is cut as close as possible to
the entrance into the gastrocnemius muscle. Finally | cut the sciatic nerve on the proximal
side | close as possible to the vertebral column. To make these cuts, extra-attention is
needed to avoid cutting major blood vessels which would immediately obscure the
visibility during the surgery and would be fatal for the mouse. After explanting, |
transferred the nerve into Sylgard-coated 3.5-cm dish, filled with 95% O. 5% CO.-

bubbled Ringer's solution. | pinned down the nerve using minutien pins (Fine Science
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tools 26002-10, diameter 0.1mm, shortened to < 4 mm). After nerve explantation mice

were sacrificed according to the animal protocol.

2.8. Tissue preparation, immunohistochemistry and confocal
microscopy

Triangularis sterni muscles were fixed by dissection and submersion of the whole
anterior thoracic wall in 4% PFA in 1xPBS for 2h as described above. Gastrocnhemius
muscles were fixed by transcardial perfusion with 4% PFA in 1xPBS as described above.
The muscles were incubated in 50 pM solution of Alexa594-conjugated a-bungarotoxin
(Invitrogen, #B-13423) diluted in 1x PBS, whole-mounted on glass slides with anti-fading
medium (Vectashield, Vector Laboratories) and cover-slipped. Cover-slipped slides were
gently squeezed between small magnets and a metal plate to flatten the tissue.
Subsequently, high-resolution image stacks of fixed samples were obtained on an

Olympus FV1000 confocal microscope equipped with standard filter sets and a x60/ N.A.

1.42 oil objective (Figure 2.1).
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Figure 2.1 — Microscope settings for acquisition of high resolution NMJs images

A screen shot of Fluoview software (Olympus) with settings used for acquisition of NMJs images. The
images obtained in this way were used for mitochondrial density and denervation index measurements.
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For immunohistochemistry of motor neurons (these experiments were performed
together with Dr. Monika Brill in our laboratory), mice were lethally anesthetized with
isoflurane and transcardially perfused with 4% PFA in 1xPBS as described above. The
tissue blocks consisting of the vertebral column and the head were dissected off and
post-fixed for 48h in 4% PFA in 1xPBS. After post fixation the spinal cords were isolated
and washed three times with 1xPBS. Next, | cryo-protected the spinal cords in 30%
(wt/vol) sucrose in 1xPBS. After cryo-protection the tissue was embedded in “Tissue-
Tek” medium (Sakura) and snap-frozen in 2-methyl butane (#M32631, Sigma) cooled
down to -80°C. 50 pym spinal cord cross-sections were cut using cryostat (Leica, CM
1850 UV) and mounted to the “superfrost” glass slides (VWR Germany). The sections
were stained overnight at 4°C with primary antibody against human SOD (#16831 and
#13498; Abcam) diluted in 1xPBS containing 0,5% Triton X-100, 10% normal goat serum
and 1% bovine serum albumin. Following antibody dilutions were used: 1:250 for #13498
and 1:1000 for #16831. Secondary, goat anti-rabbit antibody coupled with Alexa-594
(1:2000, #A-11012, Invitrogen) were used to visualize antibody staining. The staining was
controlled for non-specific binding of the secondary antibody by omitting the primary antibody.
The tibialis nerve-cross sections were prepared in similar way and stained with neuron-specific
BlII tubulin antibody (1:250; BD Pharmigen, #560339). High-resolution stacks were obtained on an
Olympus FV1000 confocal microscope using a x60/ N.A. 1.42 oil objective. The quantification of
SOD expression was done on single plane images in ImageJ/Fiji software. Regions of interest in
motor neuron cytoplasm and nucleus (for background correction) were outlined using
“line” tool in Imaged and mean fluorescence intensity was measured using “measure”

function in Imaged. Around 25 motor neurons per mouse were measured.


http://www.sigmaaldrich.com/catalog/ProductDetail.do?lang=de&N4=M32631%7CSIAL&N5=SEARCH_CONCAT_PNO%7CBRAND_KEY&F=SPEC
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2.9. Imaging mitochondrial transport

Transport of mitochondria was measured as previously described (Misgeld et al., 2007;
Kerschensteiner et al., 2008). Preparation of triangularis sterni was done as described
above. Briefly, the anterior thoracic wall (with the attached triangularis sterni muscle and
its innervating intercostal nerves) was isolated by cutting ribs close to the vertebral
column. The explant was pinned down on a Sylgard-coated 3.5cm plastic Petri dish
using minutien pins (Fine Science tools). After excision, explants were kept in 95% O, 5%
CO.-bubbled Ringer's solution oxygenated Ringer's solution at all times. During imaging,
explants were kept in the heating ring for 3.5-cm dishes (Warner Instruments, #64-0110
DH-35), maintaing the temperature in the dish between 32°C and 34°C. Additionally, the
explant was superfused with slow (~1.75 mL/min) and steady flow of warmed and
oxygenated Ringer's solution. An in-line heater (Warner Instruments, #SC-20) was used
for pre-warming. Preparation of triangularis sterni muscles from Thy7-mitoKaede mice
was done under red light to prevent accidental photo-conversion. In addition to
intercostal nerves, mitochondrial transport in saphenous and tibialis nerves was studied

using acutely explanted nerves as described above.

Imaging setup and acquisition: Mitochondria were imaged using an Olympus BX51WL
microscope equipped with a x4/ N.A. 0.13 air objective and x20/ N.A. 0.5 and x100/ N.A.
1.0 water-immersion dipping cone objectives (Olympus), an automated filter wheel
(Sutter) and a cooled CCD camera (Retiga EXi; Qimaging) and controlled by uManager, an
open source microscopy software (Edelstein et al., 2010; Figure 2.2). The microscope is
equipped with following filter sets for fluorescent proteins: ET F46-001 for CFP, ET F46-
003 for YFP and ET F46-008 for TXxRED all from AHF Analysentechnik, Germany. Neutral
density filters (U25ND25 and U25ND6, Olympus) in the light path were used to prevent
photo-toxicity and photo-bleaching. To follow mitochondrial movement, images were
acquired at 1 Hz using an exposure time of 500 ms for 5 min. Transport characteristics of
individual mitochondria were measured in explants from Thy1-mitoKaede mice. To
highlight individual mitochondria | exposed intercostal nerves to short (~ 5 s) localized
exposure of 405nm light from an LED light source (LED405E, Thorlabs) coupled into the

microscope's excitation light path and manually controlled using LED driver (LEDD1,
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Thorlabs). By moving the observation site proximally or distally from the photo-converted

spot along the same nerve, | could use the red channel to track individual mitochondria.
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Figure 2.2 — Time-lapse imaging of the mitochondrial transport

A screen shot of Micro Manager software with settings used for acquisition of time-lapse movies of
mitochondrial transport.

2.10. Imaging transport of CTB-labeled vesicles

To study transport of endosomal vesicles, | injected CTB-conjugated with Alexa Fluor
594 (#C-34777, Invitrogen) into the triangularis sterni muscle using a 5 ym micro syringe
(#7634-01, Hamilton, see Mantilla et al., 2009). Mice were anesthetized with KX (1.5%
ketamine, 0.1% xylazine). | made two injections of 0.05% CTB in 1xPBS between the 2
and 3, and the 3™ and 4" ribs. | closed the injection site surgically and placed the mice
in a heated recovery chamber. In order to label tibialis nerve, | anesthetized mice with KX
and exposed the gastrocnemius muscle by making a skin incision on one of the hind
limbs. | made 3-4 injections (to increase labeling probability) of 0.05% CTB in 1xPBS into

gastrocnemius muscle. Axonal transport of CTB-labeled endosomes was then imaged
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24h after injection in an acute triangularis sterni or tibialis nerve explant preparation as
described above. CTB-labeled endosomes were imaged using same imaging setup as for
mitochondrial transport (see above). To follow CTB-labeled endosomes movement,

images were acquired at 1 Hz using an exposure time of 500 ms for 5 min.

2.11. Axotomy

To study changes in mitochondrial transport after axotomy, | transected one of the
intercostal nerves innervating the triangularis sterni muscle in vivo. Briefly, mice were
anesthetized with KX (1,5% ketamine, 0,1% xylazine) and immobilized on a heated metal
plate. | used Puralube Vet Ointment (Fougera) to prevent the eyes from drying during the
surgery. Using a surgical blade (Heinz Herenz, #1110911), | made a longitudinal skin
incision on one side of the thorax, and approached the rib cage. Using spring scissors
(Fine Science Tools, #15003-08), | exposed one intercostal nerve (usually, the nerve
running parallel with the 3 or 4™ rib) by cutting the intercostal muscle close to the bone-
cartilage transition of the corresponding rib. Next, | made a complete nerve transection
using spring scissors (Fine Science Tools, #15003-08). The wound was surgically closed
with surgical suture (Resorba, #5142) and mice were placed in a heated recovery
chamber. In the sham-operated group, an intercostal nerve was exposed and the wound
was closed with the nerve intact. Axonal transport of mitochondria was studied at 24h
and 7 days after surgery in acutely explanted preparations as described above. Transport
was measured in the intercostal nerve above the lesion (cut), the neighboring intercostal

nerve (neighbor) and in the contra-lateral intercostal nerve (uncut).

2.12. Image analysis and processing

Denervation: In order to score muscles for denervation, confocal high-resolution image
stacks were processed using ImageJ/Fiji software to generate maximum intensity

projections. NMJs (>100 per muscle) were categorized either as “innervated” (if the
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axonal marker — cytoplasmic YFP or mitochondrial CFP — covered the end plate) or

“denervated”.

Transport rates: The number of anterogradely and retrogradely transported
mitochondria (“transport flux”) was determined in explants from Thy7-mitoCFP mice as
the number of fluorescent mitochondria per minute that crossed a vertical line placed
across the axon (Figure 2.3A). For this purpose, time-lapse movies were obtained. The
obtained movies were auto-aligned using the “StackReg” algorithm (Thevenaz et al.,

1998) and manually scored for anterograde and retrograde transport.

A

shape factor = a/b

WT |

SO D G93A

Figure 2.3 — Transport rate and shape factor measurements

(A) Transport measurements from wide-field movies. A sequence from a time-lapse movie showing two
moving mitochondria (pseudo-green) crossing (red asterisk) the arbitrary line (blue).

(B) Shape factor measurements on single frames from wide-field movies obtained for transport
measurements. Individual stationary mitochondria from WT and SOD%%4 mice and their shape factors
values.

Shape factor measurements: Shape factor measurements were done on single frames
from wide-field microscopy movies obtained for transport rates measurements (Figure
2.3B). Mitochondrial length and width were outlined using “line” tool in Imaged and
measured using “measure” function in Imaged. Shape factor was calculated by dividing

the length of the mitochondria by the width of the mitochondria.
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Mitochondrial density: The mitochondrial density in axons was measured in single
wide-field microscopy frames as the number of mitochondria per pm? of axonal area (as
determined by the outline of the axon visible due to light scatter in myelin). As individual
mitochondria cannot be resolved within synapses, mitochondrial density in synapses was
measured as the area covered by mitochondria in the BTX-labeled area (in %; Figure
2.4). | first obtained high resolution confocal image stacks of NMJs. Maximum intensity
projections were then generated using ImagedJ/Fiji software. BTX channel image was
processed using median filter (radius 2) in ImageJ/Fiji software. Next, all images were set to
following grey values: 0 for minimum and 1000 for maximum and converted into 8 bit images.
Finally, the images were converted into binary images using the “Otsu” auto-thresholding
algorithm in ImageJ/Fiji. The ratio of labeled areas in the mitochondria and BTX channels

was measured, restricted to regions of interest where the NMJ lay flat in the xy-plane.

mitochondria

Figure 2.4 — Mitochondrial density measurements in the synapses

Images obtained on the confocal microscope for mitochondria and a-bungarotoxin staining of NMJs in the
triangularis sterni (upper panel). Same images processed for mitochondrial coverage measurements using
ImagedJ/Fiji software (lower panel). Scale bar 10 um.
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Motor unit reconstruction: To analyse motor units, | first obtained triangularis sterni
explants from SOD%%? Thy1-MitoCFP, Thy1-YFP" ftriple-transgenic mice, measured
transport in YFP-labeled single axons and reconstructed motor axons after fixation;
axonal transport was found to be unaffected by YFP-expression in WT-controls at the
ages examined here i.e. 4 months; however, beyond 6 months of age, transport was
found to be selectively reduced in YFP-overexpressing axons, precluding use of these
mice in later-onset SOD%%fF mice (see Figure 3.17; page 82). After transport
measurements, | documented the imaging sites as well as complete motor unit by taking
images with a x4/ N.A. 0.13 air objective and a x20/ N.A. 0.5 water-immersion dipping
objective. The problematic places, where it was not easy to follow axon (axon branch
points or sites where two or more YFP-overexpressing axons were intersecting), |
documented additionally by taking images with x100/ N.A. 1.0 water-immersion dipping
objective. After imaging | fixed whole explant preparation by submersion in 4% PFA in
1xPBS for 2h. Subsequently | dissected the fixed muscle with the attached intercostal
nerves from the thorax, mounted it in anti-fading agent on a slide and obtained tiled
image series to cover the entire motor unit using a confocal microscope (FV-1000,
Olympus) with a x20/ N.A. 0.85 oil objective (Figure 2.5). Individual NMJs within the
motor unit were then scanned at full resolution (Nyquist limited pixel size of <100nm)
using a x60/ N.A. 1.42 oil objective. | converted the individual image stacks into maximum
intensity projections, montaged them to seamless panoramas using Photoshop software
(Adobe) (Keller-Peck et al., 2001). | manually traced the axons to obtain “camera lucida”-
like representations and scored the NMJs within the motor unit as “denervated” or “fully
innervated” as described above.. Gamma was adjusted non-linearly to show low-intensity

objects, and a “despeckle” filter was used to suppress detector noise.
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Figure 2.5 — Microscope settings for acquisition of motor unit reconstruction images

A screen shot of Fluoview software (Olympus) with settings used for acquisition of motor unit images. The
images obtained in this way were used for motor unit reconstruction.

Single cargo analysis: Transport characteristics of individual photo-converted
mitochondria and CTB-labeled vesicles were analyzed using MTrackdJ ImagedJ/Fiji plug-in
(Fiji; developed by E. Meijering, Biomedical Imaging Group, Erasmus Medical Center,
Rotterdam). A particle was considered to have paused if it moved al less than 2 pixels per
s (0.25 pm™), which we estimate to be the precision limit of our measurements — periods
between pauses were considered “runs”. The following transport characteristics were
measured: average speed (total displacement divided by the observation time), average
moving speed (displacement during uninterrupted runs divided by the duration of the run),
stop frequency (number of stops during an observation period divided by the duration of
that period) and average stop length (averaged length of stops during an observation
period). | included only mitochondria that could be tracked for at least 20s. Similarly,
CTB-labeled vesicles (which move faster) were only considered when | could track them
for 10s. Transport of synaptic vesicle precursors was quantified as total number of

moving YFP positive objects per minute per um of axon length.
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2.13. Statistics

Significance was tested using t-tests (Excel software, Microsoft). * indicates P<0.05.

Graphs indicate mean + S.E.M unless stated otherwise.
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2.14. Buffers and solutions

Agarose gel (2%)

Reagent Quantity for 50 mL of gel
Agarose 19

TAE (x 50) buffer 1mL

H-O 49 mL
Ethidium Bromide (0,1%) 25 L

Add agarose into 50 mL 1 x TAE buffer, boil shortly, add 25 pL Ethidium Bromid (0,1%)

TAE (x 50)

Reagent Quantity for 500 mL of buffer
Tris BASE (MM 1219) 242 g

EDTA (0.5M; pH 8.0) 50 mL

Acetic acid ~ 50 mL

adjust pH to 8.0. with acetic acid at room temperature

Ethidium Bromide (0.1%)

Reagent Quantity for 500 mL of buffer
Ethidium Bromide (1%; #2218.1, ROTH) 60 pL

H-0 540 mL

TBE (x 10)

Tris BASE (MM 121g) 54 g

Boric acid 275¢g

EDTA (0.5M; pH 8.0) 20 mL

H.O up to 500 mL

Autoclave the solution
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DNA loading buffer

Reagent Quantity for 10 mL of buffer
Glicerol (80%;) 5mL
Xylene-Cyanol FF (#38505.01, Serva) 25 mg
Bromphenolblue (Na) 25 mg

H.O up to 10 mL

PFA (4%)

Reagent Quantity for 1 L of buffer
PFA 409

H20 800 mL

NaOH (2N) 125 L

PBS (10 x) 100 mL

Mix PFA, H.O and NaOH on heating plate (max 60°C) until the solution gets clear. Then, add PBS
and adjust pH 7.2 - 7.5. Filter and aliquot. Store at -20°C

Blocking solutions

Goat serum (#G9023, Sigma) 10 mL
bovine serum albumin (#A3912, Sigma) 19
Triton X-100 (#T9284, Sigma) 0.5 mL
NaNs (20% stock; Riedel de Haen,#13412) 50 pL
PBS (1 x) up to 100 mL

Ketamine-xylazine (KX)

Reagent Quantity for 20 mL of solution
Ketamine (#K2753, Sigma) 300 mg

Xylazine (#1251, Sigma) 20 mg

H.O up to 20 mL

Mix well, filter and aliquot the solution
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Sucrose (30%)

Reagent Quantity (g for 1L) Final concentration (mM)
Sucrose 309 876.42

H.O up to 100mL

adjust the pH to 7.4 using NaOH or HCI as necessary.

Phosphate-Buffered Saline (PBS) (10 x)

Reagent Quantity (g for 1L) Final concentration (mM)

NaH.PO, 2.56 18.6
NaHPO, 11.94 84 .1
NaCl 102.2 1750

Adjust the pH to 7.4 using NaOH or HCI as necessary, Optional: add 500 pJL of 20% NaNs

Ringer’s solution (10 x)

Reagent Quantity (g for 1L) Final concentration (mM)
NaHCOs 21.84 260

NaH.PO,* H.O 1.72 12.5

KCL 1.86 25

NaCL 73.05 1.2

H-O to 1L

Ringer’s solution (1x)

Reagent Quantity (ml for 1L) Final concentration (mM)
CaCl;, 1M 2 2

H-0 900

MgClz, 1M 1 1

Ringer’s solution (10 x) 100 20

Glucose 3.69

CaCl, and MgCl, are prepared monthly as 1M stock solutions. Reagents are mixed on the day of the
experiment in the order listed. Ringer’s solution (1 x) was bubbled with 95% O, 5% CO: for at least
30min before use. Without 95% O, 5% CO, pH of the 1 x Ringer’s solution should be 7.8 and 7.3
after 30 min of bubbling with 95% O, /5% CO.,
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3. RESULTS

3.1. SOD copy number and expression levels in transgenic mouse

lines

In this study | used transgenic mice lines which carry mutated (SOD%%, SOD%"F and
SODEC85R) or non-mutated (SODY") form of human SOD gene. These lines carry different
number of transgene copies inserted into the genome, which can cause different
expression levels of SOD protein. Mice that were used in this study were purchased from
Jackson laboratory and therefore should have the number of copies previously reported
(Gurney et al., 1994; Bruijn et al., 1997; Wong et al., 1995). However, it is known that
during colony breeding spontaneous changes of copy number can happen due to
recombination events during meiosis (Alexander et al., 2004). To confirm that the animals
used in this study had expected copy number, quantitative PCR was kindly performed by
my colleague Dr. Monika Brill. Results showed following ACT values SODG%4 7.1; SODS85R
5.8; SOD"T 6.2, which is within expected range. Copy number calculations based on
SODEG® value gave following results: 10 copies in SOD®¥R and 13 copies in SODY'. While
the calculated value for SOD®®R s within expected range (Bruijn et al., 1997), the value for
SODWT is higher than values previously reported in the literature (7.2 + 2.4; Gurney et al.,
1994).

Further, Dr. Monika Brill quantified SOD expression levels by immunohistochemistry in
the motor neurons of the cervical-thoracic spinal cord (Figure 3.1).This is the region
where the motor neurons which innervate the triangularis sterni muscle are located
(confirmed by retrograde tracing in a previous experiment that | performed). The
measurements showed, as expected, that SODG93A mice have the highest expression of
human SOD protein. However the levels of the expression in SODG885R and SODWT
mice appear to be very similar. This result is contrast to what is reported in the literature
(Gurney et al., 1994; Bruijn et al., 1997). In previous studies, measurements were done on
whole brain or spinal cord homogenates. Here we perform direct measurements in the

cells of interest. The staining pattern also differs between the lines. In SOD%%®* mice
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staining shows SOD positive punctae in cytoplasm implying aggregation of human SOD.

In contrast, In SOD®8F and SOD"" mice staining pattern is uniform across the cytoplasm.

Figure 3.1 — SOD expression
in different transgenic lines
(figure courtesy Dr. Birill)

(A) Motor neurons in cervical-
thoracic spinal cord stained against
human SOD in different SOD lines.

WT (sop"7 et sopwr

(B) SOD expression levels quantified
by measuring fluorescence
intensities in arbitrary units (A.U.) in
motor neurons of different SOD lines
(n > 2 mice per phenotype, > 25
cells per animal).
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3.2.  Axonal transport in SOD%3A mice

3.2.1. Disease course, clinical symptoms and denervation in SOD%%A mice

| first investigated the most commonly used ALS animal model, the SOD%%4 mice. In
this model, mutant mice start to develop clinical symptoms of disease (weight loss and
muscle weakness) around 3-4 months of age (Figure 3.2A). During the same time period,
denervation of neuromuscular junctions (NMJs) becomes apparent in various muscles,
including the gastrocnemius and triangularis sterni muscles (Figure 3.2B). Denervation

occurs earlier and it is more profound in the gastrocnemius muscle (Figure 3.2B).
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Figure 3.2 - Time-course of clinical symptoms and denervation in SOD%%4 mice

(A) Time-course of body weight (in % of weight at P80, mean + S.E.M) and grid test performance
(expressed as % of tested mice) of SOD%3** and wild-type (WT) mice (n > 10 mice per genotype and time-
point).

(B) Time-course of denervation in triangularis sterni and gastrocnemius muscles of SOD%34 mice (n > 5
mice, > 1500 synapses).
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3.2.2.

triangularis muscle at 4 months of age (postnatal (P) day 120) (Figure 3.3A, B). A reduced
density was also observed in motor axons in the intercostal and tibialis nerves, but not in
ALS-resistant sensory axons in the saphenous nerve (Figure 3.3B). Similar changes were

observed in NMJs of the gastrocnemius muscle (35.7 + 1.3 % mitochondrial coverage in

Reduced mitochondrial density in axons and synapses of SOD%%34 mice

SOD%3* mice showed a reduced density of mitochondria in axons and NMJs in the

control mice vs. 18.8 = 1.0 in SOD%3* mice; mean + SEM; p < 0.05).
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Figure 3.3

Reduced mitochondrial
density in axons and synapses
of SOD%%34 mice

—_

A) Confocal images of mitochondria
cyan) contained in presynaptic axons
gray), which overlie synaptic sites
stained with Alexa594-conjugated a-
bungarotoxin, red) in triangularis sterni
muscles of wild-type (WT, left) and
SOD%%4 (G93A, right) mice fixed 4
months after birth.

Py

(B) Quantification of mitochondrial
density in intercostal nerve axons (n >
35 axons, n = 4-6 mice for each
condition), saphenous (saph.) nerve
axons (n > 45 axons, n = 8 mice),
tibialis nerve axons (n > 40 axons, n = 4
mice) and of mitochondrial coverage in
triangularis sterni synapses (n > 125
NMJs, n = 4-5 mice) of SOD®%4 and WT
mice fixed 4 months after birth.

Scale bar, 10um in (A). *, P < 0.001.
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3.2.3. Reduced mitochondrial transport in motor axons of SOD%% mice

To investigate underlying mechanism of neurodegeneration observed in SODS%%4, |
measured axonal transport of mitochondria in nerve that innervated affected muscles.
Measurements of mitochondrial transport revealed reduction in number of transported
mitochondria (transport flux; mito/min) in motor axons of SOD%3* mice at 4 months of age
(Figure 3.4A). A reduction in anterograde and retrograde transport was observed in motor
axons of intercostal and tibialis nerve (Figure 3.4B). Changes in mitochondrial
morphology are also evident in motor axons. Mitochondria in motor axons of SOD%4
mice appeared shorter and swollen in contrast to WT axons, where mitochondria have an

elongated morphology (Figure 3.4A).
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Figure 3.4 - Reduced mitochondrial transport in motor axons of SOD%%3A mice

(A) Wide-field images of intercostal axons in SOD%% and WT mice generated by averaging 50 frames of a
time-lapse movie. Stationary mitochondria, cyan. Moving mitochondria from the 1%, 25" and 50" frames of
the movie are superimposed as pseudo-coloured masks (green, anterograde moving mitochondria and
magenta, retrograde moving mitochondria). Middle panel, “event diagram” indicating the time when
moving mitochondria crossed an arbitrarily placed line (dashed gray) over 2 minutes of time-lapse imaging
(green, anterograde movement; magenta, retrograde movement).

(B) Frequency distribution of anterograde and retrograde mitochondrial flux in axons of intercostal (upper

panel) and tibialis nerves (lower panel) from SOD%%* (n > 40 axons, n = 4 mice) and WT mice (n > 50
axons, n = 6 mice)

Scale bar, 5pm in (A).
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3.2.4. Mitochondrial transport is unaffected in saphenous nerve of SOD%3* mice

To investigate if transport deficits are specific for motor axons as it would be expected
for the motor neuron disease ALS, | measured mitochondrial transport in pure sensory
saphenous nerve. Measurements revealed normal transport fluxes in sensory axons of

saphenous nerve of SOD%* mice at 4 months of age (Figure 3.5A).
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Figure 3.5 - Mitochondrial transport is unaffected in sensory axons of saphenous
nerve in SOD%? mice

(A) Wide-field image of saphenous axons generated and labelled as described for Fig. 3.4A

(B) Frequency distribution of anterograde and retrograde mitochondrial flux in axons of saphenous nerve
from SODS%%A (n = 56 axons, n = 8 mice) and WT mice (n =45 axons, n = 8 mice)

Scale bar, 5pm in (A).
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3.2.6. Tibialis nerve composition

The tibialis nerve comprises sensory and motor axons. To assess the contribution of
the sensory component and a possible sensory “contamination” of my results, |
performed two sets of experiments. First | looked at tibialis nerves of crosses between
Chat-cre transgenic and Rosa-tdTomato reporter mice (Figure 3.6A) obtained from the
Jackson Laboratory (Madisen et al., 2010). | found that the cholinergic (motor) component
of the nerve is only about 50% (47 + 6%, mean + S.E.M., n = 4 nerves), However, the
motor axons tend to be at the surface of the nerve. Further, | placed such a nerve into the
recording chamber in the usual orientation used for transport measurements (Figure
3.6B). In this setting, | determined the percentage of tdTomato* axons (and hence
cholinergic motor axons) of all myelinated axons as seen by oblique illumination. | found
that ~75% of all axons that | could image are cholinergic, a clear enrichment over the

nerve's composition (Figure 3.6B).

Second, | determined the size distribution of axons that | included into mitochondrial flux
measurements (usually | image thick axons, as the Thy7-promotor biases for such axons)
and compared this to the diameter distribution of superficial sensory axons as labeled by
anterograde tracing by virus injection into the L4 dorsal root ganglion (kindly performed
and provided by Anne Ladwig) (Figure 3.6C). This showed that the axon population
measured for the transport assays was on average much thicker (5.4 + 0.1um) than
sensory axons (2.3+0.3um) further reducing any sensory "contamination" in my

measurements (Figure 3.6C).
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Figure 3.6 - Tibialis nerve composition

(A) Tibialis nerve cross-section from a Chat-cre, A14 (Td-Tomato reporter) mouse (red), counter-stained with
a neuron-specific BlIl tubulin antibody (grey).

(B) When placed into the recording chamber, the majority (75%) of axons revealed by oblique illumination is
positive for the cholinergic marker. The asterisk marks a putative sensory (non-cholinergic) axon.

(C) A further enrichment for motor axons in my data results from the diameter bias of the Thy7-promotor
(left), which excludes most of the sensory axons (right, here revealed by anterograde labeling via an
injection of adeno-associated virus into the 4™ lumbar dorsal root ganglion, from where some sensory
axons project into the tibialis nerve).
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3.2.6. Single mitochondrion tracking using new mouse transgenic line Thy1-

MitoKaede reveals changes in transport characteristics in SOD%%A mice

For single mitochondrion tracking, | used transgenic mice which express photo-
convertible fluorescent protein, Kaede, selectively in neuronal mitochondria (Thy7-
MitoKaede mice). The principle of the experiment is shown in Figure 3.7. First, | photo-
converted a spatially restricted population of mitochondria from green to red fluorescence
using 405nm light (Figure 3.7A). By imaging the axons either distal or proximal to the site
of photo-conversion, | could track the anterograde or retrograde movement of individual
red mitochondria amidst their non-photo-converted green counterparts (Figure 3.7B).
Analysis of single mitochondria movement revealed a decrease in average speed of
mitochondria (average speed = total displacement divided by the observation time). The
average speed was decreased due to significant changes in stop length and frequency
(Figure 3.8A). The distribution of stop length showed that the vast majority (~90%) of
stops made by mitochondria in WT axons are shorter than 5s and that only ~ 6% of stops
are longer that 10s. This fraction is increased in SOD%%4 axons: here, ~11% of stops were

longer than 10s.

In parallel, | performed tracking of single mitochondria in wide-field movies that | obtained
for transport rate measurements (Figure 3.25). In these movies it is not possible to
measure stop length and frequency due to dense mitochondrial labeling in the Thy7-
MitoCFP line Therefore, the only parameter that | could reliably measure is average
speed. Here, | could also detect clear reduction in average speed confirming the data

obtained in Thy1-MitoKaede mice.

To explore whether these changes in transport are specific to mitochondria |
investigated axonal transport of endosomes, another often investigated cargo in axonal
transport studies. In order to label endosomes | injected Cholera Toxin Subunit B (CTB)
conjugated to the fluorescent dye Alexa-594 into the triangularis sterni muscle in vivo. The
CTB-dye complex is endocytosed into the axons at NMJs and transported retrogradely.

By imaging intercostal axons 24h after injection, | found that transport of CTB-labeled
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vesicles was affected in a similar manner as mitochondrial transport. This suggests a

possible general transport deficit of organelles in SOD%%4 mice (Figure 3.8B).

= am =

A UV illumination

Figure 3.7 - Single mitochondria tracking in Thy1-mitoKaede mice

(A) Intercostal nerve in a Thyl1-mitoKaede mouse before (top, green channel) and after (middle, green
channel; bottom, red channel) localized photo-conversion (UV-exposed area outlined in magenta).

(B) Top, time-lapse images of photo-converted mitochondria (pseudo-coloured blue and brown). Bottom,
corresponding kymograph.

Scale bars, 100um in (A); 10s in y and 10um in x in (B).
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Figure 3.8 - Reduced speed and increased stop length of mitochondria and vesicles
in SOD%%A mice

(A) Transport characteristics of individual mitochondria (n = 195-386 mitochondria; n > 29 axons; n = 4
mice) at 4 months of age. Values are expressed as mean percentage + S.E.M. of WT control.

(B) Single-cargo transport characteristics of individual CTB-labelled vesicles (n = 384-386 vesicles; n > 24
axons; n = 4 mice) at 4 months of age. Values are expressed as mean percentage + S.E.M. of WT control.

*, P <0.05
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3.2.7. Transport of synaptic vesicles precursors in SOD%%A mice

| also imaged transport of synaptic vesicles precursors using Thy1-synaptophysin7
YFP, SOD%%4 double transgenic mice. However, imaging transport in triangularis sterni
explant preparations derived from these mice turned out to be difficult for several
reasons. First, in these mice YFP aggregates are detectable with increasing age.
Therefore, it is impossible to distinguish between aggregates and normal, physiologically
occurring vesicles. Second, resolving transport and tracking of individual vesicles proves
to be very challenging because of their small size (~50 nm) and dim labeling. Additionally,
high background prevented reliable assessment of vesicle transport. Therefore, transport
was quantified as total number of moving YFP-positive objects per minute per micron of
axon length. The measurements at 4 months of age showed a trend towards a reduction
(84% = 17% of moving synaptophysin-positive particles in 4 months old SOD%%*A s,
littermate controls set to 100%; mean + S.E.M.), but this was not statistically significant,

and one of four experiments failed to show the effect (Figure 3.9).
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Figure 3.9 - Transport of synaptic vesicles precursors in SOD%%4 mice

experiment number

Transport of synaptic vesicles precursors was measured in four independent experiments and average
values of several axons for each animal are represented as individual data points (WT black circles, SOD%%4
grey circles). Pooling all the data together showed no difference between SOD% and WT mice at 4
months of age (n = 143 axons and n = 9 mice for WT; n = 122 axons and n = 9 for SOD%?3), Error bars

(S.EM.).
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3.2.8. Transport deficits precede disease onset in SOD%34 mice

To investigate when during the disease course transport deficits first appear, |
measured mitochondrial flux in SOD%%*A mice between 10 days and 4 months after birth.
Deficits were detectable as early as postnatal day (P) 20 for anterograde transport and
P40 for retrograde transport (Figure 3.10). To confirm that the transport deficits found in
SOD%%% mice are not due to the insertion site of the transgene in this mouse line, we
compared them to a very similar model of ALS, SOD%"? mice (Wong et al., 1995). Also in
this model, which has similar disease onset, transport deficits were evident at

presymptomatic stages (2 months of age; Figure 3.10).
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Figure 3.10 - Early onset of transport deficit in intercostal axons of SOD%%A mice

Mitochondrial flux in intercostal of SOD%%34 and WT mice (n > 30 axons, n > 4 mice per time-point) as well
as in intercostals nerves of SOD%7" mice (n = 45 axons, n = 2 mice). Error bars (S.E.M.) smaller than data
symbols in most cases.

*, P <0.05
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3.2.9. Mitochondrial density in intercostal axons over disease course in SOD%%A

mice

The mitochondrial density is reduced in motor axons and synapses in SOD%%4 mice at 4
moths of age (Figure 3.3). However, transport deficits emerge much earlier during
disease course (Figure 3.10). To further investigate relationship between these two
transports and density, | measured the mitochondrial density over the disease course in
intercostal axons of SOD%%*4 mice (Figure 3.11). The results show that the drop in density
is first evident at two months of age indicating that the neurons can maintain normal
mitochondrial density for certain period of time despite profound transport deficits. This

result suggests existence of compensatory mechanisms in motor axons.
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Figure 3.11 - Time-course of mitochondrial density in intercostal nerve axons

Time-course of mitochondrial density in intercostal nerve axons of WT (grey circles) and SOD®%*A mice
(black circles).The 4 months time-point corresponds to data shown in Fig 3.3B. Values are expressed as
mean + S.E.M. Error bars (S.E.M.) are smaller than data symbols in most cases.

*, P<0.05.
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3.2.10. Anterograde transport deficits precede deficit in retrograde transport in

individual axons in SOD%%A mice

The mean transport values suggest emergence of anterograde deficit first in the
disease course (Figure 3.10). Still, it is possible that some of the axons are affected
simultaneously or in reverse order by transport deficits (i.e. first retrograde followed by
anterograde deficit). Moreover, there could be a group of axons not affected by transport
deficits at all. To better understand these changes, | examined the correlation of
anterograde with retrograde transport within individual axons. The results showed that
also in individual axons, anterograde transport deficits precede retrograde transport
changes in SOD®%* mice (Figure 3.12). No transport deficits are detectable at P10 (upper
panel). However, at P20, a population of axons in SOD%34 mice (black diamonds) shows
a deficit in anterograde transport, while retrograde flux still appears normal (middle
panel). At P40, the majority of axons in SOD%%4 mice (black diamonds) is affected by

anterograde and retrograde transport deficit (lower panel).
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Figure 3.12 - Correlation of anterograde and retrograde transport in intercostal
axons of SOD%%A mice

Anterograde vs. retrograde mitochondrial flux in individual axons of WT (gray diamonds) and SOD%%4 mice
(black diamonds) at P10 (upper panel), P20 (middle panel) and P40 (lower panel).
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3.2.11. Axonal transport deficits affect all axons irrespective of their diameter

To investigate whether axons diameter confers a susceptibility for transport deficits, |
also plotted total transport (anterograde plus retrograde) against axon diameter at
different time points (P40, P60 and P120) (Figure 3.13). Such plots did not revealed

correlation between total transport (or transport deficits) and axon diameter.
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3.2.12. Early changes in mitochondrial morphology in SOD%%34 mice

To investigate changes of mitochondrial morphology | measured shape factor
(mitochondrial length/width ratio) in SOD%%4 mice over disease course. Shape factor
measurements revealed that mitochondrial morphology in axons was altered as early as
P20 (Figure 3.14). Correlative analysis of transport and shape factor for single axons
revealed that alternations in mitochondrial morphology precede decrease in axonal
transport in motor axons in SOD%*A mice. Note the population of axons in SOD%3 mice

(black diamonds) with low shape factor but still normal transport at P20 (Figure 3.15).
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Figure 3.14 - Early changes in mitochondrial morphology in intercostal axons of
SOD®%%3A mice

Mitochondrial shape factor in intercostal axons of SOD%%4 (black circles) and WT (grey circles) mice (n > 20
axons, n > 2 mice per time-point and phenotype). Error bars (S.E.M.) smaller than data symbols in most
cases.

*, P<0.05.
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Figure 3.15 - Changes in mitochondrial morphology precede onset of transport
deficit in intercostal axons of SOD%%A mice

Correlation of mitochondrial shape factor with total (anterograde plus retrograde) mitochondrial transport in
intercostal axons of SOD%%4 mice (black diamonds) at 10 days after birth (top; n > 24 axons, n > 3 animals)
and 20 days after birth (bottom; n > 80 axons, n > 6 animals). Grey areas are representing the spread
(mean + 2 x standard deviations) of WT shape factor and transport values (grey diamonds).
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3.2.13. Shape factor and volume of moving mitochondria in SOD¢%%34 mice

To explore whether transported mitochondria in SOD%%4 mice are also affected by
shape changes | measured the shape factor of the moving mitochondria at 2 months of
age. The measurements showed lower shape factor values in SOD%3* mice (Figure

3.16A). Similarly, average volume of moving mitochondria was reduced (Figure 3.15B).
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Figure 3.16 - Morphology and volume of moving mitochondria

(A) Moving mitochondria in SOD%%*4 mice have decreased shape factor at 2 months of age (n = 2 mice and
n = 96-193 mitochondria per phenotype and direction).

(B) Reduced volume of moving mitochondria in SOD%%% mice (n = 2 mice and n = 121-270 mitochondria per
phenotype and direction).

Error bars (S.E.M.) *, P<0.05.
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3.2.14. Motor neurons can support complex arbors despite transport deficits in

SODS%A mice

To investigate what are the consequences of early transport deficit for motor neurons
and their arbors, | took advantage of Thy7-YFP" mice, which due to subset labeling of few
motor neurons permit reconstructions of entire motor units. | first measured mitochondrial
transport in individual axons, which were fluorescently labeled with cytoplasmic YFP in
SODE%4 Thy1-MitoCFP, Thy1-YFP" triple-transgenic mice, in the triangularis sterni
explant preparation. | then reconstructed the distal arbors and NMJs of such axons by
high-resolution confocal microscopy. Remarkably, motor neurons with severely
compromised transport and reduced mitochondrial density still support arbors that
terminate in normal appearing neuromuscular synapses (Figure 3.17). In a control
experiment | measured transport in YFP expressing axons and their non-YFP expressing
neighboring axons in Thy1-YFP" mice. High expression of YFP in subset of motor neurons
in Thy1-YFP" mice had no influence on mitochondrial transport at 50 days after birth and
4 months (120 days) after birth (Figure 3.18). However, YFP positive axons show reduced
transport at 6 months of age, preventing use of these mice for studies in SOD mutants

with later disease onset or aging studies.
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Figure 3.17 — Motor neurons can support complex arbors despite transport deficits
in SOD%3 mice

(A) Manual tracing of a motor unit in a triple-transgenic SOD®%4, Thy1-mitoCFP, Thy1-YFP" mouse (4
months of age), based on a tiled confocal reconstruction. Numbers indicate NMJs shown at higher
magnification in B. This motor unit maintained normal appearing NMJs. Sprouts are marked by asterisk.

(B) Selection of NMJs showing that the axon (gray) fully covers the postsynaptic membrane (labeled with
BTX, red; mitochondria shown in cyan).

(C) Wide-field image of the reconstructed axon was generated by averaging 50 frames of a time-lapse
movie. Stationary mitochondria are shown in cyan. Moving mitochondria from the 1st, 25th and 50™ frames
of the movie are superimposed as pseudo-coloured masks (green, anterograde moving mitochondria and
magenta, retrograde moving mitochondria). Bottom panel shows an “event diagram” indicating the time
when moving mitochondria crossed an arbitrarily placed line (highlighted in gray in the panel above) over 2
minutes of time-lapse imaging (green, anterograde movement; magenta, retrograde movement).

(D) Mitochondrial flux of reconstructed axon (filled circle) plotted against the distribution of transport fluxes
found in a population of SOD%3%, Thy1-mitoCFP mice (pastel colored circles; data correspond to Fig 3.4B).

(E) Mitochondrial density in reconstructed axon (filled circle) compared to the distribution found in a
population of SOD%%4, Thy1-mitoCFP mice (grey circles; data correspond to Fig. 3.3B).

Scale bars, 100 pm in (A), 10 umin (B), 5 um in (C).
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Figure 3.18 - Time-course of transport in intercostal axons over-expressing YFP

Mitochondrial flux in YFP expressing axons and non-YFP expressing neighboring axons in intercostal nerve
at 50 days after birth (n =32 axons per phenotype, n = 10 mice total), 4 months (120 days) after birth (n = 9
axons per phenotype, n = 4 mice total) and 6 months after birth n = 32 axons per phenotype, n = 4 mice
total).

Error bars (S.E.M.) *, P<0.05.

3.2.15. Capacity to increase axonal transport is not exhausted in SOD%%34 mice

Next, | wanted to better understand the nature of the transport deficits observed in
SODG%4 mice. It is reasonable to assume that axons in SOD®34 mice are already
transporting at maximum levels which are determined by SOD toxicity induced damage to
the transport machinery. That would mean that in situations when WT axons respond with
increase in transport such response would be absent in SOD%?** mice. To investigate,
whether axons in SOD%%4 mice are still capable of increasing their mitochondrial transport
| performed complete transections of intercostal nerves. It is known that axotomy induces
increase in mitochondrial transport in the proximal stump of the axon that is evident already 6h
and persists up to 3 week after the axotomy (Misgeld et al., 2007). | cut the nerves that
innervate triangularis sterni muscle in vivo at 2 months of age (Figure 3.19) and measured

axonal transport of mitochondria 24h and 7 days after complete transection in acutely
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explanted preparations in several places related to the axotomy: above the lesion ("cut"),
in the neighboring intercostal nerve ("neighbor") and in the contralateral intercostal nerve

as ("uncut") control (Figure 3.19).

;"’ axo'tomy .,
(24h, 7d)

Figure 3.19 - Principle of axotomy experiment in triangularis sterni explant

Wide field image of triangularis sterni explant 24h after complete transection of one intercostal nerve (insert
shows higher magnification of cut site). Recording sites in cut nerve (cut), neighbouring nerve (neighbour)
and contralateral control (uncut control) are marked with red circles. Intercostal nerves are shown in white.

An increase in anterograde and retrograde transport above the lesion in WT axons was
present already after 24h (63% increase for anterograde and 50% increase for retrograde
transport) and it further increased after 7 days (98% anterograde, 61% retrograde).
Interestingly, an increase in mitochondrial transport was also observed in SOD%%4 axons.
After 24h, anterograde transport increased from 64% of the WT level to 85%, while
retrograde increased from 42% of WT transport to 89% (this is increase of 34% in
anterograde and 111% in retrograde transport compared to the transport in SOD%%A
uncut axons). This effect was even more profound 7 days after cut, when anterograde

transport reached 143% of WT levels and retrograde 121% (this is increase of 125% in
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anterograde and 189% in retrograde transport compared to the transport in SOD%3
uncut axons; Figure 3.20A). To my surprise, | also observed an increase in the uncut
"neighbor" nerve - remarkably, here | found a difference in response between WT and
SOD%% mice. In the neighbouring nerve of WT mice, anterograde and retrograde
transport were increased in a similar pattern albeit to a lesser degree compared to the cut
nerve (44% and 52% increase for anterograde after 24h and 7 days, respectively, and
30% and 49% increase for retrograde after 24h and 7 days respectively). However, in
SODG%4 axons no increase in anterograde transport was observed, while retrograde
transport showed only a slight and transient increase 24h after cut (Figure 3.20B). After
24h, anterograde transport in neighboring nerve was 67% of WT transport (65% in uncut
control) and retrograde increased from 42% of WT transport to 66% of WT transport.
Seven days after cut anterograde transport was still unchanged (59% of WT control) and

retrograde had decreased again to 52% of WT transport (Figure 3.20B).

Taken together, the results of the axotomy experiment clearly show that capacity to

increase transport is preserved in axons in SOD%%A mice.
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Figure 3.20 - Intercostal axons in SOD%%4 mice still can increase their transport in
response to axotomy

(A) Relative change in anterograde (left) and retrograde (right) mitochondrial flux in cut nerve at 24h and 7
days after complete transection of an intercostal nerve in SOD®* and WT mice. Increase is expressed as
mean percentage + S.E.M. of transport flux in contra-lateral uncut WT control (ctrl).

(B) Relative change in anterograde (left) and retrograde (right) mitochondrial flux in neighboring nerve at
24h and 7 days after complete transection of intercostal nerve in SOD®® and WT mice. Values are
expressed as mean percentage + S.E.M. of transport flux in contra-lateral uncut WT control (ctrl).

* P <0.05vs. WT ctrl
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3.2.16. Sham operated animals do not show an increase in transport

To confirm that the observed increase in transport after axotomy is indeed axotomy-
specific, | have performed sham operations. | measured axonal transport of mitochondria
24h after operation in acutely explanted preparations from operated (where a complete
transection was performed) and sham operated animals. No effect of the sham operation

was observed, confirming that the increase in transport is axotomy-specific (Figure 3.21)
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Figure 3.21 - Sham operation does not affect mitochondrial transport

Relative change in anterograde (left) and retrograde (right) mitochondrial flux in operated animals and sham
operated animals at 24h after in WT mice. Values are expressed as mean percentage + S.E.M. of transport
flux in contra-lateral uncut control (ctrl).

*, P <0.05 vs. ctrl
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3.2.17. Increase in transport after axotomy in SOD®%*A mice is accompanied by

changes in transport characteristics of individual mitochondria

Single cargo analysis 7 days after cut revealed changes in transport characteristics of
mitochondria (Figure 3.22). Average speed for anterograde and retrograde moving
mitochondria was slightly increased in WT axons due to decrease in stop length and
frequency. However, moving speed was not changed. In SOD%%4 mice similar changes
were observed with an increase in average speed due to a profound decrease in stop
length and frequency. Hence, axotomy can not only increase flux rates in SOD%%34 axons,

but also alter the transport parameters of single particles to resemble normal values.
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Figure 3.22 - Changes in transport characteristics of individual mitochondria in
response to axotomy in intercostal axons in SOD%34 mice

Single-cargo transport characteristics of individual mitochondria (n = 80-251 mitochondria; n > 17 axons; n
> 4 mice) at 2 month. Values are expressed as mean percentage = S.E.M. of WT control (dashed line).
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3.3.  Axonal transport in SOD%%A mice

3.3.1. Disease course, clinical symptoms and denervation in SOD%F mice

After this detailed investigation of transport of mitochondria and CTB-labeled
endosomes in the SOD%* mouse model, | wanted to investigate another ALS mouse
model - my expectation being that in all ALS models the transport alterations described
for SOD%%* and SOD%7f mice would be present if transport disruptions indeed mediate
ALS-related axon degeneration. | chose a model based on the SOD%F mutation, which
has a later disease onset followed by a rather "explosive" disease course. These mice
start losing weight about 9 month after birth (Figure 3.23A). Subsequently, during the
preterminal phase of the disease, they also develop muscle weakness (Figure 3.23A)

coincident with denervation of muscle fibers (Figure 3.23B)
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Figure 3.23 - Time-course of clinical symptoms and denervation in SOD%F mice

(A) Time-course of body weight (in % of weight at 9 months of age, mean + S.E.M) and grid test
performance (expressed as % of mice with normal grid test) of SOD%%" and wild-type (WT) mice (n > 10
mice per genotype and time-point).

(B) Time-course of denervation in triangularis sterni and gastrocnemius muscles of SOD% mice (n > 250
synapses, n > 3 mice).
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3.3.2. Axonal degeneration but no transport deficits are observed in SOD%5F mice

Mitochondrial transport measurements in triangularis sterni muscle in SOD%%F, Thy1-
MitoCFP mice revealed normal anterograde and retrograde flux at 6 months of age
(Figure 3.26A). At six months animals still do not show disease symptoms. This was
surprising result, and in contrast to early and profound transport deficit observed in
SODEG%4 mice. Transport appeared normal even in the preterminal stage of the disease,
when signs of axon degeneration, such as axon fragments, are readily detectable in the
intercostal and tibialis nerves that | imaged (Figure 24 A and B), Retrograde transport of
endosomal vesicles labelled by peripheral injection of CTB showed no abnormalities
(Figure 3.24C). Similarly, tracking of individual mitochondria revealed no changes in
average speed (see next section; due to the long disease-course of the SOD®R model
and the apparent normality of transport flux and CTB vesicle transport, we decided to
forgo crossing SOD®R mice with Thy7-mitoKaede mice and chose to track single

mitochondria in Thy 7-MitoCFP mice instead.).
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Figure 3.24
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3.3.3. Mitochondrial speed in SOD%%4, SOD%F and SOD"" mice

The tracking of single mitochondria in wide-field movies obtained for transport rate
measurements in intercostal and tibialis nerves revealed reduction in average speed in
SODE%4 and SOD"" mice (Figure 3.25). No changes in average speed were detected in

SODEC®F at preterminal stage (Figure 3.25).
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Figure 3.25 — Mitochondrial speed in SOD%%34, SOD%°F and SOD"™ mice

Average anterograde (left, green) and retrograde (right, magenta) speed of transported mitochondria
measured in movies obtained from Thy7-mitoCFP, SOD double-transgenic mice for SOD%4 (4 months),
SODC%F (preterminal) and SOD"" (4 months). Top, data for intercostal nerve axons; bottom; tibialis
nerve.Values are expressed as mean + S.E.M; n = 57-340 mitochondria.

* P<0.05.
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3.3.4. Time course of mitochondrial transport in SODF mice

The surprising finding that transport of mitochondria and CTB-labelled endosomes at
the preterminal stage in intercostal axons was normal in SOD®3", mice prompted me to
investigate mitochondrial transport across the disease course Only at the very late
disease stage (terminal) | detected a slight reduction in anterograde transport (Figure
3.26A) - which together with the results obtained at preterminal stage allows to estimate
that at most a mitochondrial transport deficit in the SOD%°F mice persist for two weeks
(the time it normally takes for an animal to die once it has reached the preterminal stage).
This estimate is in sharp contrast to the deficit that lasts several months found in SOD®%4,
However, likely even this short survival time in SOD%%" is an overestimate for single
axons, as the terminal measurement is probably contaminated by axons that are already
degenerating and therefore might not have transport anymore. Consistent with normal
transport, measurements of mitochondrial density in axons of intercostal and tibialis
nerves in SOD%*F mice showed no differences at preterminal stage (Figure 3.26B).
Further, to confirm that the transport of other cargoes is also normal | performed an
analysis of transport characteristics of CTB labelled endosomes in the tibialis nerve.
Although the tibialis nerve innervates the gastrocnemius muscle, which is more affected
at the preterminal stage, analysis showed no change in transport characteristics (Figure
3.26C).
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Figure 3.26 - Mitochondrial
transport during disease
time course, mitochondrial
density and transport of
CTB labelled endosomes in
tibialis nerve in SODC®&R
mice

(A) Mitochondrial flux rates in
intercostal nerve during disease
course in SOD®% mice (n > 30
axons, n > 3 mice).

(B) Mitochondrial density in
intercostal and tibialis nerves of
SODC%F mice (C) Single-cargo
transport characteristics of
individual CTB-labelled vesicles for
SODC®R at preterminal stage (n =
301 vesicles; n = 16 axons; n = 3
mice);

Values are expressed as mean
percentage + S.EM. of WT
control. Error bars (S.E.M.) smaller
than data symbols in most cases.
Scale bar, 5pm in (A).
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3.3.5. Mitochondrial transport in G85R SOD-YFP mice

| also measured transport in G85R SOD-YFP mice kindly provided by Dr. Horwich from
Yale University. Although it was previously reported that these mice have disease onset at
9 months of age (Wang et al., 2009), in animals that we obtained we could not observe a
clear ALS-like phenotype at the expected times and could not stage them accordingly.
Still, as our genotyping confirmed the presence of the SOD transgene, | measured
transport in three animals total at different time-points. No differences were observed
between the animals and pooled together, mitochondrial fluxes appeared normal in G85R
SOD-YFP mice (anterograde: 6.6 = 0.6 mito/min; retrograde: 2.5 + 0.2 mito/min) (Figure
3.27). More extensive studies of this second SODC®F allele are in preparation in

collaboration with the Yale group.
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Figure 3.27 - Mitochondrial transport in G85R SOD-YFP

Mitochondrial flux in G85R SOD-YFP mice (n = 3 mice and n = 24 axons). Dashed lines indicate average
value for WT mice.
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3.4. Axonal transport in SOD"" mice
3.4.1. Disease course, clinical symptoms and denervation in SOD"" mice

SOD"" mice over-express a WT human SOD protein and are commonly used as
control mice in ALS studies (Gurney et al., 1994). As expected, | detected no weight loss,
functional deficits or signs of denervation in these mice when | examined them at 4
months of age (Figure 3.28 A and B). As reported previously (Jaarsma et al., 2000), at 1
year of age the animals start showing a mild neurological phenotype, that appears mostly
in the form of a broadened ataxic-appearing gait. At this time also mild (<10%)

denervation is found in triangularis sterni and gastrocnemius muscles.
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Figure 3.28 - Time-course of body weight and grid test performance of SOD"" and
WT mice

(A) Time-course of body weight (in % of weight 2 months in A, mean = S.E.M) and grid test performance
(expressed as % of mice with normal test; n > 10 mice per group).

(B) Time-course of denervation in triangularis sterni and gastrocnemius muscles (n > 250 synapses, n > 3
mice).
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3.4.2. Axonal transport deficits are observed in SOD"™ mice

Surprisingly, however, anterograde and retrograde mitochondrial flux in triangularis
sterni explants of SOD"T, Thy1-MitoCFP mice was significantly reduced already 2 months
after birth (Figure 3.29). This deficit was progressive and reached levels in intercostal and
tibialis nerves comparable to SOD%3* and SOD%"" mice by 4 months and persisted for up
to 1 year (Figure 3.29 and Figure 3.30 A and B). Similarly, SOD"" axons showed slowed
transport of mitochondria and CTB-labeled particles (Figure 3.30E and Figure 3.25).
Mitochondrial density was reduced both in intercostal and tibialis nerves at 4 months
(Figure 3.31). Thus, over-expression of non-mutated human SOD suffices to induce early
transport deficits. These deficits, however, do not cause overt motor neuron degeneration
for several months — only at 12 months did | detected mild denervation (<4% in

triangularis; <8% in gastrocnemius muscle; Figure 3.28 see also Jaarsma et al., 2000).

81 % » =* * 81 % » = *
€ o : o
E s - S SODW!
52, 3
= 34 e S 4
E 5 o 2 =
X = ¢ O L
s © SOD"! * )
0 - 0 . .

6 12 0 6 12

age [months]

o

Figure 3.29 - Time course of transport deficit in intercostal axons of SOD%%4 mice

Mitochondrial flux in intercostal of SOD%%4 and WT mice (n > 30 axons, n > 4 mice per time-point), as well
as in intercostals nerves of SOD%7F mice (n = 45 axons, n = 2 mice). Error bars (S.E.M.) smaller than data
symbols in most cases.

*, P <0.05.
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Figure 3.30 - Axonal transport deficits and degeneration are dissociated in SOD"T
mice

(A) Wide-field image of an intercostal axon generated and labeled as described for Fig. 1A.
(B) Mitochondrial flux rates in intercostal nerves (n > 40 axons, n > 3 mice).

(C) Single-cargo transport characteristics of individual CTB-labelled vesicles for SODY" at 6 months (n = 280
vesicles; n = 23 axons; n = 3 mice).

Values are expressed as mean percentage + S.E.M. of WT control. Error bars (S.E.M.) smaller than data
symbols in most cases. Scale bar, 5um in (C). *, P<0.05.
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Figure 3.31 - Quantification of mitochondrial density in intercostal and tibialis nerve
axons

Mitochondrial density in intercostal and tibialis nerve (n > 25 axons, n = 3 mice for each condition) of 4-
month old WT and SOD"" mice.

Values are expressed as mean + S.E.M. *, P<0.05.
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4. DISCUSSION

Axonal transport deficits have been reported in many neurodegenerative conditions,
including Alzheimer's disease, Huntington's disease and ALS, and are widely assumed to
be an immediate cause of neurodegeneration. In my PhD thesis, | used imaging
techniques to directly address the relationship between organelle transport and axon
degeneration in a set of established ALS animal models, based on different mutations in
the SOD gene that cause fALS in humans. The results of this study show that axonal
transport deficits and degeneration can evolve independently refuting the hypothesis that
disturbances of fast organelle transport are a general and immediately causative step in
the emergence of motor neuron degeneration. This conclusion is based on the following

results:

() Axonal transport deficits do not cause immediate axon loss: In the most commonly
used SOD-ALS model (SOD%3* mice) transport deficits are already present as early as 3
weeks after birth. However, despite these transport deficits, motor axons can survive and

maintain complex arbors for several months before axonal degeneration sets in.

() Axonal transport deficits are not sufficient to cause axon loss: In mice that express a
non-mutated human SOD protein (SOD"" mice; the standard "negative" control in SOD-
ALS studies), we found comparable transport deficits as in SOD%* mice - but only very

limited and late loss of axons.

(I Axonal transport deficits are not necessary for axon loss: In the SOD%%" mice,
another commonly used ALS model, | found no transport deficits until imminent death of

the animals due to extensive axonal degeneration.

This study raises a number of important questions for ALS research but also for the
neurodegeneration field in general. For example, it is a common practice in studying
neurodegenerative diseases to draw general conclusion from results obtained in only one
overexpression animal model - not uncommonly one with early disease onset and
therefore particularly high expression levels of mutated protein. Particularly, in the SOD-

ALS field such practise seems common. This notion is supported by the results of a
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survey of SOD-ALS publications from the past 4 years that | did: The results of my survey
showed that 96% (24 of 25) of the recent papers used the aggressive SOD%*4 model and
that 56% of the papers are solely on these SOD%* mice. Only 25% of the papers have
investigated SOD"" mice as control and only 28% at least one more mutant in addition to
SODC%4, The data presented in this study clearly indicate the necessity to use various
mutants in parallel and appropriate controls (over time to match unavoidable differences
in expression levels) in SOD-ALS studies. Our lab is proposing the use of one active and
one inactive mutant as minimum and preferably of lines with lower expression levels than
SODG%4, Further, time-course data from mice expressing non-mutated SOD (SOD")
should be used as controls. In this way, it is possible to search for patterns and
alternation common to different SOD mutants, which induce essentially the same ALS-

like phenotype, and absent from the disease-unrelated control.

As these suggestion deviates from the common practice, | would like to give a short
retrospective of how this study, from which these recommendations emerged, developed.
Originally, our goal was to mechanistically dissect axonal transport in the most commonly
used model of ALS, the SOD%3 mouse. In this choice, we were influenced by the
predominance of this model in the literature. This is the reason why the largest part of the
data in this PhD thesis is on the SOD%%4 model. However, later during the project |
discovered a similar transport and mitochondrial phenotype in SOD"" and the lack of
such a phenotype in SOD®%F mice. These findings changed our initial view on the relation
between transport deficits and axon degeneration and hence our project plan. We
decided to deepen our comparison of the different mouse models and delay publication
of our results until we could obtain a complete picture of transport deficits in SOD-based
ALS models. In between, a study by the Schiavo lab appeared (Bilsland et al., 2010),
reporting early transport deficits in SOD%%4 mice, but interpreting these deficits as a very
important step in ALS pathogenesis. No other SOD mutants were investigated in this

study. Our interpretation differs sharply from the Bilsland study.

The discussion is divided into six parts. In the first part, | will discuss the transport
deficit in SOD%* mice and the possible underlying mechanisms. Special attention in this

part is on the differences in results between my study and previous studies on axonal



Petar Marinkovi¢ Discussion 102

transport in ALS. The second part is the discussion of the axotomy experiments. This part
is followed by the discussion of changes in mitochondrial morphology observed in
SOD%3%* mice, which are often cited as general ALS hallmarks. However, | will give
arguments, supported by the results on SOD"™ and SOD%%F that these changes could be
overexpression artefacts and not ALS-related. Similarly, in parts on the axonal transport
in SOD"T and SOD%" mice, arguments in favour of independent evolvement of axonal
transport and axonal degeneration will be discussed. The final part of the discussion is

summarizing the main findings, their significance and conclusions of this PhD thesis.

4.1.  Axonal transport deficits in SOD%44 mice

This is the first study to my knowledge that clearly shows mitochondrial transport flux
deficit in mature axons in SOD%* mice. Indeed, the results of the present study show
that motor axons in intercostal and tibialis nerves in SOD%?* mice at 4 months of age
have a reduced mitochondrial transport. Investigation of transport in the purely sensory
saphenous nerve at the same age suggested that these transport deficits were specific
for motor axons as would be expected for the motor neuron disease ALS. At 4 months of
age SODS%4 mice also show clinical signs of the disease, such as weight loss and muscle
weakness. Consistent with reduced transport, the density of mitochondria is reduced in
motor axons and synapses in SOD%?* mice. Previous studies have also shown reduced
density of organelles in mouse models of ALS, suggesting that reduced organelle density
is a consequence of transport impairments (Pun et al., 2006; Shan et al., 2010). However,
organelle density should be taken with caution as readout for axonal transport. The
density could also be affected by reduced biogenesis, catabolic processes or local
fusion/fission processes (Batlevi and La Spada, 2011; Detmer and Chan, 2007). Here,
direct time-course measurements of axonal transport and mitochondrial density in axons
and synapses support the link between transport and density. At the same time, as we
did neither observe fusions in significant numbers, nor a change in the anterograde-to-
retrograde ratio in SOD%%4 mice, we do not have any direct evidence that would support

a contribution of other processes than transport to the reduced peripheral density. To the
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possibility of reduced biogenesis, my data do not make a point - indeed it would be
interesting to "search for" the missing mitochondria: If reduced transport alone explains
reduced density, a "pile up" in proximal parts of the cell would be expected, while

reduced biogenesis would predict a general paucity of organelles throughout the cell.

To better understand the mechanisms underlying the transport deficit observed in
SODE%4 mice, | developed two assays that allow analysis of the movement of individual
cargoes transported in motor axons in situ. The first assay is based on Thy71-MitoKaede
mice, a new transgenic line recently developed in our lab. The second assay allows

investigation of another cargo, namely the endosomes.

In Thy1-MitoKaede mice it is possible to reliably track individual photo-converted
mitochondria among their non-photo-converted counterparts over long distances in
axons. The results of such tracking experiments showed that transport in SOD%%4 mice is
characterized by changes in transport characteristics of individual mitochondria.
Transported mitochondria in SOD%%*A mice have a reduced average speed mainly due to
increased stop length and frequency. Based on these results, it is attractive to propose a
model where such local events (increase in stop length and frequency) could affect
axonal transport flux. In long motor axons, a movement pattern with frequent and long
stops could mean that fewer mitochondria reach the distal parts of axons per unit of time
(i.e. reduced mitochondrial flux), even if we assume that the same number of
mitochondria is sent off from the cell body in SOD%34 and WT mice. This view is also
supported by the fact that changes in transport characteristics correlate with an observed
increase in transport after axotomy in SOD%* and WT mice (Figure 3.22; page 88; for
details see discussion chapter on “Capacity of motor axons to increase transport in
SODG%4 mice is not exhausted”; page 107). Furthermore, | observed that in SOD3
axons a larger fraction of moving mitochondria (~ 11% in both anterograde and
retrograde direction) make considerably longer stops (> 10s). Some of these mitochondria
even remained immobile during the whole recording period. It is possible that these
mitochondria stopped permanently and/or that they are degraded by local autophagy
(Wang et al., 2011b). Such events would further contribute to the reduction in transport

flux.
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Second, | asked whether the observed transport defects are specific to mitochondria by
investigating transport of other cargos. As experiments with Thy7-synaptophysin7-YFP
were not reproducible and hard to interpret, | established an assay to investigate the
transport of endosomes. | injected cholera toxin, subunit B (CTB) conjugated to the
fluorescent dye Alexa-594 into the triangularis sterni muscle in vivo. The CTB-dye
complex is taken up by neuromuscular synapses and incorporated into vesicles, likely of
endosomal nature (Shogomori and Futerman, 2001), which are then transported
retrogradely to the cell body. By imaging intercostal axons 24h after injection, | found that
transport of CTB-labeled vesicles was affected in a similar manner as mitochondrial
transport. This suggests a general transport deficit of organelles in SOD%%4 mice, even
though generalizing beyond the cargoes examined is dangerous, given the large number

and diversity of organelles and proteins transported in axons.

The fact that anterograde and retrograde transport of cargos are affected in a similar
manner suggests that both kinesin and dynein motor proteins are affected in the motor
axons of SOD%3* mice. In support of such an interpretation is a recent study, which
shows that mutant SOD interacts with dynein and slows down transport in pre-
symptomatic SOD%?4 mice (Shi et al., 2010). Alternatively, or additionally, microtubules as
main tracks for axonal transport of mitochondria could be functionally or structurally
modified in SOD%3A mice. Indeed, it was shown that alternations in microtubules
associated proteins (MAPs) precede ultra-structural changes in ALS (Farah et al., 2003;
Binet and Meininger, 1988). These alternations could influence the polymerization of
microtubules or change their stability and therefore impair transport of mitochondria and
other cargoes. A recent study reported abnormal i.e. increased microtubule dynamics
measured by tubulin turnover in SOD%%4 mice and neuroprotective effects of microtubule
stabilization (Fanara et al., 2007). Transgenic mice with labeled polymerizing tip of
microtubules (Thy1-EB3-YFP mice) that were recently developed in our lab (Kleele et al.,
in preparation), now allow direct analysis of microtubules dynamics in vivo and could
therefore provide further insight in the mechanisms underlying transport disruptions.
However, preliminary results of my initial experiments in SOD%%A, Thy1-EB3-YFP mice

show no obvious changes in mitochondrial dynamics in motor axons.
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On the cellular level, signs of degeneration, namely denervation of muscle fibers, are
first evident around 3 months of age in SOD%3A mice. Systematic analysis of
mitochondrial transport in SOD%* mice showed that transport deficits are already
present as early as 3 weeks after birth, which is approximately 2-3 months before disease
onset marked by weight loss and muscle weakness. This suggests that motor neurons
can survive significant transport deficit (at least of mitochondria) without synapse or axon
loss over long periods of time. This conclusion is further supported by results of individual
motor unit reconstruction by high resolution confocal microscopy. In triple transgenic
SODE%4, Thy1-MitoCFP, Thy1-YFP" mice, due to the subset labeling pattern in Thy1-YFP"
line, | was able to directly correlate mitochondrial transport and density with axonal
morphology. Remarkably, motor neurons with severely compromised transport and
reduced density of mitochondria still support peripheral arbors that terminate in normal
appearing NMJs. In a control experiment | measured transport in YFP expressing axons
and their non-YFP expressing neighboring axons in Thy7-YFP" mice. High expression of
YFP in subset of motor neurons in Thy7-YFP" mice had no influence on mitochondrial
transport at 50 days after birth and 4 months (120 days) after birth. However, YFP
positive axons show reduced transport at 6 months of age, preventing use of these mice
for studies in SOD mutants with later disease onset or in aging studies (for discussion see
discussion chapter on “Axonal transport in SOD"" mice”; page 112 ). This is not the first
report of abnormalities in axons of the Thy7-YFP" line. For example, the group of Michael
Coleman has shown that spheroids form in the dorsal columns of older mice of this strain
(Bridge et al., 2009). My new observations now further limit the usefulness of the popular
Thy1-YFP" and show that overexpression of a biologically largely "inert" protein alone

suffices to induce transport deficits comparable in degree to what is seen in ALS models.

Several in vivo and in vitro studies have demonstrated that axonal transport of
organelles is disrupted in ALS animal models (De Vos et al., 2007; Bilsland et al., 2010).
These studies propose transport deficit to be a key and immediate cause of
degeneration. In contrast, results of this study in SOD®%* mice show a temporal
disassociation between the onset of transport deficits and the onset of degeneration.
Possible explanation for the discrepancy between the present study and previous in vitro

studies could be in the methods used. Cell culture systems are made by culturing primary
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motor neurons derived from transgenic mice or by transfecting embryonic rat cortical
neurons with plasmids carrying human mutant SOD (Kieran et al., 2005; De Vos et al.,
2007). Obviously in such systems it is not easy to study the temporal sequence of events
that normally stretch over long periods of time in vivo. Moreover, in these systems,
neurons are not fully differentiated or myelinated and therefore have different properties
than in vivo. Undifferentiated neurons could have a different cytoskeleton composition,
which would directly affect transport. Indeed, it is known that myelination of axons is
required for maturation of the cytoskeleton and that myelin formation affects microtubule
stability (Brady et al., 1999; Kirkpatrick et al., 2001). The axon myelination also directly
affects mitochondrial motility (Ohno et al., 2011). Finally, the expression levels of mutated
SOD after transfection in culture can be very high and therefore could induce
overexpression artefacts. A recent in vivo study overcame these limitations and it
reported, similar to the results of present study, a slowing down of retrogradely
transported endosomal cargoes at all stages of disease and increased pausing of
mitochondria in SOD%3* mice at the presymptomatic stage (Bilsland et al., 2010).
However, remarkably, the Bilsland study reports no decrease in the density of moving
mitochondria (a parameter related to mitochondrial flux) in presymptomatic (P36) SODG%%34
mice. This is very interesting since these authors used the very Thy7-mitoCFP mice that
our lab generated and characterized (Misgeld et al., 2007) and that | used in my study.
Still, the results from the Bilsland study are in direct conflict to the results presented in
this thesis. One possible explanation for this discrepancy could be the imaging technique
chosen by Bilsland et al. The imaging frequency in the Bilsland et al. paper is 0.1-0.2Hz,
since a slow scanning laser microscope was used. This, in our experience, is insufficient
to actually obtain precise transport parameters and would vyield lower transport flux
simply because many moving mitochondria would pass through the field of view between
image acquisitions. Indeed, values reported by Bilsland et al. are very low. Figure 5A of
Bilsland et al. suggests a value of approx. 4 moving mitochondria/min - in contrast,
Figure 5C indicates ~ 0.55 mitochondria/min (0.4 anterograde + 0.15 retrograde). In
contrast, by using imaging at 1Hz on a wide-field microscope | was able to record 8-12

moving mitochondria/min in motor axons, which concords with previously reported
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results in our ex vivo preparation, as well as in the sciatic nerve in vivo (Misgeld et al.,
2007;Kerschensteiner et al., 2008).

4.2, Capacity of motor axons to increase transport in SOD%3A mice is

not exhausted

One of the questions that | tried to answer experimentally in this PhD thesis is if motor
axons in SOD%3 still have the capacity to increase transport despite their early and
profound transport deficits. One possibility would be that axons in SOD%%4 mice are
already transporting at maximum levels which although low, are still sufficient for
maintenance of normal appearing arbors (see Figure 3.17, page 81). In other words, it is
possible that axons simply cannot increase their transport due to the damage caused by
the mutant SOD. Mutant SOD could interact with the transport machinery inducing slower
and less efficient transport (Shi et al., 2010). In addition, mutant SOD could affect
mitochondrial dynamics in the cell body causing fewer mitochondria to be sent out
(Magrane et al., 2012). Such scenarios would imply that even if challenged, axons could
not increase their transport. To explore this possibility | have performed complete
axotomy of intercostal nerves in SOD%34 mice. It is known that axotomy induces an
increase in mitochondrial transport in the proximal stump of the axon that is evident
already at 6h and persists up to 3 week after axotomy (Misgeld et al., 2007). It is though
that neurons increase their transport as a part of the regeneration promoting response
(Hoffman, 2010).

Surprisingly, axons in SOD%?%* mice also show an increase in axonal transport after
axotomy. 24h after axotomy axons in SOD%3 mice increase their total (anterograde plus
retrograde) transport by ~50% reaching transport levels comparable to the levels of WT
axons. Transport further increases with time after cut. After 7 days, transport in
axotomized SODS%%A axons exceeds transport in WT axons under normal (uncut)
conditions. This suggests that the capacity to increase transport is not exhausted and
that the ability to response to injury is preserved in SOD%3 axons. Past research reports

investigating the effect of axotomy in SOD%34 mice were concentrated more on motor
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neuron survival and the disease progression. The hope was that axotomy could provoke
similar effects as a conditioning lesion. Conditioning lesions can augment neuronal
survival and recovery following a subsequent injury. In the PNS, conditioning lesions have
been shown to enhance the regeneration rate (Forman et al., 1980) and the extent of axon
collateral sprouting (Jenqg et al., 1988). However, results of studies in SODS%%A mice
reported both protective (Kong and Xu, 1999; Franz et al., 2009) and harmful effects of
axotomy on motor neuron survival (Mariotti et al., 2002; Sharp et al., 2005). Of interest for
this study is a recent report by Mesnard et al. (Mesnard et al., 2011), which shows that
axotomized motor neurons in SOD%34 and WT displayed similar transcription response to
axotomy. Axotomized motor neurons both in WT and SOD%* significantly increased
expression of pro-survival/regenerative genes like Bll tubulin, GAP-43, Hn1, and BDNF.
This result suggests that the response to axotomy is preserved in motor neurons in
SOD%%* mice. The results of this PhD thesis are adding the increase in mitochondrial

transport in the cut nerve to the preserved response.

One interesting result of my axotomy experiment is the unexpected response of
neighbouring intercostal nerves (see Figure 3.20; page 86), which to my knowledge were
so far not examined, neither in WT nor in SOD%%* mice. While in WT mice the
neighbouring nerve responds with an increase of transport, this response is not
detectable in SOD%3* mice. (Note: nerves contralateral to a cut or in sham-operated
animals do not show a change in transport.) It is of note that cell bodies of neurons that
give rise to axons of cut and neighbouring nerve are located in different segments of the
spinal cord and that they likely do not contact each other. Therefore, it is reasonable to
assume that signal for transport increase comes from the muscle, which undergoes
denervation after cut. Possible candidates include neurotrophins for which release after
injury has been shown and which can regulate transport (Chada and Hollenbeck, 2004).
The lack of response in SOD%3 mice suggests impairments in some of these signalling
pathways. Alternatively, while signalling might remain functional, the "denervation"
stimulus in the mutant might not be strong enough to provoke a response in the
neighboring nerve. This explanation would imply that additionally to these "remote"
signalling, more local stimuli caused by the axotomy contribute to the response of the

axotomized nerve (which is intact in the SOD%* mice). It is clear that further experiments
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are needed to indentify the involved signalling pathways and to elucidate the underlying
mechanisms. However, we did not pursue this venue of research, as our subsequent

results questioned the disease-significance of the SOD%%A results.

In line with increased transport, | observed changes in single mitochondria transport
characteristics after the axotomy both in WT and SOD®%% mice. The most prominent
changes after the axotomy were in stop length and frequency, parameters which
contribute importantly to the reduced average speed of mitochondria in SOD%3 mice.
The observed recovery in these parameters after axotomy raise the possibility that
putative changes in cytoskeletal tracks or motor proteins underlying transport defects are

also in principle reversible.

4.3. Changes of mitochondrial morphology in SOD%%34 mice

In this study | also tried to address changes in mitochondrial functionality in animal
models of ALS. However, it is challenging to assess mitochondrial membrane or redox
potential in motor axons in vivo or in explant preparation. Therefore | used mitochondrial
morphology as a readout for mitochondrial functionality. This is justified by many previous
studies in which it was shown by electron microscopy that rounded and swollen
mitochondria have altered cristae and therefore are likely functionally impaired (Sun et al.,
2007). Direct evidence for a connection between mitochondrial morphology, functionality
and ultra-structural changes came from a recent study by Niki¢ et al., from my thesis labs
(Niki¢ et al., 2011). In this study, the authors used imaging to directly show that swollen
appearing mitochondria in vivo have an altered mitochondrial potential. Furthermore they
used serial section electron microscopy to show ultrastructural alternations at the level of

cristae of such mitochondria.

In this study | observed very early change in shape of the stationary axonal
mitochondria. These changes are first evident between P15 and P20. Correlation of
mitochondrial shape factor and transport in individual axons suggest that the changes in
shape factor precede reduction in transport. A possible underlying mechanism could be

that mutated SOD®%%4 protein interacts with mitochondria causing functional impairments.
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It was shown that mutant SODS%%4 protein associates with mitochondria and enters the
intramembrane space (Liu et al., 2004; Igoudijil et al., 2011). This causes expansion of
intermembrane space and leads to problems in mitochondrial function (Manfredi and Xu,
2005). Once morphologically and functionally impaired, mitochondria are likely not able to
locally provide ATP or buffer calcium. Also, they could be source of reactive oxygen
species (ROS). Insufficient ATP could cause inefficiency of motor proteins (Hirokawa et
al., 2010), while high local Ca?* would lead to detachment of motor proteins and cargoes
from microtubules (Wang and Schwarz, 2009). Finally, ROS produced in excess from
malfunctioning mitochondria could damage microtubules and impair transport. Indeed,
swollen mitochondria have higher ROS production in late stage SOD%%* mice, as my
colleagues and | found using new ROS reporter mice (Breckwoldt et al., in preparation).
Still, it is worth nothing that swollen morphology could be an artefact of high expression
of mutant SOD and not directly linked to ALS pathogenesis (Bergemalm et al., 2006).
Such interpretation is supported by two results of this study. First, SOD"" mice show a
similar mitochondrial phenotype as SOD%34 mice and second SOD%°" mice do not show

alternations in mitochondrial morphology (for discussion see below).

4.4. Axonal transport in SOD%°F mice

Surprisingly, analysis of transport in SOD%" revealed normal transport flux even in the
preterminal stage of the disease, when clear signs of axon degeneration were detectable
in intercostal and tibialis nerves and when animals show clinical symptoms of the disease.
The SODC&F mice express a mutated, but in contrast to SOD%34 and SOD%"? mice,
inactive form of the SOD enzyme. Furthermore, according to the literature, SOD%%f mice
express mutated protein to levels similar to endogenous mouse SOD (Bruijn et al., 1997).
However, our immunohistochemical quantification of SOD%®F expression in motor
neurons themselves showed similar levels to SOD"', in other words higher than
previously reported (see Figure 3.1; page 59). These differences could be explained by
different methods used (immunohistochemistry in single cells in this study vs. whole brain
or spinal cord homogenates). Previous studies reported no morphological mitochondrial

abnormalities in SOD®" (Bruijn et al., 1997), although association of the mutated enzyme
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with spinal mitochondria was reported (Liu et al 2004). Surprisingly, a recent study
reported even increase in mitochondrial length in these mice (Vande Velde et al., 2011).
Spinal mitochondria in symptomatic SOD%% mice have reduced buffer capacity for Ca?*
but respiration rate, ATP synthesis and mitochondrial potential were unaffected (Damiano
et al., 2006). Taking these results together it is seems that SOD%*" mice in contrast to
SOD%3* mice do not show alternations in mitochondrial morphology or function. Changes
in mitochondrial morphology are often stated in the literature to be one of the ALS
hallmarks. However, these statements are mostly based on studies done in SOD%%* or
SODG3R mice. Studies on mitochondrial morphology in ALS patients are for obvious
reasons rare. One of the most cited papers in the literature is the electron microscopy
study of synapses in autopsies from sporadic ALS patients (Sasaki and Iwata, 1996) In
this paper authors showed aggregation of structurally altered mitochondria in synapses.
However, the data in Sasaki et al study are obtained from autopsies i.e. post-mortem
samples form patients who were in terminal stage of the disease. Thus, observed
changes in mitochondrial morphology could be part of the final steps of the
neurodegenerative processes. Moreover, it is impossible to deduce from such samples if
changes in mitochondrial morphology are also present earlier during disease course or in

the presymptomatic phase, which would implicate their role in the disease pathogenesis.

No study so far addressed the axonal transport in SOD®F mice in vivo, although a
transport deficit was suggested based on reduced density of synaptic vesicles at the
NMJs, even though the data were not shown (Pun et al., 2006). Previous experiments in
cell culture showed that G85R affects mitochondrial transport in a similar way as other
mutated forms of SOD protein, i.e. reducing the number of anterograde moving
mitochondria and increasing the number of retrograde moving mitochondria (De Vos et
al., 2007). The results of the present study now show no transport deficit in SOD%F mice
until the terminal stage of the disease, when a slight decrease in anterograde transport
was observed. This means that axons can degenerate without long-standing transport
deficits and that transport deficits are not a general feature of ALS-like pathology. The
lack of transport deficit in another G85R line, the G85R SOD-YFP mice, further supports
this view, even though limited availability of these mice precluded a comprehensive

study.
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4.5. Axonal transport in SOD"" mice

Axons can thus degenerate without preceding transport deficits, but is the converse
also true, i.e. are there models in which axonal transport is disrupted while axons survive?
Analysis of SOD"T mice suggests that this is indeed possible. SOD"T mice over-express a
non-mutated form of the human SOD protein and are commonly used as control mice in
ALS studies. Transport measurements showed a reduction in mitochondrial transport in
these "control" mice already two months after birth. The transport deficit was
progressive: by 4 months of age SOD"" mice showed a deficit comparable to SODG%A
mice and this persisted up to 12 months of age. Here, even more clearly than in SODG%A
mice, a temporal disassociation between transport deficit and degeneration was obvious,
since only mild denervation was detected at 12 months as previously reported (Jaarsma
et al., 2000). This shows once again the remarkable capacity of motor neurons to survive
profound transport deficits. However, it is worth noting that these mice do develop a late
onset form of neurodegeneration (Dal Canto and Gurney, 1995; Jaarsma et al., 2000).
This degeneration does not primarily affect motor neurons, but long projection neurons of
the central nervous system, such as the spino-cerebellar or the dorsal column tracts. In
contrast, motor neurons are amongst the nerve cells that degenerate late, again
dissociating this pathology from ALS. Results obtained in SODY" mice offer the possibility
to hypothesise that the observed pathology in SOD%%4 mice has two components. One
which is ALS-related and which initiates explosive axon degeneration, and a second
component which is related to over-expression of SOD, no matter whether the protein
mutated or not. This component induces transport deficit, affects mitochondrial
morphology and (perhaps) accelerates the disease. In support of this hypothesis are the
results of a study by Jaarsma et al. 2000, which showed that crossing SOD"™ mice with
SOD%%4 mice induces earlier disease onset and death. This also suggests that there is a
limit to which motor neurons can sustain transport deficits - it seems to perhaps increase
their vulnerability to other, ALS-related toxicity mechanisms. The results of the
measurements in Thy1-MitoCFP, Thy1-YFP" further support the view that over expression
of proteins can induce transport deficits. In these mice at 6 months of age, YFP-positive
axons showed comparable mitochondrial transport deficits to the deficits observed in

SODYT and SOD®%3 mice. This suggests that over-expression of YFP, which does not
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have any physiological role in mouse neurons, can induce transport impairments.
Therefore, special attention is needed in choosing and characterizing transgenic lines and

in running control experiments if protein over-expression is involved.
4.6. General discussion

The aim of this PhD study was to investigate the in vivo consequences of reduced
organelle transport in ALS mice, which — based on the published literature (De Vos et al.,
2007; Bilsland et al., 2010; Magrane et al., 2012; Vande Velde et al., 2011) — was
expected to be a general feature of ALS disease models. However, by comparing several
different bona fide models of SOD-based familial ALS, | found that rather than co-
segregating with the ALS-specific mutation, transport disturbances were only present in
some SOD-mice (SOD%%% | SOD%7F and SOD"" , but not SOD%R), irrespective of whether
the enzyme carried an ALS mutation or not. These results thus dissociate organelle
transport deficits and axon degeneration in animal models of ALS. This conclusion
contrasts with widely held assumptions in the field of ALS research, which are based on
reduced organelle density in SOD%3 axons (Pun et al., 2006, Vande Velde et al., 2011)
and altered organelle motility in SOD%%4 axons in vitro (De Vos et al., 2007; Magrane et
al., 2012) and in vivo (Bilsland et al., 2010).

One important distinguishing feature of our study is that we performed a systematic
time-course comparison of organelle transport in fully mature motor axons in several ALS
models that differ in SOD expression level, enzymatic activity and mutation status. This is
of importance as it is well-established from human studies that a vast number of different
SOD mutations, which for example differ in their effects on biochemical activity or stability
of the enzyme (Dion et al., 2009), lead to essentially the same ALS phenotype. Any cell
biological mechanism that is linked to the root-cause of motor neuron degeneration in
ALS should therefore probably be similarly affected across the spectrum of disease-
related SOD mutations and ideally absent in SODYT controls. Detailed comparison in this
study now shows that organelle transport disruptions do not fulfil this criterion, and hence
are not directly related to mutation-specific toxicity of SOD, but seem rather to be caused
by excess enzymatic activity, protein expression levels, subcellular mis-localisation or

aggregation; however, which combination of these parameters affects transport cannot
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be definitively differentiated based on data sets presented here. In contrast to my study,
most previous reports on the link between ALS and organelle transport either focussed on
only one mutation, performed comparisons in vitro or in non-motor neuron cells, or did
not include the wild-type over-expression control, SOD"". Other studies looked only at
surrogate markers of transport deficits (such as organelle density; (Vande Velde et al.,
2011; Shan et al., 2010; Pun et al., 2006).

In my view, the fact that SOD"" mice maintain essentially normal neuromuscular
innervation despite profound and long-lasting transport deficits that are comparable to
those observed in SOD%% and SODSF severely weakens the evidence in favor of the
hypothesis that disruptions in organelle transport alone could be the pathogenic
mechanism in ALS motor neuron degeneration. There is further evidence that argues
against a direct role of organelle transport deficits in causing the degenerative phenotype
in SOD%%A mice. For example, increasing mitochondrial transport does not yield the
expected therapeutic benefit in SOD%3 mice (Zhu and Sheng, 2011). Furthermore, while
the fact that mutations in motor proteins can cause a neurodegenerative phenotype is
often cited in support of a role for axonal transport in ALS-pathogenesis, mutations in
retrograde motor proteins alone do not phenocopy SOD%3* (Perlson et al., 2009). Still,
while not primarily pathogenic, the motor axon-specific transport deficits — as seen in
SODE%4 or SOD%"F mice — might contribute to the phenotypic variations seen between
the diseases caused by differentially mutated SOD. Hence, comparing the phenotypes
caused by mutations that affect transport and others that do not (such as SOD%%F) might
allow differentiating factors that initiate or just accelerate axon degeneration. Indeed, the
observation alone that SOD"" mice have a transport deficit does not strictly refute the
possibility that a transport deficit could exist in ALS. Only together with my observations
that the SOD®* mice lack a comparable transport deficit does an argument emerge that

represents a significant challenge to the idea that ALS is essentially a "transport-o-pathy".

A number of general conclusions emerge from this study: First, in ALS models, the
mechanisms that reduce organelle transport appear distinct from those that initiate axon
degeneration. Hence, axonal transport of organelles might not be a suitable target to

therapeutically prevent the irreversible loss of neurons or axons in ALS, even though in
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other neurodegenerative diseases this might clearly be a promising strategy (d’Ydawelle
et al.,, 2011). In any case, my argument strictly applies only to mitochondria and
endosome-derived vesicles. While these are the most commonly assayed specific
cargoes in the context of ALS-research, it remains possible that disturbed transport of
another cargo would better correlate with ALS-related neurodegeneration. For instance,
my study does not exclude disturbances in slow axonal transport (Collard et al., 1995;
Williamson and Cleveland, 1999) or changes in cargo composition (Perlson et al., 2009)
as important steps in ALS pathogenesis, nor does it contradict the view that organelle
transport deficits can accelerate axon degeneration, e.g. in the SODG93A model
(Jaarsma et al., 2000). Second, our findings underline the phenotypic heterogeneity that
characterizes even closely related animal models of neurodegeneration. This emphasizes
the need to study several models to differentiate disease-related (e.g. degeneration) from
model-related (e.g. transport deficits) events. Third, our study reveals the remarkable
capability of motor neurons to survive for long periods of time despite limited axonal
transport. Indeed, even in those SOD-overexpression models that affected transport
severely, the drop in mitochondrial density was delayed (Figure 3.10 vs. Figure 3.11;
pages 72 and 73, respectively) suggesting some compensatory mechanism. One part of
this compensation could be the time-shifted drop in retrograde transport, which over time
reduces the net deficit in organelle number. This would imply a longer residency of
individual organelles in the periphery. In the case of mitochondria this could help to buffer
a deficit in the supply of energy substrates. However, in the presence of additional
stressors (which might well be ALS-related), the accumulation of increasingly

dysfunctional mitochondria could well accelerate axonal demise.
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	Animals were tested and weighed every 3-4 days. The grid test was a binary modification of a previously described test (Kraemer et al., 2010). Briefly, each mouse was placed onto a metal grid, which was positioned ~30 cm above a soft surface. The grid was inverted to determine whether an animal could support itself for more than 30s. For each animal three trials were performed with a 5 min rest period in between. The test was scored "normal" if the animal could hold itself for more than 30 s in at least one trial. In the figures, a “survival” curve of the percentage of animals which showed a normal test at a given time is presented. 

