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ZUSAMMENFASSUNG 

Während der Entwicklung des Nervensystems entstehen zunächst überzählige Synapsen 

und Axonäste, welche postnatal wieder abgebaut werden, ohne dass dabei das Neuron stirbt. 

Dieser Abbauprozess ähnelt dem von Axonen bei Erkrankungen oder Verletzungen des 

Nervensystems. Tatsächlich weist der Abbau von Axonen unter pathologischen Bedingungen 

mit dem entwicklungsbedingten Abbau viele Gemeinsamkeiten auf. Beispielsweise sind in 

beiden Fällen Veränderungen des neuronalen Zytoskeletts zu beobachten. Ziel meiner 

Doktorarbeit war es, Veränderungen des Zytoskeletts während der entwicklungsbedingten 

Synapsenelimination von Motorneuronen zu charakterisieren. Als Modell verwendete ich ein 

Nerv-Muskel-Explantat, in dem einzelne Axone von Motorneuronen beobachtet werden 

können. Während der Synapsenelimination innervieren zunächst konkurrierende terminale 

Axonäste verschiedener Motorneurone eine Synapse, von denen nach der zweiten postnatalen 

Woche ein einziges „Gewinner“-Axon übrig bleibt, während alle anderen Äste abgebaut 

werden. Hierbei werden in den „Verlierer“-Ästen Mikrotubuli abgebaut, woraufhin sich diese 

Äste zurückbilden. In einem knockout (KO)-Mausmodell des Mikrotubuli-schneidenden 

Enzyms Spastin konnte ich zeigen, dass der Abbau von „Verlierer“-Ästen verzögert 

stattfindet, da Mikrotubuli weniger geschnitten und dadurch stabilisiert werden. Des Weiteren 

überprüfte ich, ob verschiedene Methoden zur Manipulation von Mikrotubulistabilität den 

Transport von Organellen verändern. Insbesondere verwendete ich hierbei genetische 

(Spastin-KO) und pharmakologische (Epothilon B) Methoden. Im Spastin-KO konnte ich 

beispielsweise entgegen unserer Erwartungen keinen signifikant erhöhten Transport finden. 

Der Grund für die relativ schwache Veränderung könnte in chronischen 

Kompensationsmechanismen liegen. Daher verwendete ich zusätzlich Epothilon B zur 

Stabilisierung von Mikrotubuli. Epothilon B wird auf Grund seiner neuroprotektiven 

Eigenschaften derzeit zur Behandlung des spinalen Traumas erforscht. Ich konnte hierbei 
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zeigen, dass der mitochondriale Transport in sich zurückziehenden Axonästen spezifisch 

erhöht war. Insgesamt zeigen diese Ergebnisse, dass der Abbau von Mikrotubuli den 

verringerten axonalen Transport in sich zurückziehenden Ästen bedingt. Des Weiteren stellen 

die Ergebnisse eine neue Parallele zwischen entwicklungsbedingtem und neurodegenerativem 

Axonabbau durch Spastin auf, dessen Mutation zu Spastischer Hereditärer Paraplegie führt. 
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SUMMARY 

Most axonal branches and synapses in the developing nervous system are generated in 

excessive amounts, but disassemble soon after birth without the neuron as a whole dying. This 

degradative process resembles axon loss following disease or injury in the adult animal. Both 

pathological and physiological axon loss share some common cell biological mechanisms, 

such as changes in the neuronal cytoskeleton. The aim of my thesis was to characterize how 

alterations to the cytoskeleton, especially microtubules, affect loss of terminal axon branches 

at the developing neuromuscular junction (‘synapse elimination’). To this end, I imaged 

developing motor neurons on the scale of individual axon branches using a nerve-muscle-

explant over time. During synapse elimination, multiple terminal branches innervate a 

myocyte, one of which ultimately remains as the ‘winner’ branch, while the others 

disassemble. The specific disassembly of the ‘loser’ branches coincides with locally reduced 

microtubule content, and I could show that a knock-out (KO) of the microtubule-severing 

enzyme spastin slows down axon loss of terminal branches during synapse elimination. 

Furthermore, I checked whether microtubule-based transport of organelles was altered under 

different conditions altering microtubule stability. Specifically, I used genetic (spastin-KO) 

and pharmacological means (epothilone B) to achieve this. For instance, the spastin-KO 

showed no significant change in transport, which might be due to chronic compensatory 

mechanisms. Therefore, I stabilized microtubules acutely by injecting the drug epothilone B, 

which is currently being explored for its neuroprotective properties during spinal cord injury. 

Epothilone B specifically increased the transport of mitochondria in dying axon branches 

when compared to winning branches. Overall, my results suggest that microtubule 

degradation causes impaired axonal transport in dying axon branches. Furthermore, the results 

show a new parallel between developmental and neurodegenerative axon loss mediated by the 
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microtubule-cutting enzyme spastin, whose mutation is also known to cause spastic hereditary 

paraplegia.  
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1. INTRODUCTION 

Loss of axons and synapses occurs early on in most neurodegenerative diseases 

(Adalbert & Coleman, 2013) and may underlie some of the functional impairments 

observed in circuit activity (Zott, Busche, Sperling, & Konnerth, 2018). Our understanding 

of the cellular and molecular events that orchestrate axon loss is still incomplete, yet in 

recent years, a few principles emerged. For example, shared molecular ‘self-destruction 

pathways’ exist, which disassemble axons under diverse pathological settings (Coleman, 

2005; J. T. Wang, Medress, & Barres, 2012). Also, axon degeneration uses some of the 

molecular pathways that are employed during developmental axonal remodeling (L. Luo & 

O'Leary, 2005; Misgeld, 2005; Nikolaev, McLaughlin, O'Leary, & Tessier-Lavigne, 2009; 

Raff, Whitmore, & Finn, 2002; Riccomagno & Kolodkin, 2015). In fact, insights gathered 

from studies on developmental axon loss (‘pruning’) have complemented our 

understanding of pathological axon death in the past (Schuldiner & Yaron, 2015).  

Many axonal self-destruction pathways culminate in increased axonal calcium, 

microtubule disruption and decreased axonal transport (Cartelli et al., 2013; Coleman, 

2005; J. T. Wang et al., 2012). Microtubules are part of the neuronal cytoskeleton, which 

provides structural support but also guides transport of intracellular resources to nourish 

the neuronal periphery (Kapitein & Hoogenraad, 2015). An example of a common 

mechanism of microtubule breakdown is activation of the ubiquitin-proteasome system and 

Ca2+-mediated activation of calpain, which occurs during both fragmentation-like pruning 

of dendritic arborization neurons in the fly (Kanamori et al., 2013; C. T. Kuo, Jan, & Jan, 

2005) and after acute axonal transection (‘Wallerian degeneration’) (George, Glass, & 
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Griffin, 1995; Zhai et al., 2003). Fragmentation-like pruning is a distinct form of pruning, 

which involves long sections of neurites. The axonal section to be removed is affected 

synchronously and has a sudden time course that is completed within hours (Saxena & 

Caroni, 2007). In contrast, the pruning of short, terminal branches initiates at the axon 

terminals and slowly propagates proximally, where it resembles the die-back pathology of 

many neurodegenerative diseases (Saxena & Caroni, 2007).  

The pruning of short terminal branches is closely associated with a process called 

‘synapse elimination’, since many of the terminal branches have already formed synapses 

before their removal (Riccomagno & Kolodkin, 2015). During embryonic development, 

most synapses that are initially formed are removed later as the circuit matures (Schuldiner 

& Yaron, 2015). Elimination of synapses is important for the proper maturation of 

neuronal circuits (Lichtman & Colman, 2000), and the balance between synapse 

elimination and formation may actually be altered in diseases such as schizophrenia or 

autism spectrum disorders, where synapse number is typically found decreased or 

increased, respectively (Penzes, Cahill, Jones, VanLeeuwen, & Woolfrey, 2011). 

Synapse elimination has been studied most extensively at the murine neuromuscular 

junction (Bianchi, 2018). Here, several branches of an axon innervate multiple targets, of 

which some establish long-term innervation, while others shrink and retract toward the 

parent axon (Keller-Peck et al., 2001). In search of the underlying cell biological 

mechanisms, one study found destabilization of microtubules to be present in the dying 

branch (Bishop, Misgeld, Walsh, Gan, & Lichtman, 2004). The authors speculated that 

local microtubule disruption could influence the amount of resources transported into 

terminal branches and render them at a competitive disadvantage, but how neuronal 
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resources are specifically distributed among different branches was also unknown at the 

time (Bishop et al., 2004). 

In my thesis, I tested whether stabilizing microtubules using different pharmacological 

and genetic manipulations affects developmental axon loss and axonal transport at the 

murine neuromuscular junction. In the following paragraphs, I will begin with an 

introduction into neuronal microtubules, axonal transport, and synapse elimination, before 

detailing my findings.  
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1.1. Neuronal microtubules 

Neuronal processes are both stably maintained over long distances but also dynamically 

remodeled during circuit formation and plasticity (Song & Brady, 2014). Achieving the 

balance between stability and dynamicity depends on a neuronal cytoskeleton that reflects 

these versatile properties (Song & Brady, 2014). Microtubules are filamentous polymers 

that belong to the neuronal cytoskeleton just like actin and neurofilament (Hesketh & 

Pryme, 1995). They provide ‘rails’ for intracellular cargo transport (Hirokawa, Niwa, & 

Tanaka, 2010; Kapitein & Hoogenraad, 2015) and direct cargo to specific locations 

(Akhmanova & Steinmetz, 2008; Kapitein & Hoogenraad, 2015). Furthermore, 

microtubule reorganization drives the assembly of the mitotic spindle (Walczak & Heald, 

2008) and generates the mechanical forces needed during neuronal development (Kapitein 

& Hoogenraad, 2015), in particular for neuronal migration, axon growth, synapse 

formation and establishing neuronal polarity (Conde & Caceres, 2009; Kapitein & 

Hoogenraad, 2015; Witte & Bradke, 2008). Microtubule dynamics are also implicated in 

synaptic plasticity and memory formation, potentially by affecting spine morphology and 

synaptic transmission (Fanara et al., 2010; Jaworski et al., 2009; Shumyatsky et al., 2005; 

Uchida et al., 2014). Not surprisingly, a variety of neurodegenerative diseases are 

associated with cytoskeletal dysfunction (McMurray, 2000; Sadleir et al., 2016; Sudo & 

Baas, 2011), and some neurological disorders are caused by microtubule-related mutations 

(Table 1) (Kapitein & Hoogenraad, 2015; Maday, Twelvetrees, Moughamian, & Holzbaur, 

2014). 
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Disease Mutated human gene Protein Reference 

Hereditary spastic 
paraplegia 

SPG4 

SPG10 

SPG30 

Spastin 

KIF5A 

KIF1A 

Hazan et al. (1999) 

Reid et al. (2002) 

Erlich et al. (2011); 
Klebe et al. (2012) 

Pick’s disease MAPT tau Hutton et al. (1998) 

Lissencephaly DCX 

TUBA1A 

PAFAH1B1 

Doublecortin 

α-tubulin  

Lis-1 

Gleeson et al. (1998) 

Poirier et al. (2007) 

Reiner et al. (1993) 

Perry syndrome DCTN1 dynactin Farrer et al. (2009) 

Familial amyotrophic 
lateral sclerosis 22 

TUBA4A α-tubulin  Smith et al. (2014) 

Table 1 | Neurodevelopmental and neurodegenerative diseases caused by selected 
mutations in tubulin or microtubule-interacting proteins.  
Assembled by the author from Maday et al. (2014) and the search function in 
www.genecards.org (retrieved on 01. January 2020). 

1.1.1. Structure and dynamics of microtubules  

Microtubules are hollow tube-like polymers which assemble from α- and β-tubulin 

heterodimers (Figure 1.1) (Luduena, Shooter, & Wilson, 1977). They are about 25 nm in 

outer diameter and have variable length of a few µm and ascending (Baas, Rao, 

Matamoros, & Leo, 2016; Hawkins, Mirigian, Selcuk Yasar, & Ross, 2010; Yogev, 

Cooper, Fetter, Horowitz, & Shen, 2016). Both tubulin subunits are bound to a guanosine 

triphosphate (GTP) molecule, which can be exchanged with GDP on β-tubulin, but not on 

α-tubulin (Downing & Nogales, 1998b).  

Being assembled of αβ-heterodimers in the described manner, microtubules are 

intrinsically polarized with β-tubulin facing the ‘plus end’ and α-tubulin the ‘minus end’ 

(Figure 1.1) (Baas et al., 2016). While microtubules are uniformly oriented in axons with 
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> 90 % of plus ends pointing towards the axon terminals, they have about 50 / 50 % mixed 

polarity in vertebrate dendrites (Baas, Deitch, Black, & Banker, 1988; Kleele et al., 2014; 

Stepanova et al., 2003). This difference in polarity is important for guiding cargo transport 

(Kapitein & Hoogenraad, 2011) and differentiating neurites during development 

(Neukirchen & Bradke, 2011; Stiess & Bradke, 2011). 

 

Figure 1.1 | Microtubule structure.  

Microtubules are assembled from α- and β-tubulin heterodimers, which form linear 
protofilaments in a head-to-tail fashion. In mammalian cells, 13 protofilaments align in 
parallel to form a sheet, which winds into a 25 nm wide tube (Downing & Nogales, 1998a).  
At the closing site, a discontinuity appears (the ‘lattice seam’, magenta line), where α- and 
β-tubulin interact laterally. Modified from Akhmanova and Steinmetz (2008) 

Microtubules are very dynamic and continually undergo periods of growth and 

shortening, with rapid switches from shrinkage to growth (‘rescue’) and switches from 

growth to shrinkage (‘catastrophe’) (Akhmanova & Steinmetz, 2008). Stochastic switches 

between growth and depolymerization are known as ‘dynamic instability’ (Figure 1.2) 

(Mitchison & Kirschner, 1984) and enable microtubules to rapidly explore the surrounding 

intracellular space. Dynamic instability is typical for the microtubule plus end, which 

grows and dismantles relatively fast, while the minus end is stabilized by proteins such as  
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Figure 1.2 | Dynamic instability.  

Microtubules continuously undergo cycles of growth and shrinkage. Newly added tubulin 
dimers contain GTP which is hydrolyzed to GDP after binding to the microtubule lattice. 
Typically, growing microtubules contain at least one layer of GTP on the (+) end, which 
stabilizes the microtubule. After losing the GTP cap, the microtubule tip is rapidly 
disassembled. Modified from Akhmanova and Steinmetz (2008) and Aher and Akhmanova 
(2018) 



Athanasia Natalia Marahori Introduction 
 

  

8 

 

by γ-tubulin and CAMSAPs (Akhmanova & Hoogenraad, 2005, 2015). Microtubules ends 

grow by adding new tubulin dimers, which contain GTP that undergoes hydrolysis shortly 

after integration. Thus, the growing plus end has at least one layer of GTP-tubulin, whereas 

most of the stem microtubule contains GDP-tubulin (Baas et al., 2016). This so-called 

‘GTP-cap’ stabilizes microtubules at their plus end (Caplow & Shanks, 1996), and the 

microtubules undergo rapid catastrophe after losing it (Baas et al., 2016) (Figure 1.2). 

 

1.1.2. Posttranslational microtubule modifications 

Despite their uniform and conserved basic architecture, microtubules specialize to fulfil 

diverse functions which are closely linked to their organization and dynamics (Janke, 2014; 

McNally & Roll-Mecak, 2018). Functional diversity is established by extensive 

modifications of the microtubules, known as the ‘tubulin code’; it includes (1) 

combinations of different tubulin isoforms and (2) posttranslational modifications (PTMs) 

(Janke, 2014; Panda, Miller, Banerjee, Luduena, & Wilson, 1994; Vemu, Atherton, 

Spector, Moores, & Roll-Mecak, 2017). Many PTMs are recognition tags for extrinsic 

regulators and microtubule-interacting proteins, such as motor proteins, microtubule-

associated proteins (MAPs), kinases, and microtubule-severing enzymes (Akhmanova & 

Hoogenraad, 2005; Akhmanova & Steinmetz, 2008; Conde & Caceres, 2009; Janke, 2014).  

In neurons, some microtubules are stabilized and undergo dynamics less frequently than 

others (Baas et al., 2016). Stable microtubules passively accumulate specific collections of 

posttranslational tubulin modifications over time (Baas et al., 2016; Janke, 2014). Some 
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PTMs also provide a positive or negative feedback loop by affecting microtubule dynamics 

and stability on their own (Aher & Akhmanova, 2018). Microtubule domains can be 

divided into three groups, which are characterized by particular PTMs: (1) labile domains 

that are highly dynamic, lack acetylation and glutamylation, but are rich in tyrosination; (2) 

stable domains that undergo dynamics more slowly, and are rich in detyrosination, 

acetylation, and polyglutamylation; and (3) cold-stable domains that are highly 

polyaminated and remain intact even under severe stress, such as cold temperature or the 

addition of microtubule-destabilizing factors (Baas et al., 2016; Song et al., 2013). Since 

detyrosination, polyglutamylation, and acetylation are the most abundant PTMs on axonal 

microtubules (I. Yu, Garnham, & Roll-Mecak, 2015) they will be described in more detail 

in the following paragraphs.  

Detyrosination/tyrosination: Detyrosination/tyrosination is a posttranslational 

modification that occurs exclusively on the C-terminal tyrosine residue of α-tubulin 

tubulin, and not on other proteins (Janke, 2014). Detyrosination is catalyzed by vasohibins 

(Aillaud et al., 2017; Nieuwenhuis et al., 2017) and tyrosination is mediated by a tubulin 

tyrosine ligase (TTL) (Figure 1.3, A) (Argarana, Barra, & Caputto, 1978; Hallak, 

Rodriguez, Barra, & Caputto, 1977; Janke, 2014). Detyrosination promotes microtubule 

stability by inhibiting microtubule destabilizing factors such as kinesin-13 proteins (Peris 

et al., 2009) and tyrosination supports microtubule growth by recruiting plus-end tracking 

proteins (Bieling et al., 2008). Following detyrosination, two glutamate residues are 

exposed, which can be further removed by members of the cytosolic carboxypeptidase 

family (CCPs) (Berezniuk et al., 2012; Kalinina et al., 2007), thus making detyrosination 

irreversible (called Δ2 and Δ3 tubulin, respectively) (Figure 1.3, A) (Janke, 2014; Paturle-

Lafanechere et al., 1994).  



Athanasia Natalia Marahori Introduction 
 

  

10 

 

 

Figure 1.3 | Posttranslational modifications on axonal microtubules.  
(A) Detyrosination on the C-terminal unstructured domain (‘tail’) of α-tubulin has indirect 
effects on microtubule stability and longevity. (B) Polyglutamylation can occur on both α/β-
tubulin C-terminal tails and modifies microtubule function by recruiting microtubule-
severing- or cargo transport proteins. (C) Acetylation occurs on the inner side of K40 and 
contributes to microtubule stability by making microtubules more flexible during bending. 
Enzymes are explained in the main text and for full names refer to “6. List of 
Abbreviations”. Modified from (Janke, 2014). 

Polyglutamylation/deglutamylation: During polyglutamylation, glutamate side chains 

are formed on the C-terminal unstructured domains (‘tails’) of either α- or β-tubulin 

(Figure 1.3, B) (Alexander et al., 1991; Edde et al., 1990). Enzymes of the TTL-like 

family (TTLL) catalyze polyglutamylation on microtubules (Janke et al., 2005), and 

members of the CCP family catalyze deglutamylation (Figure 1.3, B) (Kimura et al., 

2010). Both enzymes are unspecific and target other proteins than tubulin as well 

(Rogowski et al., 2010; van Dijk et al., 2008). Polyglutamylation serves as a molecular 

interface by which various proteins recognize microtubules. For example, kinesin-1 and -3 
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mediated transport is affected by polyglutamylation (Ikegami et al., 2007; Maas et al., 

2009; Sirajuddin, Rice, & Vale, 2014), and spastin and katanin, two microtubule-severing 

enzymes, preferentially bind to polyglutamylated microtubules (Roll-Mecak, 2018).  

Acetylation: Tubulin acetylation occurs mostly on lysine 40 (K40) of α-tubulin (Figure 

1.3, C) (L'Hernault & Rosenbaum, 1985; LeDizet & Piperno, 1987). K40 is found on the 

inner side of microtubules (Soppina, Herbstman, Skiniotis, & Verhey, 2012), making 

acetylation unlikely to interact with proteins on the outer lattice side, such as motor 

proteins (Janke, 2014). K40 deacetylation is catalyzed by HDAC6 (Hubbert et al., 2002) 

and Sirt2 (North, Marshall, Borra, Denu, & Verdin, 2003), whereas acetylation is catalyzed 

by αTAT1 (a.k.a. MEK-17; Akella et al. (2010)). Recently is has been shown that K40 

acetylation ‘softens’ the microtubule lattice and protects it from breakage during bending 

(Xu et al., 2017).  

1.1.3. Microtubule-associated proteins 

Dynamic instability of microtubules is also regulated by microtubule-associated 

proteins (MAPs) (Akhmanova & Steinmetz, 2008; Mandelkow & Mandelkow, 1995). 

MAPs can bind to different targets on a microtubule – such as free tubulin dimers, along 

the lattice or on the microtubule ends – and affect microtubule stability by either promoting 

growth, by depolymerizing, or by providing structural support (Akhmanova & Steinmetz, 

2008; de Forges, Bouissou, & Perez, 2012).  

A subclass of MAPs are plus-end binding proteins (+TIPs), which associate with the 

growing plus end and promote polymerization (Akhmanova & Steinmetz, 2008). 
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Prominent examples are end-binding proteins (EB) 1, 2 and 3, which recognize the GTP-

cap structure on microtubule ends, where up to a few hundred EB molecules form comet-

like accumulations (Akhmanova & Steinmetz, 2011, 2015). In recent years, fluorescent 

imaging techniques have been developed to label the growing microtubule ends which are 

capped by EB’s, thereby revealing the extensive dynamicity of neuronal microtubules both 

in culture and in vivo (Kleele et al., 2014; Stepanova et al., 2003; Stone, Roegiers, & Rolls, 

2008). Combined with normalization over total tubulin content, EB-comet density can be 

used as an indirect estimate of microtubule length, although this measurement is also 

confounded by the ratio between the labile and stable microtubule populations (Brill et al., 

2016). 

1.1.4. The microtubule-severing enzyme spastin  

Microtubule ends are highly dynamic structures, but (de)polymerization from the tip is 

not the only way by which microtubules (dis)assemble. Microtubule-severing enzymes can 

bind along the microtubule lattice and break it into smaller parts (Roll-Mecak & McNally, 

2010). If the newly cut microtubule ends are stable, they will grow out, leading to an 

overall increase in microtubule number and mass (Y. W. Kuo, Trottier, Mahamdeh, & 

Howard, 2019; Roll-Mecak & Vale, 2006). However, if the newly cut microtubule ends are 

labile, then severing will have the opposite effect and microtubules will decrease in mass 

due to depolymerization (McNally & Roll-Mecak, 2018; Ribbeck & Mitchison, 2006). 

Both scenarios have been observed in neurons in different settings (Table 2) (Kapitein & 

Hoogenraad, 2015; Sherwood, Sun, Xue, Zhang, & Zinn, 2004; W. Yu et al., 2008). 
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Spastin 
manipulation 

Model Effect on microtubules 
(MT’s) 

Reference 

Overexpression Rat hippocampal 
neurons 

more, shorter MT’s W. Yu et al. (2008) 

Overexpression  Drosophila larva, muscle  fewer MT’s Sherwood et al. (2004) 

Overexpression Drosophila larva, NMJ fewer MT’s Trotta, Orso, Rossetto, 
Daga, and Broadie 
(2004) 

Overexpression Drosophila larva, class 
IV da neurons 

destroys stable MT’s Stewart, Tsubouchi, 
Rolls, Tracey, and 
Sherwood (2012) 

Null mutant Drosophila larva, NMJ fewer MT’s Sherwood et al. (2004) 

Knockdown Drosophila larva, NMJ accumulation of 
acetylated, dense MT’s 

Trotta et al. (2004) 

Loss of function 
mutant 

Drosophila larva, class 
IV da neurons 

no effect on MT’s Stewart et al. (2012) 

Morpholino Zebrafish short, malformed MT’s Wood et al. (2006) 

Table 2 | The ambivalent effect of the microtubule-severing enzyme spastin.  

Spastin can both amplify and disassemble microtubules in different settings (table 
assembled by the author from primary literature) 

 

Spastin is one of three known microtubule-severing enzymes – the others being katanin 

and fidgetin (McNally & Vale, 1993; Mukherjee et al., 2012; Roll-Mecak & Vale, 2005). 

All three are AAA enzymes that use ATP hydrolysis for microtubule breakdown (Roll-

Mecak & McNally, 2010). Spastin forms hexamers, which contain a pore at the center 

through which it pulls out tubulin subunits by the C-terminal tail (Roll-Mecak & McNally, 

2010; Roll-Mecak & Vale, 2008). Spastin binds preferentially to polyglutamylated tubulin 

and its enzyme activity depends on the number of glutamate residues (Lacroix et al., 2010; 

Valenstein & Roll-Mecak, 2016).  

For some time, it has been unclear how the GDP-tubulin lattice exposed by cutting 

would have to be stabilized in order to grow (Vemu et al., 2018). A recent study showed 

that shortly after tubulin-extraction by spastin new GTP-dimers are introduced into the 
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lattice to stabilize the exposed parts (Vemu et al., 2018). However, if severing activity 

were to outpace GTP-tubulin incorporation the microtubule would rather undergo 

catastrophe. Cells probably regulate severing activity by MAPs and PTMs to switch 

between the two fates (Vemu et al., 2018).  

Spastin plays an important role during developmental remodeling to create the dense 

and structured microtubule arrays typically seen in neurites (Roll-Mecak & McNally, 

2010). For example, spastin localizes to branch points (Errico, Claudiani, D'Addio, & 

Rugarli, 2004; W. Yu et al., 2008), where it provides new microtubule seeds for axonal and 

dendritic branch formation (Conde & Caceres, 2009; Roll-Mecak & Vale, 2006). 

Disruption of spastin reduces neurite outgrowth and branching (Havlicek et al., 2014; 

Jinushi-Nakao et al., 2007; Qiang, Yu, Liu, Solowska, & Baas, 2010; Wood et al., 2006) 

whereas overexpression leads to excessive branching (Sherwood et al., 2004; W. Yu et al., 

2008). In addition, spastin organizes synaptic microtubules during Drosophila NMJ 

formation (Sherwood et al., 2004; Trotta et al., 2004).  

Spastin likely also has homeostatic functions that exceed the developmental period, as it 

remains widely expressed throughout the mammalian nervous system (D. L. Ma et al., 

2006). In humans, a spastin mutation is the most common cause of hereditary spastic 

paraplegia (HSP; Hazan et al., 1999; Schule et al., 2016), a group of inherited disorders 

with lower extremity weakness, spasticity and gait impairment that can manifest at any age 

(Fink, 2013). Core pathological findings are dying-back degeneration of particularly long 

axonal tracts, in particular the lateral corticospinal tracts and fasciculus gracilis, but also 

sensorimotor peripheral neuropathy and amyotrophy have been in observed (Fink, 2013). 

A few of the observed pathologies might also be developmental in nature (Fink, 2013).  
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The cellular mechanisms that link spastin malfunction to axon degeneration are largely 

unknown. Two spastin mutation mouse models with motor phenotypes have been 

generated to understand this in more detail (Kasher et al., 2009; Tarrade et al., 2006). Both 

studies reported axonal swellings and accumulation of organelles such as mitochondria in 

the spinal cord, but not the sciatic nerve. In vitro measurements in hippocampal slices of 

these mice further showed that axonal transport was altered, putatively due to microtubule 

fragmentation (Kasher et al., 2009). Indeed, patients with spastin mutations may have a 

sparser cytoskeleton in histological sections of their spinal cord (Wharton et al., 2003).  

Comparing this pathology to a relevant model of developmental axon loss, such as 

postnatal synapse elimination at the neuromuscular junction, where axons atrophy and 

retract in a ‘dying-back’-like pattern, might be a useful tool to understand the role spastin 

plays during the disassembly of axons (a study on Drosophila precluded a role of spastin 

during fragmentation-like pruning of dendrites; Lee, Jan, & Jan, 2009). Whether or not 

axonal transport deficits are present in vivo, and how other functions of spastin are affected 

is unclear. In neurons, spastin is enriched on the ER (D. L. Ma et al., 2006), interacts with 

the ER-protein REEP1 (Park, Zhu, Parker, & Blackstone, 2010) and interacts with the early 

secretory pathway (Allison et al., 2017; Connell, Lindon, Luzio, & Reid, 2009; Reid et al., 

2005). In terminal branches and synapses, which are subjected to high Ca2+ influx partially 

buffered by the ER, these mechanics might play an important role in homeostasis of the 

terminal.  
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1.1.5. Pharmacological microtubule stabilization  

Drugs such as paclitaxel and epothilones stabilize microtubules by attaching to a 

specific binding site on β-tubulin (‘taxane site’), through which they strengthen lateral 

tubulin contacts (Prota et al., 2013). Originally, microtubule-stabilizing drugs had been 

developed in the context of anti-cancer therapy, as they hamper mitosis (Baas & Ahmad, 

2013; Varidaki, Hong, & Coffey, 2018). As outlined earlier, many neurological and 

psychiatric diseases are associated with defects in microtubule dynamics and stability 

(Maday et al., 2014; Varidaki et al., 2018), an apparent converging point of axon death, 

therefore making microtubule-stabilizing drugs attractive as neuroprotective agents (Baas 

& Ahmad, 2013). Indeed, microtubule stabilization using paclitaxel or epothilones 

enhanced axon regeneration after spinal cord injury in rodents (Fellner et al., 2002; 

Ruschel et al., 2015; Sandner et al., 2018) and improved disease symptoms in a mouse 

model of Alzheimer’s disease (B. Zhang et al., 2012). Another study has been performed in 

experimental Parkinsonism, where epothilone D improved axonal transport and attenuated 

neuronal degeneration (Cartelli et al., 2013). A major advantage of epothilone is that it can 

cross the blood-brain barrier, unlike paclitaxel (Brunden et al., 2011). Although promising, 

it remains to be evaluated whether the side effects of these drugs will allow their use for 

neurological indications in the future (Baas & Ahmad, 2013).  
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1.2. Axonal transport 

Microtubules serve as intracellular tracks for cargo transport in neurons, whose 

extended and highly branched morphology create a challenging environment to properly 

distribute various resources (Hirokawa et al., 2010; MacAskill & Kittler, 2010; Maday et 

al., 2014; Misgeld & Schwarz, 2017; Nicholls & Ferguson, 2013; Sheng, 2014). The 

existence of some form of axonal transport – for driving trophic support by the soma – was 

already suspected by Santiago Ramón y Cajal, but only many years later experimental 

evidence emerged when Weiss and Hiscoe (1948) demonstrated that constriction of a nerve 

site led to axonal swellings with accumulated axoplasm proximally of the constriction site 

(Grafstein & Forman, 1980). Later, experiments using radioactive tracers and video-

enhanced differential interference contrast microscopy revealed that fast axonal transport 

occurs in two directions and is an actively driven process (Allen, Metuzals, Tasaki, Brady, 

& Gilbert, 1982; Brady, Lasek, & Allen, 1982; Grafstein & Forman, 1980; Hirokawa, 

1998; Ochs & Burger, 1958). Neurons use a sophisticated molecular machinery (Hirokawa, 

1982, 1998), which is regulated by different intracellular factors and thereby responds to 

the alternating supply demands of a neuron over time (Lin & Sheng, 2015; Maday et al., 

2014). Kinesin and dynein motors drive long-ranged axonal transport on microtubule 

tracks using ATP hydrolysis (Schnapp, Vale, Sheetz, & Reese, 1985; Vale, Reese, & 

Sheetz, 1985), in contrast to myosin motors, which drive short-ranged transport on actin 

filaments (Chada & Hollenbeck, 2004; Pathak, Sepp, & Hollenbeck, 2010; Sheng, 2014). 

The precise molecular mechanism of transport is distinct for each cargo (Maday et al., 

2014). Particularly well studied is the transport of mitochondria, whose local ATP 

production and Ca2+-buffering capabilities are required for normal neurotransmission and 

synaptic plasticity (Guo et al., 2005; Kang et al., 2008; Levy, Faas, Saggau, Craigen, & 
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Sweatt, 2003; H. Ma, Cai, Lu, Sheng, & Mochida, 2009; Rangaraju, Calloway, & Ryan, 

2014; Tang & Zucker, 1997; Verstreken et al., 2005). Not surprisingly, mutations in the 

axonal transport machinery typically lead to neurodegeneration (Hafezparast et al., 2003; 

Maday et al., 2014), and disrupted mitochondrial transport in particular is a shared theme 

found in many neurodegenerative diseases (De Vos, Grierson, Ackerley, & Miller, 2008; 

Mariano, Dominguez-Iturza, Neukomm, & Bagni, 2018) and acute axon damage (Misgeld, 

Kerschensteiner, Bareyre, Burgess, & Lichtman, 2007) – but it is still debated to what 

extent transport deficits are causative for a disease (Marinkovic et al., 2012).  

1.2.1. Axonal transport machinery  

Anterograde axonal transport toward synaptic terminals uses kinesin motors (Hurd & 

Saxton, 1996; Vale, Reese, et al., 1985; Vale, Schnapp, et al., 1985), which move toward 

the microtubule plus end (Baas et al., 2016; Vale, Schnapp, et al., 1985), while retrograde 

transport toward the soma mostly uses dynein motors (Hirokawa et al., 2010; Pilling, 

Horiuchi, Lively, & Saxton, 2006), which move toward the microtubule minus end (Figure 

1.4) (Schroer, Steuer, & Sheetz, 1989). Both protein families will be described in more 

detail below.  

Kinesin: The kinesin superfamily (KIF) includes 45 genes (Miki, Setou, Kaneshiro, & 

Hirokawa, 2001), of which mainly KIF5 (kinesin-1) but also KIF1Bα are responsible for 

mitochondrial transport in mammalian neurons (Hirokawa et al., 2010; Nangaku et al., 

1994; Tanaka et al., 1998). Kinesin-1 is a dimer of two heavy chains (KHCs) (Hirokawa, 

1998), which are encoded by the genes KIF5A, KIF5B, and KIF5C (Nakagawa et al., 

1997). Two kinesin light chains are often associated (Hirokawa, 1998); they do not possess 
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any motor activity, but rather enhance the motility of KHC (Glater, Megeath, Stowers, & 

Schwarz, 2006; Sun, Zhu, Dixit, & Cavalli, 2011). Single kinesin-1 molecules are 

relatively strong among motor proteins, exerting a stall force of 5-6 pN (Svoboda & Block, 

1994). 

Dynein: From the large family of dyneins, only cytoplasmic dynein 1 acts in minus-end 

directed transport (Roberts, Kon, Knight, Sutoh, & Burgess, 2013; henceforth, cytoplasmic 

dynein 1 will be abbreviated as 'dynein' for simplicity). Dynein belongs to the family of 

AAA ATPases and has a ring of six AAA+ domains, which partially form the dynein 

heavy chain that generates the motile force (Roberts et al., 2013). Dynein also associates 

with dynactin (Gill et al., 1991), a complex of multiple proteins that amplify the binding of 

dynein to cargo and microtubule (Schroer, 2004) to enhance the processivity of dynein 

 

Figure 1.4 | Mitochondrial transport machinery.  
Modified from Sheng (2014), kinesin and dynein structures from Vale (2003) 
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(King & Schroer, 2000). Dynein is relatively weak in comparison to kinesin-1; the stall 

force of individual molecules is assumed to be approximately 1 pN (Maday et al., 2014).  

1.2.2. Regulation of mitochondrial transport 

Apart from the biophysical properties of the individual motor proteins, several 

intracellular factors modulate mitochondrial movement patterns and velocity. Mitochondria 

cycle between short bursts of irregular movement (‘runs’) and temporary stops (‘pauses’), 

as well as occasional changes in directionality, which overall leads to a saltatory moving 

behavior (Devireddy, Liu, Lampe, & Hollenbeck, 2015; Hollenbeck, 1996; Sheng & Cai, 

2012). Average velocity of mitochondria has been reported quite variably between 0.05 – 

1.4 µm/s in vivo (Misgeld & Schwarz, 2017). Some of this variability might be due to 

biological reasons (such as different relative time spent running vs. pausing) but could also 

be technical in nature (Misgeld & Schwarz, 2017). Several factors that regulate 

mitochondrial moving/stopping behavior are outlined below.  

Motor protein number and distribution: Previous work showed that cargo is typically 

attached to multiple kinesin and dynein motor proteins at the same time (Encalada, 

Szpankowski, Xia, & Goldstein, 2011; Hendricks et al., 2010; Hirokawa, Sato-Yoshitake, 

Yoshida, & Kawashima, 1990; Maday, Wallace, & Holzbaur, 2012; Pilling et al., 2006). A 

popular model suggests that ultimate direction is determined in a ‘tug of war’ between 

competing motors (Derr et al., 2012), but a coupling of motor activity (Sheng & Cai, 2012) 

or selective manipulation of motors by scaffolding proteins (Maday et al., 2014) have also 

been suggested. In addition to that, motors cluster into cooperative microdomains to 

generate stronger forces on the microtubule, so the size and distribution of these clusters 
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will determine how cargo moves (Leopold, McDowall, Pfister, Bloom, & Brady, 1992; 

Martz, Lasek, Brady, & Allen, 1984; A. Rai et al., 2016; A. K. Rai, Rai, Ramaiya, Jha, & 

Mallik, 2013). 

Intracellular Ca2+ and synaptic activity: Recruiting mitochondria to sites of high Ca2+ 

ion concentrations (which typically also happen to be sites of high energy demand) is 

important since mitochondria buffer Ca2+ ions and serve as intracellular stores. The 

proteins Miro and Milton are crucial in regulating mitochondrial transport by intracellular 

Ca2+ levels (Lin & Sheng, 2015). Together, they form the motor/adaptor complex by which 

kinesin-1 and dynein attach to mitochondria (Figure 1.4) (Brickley & Stephenson, 2011; 

Glater et al., 2006; Guo et al., 2005; Stowers, Megeath, Gorska-Andrzejak, Meinertzhagen, 

& Schwarz, 2002). Miro contains two regulatory EF-hand Ca2+-binding domains 

(Fransson, Ruusala, & Aspenstrom, 2003), which cause mitochondria to stop in areas of 

high Ca2+ concentration such as synapses (Macaskill et al., 2009; Saotome et al., 2008). 

Syntaphilin, an axon-specific docking molecule (Kang et al., 2008), binds kinesin-1 motors 

and mitochondria onto microtubules in a Miro-Ca2+-dependent manner and thus transfers 

mitochondria into the stationary pool on synapses (Y. Chen & Sheng, 2013).  

Neuronal activity: Neuronal mitochondria are enriched at high energy consuming sites 

such as synapses to drive local ATP synthesis (Hollenbeck, 1996; Peters, Palay, & 

Webster, 1991; Rangaraju et al., 2014), and recruitment to synaptic sites is mediated by the 

calcium sensitivity of the Miro adaptor (see above). Less well understood remains, how 

neurons modulate overall mitochondrial density to match their activity level in vivo, as was 

shown by staining against cytochrome oxidase under different activity-conditions (M. 

Wong-Riley & Carroll, 1984; M. T. Wong-Riley & Welt, 1980) or correlations of firing 
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rates to mitochondrial density in neurites from 3D-EM reconstructions (Dorkenwald et al., 

2017). Theoretically, such activity-dependent regulation of mitochondrial density could be 

a consequence of either altered mitochondrial transport or turnover (or both). So far, 

attempts to find acute effects of activity of mitochondrial transport showed conflicting 

results in vivo (Faits, Zhang, Soto, & Kerschensteiner, 2016; Sajic et al., 2013; Smit-Rigter 

et al., 2016; C. L. Zhang, Ho, Kintner, Sun, & Chiu, 2010), and the effects of chronic 

changes in activity remain poorly understood (Misgeld & Schwarz, 2017).  

Microtubule architecture and stability: Microtubule organization and dynamics are 

important regulators of organelle transport in axons (Kapitein & Hoogenraad, 2015; Yogev 

et al., 2016). In neurons, individual microtubules do not span the entire axon, but are 

bundled in arrays of short filaments (Maday et al., 2014). Some cargoes pause at the end of 

a polymer before transferring to another, and have run-lengths that are limited by polymer 

length (Yogev et al., 2016). In addition, cargoes pause where microtubules intersect 

(Balint, Verdeny Vilanova, Sandoval Alvarez, & Lakadamyali, 2013; Zajac, Goldman, 

Holzbaur, & Ostap, 2013) and where they need to circumvent obstacles (Ross, Wallace, 

Shuman, Goldman, & Holzbaur, 2006; Verdeny-Vilanova et al., 2017). In principle, any 

proteins that organize or stabilize microtubules could therefore impact axonal transport. 

Some posttranslational modifications of microtubules such as detyrosination and 

polyglutamylation, which accumulate on stable microtubules, also directly regulate motor 

protein binding (Janke & Bulinski, 2011). For example, kinesin-1 favors moving on 

detyrosinated microtubules and has enhanced processivity (Dunn et al., 2008; Kaul, 

Soppina, & Verhey, 2014; Konishi & Setou, 2009; Kreitzer, Liao, & Gundersen, 1999; 

Liao & Gundersen, 1998), while tyrosinated tubulin recruits dynein to initiate retrograde 

transport (McKenney, Huynh, Vale, & Sirajuddin, 2016; Nirschl, Magiera, Lazarus, Janke, 
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& Holzbaur, 2016). Polyglutamylation enhances the motility of kinesin-1 in single-

molecule assays (Sirajuddin et al., 2014), but decreases kinesin-1-mediated transport in 

hippocampal cultures (Maas et al., 2009), which is in agreement with the fact that 

polyglutamylation activates microtubule-severing enzymes like spastin (Lacroix et al., 

2010).  

1.3. Developmental synapse elimination  

Many of the synapses that are formed during embryonic development are later pruned 

as the nervous system matures (Schuldiner & Yaron, 2015). For example, humans reach 

maximal synaptic density within the first two years of age, which later declines until the 

end of puberty (Huttenlocher, 1979), and a study in macaque visual cortex estimated that 

about 5000 synapses/sec are lost during puberty (Bourgeois & Rakic, 1993). Thus, early 

synaptic wiring contains many connections which are later not used in circuits of adult 

animals (Lichtman & Colman, 2000). 

It seems counterintuitive that organisms generate synapses only to discard most of them 

later (Schuldiner & Yaron, 2015). Since pruning accompanies a period of learning and 

mental development, many have interpreted this process as a means to refine the neuronal 

circuitry while the animal explores its surroundings (Lichtman & Colman, 2000). An initial 

“overshoot” could guarantee that each cell had abundant inputs to choose from, even if 

some were misguided along the way or damaged during development (Schuldiner & 

Yaron, 2015; Turney & Lichtman, 2012). In addition, it is easier from a cellular 

perspective to encode a few “general” developmental programs, instead of defining 

innumerous axon guidance programs for every particular connection (Schuldiner & Yaron, 
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2015). These possibilities are mainly speculative, but in any case, developmental pruning is 

a crucial neurobiological process. Abnormally excessive pruning during adolescence is 

suspected to be linked to schizophrenia (Riccomagno & Kolodkin, 2015; Sellgren et al., 

2019), and pruning deficits potentially lead to the hyperconnectivity observed in autism 

spectrum disorders (Penzes et al., 2011).  

There are many forms of developmental pruning, and synapse elimination describes a 

process where multiple inputs initially co-innervate a target and subsequently undergo 

competition for occupancy on the postsynapse, until all but a few inputs withdraw 

(Schuldiner & Yaron, 2015). Synapse elimination has been observed e.g. in thalamic 

reticulogeniculate synapses (C. Chen & Regehr, 2000), climbing fiber-Purkinje cell 

synapses of the cerebellum (Lohof, Delhaye-Bouchaud, & Mariani, 1996), autonomic 

ganglia (Lichtman, 1977), synapses of the cochlear nerve (Jackson & Parks, 1982), and the 

mammalian neuromuscular junction (NMJ). So far, synapse elimination has been studied 

most extensively at the NMJ (Bianchi, 2018).  



Athanasia Natalia Marahori Introduction 
 

  

25 

 

1.3.1. The neuromuscular junction as a model for synapse development 

The neuromuscular junction (NMJ), which connects motor neurons to muscle cells, has 

been a model system for almost a century, since acetylcholine was discovered as the first 

neurotransmitter (Tansey, 2006) and the quantal nature of neurotransmission was revealed 

by studies on nerve-muscle preparations (Del Castillo & Katz, 1954). NMJs show a 

number of similarities to central nervous system synapses when one considers their basic 

structure, function, and development (Sanes & Lichtman, 1999, 2001). Even today, NMJs 

remain the best characterized synapses (Bianchi, 2018), partly due to their in situ 

accessibility and size (300 µm² when compared to 1 µm² of CNS synapses; Kleele et al., 

2014; Sanes & Lichtman, 2001).  

Before describing synaptic development – in particular synapse elimination – I will 

briefly explain the anatomy of peripheral motor neurons (Figure 1.5). The mammalian 

NMJ is a tripartite structure consisting of a motor axon terminal, muscle cell, and terminal 

Schwann cell (see Fig. description: Figure 1.5) (Rubenstein & Rakic, 2013; Sanes & 

Lichtman, 1999). Motor axons arise from the ventral horn of the spinal cord and arrange 

their NMJs in a spread-out pattern in so-called “end-plate bands” in the center of muscles 

(Sanes & Lichtman, 1999). Here, each neuron’s axons fan out laterally to connect to many 

muscle cells, which are excited together (a so-called motor unit) (Sanes & Lichtman, 

1999). Average motor unit size (the number of muscle cells that a neuron innervates) 

determines how precisely a muscle can be moved, for example smaller motor units allow 

smaller force variations.  
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Figure 1.5 | Anatomy of 
the murine 
neuromuscular junction.  
(A): Components of the 

neuromuscular junction 
visualized by fluorescence 
microscopy. Neuron-
specific beta-III-tubulin is 
labelled with a conjugated 
antibody (grey), 
postsynaptic AChR are 
labelled with conjugated 
alpha-bungarotoxin 
(orange), paranodal loops 
of Schwann cells are 
labelled with an antibody 
against Caspr (green), and 
neuronal mitochondria are 
transgenically labelled with 
CFP (cyan) (Image 
acquired by the author in 
the lab of T. Misgeld).  
(B): Schematic representing 
a terminal motor axon 
branch innervating an adult 
muscle fiber. Each axon 
terminal forms branched 
arrays of presynaptic 
boutons that are 
synchronously active and 
(C) contain numerous 

vesicles that are filled with 
acetylcholine (ACh) and 
(Colman & Lichtman, 1993). 
The presynaptic terminal 
lies in a groove of highly 
folded sarcolemma that 
contains nicotinic ACh-
receptors (AChR) and 
voltage-dependent sodium 
channels. Mitochondria are 
exceptionally dense at the 
presynapse; compare (A). 
Inspired by Rubenstein and 
Rakic (2013) 
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1.3.2. Developmental competition at neuromuscular junctions  

In adult mammals, each skeletal muscle fiber is innervated by a single motor axon, 

whereas during early postnatal development, each fiber is innervated by multiple axons 

from different parent neurons (Bagust, Lewis, & Westerman, 1973; Bennett & Pettigrew, 

1974; Brown, Jansen, & Van Essen, 1976; G. Luo et al., 2013; Redfern, 1970; Teriakidis, 

Willshaw, & Ribchester, 2012). The apparent loss of connections occurs by withdrawing 

exuberant inputs from the junction, then leaving a single input to be maintained and grow 

for most of the animal’s remaining life (Balice-Gordon & Lichtman, 1990; Sanes & 

Lichtman, 1999). This combination of many inputs converging on one muscle cell, and 

each motor neuron input diverging onto many muscle cells leads to an overlapping and 

redundant circuit (Lichtman & Colman, 2000); but as the elimination of inputs progresses, 

motor unit size decreases and the circuitry becomes more refined (Sanes & Lichtman, 

1999). 

The mechanism of synaptic input elimination has been extensively studied in the past. 

Muscle fibers are rarely left denervated after pruning is done, and always end up 

innervated by exactly one axon, arguing that synapse elimination is a highly regulated and 

not random process, which involves active competition (Lichtman & Colman, 2000; 

Personius & Balice-Gordon, 2002). Indeed, the changes seen at junctions occur gradually 

as time goes by. Initially, as many as ten axons intermingle and share almost equal territory 

on a junction (Balice-Gordon, Chua, Nelson, & Lichtman, 1993; Balice-Gordon & 

Lichtman, 1993; Gan & Lichtman, 1998; Tapia et al., 2012). Between postnatal days 0-14 

in mice, one axon (the ‘winner’) then progressively takes over regions formerly occupied 

by its competitors (‘losers’), until the latter’s branches withdraw completely (Balice-
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Gordon et al., 1993; Walsh & Lichtman, 2003). Similarly, synaptic strength gradually 

increases in the input about to win, but decreases in the other inputs (Colman, Nabekura, & 

Lichtman, 1997). Both factors influence each other (larger synaptic territory increases 

synaptic strength, but synaptic activity also positively regulates synaptic territory), but 

which factor precedes the other and initiates this cycle is not known (Wyatt & Balice-

Gordon, 2003). 

Synaptic occupancy and axon caliber can be used to predict whether an input is more 

likely to win or lose competition in the future (Keller-Peck et al., 2001; Walsh & 

Lichtman, 2003). One study used sparse labeling of neurons with fluorescent proteins to 

optically measure synaptic occupancy (similar to the schematic in Figure 1.6) and showed 

that synapse elimination plays out asynchronously on the different branches of a neuron: 

while some terminals still undergo competition, others might have won or lost competition 

already (Figure 1.6) (Keller-Peck et al., 2001). After a terminal has lost competition, it 

slowly retracts from the junction until the next branch point of the parent axon is met 

(Bishop et al., 2004). Altogether, those results suggest that axon dismantling is executed 

locally within the last branch of an axon and that local cues determine the outcome of 

competition. 

Several factors, such as synaptic activity and intracellular resource distribution, are 

known to influence the ability of terminals to win competition (so-called ‘competitive 

vigor’), and will be outlined in the following. 
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Figure 1.6 | Neuromuscular synapse elimination plays out asynchronously between 
different branches of the same neuron.  

Schematic showing a sparse labeling of one axon and its terminal branches (grey) during 
the final phase of synapse elimination, the transition from double-innervation to single-
innervation. One doubly innervated NMJ has roughly 50 % of its territory occupied by this 
axon branch (‘undecided’), another ~20 % (‘will lose’). One branch occupies the entire 
postsynaptic territory (singly innervated NMJ, ‘won’); yet another branch has formed a 
retraction bulb at its tip and will retract until it reaches the branch point of the parent axon 
(‘lost’). Modified with permission from Brill et al. (2016), design inspired by Lichtman and 
Colman (2000) 

1.3.3. Activity-dependence of synapse elimination 

The overall amount of activity affects the rate of synapse elimination; for example, 

nerve stimulation accelerates competition (Busetto, Buffelli, Tognana, Bellico, & 

Cangiano, 2000; Ridge & Betz, 1984; Thompson, 1983) and nerve block delays 

competition (Duxson, 1982; Ribchester, 1993; Thompson, Kuffler, & Jansen, 1979). 

However, some conflicting results were also published (Barber & Lichtman, 1999; 

Callaway, Soha, & Van Essen, 1987; Costanzo, Barry, & Ribchester, 2000; Hata, Tsumoto, 

& Stryker, 1999). Over the years, it became clear that synapse elimination is controlled by 
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the relative, and not the absolute, strengths of synaptic inputs (Barber & Lichtman, 1999; 

Buffelli et al., 2003; Busetto et al., 2000). For example, in vivo experiments showed that 

when part of the junction was blocked by the snake toxin α-bungarotoxin, the overlying 

input was inevitably eliminated, but when the whole junction was blocked, none of the 

inputs retracted (Balice-Gordon & Lichtman, 1994). Thus, it was postulated that 

uncorrelated activity between two inputs triggers synapse elimination (Balice-Gordon & 

Lichtman, 1994; Busetto et al., 2000; Personius & Balice-Gordon, 2001), which 

underscored the competitive nature of synapse elimination.  

Those experiments suggested the existence of different ‘punishing’ and ‘protective’ 

signals at the synapse (Bianchi, 2018; Je et al., 2013; F. Yang et al., 2009). One such 

‘punishing’ signal is the activity-dependent release of pro-BDNF from the muscle, which is 

cleaved to ‘protective’ BDNF by proteases secreted at active presynapses (Je et al., 2013; 

F. Yang et al., 2009). A consequence of this model would be that after removal of the 

‘punishing’ signal, the ‘losing’ input would gain strength and potentially territory. Indeed, 

such an outcome has been observed after laser ablation of ‘winning’ inputs with more 

territory, where the seemingly ‘losing’ inputs with smaller territory took over the entire 

postsynaptic territory within a matter of hours (Turney & Lichtman, 2012). Similar 

signaling mechanisms have been described in other neurons (Cao et al., 2007; Singh et al., 

2008) and many different axon growth and guidance factors have been recognized in other 

systems to control neurite pruning (Schuldiner & Yaron, 2015). 
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1.3.4. Resource distribution in developing terminal axon branches 

In the quest to understand which properties of neurons pitch them at a competitive 

advantage, a study by Kasthuri and Lichtman (2003) found that whenever two neurons co-

innervate different targets, the winner branches stem from the same parent neuron, which 

was usually also the neuron with the smaller axonal arbor. Thus at a given time point, there 

appeared to be a ‘hierarchy’ among neurons, which was based on a global property that 

determined synapse elimination outcome (Kasthuri & Lichtman, 2003). Global distribution 

of an intracellular resource might be such a property that depends on the complexity and 

size of the axonal arbor (Buffelli et al., 2003). Such resources could be synaptic vesicle 

components (Buffelli et al., 2003), organelles such as mitochondria, RNAs or signaling 

molecules. The availability of these resources could be regulated by local alterations of 

microtubule-based axonal transport. An early clue came from a study that looked at the 

neuronal cytoskeleton in losing input branches (‘retraction bulbs’), which were devoid of 

microtubules, indicating that axonal transport might be downregulated in these branches 

(Bishop et al., 2004). 

However, the idea that axonal transport is selectively hampered in retraction bulbs was 

not entirely undisputed. Riley (1981) suggested an initial phase of cytoplasm ‘evacuation’. 

He speculated that these branches retreated by manner of their cytoplasm being 

retrogradely ‘absorbed’ into the parent axon. Such a mechanism would imply a relative 

increase in retrograde axonal transport when compared to ‘winning’ terminal branches. 

(Riley, 1981) In Liu, Chen, Wang, Wang, and Zhang (2010) retrograde axonal transport 

were required for synapse elimination at the NMJ of Drosophila, suggesting that the 

‘evacuation model’ indeed was true at least in some settings. 



Athanasia Natalia Marahori Introduction 
 

  

32 

 

1.3.5. Ground work by others on the project 

The project first set out to answer two questions, namely whether losing axon branches 

undergo a period of ‘evacuation’ by axonal transport, and whether there is a local 

cytoskeletal regulation that alternates axonal transport (Brill et al., 2016). Using transgenic 

mice that express fluorescent proteins under a neuronal Thy1-promotor in various 

organelles, such as mitochondria (Misgeld et al., 2007) and peroxisomes (Sorbara et al., 

2014), axonal transport was time-lapse imaged in M. triangularis sterni thorax explants 

(see Materials and Methods) at terminal axon branches undergoing various ‘stages’ of 

competition. Using sequential photo-bleaching, the synaptic territory occupied by a branch 

was measured to infer the ‘stage’ of competition, which was classified into five categories, 

namely losers/retraction bulbs (0% territory), losing branches (1-40%), undecided branches 

(41-60%), winning branches (61-99%), and winners/singly-innervating branches (100%, 

i.e. those which have won competition). (Brill et al., 2016) 

In Brill et al. (2016) they found that organelle net transport was virtually absent in 

branches that occupied 40 % or less synaptic territory (‘losing’ axons and retraction bulbs), 

unlike in branches with more than 60 % synaptic territory (‘winning’ axons and singly-

innervating branches), which rather received a surplus amount of organelles. Those 

findings disputed an ‘evacuation’ model for the developing mouse NMJ and suggested that 

the other possibility was true, namely a breakdown of axonal transport caused by branch-

specific microtubule-disruptions in dismantling axons. (Brill et al., 2016) 

In order to test the latter, I used various pharmacological (epothilone B) and genetic 

tools (spastin-KO) to stabilize microtubules and study their effect on axonal transport. 

Further, I tried to understand how an upstream regulator of spastin, namely microtubule 
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polyglutamylation, affects axonal transport using a CCP1 and CCP6-double-KO (‘CCP1/6-

dKO’) mouse. 
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2. MATERIALS AND METHODS 

2.1. Animals 

Thy1-YFP-16-mice or Thy1-CFP5 (cytoplasmic YFP or CFP-expression in all motor 

neurons; Jackson Laboratory #003709, Tg(Thy1-YFP)16Jrs/J; Feng et al., 2000) were 

crossed to spastin-KO mice to assess retraction speed of retraction bulbs (controls were 

spastin-WT × Thy1-YFP-16 or -CFP5 littermates). Spastin-KO mice were previously 

generated in the lab (Brill et al., 2016). Mitochondrial transport was measured in spastin-

KO × Thy1-mitoCFPK  and spastin-WT × Thy1-mitoCFPK littermate controls (express CFP 

selectively in neuronal mitochondria; Misgeld et al., 2007). Epothilone B and PEG-control 

injections were performed in Thy1-YFP-16 × Thy1-mitoCFPK mice to measure 

mitochondrial transport and tracking parameters. CCP1fl/fl and CCP6fl/fl mice were gifts 

from C. Janke, Paris (Magiera et al., 2018), and crossed to ChatCre mice (Jackson, Stock# 

006410) to selectively knock-out these proteins in cholinergic neurons (controls were  

CCP1 x CCP6 x ChatCre- littermates). Experiments were performed during postnatal days 

(P) 7 – 13 (except for experiments involving mitoKeima, which were performed between 1 

– 6 months of age) and with the approval of the Government of Upper Bavaria. 

2.2. PCR 

Animals were genotyped from tail biopsies by PCR before and after the experiments, 

weaning animals were marked on the paws by tattooing beforehand. PCR and 
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electrophoresis were performed by K. Wullimann, P. Krüger, and A. Gavoci, who had 

isolated the DNA using the following standard protocol: 

Tail lysis 

Reagent Quantity Source PCR program 

Gitocher 15 µL See below  

10 % Triton 7.5 µL Roth 55 °C 5 h 

β-Mercaptoethanol 1.5 µL Sigma-Aldrich, M6250 95 °C 5 min 

Proteinase K 0.75 µL Sigma-Aldrich, P2308 4 °C ∞  

H2O 125.25 µL   

Total volume 150 µL / Tube.  

The following primers and protocols (amount per reaction) were used to genotype for 

the expression of fluorescent proteins or spastin: 

YFP (GFP 379bp) 

Reagent Quantity Source PCR program 

GoTaq 10 μL Promega Ref.-No. M7421 95 °C for 3 min 

GFP-F (10 pmol / μL) 1 μL Metabion 95 °C 10 sec 

GFP-R (10 pmol / μL) 1 μL Metabion 58 °C 10 sec 30x 

DNA 1 µL  72 °C 10 sec 

H2O 7 µL  4 °C ∞ 

Total volume 20 µL. GFP-F: 5´-CACATGAAGCAGCACGACTT-3´; GFP-R: 5´-

TGCTCAGGTAGTGGTTGTCG-3´ 

 

Mito (181bp) 

Reagent Quantity Source PCR program 

GoTaq 10 μL Promega Ref.-No. M7421 95 °C for 3 min 

Mito-F (10 pmol / μL) 1 μL Metabion 95 °C 10 sec 

EYFP-R (10 pmol / μL) 1 μL Metabion 58 °C 10 sec 30x 

DNA 1 µL  72 °C 10 sec 

H2O 7 µL  4 °C ∞ 

Total volume 20 µL. Mito-F: 5´-CGC CAA GAT CCA TTC GTT-3´; EYFP-R: 5´-GAA CTT CAG GGT CAG CTT 

GC-3´ 
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Spastin (wt: 223bp, ko: 432bp) 

Reagent Quantity Source PCR program 

GoTaq 10 μL Promega Ref.-No. M7421 95 °C for 2 min 

Spas 41 –F (10 pmol / μL) 1 μL Metabion 95 °C 15 sec 

Spas 89 –F (10 pmol / μL) 1 μL Metabion 60 °C 30 sec 32x 

Spas 169 –C (10 pmol / μL) 1 μL Metabion 72 °C 15 sec 

DNA 1 µL  72 °C 5 min  

H2O 7 µL  4 °C ∞ 

Total volume 20 µL. Spas 41: 5‘-AAGTCATGGCAGTCTTTCTGGCT-3’; Spas 89: 5’-

CACATGGTGGCTCATAACCATTTA-3’; Spas 169: 5’-ATTTGCAAAAACTACTTGCTATTAAATTCC-3‘ 

 

CCP1 (wt: 296bp, flox: 405bp) 

Reagent Quantity Source PCR program 

GoTaq 10 μL Promega Ref.-No. M7421 95 °C for 2 min 

CCP1 - 1 (10 pmol / μL) 1 μL Metabion 95 °C 15 sec 

CCP1 - 2 (10 pmol / μL) 1 μL Metabion 60 °C 30 sec 32x 

   72 °C 15 sec 

DNA 1 µL  72 °C 5 min  

H2O 7 µL  4 °C ∞ 

Total volume 20 µL. CCP1-1: 5‘-TTAAGCAGTGGCTGCCGGAGTGC-3’; CCP1 -2: 5’-

GTCTACAGCCACGTGCTCAGCAAAGG -3’ 

 

CCP6 (wt: 202bp, flox: 337bp) 

Reagent Quantity Source PCR program 

GoTaq 10 μL Promega Ref.-No. M7421 95 °C for 2 min 

CCP6 - 1 (10 pmol / μL) 1 μL Metabion 95 °C 15 sec 

CCP6 - 2 (10 pmol / μL) 1 μL Metabion 60 °C 30 sec 32x 

   72 °C 15 sec 

DNA 1 µL  72 °C 5 min  

H2O 7 µL  4 °C ∞ 

Total volume 20 µL. CCP6-1: 5‘-GAATGGCAATGAGATCACCACTCTCCAGC-3’; CCP6 -2: 5’-

CTGTTGGGTGTCTGAGGCAAACACTTCC -3’ 
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ChatCre (wt: 200bp, mut: 148bp) 

Reagent Quantity Source PCR program 

GoTaq 7 μL Promega Ref.-No. M7421 94 °C for 2 min 

ChatCre C-R (10 pmol / μL) 1 μL Metabion 

94 °C 20 sec, 65°C 15 sec (-

0.5°C per cycle decrease), 68°C 

10 sec (repeat these steps 10x, 

touchdown) 

ChatCre wt-F (10 pmol / μL) 10 μL Metabion 

94 °C 15 sec, 60 °C 15 sec, 

72°C 10 sec (repeat these steps 

28x) 

ChatCre mut-F (10 pmol / μL) 1 μL Metabion  

DNA 1 µL  72 °C 2 min  

H2O 1 µL  4 °C ∞ 

Total volume 20 µL. WT-forward: 5‘-GTTTGCAGAAGCGGTGGG-3’; mut-forward: 5’-

CCTTCTATCGCCTTCTTGACG -3’, common-reverse: 5‘-AGATAGATAATGAGAGGCTC-3’ 

 

DNA electrophoresis was performed on agarose (Sigma, A9539) in a gel chamber 

(DNA Pocket Block-UV, Biozym Diagnostik). The agarose gel was loaded with 15 µL of 

the PCR reaction mix and 2 µL 6x loading buffer (Millipore; 69046-3); in addition, 8 μl of 

a 1K ladder (New England Biolabs, N0468L) as loaded on the first well. Electrophoresis 

was performed under 90 mV in TAE buffer (Carl Roth, CL86.1), DNA bands recorded 

under 312 nm light (Genoplex system, VWR). 

2.3. Acute explants of the triangularis sterni muscle-nerve tissue 

To image synaptic pruning and mitochondrial transport in neuromuscular junctions, a 

modified protocol to prepare acute explants of the triangularis sterni muscle was used 

(Figure 2.1) (Kerschensteiner, Reuter, Lichtman, & Misgeld, 2008). The triangularis sterni 

muscle is a thin muscle on the inner side of the thorax where neuromuscular junctions and 

parts of the intercostal nerves lie superficially on the muscle and are therefore readily 
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accessible for imaging. In brief, infant mice were decapitated with a large scissors 

(#14101-14, FST). Animals were sprayed with 80 % ethanol to prevent fur from 

contaminating the underlying tissue. The thorax was exposed by removing skin and 

pectoral muscles and released from the surrounding tissue by severing the ribs close to the 

spinal column (#2 forceps, 11223-20, FST). After transferring the explant to a dish with 

cooled Ringer’s solution on ice, the remaining thymus and loose connective tissue were 

removed from the inner side of the thorax. The explant was pinned on a Sylgard-coated 3.5 

cm petri dish with minute insect pins (Fine Science Tools) with the inner side facing up. 

During imaging, the explant was continually perfused with warmed Ringer’s solution 

(bubbled with 95 % O2 / 5 % CO2) at a speed of 1.5 – 2.5 mL / min and kept at a 

temperature between 33 - 36 °C on a heated stage.  

 

 

Figure 2.1 | Perfusion and microscopy setup for live imaging of acute thorax 
explants 
(A) Murine thorax explant, freshly prepared in oxygenated Ringer’s solution and pinned 
onto a Sylgard dish with the inner side including the M. triangularis sterni facing up (image 
with permission from M. Brill). (B) Imaging setup at an upright widefield setup (image by 

the author). The explant is placed in a heating chamber and continually perfused with 
oxygenated, warmed Ringer’s solution during the experiment. 
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2.4. Imaging of mitochondrial transport 

Mitochondrial transport in neuromuscular junctions and intercostal nerves was time-

lapsed on an upright wide-field microscope (Olympus BX51WI) equipped with 20x / 0.5 

N.A. and 100x / 1.0 N.A. water-immersion objectives, an automated filter wheel (Sutter), a 

mercury arc lamp and a CCD camera (Retiga EXi by Qimaging). Images were acquired 

using µManager software (NIH). For imaging Thy1-mitoCFP-K x Thy1-YFP-16, a CFP or 

YFP filter cube was used (F36-544, F36-528; AHF), additionally, neutral density filters (5, 

10, or 25 %; AHF) were used to minimize photo-bleaching. Time-lapse movies were 

acquired at 0.5 - 1 Hz for 60 min with an exposure time of 300 - 400 ms. 

2.5. Epothilone injections 

Epothilone subcutaneous injections were performed by Dr. M. Brill. Mice were injected 

with 15 µL epothilone B (Selleckchem, 0.5 µg / µL in vehicle) or 15 µL vehicle using a 

30G insulin needle. Litters (including experimental and control pups) were returned to the 

mother in the home cage and acute thorax explants were prepared for mitochondrial 

transport imaging at 3-5 days after injection. 

2.6. Confocal imaging 

To observe axon branch retraction, two image stacks spanning a time window of 2.5 – 

4.5 h were acquired in explants from Thy1-YFP-16 or Thy1-CFP-5 mice on a confocal 

microscope (Olympus FV1000 equipped with a 100x / 1.0 N.A. water-immersion objective 

and 440 / 488 nm lasers). During the experiment, explants were heated on a stage to 33 – 
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36 ° C and continually perfused with 1.5 – 2.5 mL / min of carbogen-bubbled Ringer’s 

solution.  

2.7. Transport of Keima particles 

For labelling of mitochondria and mitolysosomes with Keima, mice were injected on P3 

with an AAV9-ds-hSyn-mitoKeima virus (kindly provided by a collaboration with P. 

Avramopoulos and S. Engelhardt, TUM/DZKH). Briefly, pups were anaesthetized with 

isoflurane and injected with 3 µL of the virus (titer: 6x1013 – 1x1014 vg/mL) into the 3rd 

brain ventricle using a nanoliter injector attached to a fine glass pipette. The injection was 

guided by ultrasound (Visualsonics, Vevo® 2100). Movies of adult mice were acquired as 

described in sections 2.3 and 2.4 using a Keima filter cube (AHF, #F76-504) and with a 

0.75 - 0.9 Hz frame rate. 

2.8. Image processing and analysis  

Microscopic images were processed using the software Fiji (Schindelin et al., 2012) and 

mitochondrial transport movies were aligned using the StackReg algorithm (Thevenaz, 

Ruttimann, & Unser, 1998). Mitochondrial transport rate was measured by counting the 

number of mitochondria moving over an axonal cross section per time interval.  

Mitochondria were tracked with the Manual Tracking plugin in Fiji. Average speed was 

calculated as the total distance travelled divided through the observation time; average 

running speed was calculated accordingly after excluding the time spent pausing. A stop 

was defined as a previously motile mitochondrion that moved less than 0.091 µm/s; stops 
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were excluded if they were open-ended toward the end of the movie. Run length was 

defined as the distance travelled between stops. A script to calculate those parameters from 

tracking coordinates of the Manual Tracking .csv files was written in Python. 

To determine the speed of axon branch shortening, maximum intensity projections of 

the two-time-point stacks of retraction bulbs were generated in Fiji. The images were 

manually aligned and the distance between the two positions of the retraction bulb was 

measured. The images were re-analyzed by Dr. M. Wang in a blinded fashion to exclude 

observer bias. 

2.9. Statistics 

Statistical analysis was performed using Prism 8 (GraphPad Software). Data were tested 

for normal distribution using the D’Agostino-Pearson normality test. In datasets which 

passed this test, significance was determined by a two-sided t-test; in datasets which failed 

the test, significance was determined using a Mann-Whitney-U test. p-values < 0.05 were 

considered as significant. In graphs, p-values < 0.05 are indicated by *, < 0.01 by **, and < 

0.001 by ***. Bar plots show mean ± s.e.m. Boxplot are shown as Tukey plots, where the 

median is annotated by a black horizontal line, the interquartile range (IQR) by a bar, 

points within 1.5 times of the IQR by whiskers, and outliers by dots. In violin plots, a black 

horizontal line shows the median and two dotted lines the quartiles.  Sample size 

calculations were performed using an online calculator (Boston-University-Research-

Support, Retrieved on 31.03.2020 from https: // www .bu.edu/ researchsupport/ 

compliance/ animal-care/ working-with-animals/ research/ sample-size-calculations-
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iacuc/). At least three animals were included in each condition or group of an experiment, 

except in Figure 3.8, which shows a preliminary analysis with one animal per group. 

2.10. Buffers and solutions 

Ringer’s solution 

Reagent Quantity Concentration Source 

1M CaCl2 2 mL 2 mM Sigma-Aldrich, C1016 

1M MgCl2 1 mL 1 mM  

H2O 900 mL   

10x Ringer’s solution 100 mL 20 mM see below 

Glucose 3.6 g  Sigma-Aldrich, 16301 

Total volume 1 L. Stored at 4 °C.  

Ringer’s was bubbled with carbogen gas (95 % O2, 5 % CO2) at least 20 min before use. 

 

10x Ringer’s solution 

Reagent Quantity Concentration Source 

NaHCO3 21.84 g 260 mM Sigma-Aldrich, S6297 

NaH2PO4 * H2O 1.72 g 12.5 mM Riedel de Haen, 04270 

KCl 1.86 g 25 mM  

NaCl 73.05 g 1.2 mM  

H2O up to 1 L   

Total volume 1 L. Stored at 4 °C. 

 

Agarose gel 

Reagent Quantity  Source 

1x TAE buffer 50 mL  Carl Roth, CL86.1 

Agarose 0.5 g  Sigma, A9539 

Gel Red nucleic acid stain 5 µL  VWR International,730-2957 

Total volume 50 mL.  
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Gitocher buffer 

Reagent Quantity Concentration Source 

Tris 15 µL 1.43 mol/L Roth, 4855.1 

(NH4)2SO4  5 mL 1.66 mol/L Sigma-Aldrich, M3148 

MgCl2 5 mL 0.65 mol/L  

Gelatine 0.05 g  Roth, 4275.3 

H2O 15 mL   

Total volume 50 mL. 
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3. RESULTS  

The experiments described in this section were partly published in:  

Brill, Kleele, Ruschkies, Wang, Marahori, Reuter, Hausrat, Weigand, Fisher, Ahles, 

Engelhardt, Bishop, Kneussel, Misgeld (2016). Branch-Specific Microtubule 

Destabilization Mediates Axon Branch Loss during Neuromuscular Synapse Elimination. 

Neuron, 92(4):845-856.  

The work detailed here was performed by N. Marahori in the laboratory of T. Misgeld 

(TUM, Munich, Germany), unless specified otherwise (contributions to collaborative 

datasets have been detailed in the corresponding figure legends). 

 

 

 

Figure 3.1 | Spastin mediates microtubule destabilization and axon branch dismantling. 

(Figure from the journal preview of the article Meltzer and Schuldiner (2016)) 
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3.1. Pharmacological microtubule stabilization restores mitochondrial transport in 

dismantled axon branches 

The previous results suggested that microtubule disassembly and reduced organelle 

supply are important elements of motor axon pruning (Brill et al., 2016). In fact, 

pharmacological microtubule stabilization using epothilone B (see Material and Methods) 

delayed synapse elimination significantly (Brill et al., 2016). To test the causal relationship 

between microtubule disassembly and organelle transport, Thy1-mitoCFPK pups, where the 

neuronal Thy1-promotor drives expression of cytosolic CFP in mitochondria, were injected 

subcutaneously with a single dose of 7.5 µg epothilone B on postnatal day (P) 5 and were 

then sacrificed between P 8-10 for live imaging (Figure 3.2, A). For controls, littermates 

were injected with the same volume of vehicle (PEG, see Material and Methods). 

Mitochondrial transport was then measured in M. triangularis sterni explants 

(Kerschensteiner et al., 2008) at different locations of the axonal arbor, namely singly 

innervating terminal branches (‘winners’), retraction bulbs (‘losers’), and stem axons 

(intercostal nerve) (Figure 3.2, B-C). Our hypothesis was that in retraction bulbs with 

disassembled microtubules epothilone B would stabilize and thus increase mitochondrial 

transport rates. Indeed, in retraction bulbs treatment with epothilone B increased 

anterograde mitochondrial transport 10.8-fold compared to PEG-injected littermate 

controls (Figure 3.2, D; ‘rebu’, Ctr: 0.06 ± 0.06 mitochondria (mito)/h; Epo: 0.65 ± 0.24 

mito/h). Similarly, retrograde transport increased significantly in retraction bulbs of 

epothilone B-treated animals (Figure 3.2, E; ‘rebu’, Ctr: 0.00 ± 0.00 mito/h; Epo: 0.66 ± 

0.29 mito/h). In comparison, mitochondrial transport was only slightly changed in singly 

innervating terminal branches (~1.3-fold; ‘sin’) and the (unbranched) stem axons (Figure 
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3.2, D-E; sin/ant: Ctr: 3.83± 0.43 / h; Epo: 5.10 ± 0.49 /h; sin/ret: Ctr: 2.46 ± 0.38 /h; Epo: 

3.26 ± 0.44 /h; stem axons/ant: Ctr: 5.1 ± 0.3 /min; Epo: 6.1 ± 0.4 /min; stem axons/ret: 

Ctr: 3.1 ± 0.3 /min; Epo: 2.7 ± 0.3 /min). Thus, the relatively strong ~63-fold difference 

between retraction bulbs and singly innervating inputs was substantially decreased to ~8-

fold in epothilone-injected mice (numbers for anterograde transport, Figure 3.2, D).  

 

Figure 3.2 | Epothilone B treatment 
partially restores mitochondrial 
transport. 
 (A) Experimental timeline. Thy1-mitoCFPK 
pups were injected intraperitoneally with a 
single dose of epothilone B on P5 and 
imaged between P8-10 on Triangularis 
sterni explants. (B, C) Widefield image of 
recorded axons in (B) an intercostal nerve, 
as well as (C) a singly innervating axon 
(‘sin’) and a retraction bulb (‘rebu’). (D, E) 
Mitochondrial transport in anterograde (D) 
and retrograde (E) direction (stem axon; n 

≥ 51 axons, ≥ 5 mice), as well as retraction 
bulbs (‘rebu’; n ≥ 20 axon branches, ≥ 18 
mice) or singly innervating terminal 
branches (‘sin’; n ≥ 51 axons, ≥ 22 mice). 
Boxplots are Tukey plots (see Material and 
Methods for detailed description). Fold-
increases (below epo-data) are calculated 
from means. Mann-Whitney test was used 
to determine significance in D, E: * p < 
0.05; n.s. p ≥ 0.05. Scale bars in B, C are 
10 µm. The entire dataset on stem axons 
(103 data points) was acquired and 
analyzed by the author; on rebus and sins 
it was acquired together with M. Brill (14 of 
151 data points by the author). Figure and 
text were modified from Brill et al. (2016). 
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Overall, the results show that stabilizing microtubules using epothilone B partially 

restores organelle transport in retraction bulbs. Further, they hint that in a situation where 

transport rates are more similar between inputs, competition plays out more slowly – which 

is in line with the fact that epothilone B injection delays synapse elimination (Azzouz et 

al., 1997; Brill et al., 2016). 

3.2. Mitochondrial tracking parameters in epothilone B-injected mice 

To better understand how mitochondrial movements are affected by developmental 

microtubule disassembly, I tracked individual moving mitochondria in retraction bulbs 

(‘losers’) and singly-innervating terminal branches (‘winner’) (Figure 3.3, A-D; analysis 

was performed on the experiments from section 3.1). Due to the low transport rates in 

retraction bulbs, PEG-injected controls were pooled with uninjected controls acquired by 

M. Brill). I then calculated the average speed (total distance travelled divided by the 

observation time), running speed (speed during ‘runs’, i.e. excluding pauses), average 

pause duration and pause rate (see Materials and Methods for more details). 

In the control, the average speed of mitochondria was significantly lower in retraction 

bulbs than in singly innervating inputs (Figure 3.3, E; rebu: 0.06 ± 0.02 µm/s; sin: 0.20 ± 

0.03 µm/s). This difference in average speed was mainly influenced by two parameters, 

namely decreased running speed (i.e., the speed during ‘runs’ (excluding pauses), Figure 

3.3, E; rebu: 0.23 ± 0.03 µm/s; sin: 0.40 ± 0.02 µm/s) and increased average pause duration 

(rebu: 38.6 ± 13.0 sec; sin: 13.1 ± 2.2 sec). Epothilone B treatment rescued all three 

parameters in retraction bulbs to the normal levels of singly innervating inputs (Figure 3.3, 

E). Interestingly, epothilone B treatment did not change mitochondrial movement 
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parameters significantly in singly innervating inputs (Figure 3.3, E; see discussion). The 

pause rates were not significantly changed between all groups (Figure 3.3, E). Some of 

these parameters might be differentially affected in anterograde or retrograde direction but 

due to the low number of mitochondria that could be tracked in retraction bulbs (n = 6), I 

did not perform more detailed analyses.  

 

 

Figure 3.3 | Epothilone B differentially affects mitochondrial movement parameters 
in terminal axon branches. 
(A) Widefield image of recorded axons in an axon from a singly innervated junction (filled 

arrow; closed arrow: shows a neighboring retraction bulb; here, a widefield stack was 
background-subtracted and maximum-projected) of Thy1-mitoCFPK pups. (B) Blowup of 
the axon outlined in a box in A, dotted lines indicate the axon outline. The images show 
selected frames from a time-lapse of a moving mitochondrion (arrow). (C) Kymograph of 
the axon shown in B. (D) Illustration of the movement parameters extracted from the 
mitochondrion tracked in (B, C), namely average speed, moving speed, stopping, and run 
length. (E) Quantification of different movement parameters from mitochondria tracked in 

retraction bulbs (‘rebu’) and singly innervating branches (‘sin’) of epothilone-injected 
(‘epo’) mice and controls. For controls, data from PEG-injected littermates were pooled 
with a data from uninjected mice, due to the extremely low amount of transport in 
retraction bulbs (Rebus: n ≥ 6 mitochondria from ≥ 3 mice per group; Sins: n ≥ 27 
mitochondria from ≥ 5 mice). Scale bar in A is 5 µm, in B 2 µm. In C horizontal scale bar is 
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2 µm and vertical is 15 sec. Boxplots are Tukey plots (see Material and Methods for 
description). Mann-Whitney test was used in E to determine significance: *** P < 0.001; ** 
P < 0.01; * P < 0.05; n.s. P ≥ 0.05. Data were acquired in collaboration with M. Brill (10 of 
112 mitochondria were acquired by the author), particle tracking and analysis (112 of 112 
mitochondria) was performed by the author. 

Overall, these results support the idea that selective microtubule destabilization in 

dismantling branches causes the changes observed in transport parameters. Further, the 

finding that pause durations and speed are altered supports the idea that microtubule 

content decreases due to microtubule disruption in dismantling branches, as earlier work 

has pointed out that some organelles pause at microtubule ends and that pause durations 

negatively correlate with microtubule density (Yogev et al., 2016).  

3.3. Spastin mediates axon dismantling during synapse elimination 

Considering the profound effects of pharmacological microtubule stabilization in 

dismantling axons, we next asked which mechanisms mediate microtubule disassembly in 

our setting. Among the proteins which affect microtubule length and stability, microtubule-

severing enzymes such as spastin and katanin have been implicated in sculpting neuronal 

morphology during development (Roll-Mecak & McNally, 2010). Microtubule-severing 

enzymes cut microtubules along their long axis to increase the number of microtubules and 

dynamic plus-end tips (Baas et al., 2016; McNally & Roll-Mecak, 2018). The generated 

fragments can either grow (increase in mass) or shrink (decrease in mass) (McNally & 

Roll-Mecak, 2018). In our setting, shorter, less dense microtubules with an overall increase 

in dynamic plus-end tips were observed in retraction bulbs and losing inputs (experiments 

by M. Brill and T. Kleele; Brill et al., 2016). Taken together, these observations indicated 

to us that microtubule severing enzymes might play a role in axon branch stabilization. 
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To test whether spastin mediates synapse elimination, a new spastin knockout (KO) 

mouse was generated (a katanin-KO had no detectable effect on synapse elimination, 

Monika Brill, personal communication, on 15. January 2020) (Kneussel lab; Brill et al., 

2016). Spastin deletion significantly delayed synapse elimination when compared to wild 

type littermate controls (experiments by M. Brill and T. Kleele; Brill et al., 2016). Here, 

the speed of transition from the poly-innervated to singly innervated state was measured by 

quantifying the relative amount of poly-innervated NMJs at a given time point. However, 

synapse elimination is a multi-step process (Sanes & Lichtman, 1999), and it was 

important to understand precisely whether axon withdrawal played out more slowly upon 

genetic spastin deletion. Ideally, one would therefore perform live imaging to observe the 

speed at which terminal branches lose synaptic territory and retract. To make this 

experiment feasible within the time constraints of the nerve-muscle explant, I limited my 

observations to the final step of synapse elimination, retraction (Bishop et al., 2004) and 

acquired confocal stacks spanning a time interval of ~3 hours from retraction bulbs in 

Thy1-YFP-16 x spastinko/ko or spastinwt/wt littermate controls (Figure 3.4, A). As expected, 

retraction speed was reduced by half in spastin-KO mice compared to wild type littermates 

(Figure 3.4, B; spastinwt/wt: 1.2 ± 0.2 µm/h; spastinko/ko: 0.6 ± 0.1 µm/h) and the 

distribution of retraction speeds shifted to lower speeds (Figure 3.4, C). 
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Figure 3.4 | Genetic stabilization of microtubules delays retraction of ‘loser’ 
branches. 
(A) Confocal images spanning a time interval of ~3 hours were taken in explants from 

spastinwt/wt (left) and spastinko/ko (right) pups crossed to Thy1-YFP-16 or Thy1-CFP-5 
(between P8-10). (B) Average retraction speed (C) and histogram of individual recordings 

(KO: n ≥ 65 axons from 7 mice; WT: n ≥ 62 axons from 7 mice). Figure and text were 
modified from (Brill et al., 2016). Scale bar 3 µm. Data are mean + SEM. Mann-Whitney 
test was used to determine significance in (B): *** p < 0.001. The entire dataset was 
acquired and analyzed by the author (127 of 127 axons). 

In summary, these results indicate that the enzyme spastin mediates synapse 

elimination. One further set of experiments to test whether the microtubule-severing 

activity of spastin also affects resource distribution was to measure axonal transport in 

these mice. 

3.4. Mitochondrial transport in axons from spastin-KO mice 

To test whether microtubule stabilization by spastin-KO restores mitochondrial 

transport in losing branches, a dataset on mitochondrial transport rates (n ≥ 9 axons) in 

developing axons of M. triangularis sterni explants from Thy1-mitoCFPK x spastin-KO 

pups was also acquired (Figure 3.5). Neither of the three locations (stem axons, ‘sin’, or 

‘rebu’) had significantly altered transport in spastinko/ko mice compared to littermate 
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controls (spastinwt/wt) (Figure 3.5, A-B; numbers for ‘rebu’: ant: 0.0 ± 0.0 mito/h in WT, 

0.2 ± 0.2 mito/h in KO; ret: 0.1 ± 0.1 mito/h in WT, 0.4 ± 0.3 mito/h in KO). Performing a 

sample size calculation (see Material and Methods) showed that with n ≥ 9 retraction bulb 

axons per group one could already attain statistical significance of p < 0.05 with an 80 % 

probability (statistical power), although to reject the hypothesis with more power one 

would have to acquire more axons. On overall, this leads to the conclusion that spastin-KO 

most likely does not affect transport significantly (see Discussion).   

 

    

Figure 3.5 | Effect on mitochondrial transport by genetic stabilization of 
microtubules. 
Anterograde (A) and retrograde (B) mitochondrial transport rates in axons of intercostal 

nerves (‘stem axon’; n ≥ 47 axons, n ≥ 6 pups), as well as retraction bulbs (‘rebu’; n ≥ 9 
axon branches, n ≥ 9 mice) or singly-innervating terminal branches (‘sin’; n ≥ 18 axons, ≥ 
11 mice) in spastinko/ko x Thy1-mitoCFPK mice. Bar graphs are mean ± s.e.m. Mann-
Whitney-U test was used to determine significance; n.s.: p ≥ 0.05. Dataset was acquired 
together with M. Brill (32 of 62 data points were acquired and analyzed by the author). 
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3.5. Decreased transport of mitolysosomes in CCP1/6 double-KO mice 

Spastin is recruited to microtubules by polyglutamylation, which can be removed by the 

enzymes CCP (cytosolic carboxypeptidase) 1 and CCP6, amongst other enzymes. Thus, a 

CCP1 and CCP 6 double-knockout (‘CCP1/6-dKO’) would enhance the generation of 

glutamate side chains on microtubules (as was initially reported in cerebral cortex and 

hippocampus of these mice; Magiera et al., 2018) and therefore promote the microtubule-

severing activity of spastin, potentially also leading to decreased axonal transport. Since 

CCP1 was also reported to interact with Parkin, a mitophagy mediator, (Gilmore-Hall et 

al., 2019) we decided to use a tool which would allow us to measure axonal transport of 

both mitochondria and mitolysosomes concurrently (COXVIII (mito)-Keima under a 

human synapsin promotor, see Material and Methods; experiments were performed in 

collaboration with A. Gavoci and Dr. M. Wang). Keima has an excitation spectrum that 

depends on pH, meaning that in a neutral environment (such as is present in a healthy 

mitochondrion or a mitophagosome) it has an excitation optimum at shorter wavelengths 

(440 nm, Keima-‘green’) than in an acidic environment (586 nm, such as is present in a 

mitolysosome, i.e. a lysosome with mitochondrial material inside, ‘Keima-red’) (Figure 

3.6, A, B) (Katayama, Kogure, Mizushima, Yoshimori, & Miyawaki, 2011).  
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Figure 3.6 | Transport of mitolysosomes in a CCP1 and CCP6 double-knockout. 

(A) Keima is a fluorophore that shifts its excitation optimum according to pH. 

Mitochondria / mitophagosomes are depicted here in green (neutral pH), mitolysosomes 
in red (acidic pH). (B) Intercostal nerve of a mouse injected with an AAV9-hSyn-
mitoKeima virus. Scale bar 10 µm. (C) Mitolysosome (Keima-red) transport rates 
compared between a control (ChatCre- x CCP1 x CCP6 littermate) and a CCP1/6-dKO 
mouse (specifically, a ChatCre+ x CCP1fl/fl x CCP6fl/fl) (n ≥ 34 axons from 3 mice per 
group). Mann-Whitney test; *** P < 0.001; * P < 0.05; n.s. = non-significant. Performed in 
collaboration with A. Gavoci (15 of 86 axons were imaged and 86 of 86 data points were 
analyzed by the author). 

The transport rates of mitolysosomes were reduced in the CCP1/6-dKO in both 

anterograde and retrograde direction (Figure 3.6, C; ant/ctr: 0.95 ± 0.13/min; ant/ctr: 0.67 

± 0.13/min; ret/ctr: 8.41 ± 0.84/min; ret/ctr: 4.82 ± 0.70/min). In contrast, transport of 

mitochondria (Keima-green) was less strongly affected, with only retrograde transport rates 

being significantly decreased (ant/ctr: 2.45 ± 0.25/min; ant/ctr: 2.77 ± 0.38/min; ret/ctr: 

1.81 ± 0.21/min; ret/ctr: 1.18 ± 0.14/min). 
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Similarly, the movement parameters of mitolysosomes were profoundly altered – 

mitolysosomes had both slower running speeds and paused longer and more often in the 

CCP1/6-dKO (preliminary analysis, Figure 3.7). Conversely, run length was not 

significantly different in the CCP1/6-dKO (preliminary analysis, Figure 3.7). 

In summary, mitolysosome transport rates are reduced in the CCP1/6-double-KO, these 

organelles also move more slowly and pause more frequently. This effect could be a 

consequence of either altered microtubule stability (spastin activation) or altered PTM 

profile of the microtubules. Therefore, to interpret these data one must see them in 

conjunction with stainings that label microtubule content and PTMs (see discussion, 

section 4.4). 

 

 

Figure 3.7 | MitoKeima-red movement parameters in intercostal nerve axons from 
CCP1/6 double-KO mice. 
Quantification of different movement parameters from axonal mitoKeima-red puncta 
moving in retrograde direction (n ≥ 45 mitoKeima-red puncta from 1 mouse per group). t-
test was used in datasets which passed the D’Agostino & Pearson normality test (average 
speed and running speed), otherwise a Mann-Whitney test was used to determine 
significance: *** P < 0.001; * P < 0.05; n.s. = non-significant. Performed in collaboration 
with A. Gavoci (movie files from the same experiment as in Figure 3.6; tracking and 

analysis was performed by the author). 
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4. DISCUSSION 

During developmental synapse elimination, terminal branches of different motor axons 

compete for postsynaptic occupancy on the neuromuscular junction, until a ‘winner’ is 

chosen and the respective ‘losers’ disassemble (Sanes & Lichtman, 1999). Those ‘loser’ 

axons dismantle in a branch-specific manner, meaning that disassembly only occurs within 

that specific branch without affecting the parent axon (Bishop et al., 2004; Keller-Peck et 

al., 2001). How is this localized degradation of the axon executed on a molecular level? In 

the paper that I co-authored (Brill et al., 2016), it was shown for the first time that branch-

specific axon removal is characterized by local microtubule disruptions that occur early on 

even before the ‘losing’ branches retract. It was further shown that microtubule 

disassembly is mediated by the disease-associated enzyme spastin (Brill et al., 2016). To 

understand the consequences of microtubule disassembly for the axon, I used various 

pharmacological and genetic tools to stabilize microtubules and study how microtubule 

stability affects axon retraction and axonal transport. Using live imaging in nerve muscle 

explants, I obtained the following results: (1) microtubule disassembly causes diminished 

transport of mitochondria in retraction bulbs (epothilone B experiment), (2) spastin 

mediates the retraction speed of dying branches, but probably lacks an effect on axonal 

transport, and (3) a knock-out of two deglutamylation enzymes (CCP1 and 6), which 

presumably would lead to spastin activation and microtubule disassembly, negatively 

regulates axonal transport. 
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4.1. Microtubule destabilization and organelle transport during synapse elimination 

In Brill et al. (2016), my colleagues M. Brill and M. Reuter found that mitochondrial 

transport inversely correlates with relative occupancy on the postsynapse. Specifically, 

branches that occupied 40 % or less synaptic territory (‘losing’ axons and retraction bulbs; 

Walsh & Lichtman, 2003) largely lacked transport, unlike branches with more than 60 % 

synaptic territory (‘winning’ axons and singly-innervating branches; Walsh & Lichtman, 

2003). Those disruptions in transport affected both directions (anterograde and retrograde), 

thereby suggesting they might be caused by branch-specific disruption of the cytoskeleton, 

which provides the routes for intracellular transport (Hirokawa, 1998). An earlier study 

(Bishop et al., 2004) found that microtubules were absent in ‘loser’ branches that were 

beginning to retract (retraction bulbs), however, it was unclear if these changes were a late 

phenomenon or whether they had an early, instructive role. My colleague M. Brill showed 

that branches which were more likely to lose (1 – 40 % territory) had significantly 

decreased tubulin content compared to branches which were more likely to win 

competition (61 – 99 % territory), arguing that microtubule disruptions occur early on even 

before the branch starts to retract. (Brill et al., 2016) 

Combined together, these results showed that disruption in the microtubule skeleton and 

axonal transport occur in parallel, but they did not prove a causal relationship between the 

two. Mitochondria can also traverse small distances on actin (Chada & Hollenbeck, 2004) 

(the possibility that actin rearrangement is involved in synapse elimination is currently 

being explored by A. Gavoci and M. Brill through efforts to generate a reporter mouse 

line). Further, synaptic activity and the action of a neurotrophin (BDNF) positively 

regulate the outcome of competition (Je et al., 2013; Personius & Balice-Gordon, 2002; F. 
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Yang et al., 2009) and both can recruit mitochondria to synapses by interaction with the 

mitochondrial transport machinery (Lin & Sheng, 2015; Su, Ji, Sun, Liu, & Chen, 2014; 

Yoshii & Constantine-Paton, 2010).  

In my experiments using the microtubule-stabilizing drug epothilone B, I observed that 

mitochondrial transport was partially restored in retraction bulbs (by 10.8-fold in 

anterograde direction, Figure 3.2). Mitochondrial transport also increased in singly-

innervating branches, but the effect was less pronounced (1.3-fold, Figure 3.2). Those 

results imply that microtubule disassembly is partially responsible for the breakdown of 

transport observed in retraction bulbs. 

This dataset further showed that while in the normal (control) situation, mitochondrial 

transport rates were extremely different between retraction bulbs and singly innervating 

branches (63-fold, Figure 3.2), this difference was not as pronounced after epothilone B 

treatment (8-fold, numbers for anterograde transport, Figure 3.2). Other publications 

looking at synaptic activity have shown that rather than depending on absolute electrical 

signals, synapse elimination is controlled by the relative difference between inputs (Balice-

Gordon & Lichtman, 1994). My results suggest that synapse elimination also slows down 

in a situation where axonal transport is more similar between inputs. One could test this 

idea, e.g. by locally depolymerizing microtubules of either one or both inputs with photo-

switchable drugs to affect transport rate, and then observing the outcome or rate of synapse 

elimination. 

Those experiments did not, however, answer which vital resource it is that might affect 

competitive vigor. Microtubule disruption probably not only affects mitochondrial 

transport, but also transport of other organelles, RNAs, proteins or vesicles. At least 
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peroxisomal transport appeared decreased in retraction bulbs (Brill et al., 2016). Since 

many cargoes are transported by specific anterograde machinery (Hirokawa et al., 2010; 

Maday et al., 2014), manipulating specific motor(/adaptor) proteins would give further 

insight into which cargo transport influences synapse elimination. 

Further, mitochondrial transport rates in retraction bulbs were not ‘rescued’ by 

epothilone B to match the levels observed in singly innervating branches (Figure 3.2). 

Why is that so? The absolute amount of mitochondria that traverses an axonal branch 

would depend on several factors, one of which is the amount of ‘tracks’ available. 

Experiments by M. Brill showed that tubulin content was not completely restored (Brill et 

al., 2016), which would explain why transport was only partially affected. A complete 

recovery was also not expected from a pharmacological intervention, which acts only 

during a limited time window.  

4.2. Mitochondrial tracking in dismantling axon branches 

The absolute transport rate (flux) of mitochondria is determined by various factors, such 

as the average speed of the individual organelles, but also the overall number of 

mitochondria present in the compartment of interest (Devireddy, Sung, Liao, Garland-

Kuntz, & Hollenbeck, 2014). For example, slower mitochondria result in lower flux, but 

flux can also decrease if mitochondrial density is low, irrespective of average 

mitochondrial speed (Devireddy et al., 2014). Average speed is not constant but rather 

depends on how often and long mitochondria pause and how fast they are during runs 

(Hollenbeck, 1996), and these so-called movement parameters can be affected by alteration 

to the microtubule cytoskeleton (Yogev et al., 2016).  
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For example, a study by Yogev et al. (2016) showed that moving synaptic vesicle 

precursors (SVPs) paused at microtubule ends and that pause durations inversely correlated 

with microtubule coverage (Yogev et al., 2016). In our setting, I observed longer 

mitochondrial pause durations in retraction bulbs than in singly innervating axons (Figure 

3.3), indicative of lower microtubule coverage in retraction bulbs. After stabilization of 

microtubules with epothilone B, average pause durations dropped in retraction bulbs (from 

39 to 8 sec), suggesting that epothilone B increased microtubule content in retraction bulbs. 

Thus, my results are in agreement with measurements of tubulin content by 

immunostaining (Brill et al., 2016).  

In retraction bulbs, mitochondria moved with half of their speed during ‘runs’ when 

compared to singly innervating branches (0.2 and 0.4 µm/s, respectively, Figure 3.3). The 

running speed of an organelle depends on various factors, among them motor protein 

processivity as well as the total number of bound motors. Processivity of a motor can be 

regulated by microtubule-binding proteins (e.g., tau), scaffolding proteins and 

posttranslational modifications (PTMs) on the microtubule (Maday et al., 2014). Kinesin-1 

preferentially moves on detyrosinated (Dunn et al., 2008; Kaul et al., 2014; Konishi & 

Setou, 2009; Kreitzer et al., 1999; Liao & Gundersen, 1998) and polyglutamylated 

microtubules (Sirajuddin et al., 2014). PTMs such as polyglutamylation and detyrosination 

accumulate on more stable microtubules (Baas et al., 2016), as would be expected of 

singly-innervating branches. My results therefore indicate that decreased levels of PTMs 

such as polyglutamylation or detyrosination might lead to slower running speed in 

retraction bulbs. Indeed, immunostainings showed retraction bulbs have lower amounts of 

detyrosinated and polyglutamylated microtubules than singly innervating branches (Brill et 
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al., 2016) (the latter however was not be shown to increase transport in cells; Gilmore-Hall 

et al., 2019; Maas et al., 2009).  

While epothilone B had profound effects in retraction bulbs, it did not affect the 

movement parameters in singly innervating branches, even though tubulin content 

increased here as well (Brill et al., 2016). For example, pause durations showed a small but 

non-significant decrease from 13 to 9 sec in singly-innervating branches (Figure 3.3). This 

might be due to the following reasons: 

- Imaging parameters: It is possible that an effect on average pause duration was 

partially masked, since these movies were acquired with a relatively low sampling 

rate (0.5 Hz), which would hide small pauses < 2 s. A control using faster imaging 

would have to be performed. (Wehnekamp, Plucinska, Thong, Misgeld, & Lamb, 

2019) 

- PTMs: Epothilone B might affect PTMs differentially in retraction bulbs and singly-

innervating branches, which would affect the processivity of motors (we have not 

tested this possibility by immunostaining yet). 

- Non-linear relationship between microtubule content and movement parameters: A 

linear relationship between microtubule coverage and transport parameters has not 

been shown so far. Above a certain, physiological threshold, microtubules might 

even aggregate or reverse polarity and not be available for axonal transport as 

effectively anymore (Baas & Ahmad, 2013; Theiss & Meller, 2000). Thus, if there 

are no more cargoes and speed is optimized, flux will plateau – only when track 

availability is the limiting factor, microtubule stabilization will affect flux. In our 

setting, tubulin content shows a similar fold-increase in retraction bulbs and singly-
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innervating branches following epothilone B application (Brill et al., 2016), but 

axonal transport is much more affected in retraction bulbs (Figure 3.2, Figure 3.3). 

4.3. Role of spastin during synapse elimination 

In Brill et al. (2016) we showed that spastin mediates branch-specific microtubule 

destabilization in losing branches, which delays the time course of synapse elimination 

(Brill et al., 2016) and slows down the retraction of ‘loser’ branches (Figure 3.4). Even 

though microtubule disassembly is common in various forms of pruning in Drosophila 

(mediated for example by Kat60L and Kif2A; Lee et al., 2009; Maor-Nof et al., 2013), the 

implication of spastin in this setting is new. Spastin is a good candidate in mammalian 

neurons, since it localizes to branch points (Errico et al., 2004; W. Yu et al., 2008), and 

unlike katanin, remains highly expressed even after developing neurons have initially 

contacted their targets (Karabay, Yu, Solowska, Baird, & Baas, 2004; D. L. Ma et al., 

2006). This study also elevates spastin beyond its early function in development, where it 

cuts microtubules to generate amplification seeds during axonal and dendritic branch 

formation (Conde & Caceres, 2009; Roll-Mecak & Vale, 2006). It remains to be shown if 

spastin also mediates postnatal pruning in the central nervous system. 

To understand how spastin influences transport during synapse elimination, I also 

acquired a dataset on mitochondrial transport rates (n ≥ 9 axons). Here, I saw a (non-

significant) increase of mitochondrial transport in retraction bulbs (Ant: from 0 to 0.2 

mito/h; Ret: from 0.1 to 0.4 mito/h; Figure 3.5). Overall, the difference was not as 

pronounced as in the epothilone B experiment (Ant: from ~ 0.2 to 0.7 mito/h; Ret: ~ 0 to 

0.7 mito/h; n ≥ 20 axons; Figure 3.2). It appears that the spastin-KO results in a weaker 
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kind of microtubule stabilization than epothilone B, since the EB3-density/tubulin content-

ratio was changed less (indicative of microtubule length, see section 1.1.3. “Microtubule-

associated proteins”) (Brill et al., 2016). Together with the fact that synapse elimination is 

only delayed and not completely abolished, the results suggests that other mechanisms 

exist which influence microtubule mass and length during synapse elimination; for 

example, katanin and kinesin-13 could compensate for spastin-dependent microtubule 

dynamics (Havlicek et al., 2014; Kurup, Yan, Goncharov, & Jin, 2015). 

4.4. Impact of microtubule glutamylation on axonal transport 

Our combined results raised the question how spastin was able to act in losing braches 

in such a locally confined manner. Spastin recruitment to microtubules is enhanced by 

polyglutamylation (Lacroix et al., 2010; Valenstein & Roll-Mecak, 2016) and preliminary 

immunostainings showed that in the spastin-KO, polyglutamylation levels are higher in 

retraction bulbs than singly-innervating branches (Monika Brill, personal communication, 

on 15th January 2020).  

My colleagues A. Gavoci and M. Brill are currently performing a follow-up study, 

where they investigate a CCP1 and CCP6-double-KO mouse (‘CCP1/6-dKO’) in the 

context of synapse elimination. In theory, this knockout would result in an increase of 

polyglutamylation on microtubules (Magiera et al., 2018) and thus increased microtubule-

severing activity by spastin (Valenstein & Roll-Mecak, 2016). In the knockout, they could 

find that tubulin content was diminished; however, the microtubules were rather 

hypoglutamylated and longer (measured by EB3/tubulin ratio), presumably because those 

were the microtubules that were left after spastin has done its job and cut away the others 
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(Monika Brill and Antoneta Gavoci, personal communication on 15th January 2020). A 

previous study by Yogev et al. (2016) has shown that run length of cargo correlates with 

microtubule length; therefore, the finding that microtubules are longer could be 

corroborated by measuring run length of transported organelles in the CCP1/6-dKO in the 

future (ongoing dataset, see Figure 3.7 for preliminary results from mitoKeima-red puncta, 

which correspond to lysosomes or endosome containing mitochondrial material).  

Glutamylation has been described in the literature to affect axonal transport (Gilmore-

Hall et al., 2019; Maas et al., 2009; Magiera et al., 2018; Sirajuddin et al., 2014), but so far 

no studies have been performed in vivo to understand the relationship. We are currently 

investigating how transport of different organelles is affected in the CCP1/6-dKO. My 

count of mitoKeima-red transport rates shows that flux is decreased in the CCP1/6-dKO 

(Figure 3.6). This indicates that either, (1) CCP1 or 6 have a function in the generation of 

Keima-red puncta (initial analysis of other substrates than tubulin did not imply proteins 

with a well-known role in lysosomal degradation, see Rogowski et al. (2010), however, a 

later study implied an interaction between parkin and CCP1, see Gilmore-Hall et al. 

(2019)), (2) in initiating transport, (3) or in promoting cargo transport while on the 

microtubule. Indeed, tracking revealed that Keima-red puncta have slower running speeds 

and pause more frequently in the CCP1/6-dKO (Figure 3.7). The interpretation of the data 

is complicated by the fact that presumably, most of the hyperglutamylated microtubules 

generated by this knockout would be ‘cut away’ by microtubule-severing enzymes. It is not 

clear yet what the identity of the left-over, elongated microtubules is, for example, they 

might correspond to the polyaminated, “cold-stable” fraction that has been shown before to 

exist in brain tissue (Song et al., 2013). A stable population of microtubules could 
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accumulate microtubule-associated factors (like tau) that hinder transport (Dixit, Ross, 

Goldman, & Holzbaur, 2008).   

Surprisingly, the transport rates of mitoKeima-green puncta (corresponding to “normal” 

mitochondria and mitophagosomes) were less affected, with only the retrograde flux being 

slightly decreased (Figure 3.6). This could mean that either different motor proteins are 

not affected in the same manner, or that mitochondria as large cargoes might be less 

affected by small changes in microtubule architecture, since they are able to move on 

multiple microtubules simultaneously (Hirokawa, 1982).  

4.5. Lessons from developmental axon remodeling for axon pathology 

Rearrangements in the cytoskeleton are increasingly being recognized as important 

elements of neuronal development and plasticity, but also of neuronal pathology and axon 

death (Cartelli et al., 2013; Coleman, 2005; Jaworski et al., 2009; L. Luo & O'Leary, 2005; 

J. T. Wang et al., 2012). Stabilization of microtubules is seen as an option to mitigate axon 

pathology, and microtubule-stabilizing drugs such as epothilones are currently being 

explored as potential treatments (Baas & Ahmad, 2013; Ruschel et al., 2015; Varidaki et 

al., 2018). For example, microtubule-stabilizing drugs prevent the formation of retraction 

bulbs that form on lesioned corneal nerve or CNS axons (Erturk, Hellal, Enes, & Bradke, 

2007; H. Wang et al., 2018). Those retraction bulbs resemble the ones that form on pruning 

axons during development (Misgeld, 2005). Microtubules serve as tracks for axonal 

transport (Hirokawa et al., 2010), and the organization and stability of microtubules affects 

axonal transport (Baas & Ahmad, 2013; Kapitein & Hoogenraad, 2015; Yogev et al., 

2016). Indeed, studies using epothilone treatment for different disease models such as 
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models of Alzheimer’s disease or intracerebral hemorrhage found signs of enhanced axonal 

transport accompanying better regeneration (Y. Yang et al., 2018; B. Zhang et al., 2012). 

My own results from developmental pruning demonstrate that a (relatively low) dose of 

epothilone B is able to increase mitochondrial transport in a way that affects ‘dying’ 

branches the most (Figure 3.2). These findings also raise an interesting question, namely 

whether increasing axonal transport alone could have a beneficial effect during and after 

axon degeneration. Other studies specifically increased mitochondrial transport by 

targeting mitochondrial anchoring or transport proteins and found that it indeed facilitated 

regeneration after acute axon injury (Cartoni et al., 2016; Han, Baig, & Hammarlund, 

2016; Zhou et al., 2016). Those results suggest approaches that increase (mitochondrial) 

axonal transport as a promising option to protect degenerating axons and promote neuronal 

repair, however, this assumption would still have to be tested for models of (chronic) 

neurodegenerative disease. Further, not all forms of axon degeneration have a preceding 

phase of transport disruption (Marinkovic et al., 2012), so that it remains to be better 

understood how axonal transport can modulate disease in different models. 

In our model of developmental remodeling at the neuromuscular junction, spastin 

seemed to play a role in disassembling microtubules of ‘dying’ axon branches (Figure 

3.4). Spastin mutations are the most common cause of hereditary spastic paraplegia (HSP; 

Hazan et al., 1999; Schule et al., 2016), a group of disorders where patients suffer from 

lower extremity weakness, spasticity and gait impairment (Fink, 2013). Spastin cuts 

microtubules, which can result in either microtubule disassembly or proliferation (by 

generating a higher number of microtubule ‘seeds’) (McNally & Roll-Mecak, 2018). It is 

still unclear which of the two scenarios underlies the pathology of HSP patients with 

spastin mutations, or even whether a different function of spastin (such as interaction with 
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the ER) (Park et al., 2010) mainly drives pathogenesis. For example, in our work on 

developmental disassembly of α-motoneuron axons, a spastin-KO increased tubulin 

density, apparently resulting in more stable microtubules (Brill et al., 2016), and delayed 

retraction bulb pruning (Figure 3.4). However, mice with a mutation in spastin show a 

degenerative phenotype in CNS axons, with focal swellings, microtubule disorganization 

and axonal transport impairment (Fassier et al., 2013; Kasher et al., 2009; Tarrade et al., 

2006). Interestingly, the authors of the spastin-mutated mice found accumulations of 

detyrosinated tubulin, tau and Δ2-tubulin in axon swellings, indicative of longer-lived, 

stable microtubules (Fassier et al., 2013; Tarrade et al., 2006). Further work will need to be 

done in order to understand how HSP-causing spastin mutations alter the function and 

organization of the microtubule cytoskeleton in different neuronal populations. In addition, 

how spastin (mal)function affects posttranslational microtubule modifications and axonal 

transport will further need to be studied in appropriate human and in vivo mouse models to 

help our understanding of the underlying pathogenesis in the future.  
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TTL  tubulin tyrosine ligase 
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