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ABSTRACT 

 Vps54 is a subunit of the Golgi-associated retrograde protein (GARP) complex, 

which is involved in tethering endosome-derived vesicles to the trans-Golgi network 

(TGN). The “wobbler” mouse is the phenotypic result of a destabilizing point mutation in 

Vps54. This mutation causes neurodegeneration and is subsequently used as a model for 

human motor neuron disease. Presently, it is unclear how disruption of GARP complex 

function leads to motor neuron degeneration. To better understand the role of Vps54 in 

motor neuron development, function, and age-related neurodegeneration, we disrupted 

expression of the Vps54 ortholog in Drosophila and examined the impact on larval 

neuromuscular junction morphology, locomotor function, and longevity. We show that 

functional null mutants and motor neuron specific knockdown of Vps54 lead to NMJ 

overgrowth and partial disruption of Syntaxin-16 localization. We also see reduced lifespan 

and severe locomotor defects in adult flies. We show that Vps54 may be interacting with 

small GTPases Rab7 and Rab11 at different life stages to further regulate motor neuron 

development and function. Taken together, these data suggest that Vps54 plays a major 

role in the development and functional regulation of motor neurons, while additionally 

interacting with differing endosomal trafficking components associated with disease 

phenotypes.   
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CHAPTER 1: AN INTRODUCTION TO NEURODEGENERATION 
 

 
Neurodegeneration and disease 

Neurodegeneration is a devastating and fatal neurological disease characterized by 

gliosis and the irreversible loss of neurons [1]. The increased prevalence of age-dependent 

neurodegenerative diseases in recent years poses a major threat to human health [2-4]. The 

manifestation of these disorders can be seen impacting both the central and peripheral 

nervous systems. Symptoms such as memory loss or other cognitive impairments are 

associated with loss of nervous function in the brain, while locomotor dysfunction affecting 

mobility, speech, and respiratory function are associated with peripheral nervous function 

[5-8]. Disruption of normal cellular function, ranging from the regulation of RNA 

metabolism to the general homeostatic maintenance of neuronal proteins, have been 

characterized in neurodegenerative disorders such as Parkinson’s Disease (PD), 

Alzheimer’s Disease (AD), Amyotrophic lateral sclerosis (ALS), Frontotemporal dementia 

(FTD), and Charcot-Marie-Tooth (CMT) disease [1, 9]. There are very few effective 

treatments for neurodegenerative disorders. As such, a deeper understanding of the 

mechanistic causes of such disorders is needed to further target potential therapies [10]. 

Several intracellular pathways have been implicated in neurodegenerative disease 

pathogenesis associated with mutations found in specific genes. These genes can be 
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categorized by their control of or assistance in; RNA metabolism, axonal and cytoskeletal 

dynamics, and protein trafficking [7]. 

 

RNA regulation and neurodegeneration 

 RNA binding proteins (RBPs) are required for stabilization of RNA, transcription, 

splicing, and RNA degradation in both the nucleus and cytoplasm. Because of this, 

metabolism of RNA can be regulated by RBPs [1]. Mutations in proteins such as TAR 

DNA-binding protein-43 (TDP-43) and nuclear protein fused in sarcoma (FUS) have been 

identified in neurodegenerative disorders such as ALS and FTD [11-17]. TDP-43 functions 

ubiquitously in RNA processing and is involved in RNA stability [18-20], transport [21], 

and splicing [22-25]. Similar to TDP-43, FUS regulates RNA transcription by recruiting 

RBPs to non-coding RNA via its interactions with serine-arginine RNA splicing associated 

proteins [26, 27]. 

 When mutated both proteins show a characteristic mis-localization from the 

nucleus to the cytoplasm, where in some cases they form large protein aggregates [11, 16, 

17]. Other RBPs, such as hnRNPA1 and A2B1 have also been shown to localize to 

cytoplasmic RNA stress granules [28-31]. The utilization of mRNA during stress is in part 

controlled by RPBs and the formation of RNA stress granules. RNA stress granules are 

generally transient membrane-less organelles formed through liquid-liquid phase 

separation. However, there is evidence that indicates that age related chronic stress causes 

the persistent appearance of stress granules, which act as foci associated with aggregation 

of disease related proteins [32]. 
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 It has previously been shown that there is a positive correlation between the 

number and size of cytoplasmic aggregates and cytoplasmic RNA granules to the risk of 

neuronal cell death [33]. However, the specific disease-causing mechanisms involved in 

RBP regulated RNA metabolism, such as those associated with TDP-43 and FUS 

dysfunction, are yet to be fully understood.  

 In a TDP-43 deficient mouse model, global RNA expression of over 600 genes 

were altered showing a particular bias toward neuronal genes [34]. Similarly, 

immunoprecipitation of TDP-43 and FUS from mouse brain tissue and rat primary 

neuronal cultures show binding to 3’ untranslated regions (UTRs) of thousands of different 

mRNA [25, 34, 35]. Together this suggests that disease pathogenesis may be the result of 

altered gene expression and global RNA dysregulation [1].  

 Aberrant microsatellite sequence expansions produce RNA with tandem repeat 

sequences beyond that of normal nucleotide threshold lengths [36]. Sequestration of RBPs 

away from their target RNA by microsatellite repeat expansions can also alter RNA 

metabolism [37-39]. There are several examples of disease-causing genes that contain 

these pathogenic repeat expansions including DMPK, FMR1, and C9orf72. A CTG 

expansion in the 3’ UTR of DMPK causes muscleblind-like proteins (MBNLs), an RBP 

that regulates alternative splicing, to sequester into RNA foci rendering them incapable of 

functioning [40-44]. Similarly, RBPs such as hnRNPs and MBNL1 are found to alter 

microRNA (miRNA) biogenesis and splicing in individuals with a repeat expansion in the 

UTR of the FMR1 gene that causes Fragile X-associated tremor/ataxia syndrome (FXTAS) 

[45-48]. Finally, a hexanucleotide (G4C2) expansion in C9orf72 causes the formation of 
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mutant nuclear RNA aggregates. These sequences sequester RBPs such as hnRNPs and 

alter RNA splicing, thus affecting metabolism [39, 49-53]. Further still, there are other 

types of RNA such as miRNA and non-coding RNA (ncRNA) that have been implicated 

as effectors on neurodegenerative disease-causing genes [54, 55]. Taken together, it is clear 

that regulation of RNA metabolism contributes to the devastating pathology associated 

with neurodegenerative disorders.   

 

Axonal and cytoskeletal involvement in neurodegeneration  

Protein aggregation by defective cytoskeletal components 

 The formation of abnormal filamentous protein deposits in neurons have been 

found in cases of familial and sporadic neurodegenerative diseases [56]. Specifically, 

disorders known as neuronal intermediate filamentopathies or tauopathies are caused when 

intra-cellular inclusions are present in intermediate filament proteins and in the 

microtubule-associated protein (MAP) tau [57]. The two are often present in pathological 

neurofibrillary tangles, neuropil threads, and dystrophic neurites. In PD and dementia, 

neuronal filament and alpha-internexin triplet proteins are present, although it is unclear 

what their role is in lesion formation or neurodegeneration [58, 59]. It was realized that 

mutations in neuronal intermediate filament genes and the tau gene, were sufficient to 

invoke neurodegeneration associated with diseases such as CMT, ALS, FTD and 

parkinsonism linked to chromosome 17 [60-67].  

Tau proteins, specifically, have been implicated in the onset of neurodegeneration 

because filamentous tau aggregates have been found in progressive neurodegenerative 
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disease neurons in the absence of other neuropathological abnormalities [56]. Pathogenic 

tau mutations in heterogeneous FTDP-17 disorders further established a role for tau in 

neurodegenerative diseases [66, 68-70]. Tau proteins are low molecular weight MAPs 

predominantly expressed in abundance in neuronal axons both in the central and peripheral 

nervous systems [71-73]. From the human tau gene, six distinct isoforms of tau protein can 

be generated by alternative splicing of the 16 exons within the mRNA [74, 75]. Tau binds 

to microtubules promoting polymerization and aiding in stabilization [71, 76]. There are 4 

highly conserved microtubule binding motifs where phosphorylation-dependent tau 

binding can occur [77-82]. It has been shown that hyperphosphorylation of tau is the 

principal component of filamentous neuronal aggregates found in AD and FTD [83-85].  

Normally, very low levels of phosphorylation are associated with neuronal 

filaments located in the proximal axonal segments, perikaryon, and dendrites of neurons; 

conversely, distal axonal segments are heavily phosphorylated [86, 87]. Although the 

significance of neuronal filament phosphorylation is unclear, in ALS, affected neurons 

show accumulation of phosphorylated neuronal filaments localized to swollen axons, the 

perikaryon and cytoplasmic spheroids [88-90]. It has been speculated that abnormal 

aggregate hyperphosphorylation, protecting against proteolysis, may contribute to neuronal 

dysfunction via impediment of axonal transport [91].  

 The protein alpha-internexin plays a role in neuronal cell differentiation preceding 

the expression of neuronal filament protein triplets. It is normally found to be minimally 

expressed in adult brains compared to neuronal filament proteins [92]. This said, it has 

been implicated as a major component of the pathological inclusions of neuronal 
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intermediate filament inclusion disease (NIFID) and FTD. Although not found to have 

altered mobility in most neurodegenerative diseases, alpha-internexin along with tau, are 

absent in the neuronal cytoplasmic inclusions of NIFID affected neurons suggesting a role 

in neuronal dysfunction phenotypes [93-97].  

 

Cytoskeletal defects and dysfunction of axonal transport 

 Axonal transport is required for neuron viability and is dependent on microtubule 

architecture and integrity [98]. The bidirectional transport of cellular cargo in neurons is 

facilitated by molecular motors. Kinesins are responsible for anterograde cargo transport 

to axon terminals, while dyneins are involved in retrograde transport to the soma [99]. 

Neuronal microtubules have a lower grade of dynamic instability than other cells, 

presumably due to their role in axonal transport [100]. It has been speculated that the faulty 

axonal transport observed in neurodegeneration could be a result of microtubule structural 

alterations or molecular motor dysfunction [101, 102]. Microtubule abnormalities in nigral 

dopaminergic neurons in PD affected cells and axonal breakage due to traumatic brain 

injury, seen in chronic traumatic encephalopathy (CTE) affected cells, clearly show the 

neurodegenerative nature of axonal dynamic dysfunction [103-106].  

Several protein coding genes have been implicated in neurodegenerative diseases, 

such as PD and ALS, that appear to cause pathogenic microtubule alterations. Normally, 

alpha-synuclein plays a role in synaptic function, however, it has been observed that 

overexpression in cells leads to reduced microtubule network complexity, Golgi 

fragmentation, microtubule-dependent trafficking dysfunction and neuritic degeneration 
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[107, 108]. An A53T mutation of alpha-synuclein has been found in cases of familial PD 

[109]. In the A53T transgenic mouse model, reduction of microtubule stability is observed 

along with hyperphosphorylation of tau, suggesting that tau disengagement acts as a 

precursor to microtubule dysfunction [110-112]. A hereditary mutation in the leucine-rich 

repeat kinase 2 (LRRK2), associated with familial PD, causes phosphorylation of bound 

tau thereby releasing it from microtubules, which further links microtubule stability to 

neurodegeneration [113-116]. Mutations in the protein Parkin have also been shown to 

reduce microtubule stability resulting in reduced neurite complexity and length [117-119]. 

This disease phenotype can be rescued by introduction of the drug paclitaxel, which 

stabilizes microtubules [119]. This direct interaction of Parkin and microtubules is not well 

understood; however, it is speculated that that deacetylation of microtubules by HDAC6 

may play a role due to Parkin and HDAC6 interactions [120].  

Mutations in the superoxide-dismutase-1 (SOD1) gene are found in about 10% of 

inherited ALS cases and display axonal transport deficits that sometimes precede 

neurodegeneration [121, 122]. Increased microtubule dynamics have been observed in the 

neurons of several transgenic mutant SOD1 mouse models, further supporting the role of 

axonal transport in neurodegeneration [123, 124]. A mutation in the p150glued subunit of 

dynactin causes dysfunction of axonal retrograde transport, which has been linked to motor 

neuron disease and possibly ALS [125, 126]. Axonal transport dysfunction has also been 

observed in Drosophila and mouse models with mutations in TDP-43, FUS, and C9orf72 

genes, all of which are involved in RNA metabolism as well [11, 127-130]. 
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Neurodegeneration associated with dysfunction of secretory protein trafficking and 

membrane trafficking  

Trafficking disruption associated with beta-amyloid plaque formation 

Dysregulation of endocytic trafficking is apparent in many neurodegenerative 

diseases including AD, PD, ALS and even Down syndrome [131-134]. In AD beta-amyloid 

plaques (AB) form as trafficking of upstream components such as beta-amyloid precursor 

protein (APP) and its proteolytic secretases like beta-secretase 1 (BACE1) are mis-

localized due to subcellular trafficking dysfunction [135, 136]. BACE1 is a transmembrane 

protease which catalyzes the first step of AB formation. ADP-ribosylation factor-binding 

protein GGA3 has been shown to act as a BACE1 transporter to lysosomes, regulating 

BACE1 expression, however, increased levels of BACE1 have been implicated in AD 

pathology suggesting the transport by GGA3 is required for normal cellular function [137-

141].  

Similarly, transmembrane glycoprotein lipoprotein receptor-related protein 1 

(LRP1) has been shown to affect APP trafficking leading to similar results [142-144]. Due 

to overexpression of genes such as APP and synaptojanin 1 (SYNJ1), an increase in AD 

pathology is found in Down syndrome cases, further supporting the neurodegenerative role 

of such proteins [145, 146]. Genes that express both alpha-synuclein and LRRK2 have been 

found to have a role in neuronal protein sorting. LRRK2 mutations cause defects in protein 

degradation via lysosomes and cause Golgi fractionation, while dopamine release in PD 

affected animals is linked with alpha-synuclein function [147-151].   
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Trafficking components, such as the sorting nexin (SNX) family of proteins, have 

been found to regulate APP cleavage. Loss of function of sorting nexins has been linked 

with increased accumulation of AB plaques in mammalian cells and disrupted recycling of 

LRPs [152-154]. To the same effect, SNX33 has been found to bind dynamin and reduce 

APP endocytosis, while acting as an activator of APP cleavage [155]. SNX6 is a key 

component of the retromer complex involved in retrograde transport and SNX12 down-

regulation is linked with decrease in BACE1 via accelerated endocytosis [156, 157].  

 

Regulation of protein trafficking by Rab GTPases 

It has also been shown that the small GTPase ADP ribosylation factor 6 (ARF6) is 

involved in the regulation of BACE1 internalization and sorting to Rab5-positive early 

endosomes [158]. Other Rab GTPase components have also been found to regulate protein 

trafficking associated with neurodegeneration. An example is Rab1B, which has been 

shown to have a role in trafficking of APP from the endoplasmic reticulum (ER) to the 

Golgi [159, 160]. Rab7 mediates subcellular localization of lysosomes and interacts with 

late endosomes. In PD Rab7 interaction with LRRK2 Drosophila ortholog cause alterations 

in lysosomal positioning associated with neurodegeneration [149]. In CMT type 2B 

missense mutations in Rab7 causes altered function associated with neurodegeneration. 

There is evidence suggesting that mutant variants of Rab7 result in reduced endolysosomal 

capacity, a change to which neurons are very sensitive [161]. Rab6 is involved in intra-

Golgi trafficking, While Rab11 is involved in the facilitation of axonal and dendritic 

BACE1 trafficking [162-165].  
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Disruption of endosomal recycling and neurodegeneration 

Endosome recycling to the trans-Golgi network (TGN) is regulated in part by the 

retromer complex [166]. The retromer complex localizes on endosomes and plays a key 

role in endosomal protein sorting [167].  This is composed of a trimer core sub-complex 

of vacuolar protein sorting (VPS) proteins VPS26, VPS29, and VPS35 and a membrane-

associated dimer of SNXs including SNX1, SNX2, SNX5, and SNX6 [168]. The core 

subunit VPS35 is presumed to be responsible for the majority of cargo-binding with 

evidence of direct interaction with cargo proteins such as CI-Manose-6-phosphate 

receptors (M6PR), wntless, and sortilin [166, 169-173]. In cell culture, knockdown of 

VPS35 causes an upregulation of AB peptides, while overexpression leads to a stark 

downregulation of the generation of AB. It has been observed that expression levels of 

VPS26 and VPS35 are reduced in brain tissue of AD individuals [174]. Presumably, 

modulation of BACE1 by the retromer complex is responsible for the neurodegenerative 

phenotypes seen in Vps26 and Vps35 knockout mice [175, 176]. Involvement by the 

retromer complex is further supported by the stabilization of APP transportation by a 

chemical chaperone. That chaperone acts by stabilizing the retromer complex [177]. 

Finally, a missense mutation, D620N, of the VPS35 protein has been identified in multiple 

cases of familial PD [178-180].  

Similar membrane protein involvement has been implicated in neurodegeneration 

caused by endocytic trafficking dysfunction. The Sortilin-related receptor with A-type 

repeats (SorLA) has reduced expression in AD brain tissue, with some hereditary variants 

being linked to late-onset AD [181, 182]. Recycling of APP is modulated by SorLA and 
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the knockdown of SorLA causes an increase in APP sorting into the compartments 

associated with AB generation [182]. It is speculated that interaction between Vps26 and 

SorLA play a role in disruption of Golgi function associated with neurodegenerative 

phenotypes [183]. The mutation S498A in BACE1 targets it to SorLA-positive 

compartments that attenuate reduction of AB peptides [184]. Additionally, there is some 

evidence that Munc18 interacting proteins (Mints) are involved in synaptic function and 

neuronal protein transport, although their involvement in neurodegeneration is unclear 

[185, 186]. 

 

Cell surface protein expression and endosomal trafficking defects 

There are several genes that have been linked to neurodegenerative disorders such 

as hereditary spastic paraplegia (HSP) and ALS. Specifically, genes that are involved in 

the regulation of membrane trafficking include; Alsin (ALS2), C9orf72, Optineurin 

(OPTN), Spastin (SPG4), Strumpellin (SPG8), Spatacsin (SPG11), Spastizin (SPG15), 

AP5, and Vps37A [187-197]. Although the precise mechanism affected by the 

hexanucleotide expansion in C9orf72 is unclear in terms of the cause of motor neuron 

degeneration, in effected cells elevated levels of cell surface proteins such as NR1, the 

receptor for NMDA, and GlurR1, the receptor of AMPA, have been observed leading to 

disease phenotypes. M6PRs, involved in lysosomal enzyme trafficking, are also affected 

by C9orf72 mutations, this can be seen by the mis-localization of M6PRs to the cytosol 

and defects in lysosomal degradation [198]. There is also evidence that C9orf72 interacts 

with Rab-GTPases involved in several intracellular trafficking steps [130, 199, 200].  
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Trafficking disruption caused by alterations in TDP-43 have also been described in 

ALS. Knockdown of TDP-43 expression has been linked with reduced cell surface levels 

of ErbB4 and epidermal growth factor receptor (EGFR). It has been suggested that defects 

in receptor recycling following receptor activation are the cause of neurodegeneration, as 

EGFR activation promotes neuronal outgrowth, maturation, and survival [201-203]. 

Depletion of TDP-43 in Drosophila also affects BMP receptors, activation of which is 

involved in endosome sorting to either the recycling or degradation pathways [204]. 

Downstream phosphorylation of MAD, involved in facilitating synaptic growth, is also 

altered by changes in TDP-43 expression leading to receptor mis-sorting [205].  

More than 12 different mutations in the gene encoding Alsin-2 have been reported 

in cases of juvenile ALS and primary lateral sclerosis (PLS). Alsin-2 functions as a 

guanine-nucleotide exchange factor (GEF) for Rab5 [206]. Prevention of endosomal fusion 

has been observed in cells co-expressing truncated Alsin-2 and Rab5, while accumulation 

of Rab-5 positive early endosomes has been noted in an Alsin-2 transgenic mouse model 

[207]. Taken together, these findings suggest a disruption of downstream trafficking 

effectors by dysfunction of Rab5 due to alteration of Alsin-2 function.  

 

Age progressive neurodegeneration by alteration of GARP complex function 

 Transfer of cellular components to and from endosomal vesicles and the trans-

Golgi network require a physical link between tethering factors and soluble N-

ethylmaleimide-sensitive fusion protein attachment protein receptors (SNAREs) prior to 

compartmental fusion executed by small GTPases [208]. The evolutionarily conserved 
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Golgi-associated retrograde protein complex is a tethering factor localized to the TGN and 

is involved in the retrograde transport of early and late endosomes to the TGN. The 

heterotetrameric core is made up by Vps proteins Vps51, Vps52, Vps53, and Vps54. The 

N-terminus of Vps54 binds SNARE proteins, including Syntaxin-16 (Stx16) Syntaxin-6 

(Stx6) and Vamp4, while the C-terminus interacts with endosomes [209, 210]. Most of the 

core subunits of GARP are shared by the endosome-associated recycling protein (EARP) 

complex. The composition of the EARP complex core has the protein Syndetin, an 

uncharacterized protein, found in lieu of Vps54. This difference in core subunits 

determines the differential localization of the EARP complex to Rab4-positive recycling 

endosomes. The EARP complex has been shown to regulate endosomal cargo sorting to 

dense-core vesicles and act as a tethering complex in endocytic recycling [211, 212]. 

In yeast, non-lethal GARP component deletion mutants display temperature-

sensitive growth impairments, mis-sorting of carboxypeptidase (CPY), and aberrant 

vacuolar morphology including lysosomal enlargement [208, 213, 214]. Knockdown of 

GARP subunits in mammalian systems inhibits transport of recycling proteins including 

cation-independent mannose 6-phosphate receptor (CI-M6PR) and TGN46. Retrograde 

transport of the Shiga toxin B subunit is also inhibited in similarly affected mammalian 

cells [215]. It has been speculated that the GARP complex may be involved in anterograde 

membrane trafficking as well due to the defective transport of some 

glycosylphosphatidylinositol (GIP)-anchored TGN derived transmembrane proteins in 

systems with GARP subunit disruption [216].  
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Complete loss of function of the Vps54 protein in mice is characterized by 

embryonic lethality around gestational day 10.5, thought to be caused by the clear 

underdevelopment of cardiac muscle and motor neurons [217]. The underdevelopment of 

neuronal tissue can be specifically seen by the extensive membrane blebbing of the neural 

tube which, is believed to be a consequence of impaired vesicle transport [218]. There is 

an additional neurodegenerative mouse model where heterozygous mutation of Vps53 

causes symptoms used to model human pontocerebellar hypoplasia type 2E [219]. 

However, GARP complex dysfunction cannot be solely implicated in this 

neurodegenerative model due to the shared core subunit, Vps53, with the EARP complex. 

This said, this stands to further demonstrates the role of endosomal trafficking in 

neurodegenerative disorders. 

 

The wobbler mouse: a model for motor neuron disease 

In the wobbler mouse model, a destabilizing point mutation (L967Q) in the last 

exon of the gene encoding Vps54 located on chromosome 11, causes age-progressive 

motor neuron degeneration. The spontaneous missense mutation found in the wobbler 

mouse causes a reduction of GARP complex function leading to an impairment of 

retrograde endosome transport resulting in protein mis-sorting and accumulation in 

enlarged endosomes [217, 220]. The destabilizing point mutation greatly reduces the half-

life of Vps54 causing reduced levels of expression in the mouse. Due to the reduced levels 

of Vps54 and even further the unstable nature of the mutant protein, the GARP complex 

when assembled is not stable and therefore has reduced function [208].  
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The wobbler mouse phenotype shares many pathological features with human ALS 

cases. The ‘wobbler’ name came from the unsteady or ‘wobbly’ gait exhibited in 

homozygous individuals due to severe muscle weakness in the forelimbs, head and neck. 

Overall, it is characterized by spinal neurodegeneration, muscular atrophy, astrogliosis, 

microgliosis [221], mitochondrial dysfunction [222], hyperexcitability [223], 

neurofilament aggregation [224], axonal transport defects [225], and ubiquitin-positive 

protein aggregations [226]. Because of these numerous similarities the wobbler mouse is 

commonly used to model human motor neuron disease, specifically sporadic ALS (sALS) 

[220]. This said, there have yet to be any cases of ALS that are linked to mutations in 

Vps54 [227, 228]. However, it is believed that continued study of the wobbler mouse model 

will illuminate key factors in overall motor neuron degeneration caused by impairment of 

endocytic trafficking.  

 Male sterility is a unique phenotype seen in the wobbler mouse. At this point, 

sterility has not been directly associated with human motor neuron diseases. The wobbler 

mutation has a pleiotropic effect on spermatogenesis, which causes an overall decrease in 

the production of sperm cells and those that are produced have abnormal round-headed 

morphology and reduced motility [229]. The round-headed morphology of sperm cells is 

caused by a failure of nuclear condensation resulting from defective acrosome granule 

formation, a Golgi dependent process [208, 229-231].  

During spermatogenesis Vps54 has been shown to follow the same trafficking route 

as de-ubiquitinating enzyme, USP8, and the endosomal sorting complex, ESCRT-0 [231]. 

USP8 is associated with acrosomal structures and is involved in endosomal sorting. Most 
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notably, it is highly expressed in both male germ cells and neurons, suggesting function in 

both spermatogenesis and neuronal development, much like that associated with Vps54 

function [232-234].  

 

The Drosophila Vps54 ortholog scattered 

 Both neurodevelopmental and neurodegenerative processes have been studied in 

the well characterized glutamatergic neuromuscular junction (NMJ) of Drosophila 

melanogaster larvae [204]. Drosophila have a single ortholog of Vps54 which is known as 

scattered or scat. It was first discovered during a large-scale screen to determine if allelic 

disruption by P-element insertion caused male sterility in Drosophila [235]. To this point, 

scat has been relatively understudied except in the case of male sterility [235, 236]. The 

Drosophila mutant scat1 was developed by inserting a transposon P-element insertion into 

the scat allele resulting in complete loss of function. The scat1 mutant exhibits partial 

lethality and, like the wobbler mouse, has severe spermatogenesis defects causing complete 

male sterility [230, 235, 236]. Specifically, homozygous scat1 male fly seminal vesicles 

are devoid of mature sperm. The early steps of spermatogenesis such as meiotic division 

are not disrupted, however, defects in acrosome formation and nuclear elongation, as a 

result of compromised Golgi integrity, are found in scat1 males [230].  

 

Neuronal processes and scat 

Our initial interest in scat stemmed from a screen Prajal Patel did to identify 

possible interactions with the protein HPat. HPat is a decapping activator that interacts with 
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miRNA and has been suggested to play a role in larval NMJ development [237]. In flies, 

dysfunctional mutations of HPat  cause severe synaptic hyperplasia [238].  In the screen, 

scat was positively identified, due to its homology with Vps54 and known 

neurodegenerative phenotype characterized in the wobbler mouse. Because of this we 

pursued scat and its role in neuronal processes.  

Our goal is to characterize the role of scat in both neurodevelopmental and 

neurodegenerative processes.  Specifically, we would like to establish scat mutants as 

models for neurological study; in essence developing novel “wobbler fly” models. The 

Drosophila larva NMJ has previously been used to model other neurodegenerative diseases 

[239]. These models show synaptic abnormalities such as changes in bouton number and 

synaptic branch number in cases where AD causing proteins APP and BACE were 

expressed [240]. Similarly, larvae that were arrested in the third instar (ATI) stage also 

exhibited neurodegeneration and the appearance of ghost boutons [241]. By characterizing 

NMJ morphologies in developing scat mutants and describing adult neurological 

phenotypes we can establish scat mutants as viable neurodegenerative models. 

The development of wobbler flies would allow for the use of unique and powerful 

Drosophila specific genetic tools commonly used to study neurological conditions and 

morphology. The characterization of scat loss-of-function and reduction-of-function in the 

development and maturation of Drosophila would allow for the continued study of 

neurodegenerative and neurodevelopmental mechanisms such as interaction with Rab 

GTPases. 
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The following chapters detail the role of scat in the neurodevelopment of larval 

motor neurons and the age progressive neurodegeneration of adult motor neurons. Unique 

mechanistic interactions with scat and small GTPases Rab7 and Rab11 are also described, 

each associated with distinct timepoints in the Drosophila lifecycle.  
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CHAPTER 2: REGULATION OF DROSOPHILA NEURODEVELOPMENT BY SCAT 
 

Introduction  

 The fruit fly has long been used to study neuromuscular function and development 

because of the genetic tools available for manipulation and isolated expression of variable 

alleles. Its relatively simple nervous system mirrors the neural circuitry found in more 

complex mammalian systems, such as our own, which contains motor neurons with 

elaborate NMJ morphology, multinucleate muscle cells, and sensory neurons. The 

fundamental mechanisms of neuromuscular processes such as action potential propagation, 

generation and contractile coupling with myocytes at the NMJ are well conserved between 

mammals and Drosophila. In the past several decades it has been shown that nearly 75% 

of all genes involved in human disease have Drosophila orthologs [242]. These traits in 

addition to numerous behavioral motor functions, allows for an in depth study of 

neurodegenerative phenotypes associated with gene specific disease mutations [243].  

Endocytic trafficking is critical for maintenance of neuronal cellular homeostasis 

[244]. Disruption of endocytic trafficking components have been shown to cause 

neurodevelopmental defects and neurodegeneration [245]. Loss of function of the GARP 

complex components results in defects in retrograde vesicular transport and some 

disruption of anterograde transport of transmembrane proteins [209, 210, 213, 216, 246]. 
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Loss of GARP complex function has also been associated with lysosomal dysfunction [209, 

246].  

Specifically, in mice, loss-of-function of core subunit Vps54, and thus loss of 

function of the overall GARP complex, causes underdevelopment of cardiac muscle tissue 

and motor neurons leading to embryonic lethality [217, 218]. In order to better understand 

the role of Vps54 in motor neuron development we examined how loss of scat, the 

Drosophila Vps54 ortholog, affects larval motor neurons. Unlike in mice, depletion of scat 

in Drosophila does not cause embryonic lethality in all individuals [230]. This allows for 

examination of larval NMJs to determine specifically how GARP complex disruption leads 

to motor neuron dysfunction and the mechanistic interaction with additional endocytic 

trafficking components.  

The data presented in figures 1-10 comes directly from our previously published 

work [247]. Data in this paper was provided by Prajal Patel, Malea McGimsey, Emily 

Starke, and I, specific contributions are indicated in the corresponding figure descriptions. 

If a contribution is not specified, the work was my own.  

 

Results and Discussion  

Neuromuscular junction axon terminal growth requires scat 

 To determine if scat has any function in motor neurons, we examined the 

morphology of neuromuscular junctions in developing third instar larvae. In fly 

homozygotes expressing the classic scat1 allele, protein expression is completely disrupted 

in the testes suggesting that they are scat null [230]. The scat1 allele has a P-element 
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insertion close to the 5’ end of the second exon of the scat gene, rending any product of 

translation non-functioning (Fig. 1A) [235]. We confirmed that expression of scat is 

disrupted in the CNS of scat1 mutant larva by quantitative real-time PCR (qPCR) (Fig. 1B).  
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Figure 1. The scat1 allele (A) Provided by Scott Barbee. This is a diagram showing the structure of the scat 
gene in Drosophila. Exons are indicated by boxes and the single intron indicated by a line. Gray boxes at the 
3’ and 5’ ends indicate the untranslated regions (UTRs) and black boxes indicate coding sequence. The 
triangle shows the location of the P-element insertion in the second exon of the scat locus. Using an antibody 
targeting the N-terminal 200 amino acids of the scat protein, it has previously been shown that this is a null 
allele (Fari et al., 2016). The region targeted by the UAS-TRiP(HMS01910) shRNA line is indicated by the 
red box. The green box at the 3’ end indicates the location of the amplicon analyzed for qRT-PCR. (B) 
Provided by Emily Starke. Results of qRT-PCR analysis of scat mRNA levels in the larval CNS of controls, 
scat1 homozygotes, and the scat1/scat1; scat-HA:scat/scat-HA:scat rescue (Res) lines. scat mRNA is reduced 
in scat1 homozygotes and restored to near control levels in the rescue line. (C) Provided by Emily Starke.  
Results of qRT-PCR analysis of scat mRNA levels in control (C380>Luc shRNA) and scat (C380>scat 
shRNA) larval ventral ganglia. Levels of scat mRNA are reduced by at least 50%. Note that this is likely an 
underrepresentation because C380-Gal4 drives expression in only a subset of neurons in the ventral ganglion. 
In both B and C, levels of scat transcripts were determined as described in the Methods and then normalized 
to the control. N = 7 ventral ganglia for each genotype. qPCR datum shown in B was analyzed by one-way 
ANOVA followed by a Holm-Sidak multiple comparison test. qPCR datum shown in C was analyzed by a 
two-way Student’s t-test. Data are represented as the mean ± SEM for three technical replicates. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
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We found that scat1 mutants have a synaptic overgrowth morphology in the NMJ 

with an overelaboration of synaptic boutons, 114% relative to that of controls (Fig 2A-B). 

Quantification of synaptic arbor branch points correlated strongly with the number of 

synaptic boutons (Fig. 2C). A similar morphology was observed when the scat1 allele was 

put in trans to the overlapping Df(2L)Exel8022 deficiency (Fig 2A-B). We then created a 

scat-HA:scat rescue line with the introduction of a transgene into the scat1 background. 

The rescue transgene contains a minimal scat promoter and ~350 bp of upstream genomic 

DNA that controls the expression of hemagglutinin (HA)-tagged scat cDNA restoring scat 

expression in larval CNS (Fig 1B). The scat1 synaptic overgrowth phenotype was rescued 

in scat-HA:scat larvae (Fig 2A-C). This data shows that scat has a role in the control of 

NMJ axon terminal growth during larval development.  

 The differences in NMJ phenotypes also manifest in bouton morphology. The NMJ 

at muscle 6/7 has two distinct types of synaptic boutons, type 1b (big) and type 1s (small). 

The different types of boutons are derived from distinct motor neurons and differ in 

physiology and morphology [248]. Postsynaptic densities in 1b boutons usually have 

stronger signal than that of 1s boutons when immunostained by Discs large (Dlg). Dlg is 

the fly ortholog of postsynaptic density protein, PSD-95 [249]. We show that Dlg staining 

in scat1 homozygotes is spotty and discontinuous in both 1b and 1s boutons. Additionally, 

we see a reduction in size of both types of boutons and all boutons have roughly the same 

intensity of staining, contrary to what is seen in controls (Fig. 2D). Quantification of 

synaptic area revealed a significant 2-fold decrease in scat1 homozygotes and an increase 

in total synaptic length. Bouton morphology and synaptic length phenotypes seen in the 
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scat1 mutants were rescued in scat-HA:scat larvae (Fig. 2E-F). Interestingly, a reduction 

of bouton size was not seen in scat1/Df larvae (Fig. 2E). However, the deletion that causes 

the deficiency may include neighboring genes, about 60 kb of flanking sequence is 

included in the deletion. We speculate that there may be an uncharacterized effect by the 

heterozygosity of one or more of the neighboring loci, and thus we do not see the same 

reduction in bouton size.  

 

 

 

 

 
 
 
 
 
 



 25 

 
 
 
Figure 2. scat is a negative regulator of synaptic development at the larval NMJ. Provided by Prajal 
Patel. (A) scat loss-of-function causes defects in NMJ structure. Wandering third instar larvae from controls, 
scat1 homozygotes, scat1/Df(2L)Exel8022, and the scat1/scat1; scat-HA:scat/scat-HA:scat rescue (Res) lines 
were stained with antibodies targeting the postsynaptic density marker, Dlg (green) and the neuronal 
membrane marker, Hrp (red). Images show maximum Z-projections. The NMJs innervating body wall 
muscles 6/7 in abdominal segment 3 (m6/7 in A3) were analyzed. scat mutants have an increased number of 
boutons and synaptic arbors in comparison to controls. Scale bar, 20 μm. (B) Total bouton number/MSA 
(normalized to control) and (C) synapse branch points are significantly increased in scat mutants. Both were 
quantified by counting manually and both phenotypes are rescued by the introduction of the scat-HA:scat 
transgenic construct. N = 23, 21, 24, and 25. (D) scat loss-of-function causes defects in the size of both type 
1b (arrowhead) and 1s boutons (arrows). Wandering third instar larvae from controls, scat1 homozygotes, 
scat1/Df(2L)Exel8022, and the scat1/scat1; scat-HA:scat/scat- HA:scat rescue lines were stained with an 
antibody targeting Dlg. Images shown are single focal planes through the equator of the type 1b boutons. 
scat1 homozygotes have noticeably smaller boutons than controls. The NMJs innervating muscle 6/7 in body 
segment A3 were analyzed. Scale bar, 5 μm. (E) Total synaptic length/MSA (normalized to control) is 
significantly increased and (F) synaptic area per bouton is decreased in scat1 homozygotes. Both features 
were quantified using the Morphometrics algorithm. N = 23, 19, 24, and 25. Data are represented as the mean 
± SEM. All statistical analysis was done by Kruskal-Wallis followed by a Dunn’s multiple comparison test. 
Unless otherwise indicated, all comparisons have been made to the control. * p < 0.05, ** p < 0.01, **** p 
< 0.0001. 
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Function of scat in motor neuron and muscles is required for NMJ development 

 Due to the NMJ morphology we observed in scat1 mutants we wanted to determine 

where in the synapse scat function plays a role. Because of the motor neuron degeneration 

seen in the wobbler mouse we predicted that scat would play a presynaptic role. To test 

this, we targeted the knockdown (KD) of scat expression in motor neurons using a 

transgenic short hairpin RNA (shRNA) driven by a motor neuron specific driver, C380-

Gal4 (Fig. 1A). This scat KD reduces mRNA levels of scat in the larval CNS by around 

50% (Fig. 1C). Similar to the scat1 mutant, we saw a highly significant increase in the 

number of boutons in the presynaptic KD larvae as well as an increase in the number of 

synaptic arbor branches. To recapitulate these findings, we observed NMJ morphology in 

larvae expressing the same scat shRNA driven by a second, weaker, motor neuron driver 

D42-Gal4. We observed similar NMJ morphology with an increase in the number of 

synaptic boutons in our second motor neuron-specific test (Fig. 3A-B). To determine if scat 

function is restricted to the motor neuron, we examined the larval NMJ in muscle-specific 

scat KD. We expressed the scat shRNA transgene driven by the muscle-specific driver 

24B-Gal4. Postsynaptic KD in the muscle resulted in a small, but significant, increase in 

bouton number relative to controls (Fig. 3A-B). Presynaptic KD of scat shows a significant 

reduction in the size of boutons when driven by both C380-Gal4 and D42-Gal4 with a 58% 

and 41% reduction respectively (Fig. 3E). There is also a modest, but significant, 27% 

increase of NMJ length observed in C380-Gal4 driven KD. In motor neuron scat KD we 

also see a partial disruption of normal Dlg expression and localization of postsynaptic 

densities, similar to what is seen in scat1 mutants (Fig. 3F). We also observed that 
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disruption of scat in the muscle shows a significant decrease in average bouton size (21%) 

and increase in NMJ length (28%) (Fig. 3E). Together, these data suggest that scat function 

controls NMJ development in presynaptic and postsynaptic compartments controlling 

bouton morphology.  
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Figure 3. scat has a presynaptic function in the control of NMJ development. Provided by Prajal Patel. 
(A) Knockdown of scat expression in the presynaptic motor neuron by RNAi causes defects in NMJ structure. 
An inducible transgenic shRNA targeting luciferase (UAS-LUC.VALIUM10) or scat (UAS-TRiPHMS01910) 
was expressed in motor neuron using the C380-Gal4 or the weaker D42-Gal4 driver or in muscle using 24B-
Gal4. NMJs at muscle 6/7 in body segment A3 in late third instar larvae were stained with antibodies targeting 
Dlg (green) and Hrp (red). Images show maximum Z-projections. Presynaptic knockdown of scat causes an 
increased number of boutons and synaptic arbors. Scale bar, 20 μm. (B) As in scat mutants, the total bouton 
number/MSA (normalized to the respective control) and (C) synapse branch points are significantly increased 
by presynaptic scat knockdown. N = 18, 18, 17, 18, 20 and 25. (D) Presynaptic scat knockdown causes 
defects in the size of type 1b (arrowhead) and 1s boutons (arrows). Wandering third instar larvae from 
genotypes indicated in A were stained with an antibody targeting Dlg. Images show single focal planes 
through the equator of type 1b boutons. Presynaptic scat knockdown causes a reduction in the size of type 1 
boutons. Scale bar, 5 μm. (E) As in scat mutants, total synaptic area per bouton/MSA (normalized to control) 
is significantly decreased and (F) length is increased by presynaptic scat knockdown. Effects are statistically 
significant but not as dramatic following scat RNAi in the postsynaptic muscle. Both features were quantified 
using the Morphometrics algorithm. N = 18, 17, 17, 18, 20, and 19. All statistical comparisons shown have 
been compared to driver-specific controls (driver/+ heterozygotes) using a two-tailed Mann-Whitney U test. 
Data represented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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 Because of the significant effects on NMJ morphology we observed in scat1 

mutants and scat KD larvae, we asked if scat overexpression has any impacts on NMJ 

development. To test this, we constructed transgenic fly lines with global overexpression 

and pan-neuronal overexpression of HA:scat. The global overexpression line was made by 

crossing a Gal4-inducible version of HA-tagged scat cDNA (UAS-HA:scat) line with a  

tubulin-Gal4 line (tub-Gal4>UAS-HA:scat). Global overexpression of scat did not show 

any significant impact on NMJ development (Fig. 4A-G). The fly line with pan-neuronal 

overexpression of scat was made using the same UAS-HA:scat driven by a strong pan-

neuronal driver elav-Gal4. We observed a minor, but significant (p=0.0159), increase in 

NMJ branching and a 21% increase in synaptic bouton area. In larvae overexpressing scat 

in the muscle (Mef2-Gal4>UAS-HA:scat) we also observed a significant increase in 

synaptic bouton number by 25% and number of synaptic branches (Fig. 4B-F). There were 

no observed changes in bouton morphology (Fig. 4A). These data taken together indicate 

that development of the larval NMJ is affected by both loss- and gain-of-function of scat. 
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Figure 4. Overexpression of scat has an effect on NMJ development. Provided by Prajal Patel. (A) The 
inducible UAS-HA:scat transgene was expressed using a motor neuron-specific driver (D42-Gal4), a strong 
panneuronal driver (elav-Gal4), a strong muscle-specific driver (Mef2-Gal4), or ubiquitously (tubulin- Gal4). 
NMJs at m6/7 in body segment A3 have been stained with antibodies targeting Dlg (green) and Hrp (red). 
Images show maximum Z-projections. Scale bar, 20 μm. Quantification of the (B) total number of boutons, 
(C) type 1b boutons, and (D) type 1s boutons shows that bouton number is increased when HA:scat is 
overexpressed in larval muscle but not when expressed ubiquitously or in neurons. (E) The number of 
branches is significantly increased when HA:scat is strongly expressed in either neurons or muscle. For B-E, 
N = 22, 23, 19, 24, 30, 30, 23, and 23 in the order shown in graphs. (F) Total synaptic area is increased when 
strongly expressed in muscle. (G) There is no impact on total synaptic length. Synaptic area and length where 
quantified using the Morphometrics algorithm. For F and G, N = 22, 23, 19, 24, 28, 30, 24, and 27 in the 
order shown in graphs. All statistical analysis was done by Kruskal-Wallis followed by a Dunn’s multiple 
comparison test. Unless otherwise indicated, all statistical comparisons shown have been compared to driver-
specific controls (driver/+ heterozygotes). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Localization of scat in the larval neuromuscular system 

 In yeast and mouse spermatids Vps54 has been shown to primarily localize to the 

TGN [213, 250]. In Drosophila expressing fluorescently tagged scat, a similar pattern of 

localization to the TGN has been seen in the testes [230]. Based on these previous findings, 

we predicted that in larval motor neurons and muscle cells scat would localize primarily to 

the TGN. In our hands, the only antibody available that targets scat, did not work in 

immunostaining neurons. Therefore, to examine the subcellular localization of scat, we 

drove global expression of the Gal4-inducable UAS-HA:scat protein with tubulin-Gal4 , 

allowing us to observe immunofluorescence by targeting HA. First, we counterstained 

tissue with anti-HA antibody and an antibody that recognized the golgin Lava lamp (Lva), 

a marker for the cis-Golgi in Drosophila [251]. We found that Lva was juxtaposed to a 

majority of overexpressed HA:scat protein in the ensheathing glial cells surrounding 

peripheral nerves (Fig. 5B), the soma of larval motor neurons (Fig. 5A), and the larval 

muscle body wall (Fig. 5C). HA:scat and Lva were found to be absent for the axons of 

motor neuron and presynaptic boutons (Fig. 5B-C). The localization of HA:scat in close 

proximity to the cis-Golgi suggests that scat localizes to the TGN of neurons and muscle 

cells, consistent with previous findings.  

 Because of the obvious presynaptic role scat plays in the development of larval 

NMJs, we wanted to further characterize the subcellular localization of scat with known 

components of the endocytic trafficking pathway. We started by counterstaining HA:scat 

with an antibody targeting Drosophila Syntaxin-16 (dStx16). Syntaxin-16 is a core 
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component of the t-SNARE complex involved in retrograde transport of endosome-derived 

vesicles to the TGN [210, 252].  

In mammalian cells the N-terminus of Vps54 interacts with t-SNAREs, but there is 

evidence suggesting that both Vps53 and Vps54 are required to form a functional SNARE 

binding site. The coiled-coil SNARE motif and possibly the Habc domain are the domains 

found on t-SNAREs that interact with the GARP complex. It has been observed that t-

SNAREs, specifically syntaxin-6, syntaxin-16, and Vamp4 colocalized with Vps54 at the 

TGN suggesting that GARP and t-SNARE interaction occurs at the TGN [209]. As 

expected, we found HA:scat to strongly colocalize with foci containing dStx16 in motor 

neuron cell bodies (Fig. 5D-G; Pearson’s correlation coefficient = 0.55±0.02), further 

supporting our claim that scat localizes to the TGN. Vps54 has also been shown to localize 

to early endosomes in yeast via a conserved C-terminal domain that is required for 

retrograde transport of early endosomes to the TGN [210].  

Next, we used small GTPases Rab5, Rab7, and Rab11 as markers for early 

endosomes, late endosomes and recycling endosomes, respectively, in order to determine 

localization of HA:scat in differing compartments of the endosomal trafficking pathway. 

In contrast to dStx16 we found colocalization of HA:scat with Rab5, Rab7 and Rab11 to 

be remarkably low (Fig. 5H-S; Pearson’s correlation coefficient =0.15±0.01, 0.22±0.04, 

0.178±0.02 respectively). However, we did sometimes observe HA:scat to localize to a 

structure immediately adjacent to Rab5-positive early endosomes (Fig. 5K). Although we 

cannot rule out that these findings may be due to the high-density of Rab5-positive early 

endosomes in larval motor neurons, we did not observe similar results with Rab7 or Rab11 
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positive foci, which have similar numbers (Fig. 5O and S). These results together suggest 

that majority of scat localize to the TGN, but a possible interaction with Rab5 positive early 

endosomes may also occur (Fig. 5K).  
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Figure 5. scat localizes to the TGN in MN cell bodies. (A-C provided by Prajal Patel) scat localizes to a 
structure adjacent to the cis-Golgi in (A) motor neuron cell bodies, (B) peripheral glia, and (C) body wall 
muscle. (A-B) Ventral ganglia and (C) body wall muscle preps from wandering third instar larvae expressing 
inducible HA:scat under control of the tubulin-Gal4 driver were stained with antibodies targeting the HA tag 
(red) and the cis-Golgi marker, Lva (green). Single focal planes are shown in A and B while C is a maximum 
Z-projection. HA:scat localizes to the motor neuron cell body but not peripheral axons or axon terminals. 
Most HA-positive structures are adjacent to the Lva-positive cis-Golgi. Blue is DAPI (DNA) in A and C and 
Hrp (axon) in B. Grey in C is Hrp (axon). Scale bars are 2.5 μm in A and 10 μm in B and C. (D-S) tub-
Gal4>HA:scat animals were counterstained with antibodies targeting the HA tag (red) and the indicated 
marker (green). Images shown are single focal planes through MN cell bodies in the larval ventral ganglion. 
Vesicle trafficking markers shown are the TGN marker, Syntaxin 16 (D-G provided by Malea McGimsey), 
the early endosome marker, Rab5 (H-K), the late endosome marker, Rab7 (L-O provided by Malea 
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McGimsey), and the recycling endosome marker, Rab11 (P-S). Larvae showing the colocalization of HA:scat 
with Rab5 and Rab11 were fixed with Bouin’s reagent which provided much better signal to noise. Larvae 
showing HA:scat with dStx16 and Rab7 were fixed with paraformaldehyde. The boxed areas indicated in the 
merged images (F, J, N, and R) are shown in G, K, O, and S (respectively). The arrows shown in K are 
indicating localization of HA:scat in spots immediately adjacent to Rab5. Scale bars in D, H, L, and P are 2.5 
μm. 
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Effects of scat mutants on endocytic trafficking pathway components in motor neurons 

 It is important during synaptic development that membranes and receptor proteins 

be regulated. It is believed that the bi-directional transfer of such endosomal cargos plays 

an important role in regulation of neuronal homeostasis [253]. In response to the synaptic 

overgrowth phenotype seen in scat mutant NMJs, we postulated that components of the 

endocytic trafficking pathway might be impacted by loss-of-function of scat thus causing 

malfunction in endosome transport. It has been shown that GARP complex function is 

required to tether vesicles derived from early and late endosomes to the TGN in yeast and 

mammalian cells [254, 255]. This is done, in part, by controlling the assembly of the t-

SNARE complex [209]. Because of this, we wanted to determine if t-SNARE component, 

dStx16, localization was disrupted in scat loss-of-function or reduction-of-function mutant 

motor neurons. As predicted, immunofluorescent staining of dStx16 was observed to be 

more diffuse in scat1 mutant larval motor neurons. This phenotype was rescued by the 

introduction of the scat-HA:scat transgene into the scat1 background. The results observed 

in larvae with motor neuron specific shRNA KD of scat were similar to those seen in scat1 

mutants (Fig. 6A). These data indicate that scat has a contributing role in the localization 

of dStx16 to membrane at the TGN. Thus, suggesting that an integral component of the 

retrograde trafficking pathway is partially disrupted by the loss of function of scat. 

However, some punctate dStx16 is still observed in the motor neurons of scat mutants and 

motor neuron specific scat KD (Fig. 6A). It could be speculated that only partial disruption 

of dStx16 could represent a real functional difference between scat and mammalian Vps54, 
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as complete loss of function in mammals leads to embryonic lethality but is only semi-

lethal in flies [217, 235]. 
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Figure 6. scat mutant MNs have defects in Syntaxin-16 localization and cis-Golgi integrity. (A) Provided 
by Malea McGimsey, localization of Syntaxin-16 to the TGN is disrupted in scat1 mutants. Images shown 
are single focal planes. Ventral ganglia from wandering third instar larvae from controls, scat1 homozygotes, 
scat1/Df(2L)Exel8022, and the scat1/scat1; scat-HA:scat/scat-HA:scat rescue lines were stained with an 
antibody targeting (A) dStx16 (green) and DAPI to visualize nuclei (blue). dStx16 staining is significantly 
more diffuse (but still clearly punctate) in scat1 mutants compared to controls. The scat1 mutant phenotype 
is rescued by the introduction of the scat-HA:scat transgene. Similar results were observed in C380>scat 
shRNA MNs. (B) Provided by Malea McGimsey, EEs are not affected in scat1 mutants. The indicated 
genotypes were stained with an antibody targeting the EE- and multivesicular body-associated protein, Hrs 
(green) and DAPI (blue). (C) Provided by Malea McGimsey, LEs are not affected in scat mutants. The 
indicated genotypes have been stained with an antibody targeting Rab7 (green) and DAPI (blue). (D) 
Provided by Malea McGimsey and Prajal Patel, localization of the cis-Golgi marker, Lva is partially disrupted 
in the cell body of some scat mutant and motor neurons (arrows). The indicated genotypes have been stained 
with an antibody targeting Lva (green) and DAPI (blue). This phenotype is never observed in control or 
rescue larvae. More global effects are observed in C380>scat shRNA MNs. Scale bar, 2.5 μm. 
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 In the wobbler mouse motor neuron, there appears to be an accumulation of large 

Rab7-positive late endosomes [256]. In yeast, disruption of Vps54 causes the accumulation 

of vesicles containing early endosome markers [210]. As such, we were interested in 

determining if scat loss of function in Drosophila showed any impact on endosomal pools 

within motor neurons. To test this, we examined the localization of endosomes targeted 

with antibodies against Hrs and Rab7, marking early and late endosomes respectively 

[257]. Interestingly, we observed no effect on endosome size or number of either marked 

endosome type in scat1 mutant larval motor neurons (Fig. 6B-C). Hrs is traditionally used 

as a marker of multi-vesicular bodies, not necessarily specific to early endosomes. As a 

result, we repeated this experiment again using a different set of antibodies targeting Rab5 

positive early endosomes and Rab7 positive late endosomes [258]. This second set of 

staining showed similar negative results (Fig. 7). This datum suggests that disruption of 

scat does not have a significant impact on endosomal populations during this stage of 

development.  

 In cultured mammalian cells, Vps54 loss-of-function causes defects in vesicle 

trafficking pathways with no apparent impact on Golgi structure or function [218]. 

Conversely, Golgi fragmentation and dysfunction, associated with early stages of 

neurodegeneration, are observed in motor neurons of the wobbler mouse [256]. To 

determine if Golgi structure is affected by the disruption of scat function in Drosophila 

larvae, we stained motor neurons with antibodies targeting cis-Golgi market Lva. We found 

that in both scat1 mutants and scat1/Df(2L)Exel8022 larvae there were diffuse cytoplasmic 

fractions of Lva along with the typical Golgi localized fractions. This cytoplasmic fraction 
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was never observed in controls or transgenic rescue motor neurons (Fig. 6D). We speculate 

that partial disruption of cis-Golgi integrity may lead to an increase of Golgi associated 

markers being found in the cytoplasm. A similar phenotype was observed in larvae with 

motor neuron targeted depletion of scat, however, Lva staining was globally more diffuse 

and punctate structures remained more intact (Fig. 6D). Taken together, these data suggest 

that scat expression is involved in maintaining Golgi integrity in larval motor neurons and 

that global Golgi defects may be responsible for the partial disruption of dStx16. In both 

yeast and humans, Stx16 interacts with GARP and EARP subunit Vps51, showing Golgi 

dysfunction in both cases, and other trafficking defects in humans [259, 260]. Similarly, 

depletion of fat free, the zebrafish ortholog of Vps51, shows disruption of Golgi structural 

morphology and endosomal trafficking in intestinal cells [261]. This suggests that GARP 

and or EARP function is important in the control of Golgi structure. Previous work in the 

post-mitotic Drosophila spermatids of scat1 mutants has shown mislocalization of a 

conserved golgin, Golgin245 [230].  
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Figure 7. scat mutants do not have defects in Rab5- or Rab7-positive endosomes. Using polyclonal 
antibodies targeting Rab5 and Rab7 (Hirata et al., 2015), there is no visible defect in the size, number, or 
distribution of EE or LE in scat1 mutant MNs. Images shown are single focal planes. Ventral ganglia from 
wandering third instar larvae from controls, scat1 homozygotes, and the scat1/scat1; scat-HA:scat/scat-
HA:scat rescue lines were stained with antibodies targeting (A) Rab5 or (B provided by Malea McGimsey) 
Rab7 (both green). Nuclei are marked by DAPI (blue). Scale bar, 2.5 μm. 
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Axon terminal growth is regulated by genetic interactions of scat and Rab proteins 

 Not only do Rab proteins associate with specific endosomal compartments, their 

activity is also required in the mediation of every step of membrane trafficking [262]. Rab’s 

ability to bind to specific Rab effector proteins is determined by its state. GTPases switch 

between inactive GDP- and active GTP-bound forms [263]. We were interested in gaining 

insight into how mechanistically, disruption of scat leads to axon terminal overgrowth. To 

test this, we used transgenic Drosophila lines that contain Gal4-inducible Rabs along with 

our Gal4-inducible scat KD flies. The Gal4-inducible Rab lines caused overexpression of 

either wild type Rab proteins or GTP-binding defective Rab conferring dominant negative 

(DN) activity allowing for the cell autonomous disruption of Rab function [264]. We 

concurrently drove motor neuron specific expression of wild type or DN Rab5, Rab7, or 

Rab11 with our shRNA scat KD using the driver C380-Gal4. In our hands, we saw no 

effect on the number of type 1 synaptic boutons by expression of wild type or DN Rab5, 

Rab7, or Rab11 compared to controls (Fig. 8A-B). We speculated that if scat were 

genetically interacting with any Rab proteins, we would see an enhanced or suppressed 

synaptic overgrowth phenotype when wild type or DN Rabs were expressed in scat KD 

larvae respectively. Interestingly, we found that co-expression of either wild type or DN 

forms of Rab5, Rab7, and Rab11 all significantly suppressed the scat shRNA NMJ 

overgrowth phenotype. In most cases the NMJs from these larvae were indistinguishable 

morphologically from the negative controls (Fig. 8A). However, there were two exceptions 

that are worth note.  
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The first exception being that the co-expression of scat shRNA and wild type Rab5 

cause clustering of synaptic boutons at the ends of axon terminals compared to the normal 

linear alignment of boutons. This bouton clustering phenotype has been observed in several 

other instances of synaptic regulation. Mutations in the gene spastin cause bouton 

clustering defects that can be suppressed by loss of kinase 3 [265]. CaMKII is a regulator 

of DLG synaptic localization. Hyperphosphorylation by constitutively active CaMKII 

mutant causes bouton clustering in the NMJ [266]. Mutations in the positive regulator of 

glutamate receptors, Kismet, are also found to cause bouton clustering [267].   

Second, in animals expressing DN Rab7 and scat shRNA we see a slight but 

appreciable disruption of postsynaptic Dlg staining (Fig. 8C). The disruption of Dlg 

staining in DN Rab 7/scat KD individuals resulted in a significant decrease in total bouton 

number compared to C380>scat shRNA (54%) and C380>DN Rab7 (46%) controls (Fig. 

8B). Overall, we observed disruption of both scat and Rab7 function in motor neurons to 

significantly reduce the complexity of larval NMJs. Together these data suggest that the 

normal regulation of NMJ development by scat requires the activity of Rab5, Rab7, and 

Rab11. The developmental defects seen in DN Rab7/scat KD larval NMJs are not 

unprecedented as similar synaptic defects have been observed to preclude 

neurodegeneration in ALS, AD, PD, and FTD fly models [268-270]. This said, 

neurological morphology during metamorphosis is not well understood and we cannot rule 

out that processes during this period may further impact motor neuron degeneration in our 

model. 
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 Rab5, Rab7, and Rab11 all have well characterized trafficking functions involved 

in the control of axon growth and guidance [9, 244, 271, 272]. Rab5 and Rab7 are involved 

in the local retrograde transport of membrane proteins through the recycling pathway, 

while Rab11 is required for transport of membrane and transmembrane proteins to axon 

terminals [273, 274]. In Drosophila, loss of function of Rabs is linked with several distinct 

neuronal morphologies. In olfactory projection neurons and sensory neurons with a loss of 

function mutation in rab5, defects in axonal elongation were observed [275, 276]. When a 

rab7 mutation linked to CMT was expressed in flies, defects in both axon growth and 

guidance were seen in sensory neurons [9]. Moreover, rab11 mutant larvae have a 

characteristic increase of synaptic bouton number and show bouton clustering in defective 

NMJs similar to what we observe in DN Rab 7/scat KD mutants [274]. Taken together, it 

is clear that scat likely interacts with Rabs in the regulation of neuronal development.  
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Figure 8. scat interacts genetically with Rab5, Rab7, and Rab11 to control NMJ development. (A) NMJ 
phenotypes caused by the motor neuron-specific knockdown of scat expression by RNAi are suppressed by 
overexpression of wild type and dominant-negative transgenes for Rab5, Rab7, and Rab11 (Rab11 images 
are not shown). An inducible transgenic shRNA targeting luciferase (UAS-LUC.VALIUM10) or scat (UAS-
TRiPHMS01910) was expressed in motor neuron using the C380-Gal4 driver in combination with an 
inducible YFP-tagged wild type or dominant negative Rab5, Rab7, or Rab11 (UAS-YFP:Rab). NMJs at 
muscle 6/7 in body segment A3 in wandering third instar larvae were stained with antibodies targeting Dlg 
(green) and Hrp (red). Images show maximum Z-projections. The boxed areas are blown up in C to show 
altered synaptic bouton or PSD morphologies. Scale bar, 20 μm. (B) As shown in Fig. 2, the total bouton 
number/MSA (normalized to the respective control) are significantly increased by presynaptic scat 
knockdown. This phenotype is suppressed by co-expression of wild type and dominant negative Rabs. 
C380>scat shRNA, Rab7 (DN) double mutant NMJs are significantly smaller. N = 18, 12, 16, 13, 22, 17, 21, 
17, 18, 20, 20, 22, 21, and 23. (C) Boxed areas in A. Many C380>scat shRNA, Rab5 (wild type) NMJs have 
a clustered bouton phenotype similar to many endocytic mutants. Dlg staining and bouton morphology is 
significantly disrupted in C380>scat shRNA, Rab7 (DN) double mutants. Data are represented as the mean 
± SEM. Unless otherwise indicated, all comparisons have been made to the control. Statistical analysis was 
done using a one-way ANOVA followed by a Holm-Sidak multiple comparison test. * p < 0.05, ** p < 0.01, 
*** p < 0.001. **** p < 0.0001 
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NMJ synaptic integrity is regulated by scat and Rab7 genetic interactions 

 There appears to be a partial disruption of postsynaptic Dlg staining in scat1 mutants 

and larvae with presynaptic KD of scat by RNAi (Fig 2D, 3D). We see a further 

exacerbated disruption of Dlg when both scat and rab7 have been disrupted in motor 

neurons (Fig. 8C). In Drosophila, Dlg forms a multimeric scaffold that is required for the 

clustering of postsynaptic glutamate receptors (GluRs) at the NMJ. It has been shown that 

mutations in dlg have no effect on GluRs containing the subunit GluRIIA, however, the 

levels of subunit GluRIIB are significantly decreased by the same mutations [277].  

Because of this, we asked if GluR localization to postsynaptic sites was altered following 

the disruption of both scat and Rab7 function. High resolution single focal plane images of 

NMJs confirmed that in C380-Gal4>scat shRNA, DN Rab7 larvae Dlg staining was 

reduced and spotty in type 1b synapses when compared to controls (Fig. 9A). Similar to 

mutations in dlg, we found that in C380-Gal4>scat shRNA animals there was a slight 

reduction of GluRIIB, which was further disrupted in C380-Gal4>scat shRNA, DN Rab7 

larval NMJs (Fig. 9B). In contrast, there appeared to be no effect on GluRIIA localization 

in the same backgrounds (Fig. 9C) suggesting that the core GluR had not been lost from 

postsynaptic sites. We cannot rule out that GluRIIB staining at the NMJ is reduced because 

of a reduction in expression. However, these data suggest that scat is required in the 

presynaptic cell to regulate the localization of Dlg and GluRIIB via an unknown trans-

synaptic mechanism involving Rab7 activity.  

There is a growing body of evidence suggesting trans-synaptic regulation in fly 

NMJs. An example of presynaptic mechanisms affecting post synaptic density composition 
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can be seen in larvae with altered presynaptic phosphorylated Smad (pMad) regulating 

GluRIIA accumulation via a noncanonical BMP signaling pathway [278]. In this case, 

GluRIIA levels are also regulated by conserved Rab5 effector dMon1 via uncharacterized 

transsynaptic mechanisms [279-281]. It was proposed that release of dMon1 from boutons, 

much like other signaling molecules, may be responsible for its transsynaptic regulatory 

properties [282-284]. Although it is unclear what the transsynaptic mechanism is in our 

model, our work suggests an interesting signaling relationship across the synapse.  
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Figure 9. scat interacts genetically with Rab7 to control the composition of the PSD. Localization of the 
PSD proteins (A) Dlg, (B) GluRIIB, (C) GluRIIA, and the AZ marker (D) Brp to synaptic boutons at muscle 
6/7 in body segment A3 in late third instar larvae are shown in green. All NMJs have been counterstained 
with an antibody targeting Hrp (red). Merged images are included to confirm pre- or post-synaptic 
localization. All images are single focal planes. Synaptic bouton structure has been better preserved here 
using Bouin’s fixative. The arrow in (A) points to a type 1b bouton with abnormally low levels of Dlg and 
neighboring boutons have spotty Dlg staining. Arrows in (B) point to synaptic boutons where GluRIIB 
localization has been significantly disrupted (compare scat shRNA, Rab7DN to any of the control genotypes). 
Scale bar, 2.5 μm. (E) Quantification of the number of Brp-positive spots per NMJ. No significant difference 
was observed in any genotype (N = 5 each). Statistical analysis was done using a one-way ANOVA followed 
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by a Holm-Sidak multiple comparison test. (F) Average crawling velocity of third instar larvae for each 
genotype (N = 10 each). MN-specific overexpression of wild type Rab5, Rab7, and Rab11 alone significantly 
suppressed larval crawling velocity while overexpression of dominant negative Rabs had no effect. 
Overexpression of both wild type and dominant negative forms of all Rabs suppressed the C380>scat shRNA 
phenotype. Statistical analysis was done by Kruskal-Wallis followed by aDunn’s multiple comparison test. 
* p < 0.05, ** p < 0.01. 
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 In order to further explore the role of scat on NMJ synaptic architecture, we next 

asked if localization of the active zone regulating protein, Bruchpilot (Brp), was affected 

by scat dysfunction. Brp is required to regulate active zone structure and function at the 

synapse. It is similar to the human ELKS/CAST family of proteins [285]. In Drosophila 

larvae, Brp localizes to presynaptic active zones of the NMJ. Lack of Brp causes defects in 

Ca2+ channel clustering, vesicle release, and active zone assembly [286]. In all C380-

Gal4>scat shRNA genotypes tested, we observed no significant difference in the total 

number of Brp puncta per NMJ compared to controls (Fig. 9D-E). Similar results were 

seen in scat1 mutant larvae when compared to transgenic rescues scat-HA:scat. We did 

observe a significant decrease in the number of active zones per synaptic bouton, which 

was partially rescued in scat-HA:scat larval NMJs (Fig. 10). However, this result may be 

due to the increased number of overall boutons seen in the mutant NMJs. Taken together, 

these results suggest that there is no disruption in overall presynaptic active zone 

localization by disruption of scat.  
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Figure 10. scat mutants do not have active zone defects. Provided by Emily Starke. A) NMJs innervating 
muscle 6/7 in body segment A3 from the indicated genotypes stained with an antibody targeting Brp (green). 
scat mutants have an increased number of small boutons with fewer Brp-positive puncta. Scale bar, 5 μm. B) 
The total number of Brp-positive punctae per NMJ does not change C) The number of Brp-positive punctae 
per synaptic bouton increases in scat mutants. N = 10 for each genotype. Statistical analysis was done using 
a one-way ANOVA followed by a Holm-Sidak multiple comparison test. Data in graphs are represented by 
the mean ± SEM. 
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 Next, we wanted to see if the changes in synapse morphology and composition we 

observed in larval NMJs, due to the disruption of scat, affected larval crawling behavior. 

Locomotor defects are commonly seen in animals with neuronal dysfunction and have been 

directly linked with synaptic dysfunction [287, 288]. We see no statistical differences in 

the speed of crawling when comparing C380-Gal4>scat shRNA larvae to controls (Fig. 

9F). Interestingly, the motor neuron specific expression of DN Rab5, Rab7, and Rab11 did 

not show any effect on larval crawling speeds. However, wild type expression of the same 

Rab proteins all significantly decreased larval crawling velocity by 55%, 53% and 53% 

respectively. Conversely, in animals with motor neuron specific scat KD expressing wild 

type Rab7, Rab11, and DN Rab7, all showed significant increases in larval crawling 

velocity when compared to C380-Gal4>scat shRNA control animals (Fig. 9F). Because of 

the non-correlative nature of these data, we do not believe there to be a relationship between 

synaptic morphology or post-synaptic density composition and larval locomotor function. 

However, this datum clearly supports our findings suggesting that scat is interacting with 

Rab GTPases to regulate neuronal function.  
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Figure 11. scat is a regulator of larval Class IV ddaC sensory neuron dendritic development. Images of 
wandering third instar larvae Class IV ddaC sensory neurons from dorsal segments A4-A6 collected from 
larvae co-expressing LucshRNA or scatshRNA and membrane-tethered td:tomato driven by sensory neuron 
specific driver ppkGal4 (A) scat sensory neuron specific reduction-of-function cause changes in dendritic 
morphology of sensory neurons. Z-projections of ddaC neurons show distinct phenotypic differences 
between scatshRNA and control neurons with a characteristic disorderly clumping of distal neurite branches in 
KD scat neurons. (B) Average dendritic branch length of ddaC neurons in animals described above. Control 
animals have significantly longer average branch lengths. (C) The average number of dendritic branches in 
ddaC sensory neurons, no difference is seen between KD of scat and control animals. (D) Average longest-
shortest path of KD of scat and control larvae, sensory neuron specific scat KD shows shorter longest-shortest 
paths compared to controls. (E) Average number of dendritic neuron junctions of ddaC neurons in scat KD 
and control animals. No differences were seen. n = 11 control and 15 scatshRNA are represented as the mean ± 
SEM. All statistical analysis was done in Microsoft Excel by two sample t-Test assuming unequal variances. 
All comparisons have been made to the control. * p < 0.01, ** p < 0.001, *** p < 0.0001. 
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Function of scat is required for the development of larval sensory neurons 

 Peripheral nervous system dysfunction is one set of symptoms associated with ALS 

[289]. In some cases of sALS severe sensory neuropathy is observed [290]. 

Neurodegeneration in the wobbler mouse is not motor neuron specific. Paravalbumin-

positive GABAergic interneurons are reduced in the motor cortex of pre-symptomatic 

wobbler mice 15 to 25 days of age [223]. It has been speculated that loss of GABAergic 

interneurons may be a precursor to motor neuron degeneration seen in wobbler mice [291]. 

Peripheral motor neurons and sensory neurons share many mechanisms of axonal 

degeneration [292]. Previously, neurodegeneration associated with LRRK2 mutations in 

PD models has been observed in dopaminergic neurons and peripheral sensory neurons 

[293]. As a result, we speculated that scat function may be involved in regulation of 

peripheral sensory neurons. Drosophila larvae have well characterized segmentally 

stereotyped sensory neurons that are grouped into classes I through IV. Classes are defined 

by their dendritic morphologies, class IV neurons exhibiting the most complex neuronal 

arbors [294, 295]. 

We wanted to determine if scat function is involved in neuron development other 

than that seen in motor neuron axons. To do this we tested loss of scat function on the 

development of dendritic arbors in larval sensory neurons. We drove expression of Gal4-

inducable UAS-CD4-tdTomato in conjunction with our previously described scat shRNA 

using a strong sensory neuron specific driver ppkGal4 [296]. This allowed us to 

fluorescently label sensory neurons for live cell imaging while producing sensory neuron 

specific scat KD. Since we observed such significant morphological alteration due to scat 



 55 

dysfunction in larval NMJs we speculated that other types of neuron development may also 

be affected.  

Dysfunction of RNA-binding proteins implicated in neurological disorders have 

previously been found to regulate the control of sensory neuron dendritic morphology 

[296]. We observed a significant decrease in the average branch length and longest shortest 

path in Class IV ddaC sensory neurons with scat KD compared to ppkGla4>UAS-CD4-

tdTomato control larvae (Fig. 11B,11D). It is assumed that physiological signaling follows 

the shortest path through neurons as fewer synaptic edges correlates with faster and higher-

fidelity signaling. To this end, longest shortest path is used to describe the longest distance 

of optimal signal travel through a neuron [297]. We did not see any significant differences 

in the number of neurite junctions or neurite branches (Fig. 11C, 11E). It should be noted 

that ppkGal4>scat shRNA larvae show a shift in dendritic branch distribution with a large 

number of neurite branches located in the periphery of axons that is not seen in controls 

(Fig. 11A). Similar changes in branch distribution have been observed in the ddaC neurons 

of Drosophila with mutations in dynein light intermediate chain (Dlic2) and Turtle (Tutl), 

in both cases associated with neuron dysfunction [298, 299]. Taken together, these data 

suggest that scat, in part, is involved in the development of Class IV ddaC sensory neuron 

dendrites.  

 
Conclusions 

 Disruption of Vps54 function in the wobbler mouse causes neurodegeneration. 

However, it is unclear how the disruption of this GARP complex subunit leads to neuron 

dysfunction. We disrupted expression of the Vps54 Drosophila ortholog scat in neuron 
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specific tissue of larvae to examine its effects. We show that mutants with global knockout 

and motor neuron-specific knockdown of scat display severe synaptic hyperplasia of the 

NMJ. Motor neuron knockdown of scat causes partial disruption of the localization of 

tSNARE, Syntaxin-16, to the TGN; however, no impact on endosomal pools. 

Overexpression of Rab GTPases Rab5, Rab7, and Rab11 in trans with the knockdown of 

scat in motor neurons suppresses the hyperplasia phenotype previously observed. 

Conversely, overexpression of dominant negative Rab7 with motor neuron specific scat 

knockdown decreases postsynaptic Dlg and GluRIIB levels but does not alter the levels of 

additional GluR subunit GluRIIA. Finally, we show that disruption of scat in class IV ddaC 

sensory neurons causes morphological changes in dendritic neurite localization. Taken 

together, these data suggest that motor neuron axon development and postsynaptic density 

composition are regulated by scat and Rab7 through an unknown transsynaptic mechanism. 

We also show that the functional requirement of scat is not isolated to motor neuron axons 

but is involved in peripheral sensory neuron development as well.  
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CHAPTER 3: THE ROLE OF SCAT IN AGE PROGRESSIVE 

NEURODEGENERATION 

 
 

Introduction 

Neurodegenerative diseases are severe and often fatal neurological disorders 

associated with reduced function, or loss of function of neurological components. This 

degeneration commonly leads to cognitive impairment and motor dysfunction. The 

primary risk factor associated with neurodegeneration is aging [4]. As a great portion of 

the general population continues to age, the prevalence of such disorders has increased [3]. 

Identification of genetic mutations in such disorders have highlighted several intracellular 

pathways involved in disease pathogenesis. These genes can be categorized by their control 

or assistance in; RNA metabolism, axonal and cytoskeletal dynamics, and protein 

trafficking [7]. 

Endocytic trafficking has been implicated in several specialized processes in 

neurons including axon guidance and outgrowth, synaptic plasticity, and axonal transport 

[244]. Axon growth requires constant replenishment of membrane, membrane proteins, 

and signaling molecules. For example, axon growth is controlled by small GTPases; Rab8, 

Rab10, Rab13, and Rab21, which all localize to the TGN or vesicles derived from the TGN 
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[300]. Rab5 regulates axon and dendrite growth and branching in cultured neurons and acts 

as a marker for early endosomes [301, 302]. Rab7, classically a marker for late endosomes, 

causes neuritogenesis disruption when mutated [303-305], while Rab11-positive 

endosomes promote axonal growth [306]. Rab11 mediates endosome recycling to the TGN 

and plasma membrane and is commonly used as a marker for recycling endosomes [307].  

 Here, we show that loss-of-function of scat recapitulates wobbler mouse male 

sterility and neurodegenerative phenotypes including: reduced lifespan, decreased muscle 

size, locomotor defects, and reduced body size. Interestingly we see a sexually dimorphic 

difference between male and female mutants, with females demonstrating more severe 

neurodegenerative phenotypes overall. We also show that scat may be genetically 

interacting with small GTPase, Rab11, in adult motor neurons to regulate these phenotypes. 
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Figure 12. Modeled representation of mammalian Vps54 and scat similarity. Comparison of expected 
protein structure between mammalian Vps54 [308] and Drosophila scat modeled using Chimera software 
by UCSF. Model displayed upon wild type scat predicted structure. Peptides that are very similar are 
represented by blue and very dissimilar peptides are represented by red.  
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Results and Discussion 

Development of new “wobbler” flies  

Several multi-subunit tethering complexes have been found to play a role in 

different steps of the endo-lysosomal trafficking pathway [309, 310]. Tethering complexes 

required for endosomal trafficking must recognize specific membrane associated factors 

on both the endosome and recipient compartment. Separate domains found in tethering 

complex subunits determines the specificity of endosome recruitment. Previous studies 

have shown that the C-terminal domain within Vps54 is required for its recruitment to 

polarized endocytic compartments [210]. Within the five-stranded antiparallel coiled-coil 

bundle structure of the C-terminal domain there are an additional set of sub domains: C, D, 

and E. The Vps54 D domain has a high resemblance to the D domain found within other 

multi-subunit tethering complexes [311-314]. Interactions between different subunits 

within the GARP complex are believed to occur at the C domain, formed by the first and 

second helixes within the C-terminus. The E sub-domain contains hydrophobic contacts 

between the third and fourth helical structures. This hydrophobic groove is where the 

L967Q wobbler point mutation occurs, it has been suggested that the mutation of 

hydrophobic leucine to hydrophilic glutamine imposes different steric constraints resulting 

in the destabilization of Vps54 [215]. The N-terminal domain within Vps54 is believed to 

interact with the TGN [210].  

 To determine the similarity between mammalian Vps54 and scat we compared their 

peptide sequences for expected protein structures [308] (Fig. 12). It can be clearly seen that 

majority of peptides in scat and Vps54 share very similar qualities, represented in blue 
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(Fig. 12). The high degree of similarity between the two protein sequences results in very 

similar protein structures, and likely similar functional domains. The wild type scat 

predicted protein structure shows an antiparallel coiled-coil bundle at the C-terminus, 

similar to that described for Vps54 [208]. However, at the very C-terminus of the scat 

protein there is an unstructured domain that is not found in the crystal structure or models 

of the C-terminal domain of Vps54 (Fig. 13B). This small difference can be seen by the 

high degree of dissimilarity at the C-terminus between scat and Vps54 (Fig. 12).  

We wanted to make scat mutants with variable protein structures to better 

characterize the effects of loss of scat function in Drosophila. To accomplish this, we 

utilized the mobile P-element insertion located in the scat1 allele. After mobilizing the P-

element insertion to different parts of the scat allele, it was excised causing a partial 

deletion of allelic sequence resulting in new in-frame stop codons (Fig. 13A). The ∆244 

scat mutant allele produced a peptide that is likely unstable in its tertiary structure and is 

therefore quickly degraded, thus creating a global scat null model [315]. The estimated 

TM-score of our 3D model is an extremely low 0.27±0.08, indicating that there is very 

little matching of our peptide with other known proteins, likely because more similar 

peptides are not stable in this configuration and as such are degraded. The ∆244 mutant 

also has a very high root-mean-square deviation (RMSD) of atomic position, 13.7±4.0Å, 

demonstrating very little similarity to other known proteins, which further supports our 

claim that the peptide is likely quickly degraded post translationally. The estimated TM-

score of our ∆312 scat mutant peptide is 0.48±0.15 with an estimated RMSD of 10.6±4.6Å. 

This RMSD value matches very similarly, RMSD=1.16Å, to a stable ataxia telangiectasia-
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mutated and Rad3-related (ATR) protein, suggesting that this truncated mutant is stably 

expressed in mutant individuals, although the mutant structure does not mirror the wild 

type protein N-terminus structure (Fig. 13B) [316-319].  
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Figure 13. Modeled representation of scat mutations. scat mutant flies developed by Prajal Patel and 
Emily Starke. (A) Alignment of scat mutant peptides, wild type scat and 329(PE) peptides continue until 
990aa and 989aa respectively and have perfect alignment from position 320+ (B) Three dimensional 
predicted molecular structures of mutant proteins. Wild type scat was compared to Vps54 protein structure 
previously described (Schindler 2015). ∆312 model C-score=-.198, estimated TM-score=0.48±0.15, 
estimated RMDS=10.6±4.6Å. ∆244 model C-score=-4.19, estimated TM-score=0.27±0.08, estimated 
RMDS=13.7±4.0Å. Visual models produced by Chimera software by UCSF. 
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Mutant flies show characteristic wobbler phenotypes  

Both scat loss of function mutations cause male sterility 

To determine if our scat mutant flies could be used to model age progressive motor 

neuron degeneration, we first needed to verify that they shared characteristic phenotypes 

of cellular dysfunction with those seen in the wobbler mouse. One of the most well 

documented characteristics of the wobbler mouse is male sterility [229]. Defects in 

spermatogenesis have also been well documented in the scat1, scat null mutants. 

Specifically, sperm cells developed dysfunctional morphology showing reduced motility 

and production [235]. In both ∆312 and ∆244 mutants we observed complete male sterility 

in homozygotes (datum not shown). Conversely, the 329(PE) genetic control showed a 

complete rescue of male fertility and viability, therefore suggesting full functional rescue 

to wild type spermatogenesis phenotype (datum not shown).   

 

Loss of scat function decreases average lifespan 

In mice, complete loss of function of Vps54 causes embryonic lethality and severe 

developmental defects of motor neurons and cardiac muscle tissue [217]. All studies 

researching Vps54 effects on longevity and motor neuron defects in adult mice have only 

been studied in knockdown models. The non-lethal wobbler mouse missense mutation 

causes reduced functionality of Vps54 but not complete loss of function providing a non-

lethal model for aging [220]. This is not the case in flies, mutations leading to complete 

loss of function of scat only show partial lethality. Eclosion rates allow for the measure of 

individuals that survive metamorphosis to reach full maturity. We found that ∆244 mutants 
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had only 50% (n=25/50) of all wandering third instar larvae survive metamorphosis and 

develop into mature adults. Similarly, we found that ∆312 mutants had even fewer, only 

46% (n=23/50), of all larvae surviving to reach full maturity (Fig. 14D).  

Mice homozygous for the wobbler mutation show a severe decrease in survival rate. 

It is previously been reported that the median lifespan for wobbler mice is around 100 days 

of age, which is three times shorter than healthy individuals [320]. We wanted to determine 

if scat loss-of-function has a similar effect in our scat mutants. Much like the wobbler 

mouse we found scat mutants to have significantly reduced lifespan compared to both wild 

type and 329(PE) controls (p<0.0001). Compared with 329(PE), ∆312 adults showed a 

36% and 40% reduction of median lifespan for males (28 days) and females (29 days) 

respectively. ∆244 mutants had an even greater, 36% (28 days) in males and 44% (25 days) 

in females, reduction of median lifespan compared to 329(PE) controls (male=47 days, 

females=45 days). As expected, there were no significant differences between 329(PE) 

control mutants and wild type flies (male=48 days, females=56 days), providing further 

evidence to support that a complete rescue of scat function occurred due to the precise 

excision of the original P-element (Fig. 14A).  

Reduced longevity can be found in many neurodegenerative disorders including, 

ALS, Parkinson’s disease, and Alzheimer’s disease [321-323]. In ALS the degeneration of 

motor neurons leads to contractile muscle weakness, first of peripheral limbs and shortly 

followed by weakness and loss of function of bulbar and respiratory muscle systems critical 

for survival. This progression usually occurs within 3-5 years of symptom onset and plays 

a major role in the reduced longevity of affected individuals [324]. Reduced lifespan has 
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also been observed in other ALS Drosophila models. Flies with a loss-of-function mutation 

in caz, the fly ortholog of FUS, show a 57% decrease in median lifespan compared with 

controls. Loss-of-function of TDP-43 fly ortholog tbph has an even more severe affect, 

reducing median lifespan by 88.4% compared to control animals [325]. Similar to other 

Drosophila ALS models, our results demonstrate that homozygous mutations causing 

complete loss-of-function of scat leads to a significant decrease in median lifespan of adult 

Drosophila (Fig. 14A). We also see a decreased number of mutant larvae surviving 

pupation (Fig. 14D).  

 

Neuron hyperexcitability exhibited by bang sensitivity in scat mutants 

Hyperexcitability of cortical neurons in humans has been recorded prior to the onset 

of clinical symptoms of fALS [326]. Similarly, cortical hyperexcitability caused by 

reduced GABAergic inhibition has been observed in the wobbler mouse [223]. A 

characteristic phenotype of hyperexcitability in Drosophila manifests as epileptic seizure 

due to external stimulus. In particular a mechanical stimulus or a “bang” can lead to 

temporary paralysis and seizure, commonly known as the bang sensitivity phenotype [327-

329]. We tested for bang sensitivity in adult female flies by monitoring populations for the 

presence of intermittent seizure immediately following spatial agitation. Specifically, flies 

were collected in empty vials, vortexed for 10 seconds, and observed for the following 30 

seconds. Flies that exhibited bang sensitivity were unable to climb up the sides of the vial 

and remained at the bottom. We found that both ∆312 mutants and ∆244 mutants have 
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significantly more (p<0.0005) individuals prone to exhibit bang sensitivity when compared 

with wild type and 329(PE) controls (Fig. 14B).  

 The bang sensitivity phenotype has been seen in flies with disruption of neural 

excitability but can also be seen in flies with mutations in genes involved in mitochondrial 

function, in both cases the phenotype becomes more prevalent with age [330]. Dysfunction 

of mitochondrial respiration has been observed in the wobbler mouse model [331] and  

other motor neuron pathologies have been observed in mouse models with mitochondrial 

abnormalities or dysfunction [332]. Altered mitochondrial morphology has been observed 

in both spinal motor neurons and skeletal muscle in ALS patients and mouse models [232].  

Our datum shows that scat loss-of-function results in neuronal hyperexcitability (Fig. 14B). 

However, we cannot speak to the cause of this hyperexcitability or in which neurons it may 

be occurring. It is possible that reduced GABAergic inhibition or mitochondrial 

dysfunction, similar to that previously described in the wobbler mouse, could be the cause 

of bang sensitivity in our scat mutants, however, further testing would be required to 

determine the specific cause.  
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Figure 14. scat mutants have reduced longevity, general neural dysfunction and sexually dimorphic 
morphological changes in body size. (A) Lifespan analysis of indicated genotypes separated by gender. 
Analysis was done using 300 flies per cohort. Median lifespan for male wild type, scat 329(PE), scat ∆312, 
and scat ∆244 are 48, 47, 28, and 28 days respectively. Median lifespan for female wild type, scat 329(PE), 
scat ∆312, and scat ∆244 are 56, 45, 29, and 25 days respectively. (B) Bang insensitivity assay of female 
flies of indicated genotypes 2 days post eclosion. Flies were collected within 24 hours of eclosion, given an 
overnight rest period and assayed (n=100). (C) Gender ratio of indicated genotypes presented in percentage 
of population. Flies were randomly collected after pupal eclosion and sexed (n=100). (D) Proportion of flies 
that survive pupation and associated gender ratios. Wandering instar larvae collected (n=50) allowed time to 
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pupate and adult flies collected and sexed. (E) Images of representative adult flies for indicated genotype and 
gender illustrate size differences in mutants. Far right image labeled with example body area measurement 
in yellow and body length measurement in green. (F) Quantification of body length of adult flies of indicated 
genotypes and genders. Length in mm was recorded from rostral most region to caudal end of the abdomen 
(n=5). Statistics: (A) ANOVA ∆312 and ∆244 of both genders to control and 329(PE) p<0.0001. (B,C,F) T-
Test, *= p<0.05, **=p<0.005, ***=p<0.0005. 
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Changes in body size occur in scat mutants 

A reduction of body size is also exhibited in scat mutants, similar to what has been 

seen in the wobbler mouse [333]. Generally, in Drosophila, females are notably larger than 

otherwise identical males [334]. Qualitatively, it can be seen that female ∆312 and ∆244 

mutants appear much smaller than wild type and 329(PE) control flies (Fig. 14E). It also 

can be noted that the size of males generally appeared to remain the same despite scat 

mutations.  

To quantitatively determine the differences in size we observed, we measured body 

length between anterior and posterior points. Male mutants showed no difference in length 

compared to genetically matched 329(PE) controls. In female flies we found that ∆312 

mutants showed no statistical difference from either control group, however, ∆244 mutants 

were significantly shorter in body length compared to both wild type and 329(PE) female 

controls (Fig. 14F). We describe overall body area as the region of the thorax and abdomen 

as shown by the yellow outline in Fig. 14E. We saw a significant decrease body area of 

both female ∆312 and ∆244 mutants compared to controls (Fig. 15).  

There is not a clear link between body size and neurological function as different 

neurological disorders vary in their link to overall body mass. However, some neurological 

disorders, such as late onset AD and ALS, are associated with reduced body mass. 

Interestingly, mitochondrial dysfunction is commonly found to cause obesity and increase 

in body size. Abnormal mitochondrial function results in lipid accumulation caused by 

defects in secretion of adipokines, fatty acid oxidation, and glucose homeostasis within 
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adipocytes [335]. This suggests that the role of mitochondrial dysfunction may not impact 

the bang sensitivity phenotype that was observed in our scat mutants.   

Rapid weight loss has long been used as an identifying feature of late onset 

neurodegenerative disorders such as AD [336]. In many cases of ALS rapid weight loss is 

the result of muscle atrophy following denervation by motor neurons affected by 

neurodegeneration [337]. We speculate that the smaller body size we observe in scat 

mutants may be a result of reduced muscle mass in turn.  
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Figure 15. Quantification of body area of adult flies of indicated genotypes and genders. Body area was 
measured in pixel number collected by measuring total area of the thorax and abdomen together (n=5). 
Statistics: T-Test, *= p<0.05, **=p<0.005. 
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Sexually dimorphic differences in scat mutants 

To determine if scat function has a more impactful role in cellular processes 

predominantly in one gender, we looked into developmental features impacted by neuronal 

function. Generally, among mammals, females live longer than males, however, in flies, 

genotype, mating status, and female fecundity all impact which gender is longer-lived 

[338]. We observed a 16% increase in median lifespan of female wild type flies compared 

to genotypically paired males. Female 329(PE) controls had an insignificant 3.5% 

reduction of median lifespan compared to their male counterparts. Interestingly, scat 

truncation ∆312 mutants show an increase in median lifespan of ≤1% in female flies 

compared to paired males, while female scat deletion ∆244 mutants showed a notable 

significant decrease in median lifespan of 11% when compared to males (p<0.0001) (Fig. 

14A).  

 Female biased sexual dimorphism is also seen in the gender ratio within each 

genotypic population of adult flies. Wild type and 329(PE) populations show only a minor 

increased presence of males relative to females, 2% and 3% (p<0.01) respectively, very 

close to the expected mendelian ratios. However, in ∆312 mutant populations, males are 

present 9% more often than females and even more drastically seen in ∆244 mutants with 

males present 14% more (p<0.001) (Fig. 14C).  

 It is also clear that loss of function, or reduced function of scat affects the size of 

female flies significantly more than males (Fig. 14D). Male mutant flies, although 

significantly different (p<0.01) than wild type, only have reduced average body length of 
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0.24mm for ∆312 and 0.13mm for ∆244, while female ∆312 and ∆244 mutants show an 

average reduced body length 0.32mm and 0.21mm respectively (p<0.001) (Fig. 14F). 

 Gender differences are not uncommon in neurodegenerative disorders. Parkinson’s 

disease and ALS more commonly effect males [339, 340], while multiple sclerosis is more 

commonly found in females [341]. We show that loss of function of scat has sexually 

dimorphic properties effecting females more than males. This can be seen in an even 

greater reduction of lifespan in female mutant flies compared to male mutants. It can also 

be found in the rate of developmental success. Female flies show a reduced ability to 

survive pupation and reach complete maturation to adult form. Generally in flies females 

are larger than their male counterparts [342]. However, our datum shows a marked decrease 

in the body size, demonstrated by reduced body length, in female scat mutants, while males 

showed little or no change in body size associated with scat loss of function (Fig. 14D-E).  

In mammals, neuroprotective properties of different steroid hormones, specifically 

estrogen, have been shown [343]. Epidemiological studies suggest that estrogens 

neuroprotective effect is the reason women with PD have later symptom onset [344]. To 

the same effect higher prevalence of AD and greater disease severity have been found in 

women compared to men, the loss of sex hormones during menopause is suggested to be 

the cause [345].  However, sex differentiation in Drosophila is primarily regulated by gene 

expression of Sex lethal and doublesex genes rather than steroid hormones [346]. It is 

possible that the absence of female neuroprotective steroids might account for the sexually 

dimorphic phenotypes described, however, further exploration is needed to uncover the 

specific cause of the sexual dimorphism we observed.  
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Figure 16. scat mutations cause reduced muscle function and size in adult Drosophila. (A) 
Representative H&E staining of thoracic muscle sections of adult flies, gender, age, and genotype indicated. 
Sections oriented with dorsal side superior in image. Yellow arrows indicate structures of interest. (B) 
Quantification of dorsal longitudinal muscle area normalized to total area of thoracic section for indicated 
gender and genotypes (n= 11-20). (C) Spontaneous flight assay showing percentage of female flies that land 
in each quadrant after being sent into freefall initiating reflexive flight response (n=20). Q1 indicates lowest 
quadrant, Q4 indicates highest quadrant with Q2 and Q3 indicating accordingly. (D) Negative geotaxis assay 
showing the percentage of female flies of indicated genotypes and age that cross a 1 cm mark after climbing 
for 30 seconds (n=20). Statistics: (B) T-test *= p<0.05, **= p<0.005, ***= p<0.0005. (C) Chi-squared 
analysis ***= p<0.0005. (D) Chi-squared analysis A*= p<0.0005 compared to wild type, AB*= p<0.0005 
compared to wild type and 329PE.  
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Loss of scat function causes reduced muscle size and locomotor defects  

Reduced muscle function in scat mutants 

 Muscle atrophy and weakness is commonly associated with neurodegenerative 

disorders involved in the peripheral nervous system such as ALS, MS, Charcot-Marie-

Tooth and Parkinson’s disease [347-350]. The wobbler mouse, much like ALS patients, 

exhibits muscle weakness. In the wobbler mouse, muscle weakness is predominantly found 

to affect the fore limbs. Specifically, this has been observed during behavioral assays such 

as grid walking that highlight motor defects [217].  

To test for locomotor defects associated with primary muscle group function in our 

models, we performed a spontaneous flight assay to assess the function of flight muscles. 

Flies have an innate response when entering into freefall to initiate flight [351, 352]. To 

determine flight locomotor function, we dropped flies into freefall in a 500ml container 

coated with mineral oil to capture the distance they fell before they were able to right 

themselves and recover. Flies that have higher functioning flight muscles recover from 

freefall faster and thus end up in the high quadrants of the container [353]. Only female 

flies were tested as they had the greatest differences in longevity. At 1 day of age there 

were no significant differences between wild type and 329(PE) flies, however, both ∆312 

and ∆244 mutants showed a significantly larger portion of the population landing in the 

lower quadrants 35% and 40% respectively when compared to wild type 5% and 329(PE) 

10% (p<0.0005). At 7 days the mutants show an even greater portion of flies landing the 

in lower quadrants, ∆312 40% and ∆244 75%, while the control flies remained roughly the 

same (p<0.0005). Flies aged 2 weeks show the same trends seen in flies aged 1 week (Fig. 
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16C). Overall, we found that scat mutants had significantly reduced function of flight 

muscles compared to control animals. 

 Another primary muscle group that we tested to determine locomotor function were 

the muscles involved in leg control and climbing. We performed a negative geotaxis assay 

to determine if muscles involved in leg movements were affected by mutations in scat. 

Flies have an innate escape response to climb up the sides of a container after they have 

been tapped down to the bottom [352]. Flies were tested 1, 3, 7, and 14 days post eclosion 

to determine if there was any loss of muscle function with age. Wild type flies showed a 

18% reduced locomotor function after the course of 2 weeks, 329(PE) showed a reduction 

of 34%, while ∆312 and ∆244 flies showed reductions of 89% and 84% respectively. 

Interestingly, ∆312 flies at 1 week of age showed the greatest reduction in climbing muscle 

function, showing a drop of 92%. At just 1 day old 329(PE), ∆312 and ∆244 flies already 

showed significantly lower populations of flies able to complete the climbing test 

(p<0.0005) (Fig. 16D). We observed significantly reduced motor function in the limbs of 

scat mutants, not unlike that previously characterized in the wobbler mouse.  

We speculate that neuromuscular dysfunction starting in the larval stages may 

impact adult muscle development resulting in improper development of muscle structure 

or reduced overall muscle tissue [354]. Locomotor assay results show defects present in 

scat mutants suggesting that muscle function is affected throughout the animal (Fig. 16D).  
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Reduced thoracic muscle size in scat mutants 

 A key characteristic of the wobbler mouse is its decreased muscle mass. This has 

previously been exhibited in wobbler mice with reduced muscle fiber diameter of primary 

muscles found in both the fore and hind limbs [355]. Drosophila dorsal longitudinal 

muscles have been described as indirect flight muscles, not attached to the wing, rather 

providing the primary force driving the downstroke of the wing during flight [356]. We 

speculate that reduced function or size of the muscle would result in lessened flight 

capability. This correlates with our observations of mutants showing a significantly 

diminished ability to recover from free fall compared to control groups.  

As a result of the diminished locomotor function, we observed we wanted to 

determine if scat has any effect on muscle morphology. To examine this we collected 10µm 

sections of fly thoraxes and looked at the 6 bilaterally paired dorsal longitudinal muscles 

of male and female flies aged 1 day and 7 days. Qualitatively, it is clear that ∆312 and 

∆244 mutants have smaller individual muscles than the wild type and 329(PE) controls. It 

also appears as though in the ∆312 mutant females there may be some atrophy of individual 

muscles, while ∆312 mutant males show possible fractionation of muscles, presumably 

caused during development of the adult anatomy during metamorphosis (Fig. 16A) [354].  

To see quantitative differences between genotypes we measured the total area of all 

dorsal longitudinal muscles and normalized them to the total area of the thoracic section. 

We normalized the datum to accommodate minor differences in sections of the thorax as 

well as to take overall body size differences into account. Measurements were taken from 

sections of flies aged 1 day and 7 days to see if there was possible age-related muscle 
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atrophy as well. The datum suggests that normalized muscle area in adult scat mutants are 

significantly less than that of their control counterparts. Specifically, at only 1-day post 

eclosion, ∆312 females showed a 6% smaller muscle size than wild type flies and ∆244 

females showed an even greater 30% (p<0.005) smaller muscle size than controls. At only 

1 day there were no significant differences detected between wild type and 329(PE) 

females. The differences in muscle size are even more pronounced in flies aged 7 days. 

∆312 females have average muscle area 30% (p<0.005) smaller than wild type, and ∆244 

females a 36% (p<0.0005) smaller average muscle area than wild type flies. It was also 

noted that ∆312 flies exhibited a 33% decrease in average muscle area between flies age 1 

day and flies age 7 days.  ∆244 flies average muscle area decreased by 18.5% between the 

two age points, which is a rate only slightly higher than that seen in 329(PE), 18% and wild 

type 11% (Fig. 16B). Overall, general muscle size appears to be reduced in scat mutants.  

We demonstrate that neuronal dysfunction caused by loss of function of scat is 

likely linked to a decrease in muscle size and locomotor defects. As motor neurons 

denervate myofibrils, muscle atrophy manifests, preceded by a decrease in sarcolemma 

permeability. This is commonly seen in neuromuscular disorders as muscle weakness and 

loss of muscle mass [357]. We show that scat mutants have significantly smaller muscle 

size and ∆312 mutant females, in particular, exhibit notable age progressive loss of muscle 

mass, indicating neuromuscular pathology (Fig. 16A).  
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Figure 17. scat interacts with Rab11 causing exacerbated reduced muscle function phenotype. (A) 
Representative H&E staining of thoracic muscle sections of adult female flies, age and genotype indicated. 
Sections oriented with dorsal side superior in image. Yellow arrows indicate structures of interest. (B) 
Negative geotaxis assay showing the percentage of female flies of indicated genotypes and age that cross a 1 
cm mark after climbing for 30 seconds (n=20). Statistics: (B) Chi-squared analysis A*= p<0.005 compared 
to LucshRNA -wild type, B*= p<0.0005 compared to LucshRNA -DN, AB*= p<0.0005 compared to both LucshRNA 
-wild type and LucshRNA -DN. 
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Rab11 interacts with scat regulating muscle atrophy and locomotor function 

Knockdown of scat with DN Rab11 expression exacerbates muscle dysfunction 

 We have shown that Rab7 interacts with scat to regulate synaptic integrity at the 

neuromuscular junction in fly larvae [247]. To see if scat interacts in a similar manner in 

adult flies, we drove motor neuron specific presynaptic knockdown of scat using Gal4-

inducable shRNA (scatshRNA) with C380-Gal4 while concurrently driving overexpression 

of wild type or dominant negative (DN) forms of Rab7 and Rab11 (Fig. 1A). To test this, 

we performed a negative geotaxis assay on flies 1 day and 1 week old.  

There were no statistical differences in control flies or scat knockdown 

overexpressing wild type or dominant negative Rab7 (Fig. 17B). However, expression of 

DN Rab11 in the control background show a significant drop in performance both at 1 day 

(p<0.0001)  and 1 week (p<0.005) old. Conversely, it appears that overexpression of wild 

type Rab11 does not have any effect on performance (Fig. 17B). The most notable change, 

however, is seen when DN Rab11 is overexpressed in scatshRNA flies, at 1 day old there is 

a greater proportion of flies (23%) that cross the threshold compared to the control LucshRNA 

flies overexpressing DN Rab11. After 1 week, however, the performance of scatshRNA DN 

Rab11 flies is significantly lower (p<0.0001) than any other measured variable (Fig. 17B).  

A significant age progressive reduction in locomotor function occurred in scatshRNA 

DN Rab11 flies. Overexpression of DN Rab11 has a minor, but significant, effect on 

locomotor function on its own and knockdown of scat shows a very minor reduction of 

function on its own (Fig. 17B). At 1 day of age, flies perform better with scat knockdown 

and DN Rab11 compared to control flies only expressing DN Rab11. Taken together, this 
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suggests that there is an interaction between scat and Rab11 occurring in adults that is 

associated with aging, which is different from scat and Rab interactions in the larval stages 

of development.    

 

Rab11 and scat effect thoracic muscle morphology 

 Since we saw an exacerbation in the reduction of locomotor function in scatshRNA 

DN Rab11 flies, we wanted to determine if there were any additional changes in muscle 

morphology. To test this, paraffin embedded sections were taken from the thoraxes of flies 

to observe muscle morphology of the dorsal longitudinal muscles. Similar to what was seen 

in scat ∆312 and ∆244 mutants, overall size of all muscles appears to be much smaller than 

their control wild type counterparts. Qualitatively, it does not appear that Rab7 has any 

impact on adult muscle morphology, which is in accordance with the locomotor function 

datum; however, notable muscle atrophy was observed in scatshRNA flies overexpressing the 

dominant negative form of Rab11 (Fig. 17A).  

 Rab11 has been observed in recycling endosomes located in larval motor neuron 

axons and axon terminals [204]. It has also been found to rescue synaptic dysfunction 

associated with Huntington’s disease, a hereditary neurodegenerative disease [358]. Our 

data suggests that scat and Rab11 are interacting to regulate muscle cell homeostasis.  

Overall, our findings suggest that scat mutants share many characteristics of the 

wobbler mouse and would make useful models for the future study of neurodegenerative 

disorders. We also show evidence for possible mechanistic interactions between scat with 

Rab11, which may contribute to the disease phenotype that we characterized. 
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CHAPTER 4: THE WOBBLER FLY; A NEW MODEL FOR NEUROPATHY 

 

The wobbler fly phenotype 

 Our goal was to characterize scat mutants and determine their potential usage as a 

new “wobbler” fly model in the study of neurodegeneration. The wobbler phenotype is 

defined by the presence of several characteristics that mirror symptoms observed in human 

sALS patients. We observed several key traits in scat mutants that are also found in the 

wobbler mouse and are linked with neurodegenerative disorders. In the wobbler mouse 

model severe muscle weakness is exhibited in the forelimbs, head and neck resulting in 

unstable or “wobbly” movements [220]. We described reduced locomotor function in both 

∆244 and ∆312 scat mutants during behavioral assays (Fig. 16B-C) which parallels the 

muscle dysfunction characterized in the wobbler mouse [221]. Loss of motor function is 

preceded by muscular atrophy in the wobbler mouse [221]. We observed similar muscle 

atrophy in both ∆244 and ∆312 mutants (Fig. 16A). We also found that both ∆244 and 

∆312 mutants are sensitive to outside mechanical stimulus resulting in seizure, which has 

previously been linked with neuronal hyperexcitability (Fig. 14B). Hyperexcitability is also 

a trait that has been characterized in the wobbler mouse [223]. We observed reduced 

lifespan in both ∆244 and ∆312 mutants, much like what is seen in the wobbler mouse 
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[220]. Finally, we observed complete male sterility in both scat mutants (datum not 

shown), mirroring the sterility exhibited in homozygous male wobbler mice [221]. 

 We also observed several characteristics of neuronal dysfunction in scat mutants 

that have not been described in the wobbler mouse. We found that reduction and loss-of-

function of scat causes severe synaptic hyperplasia in larvae (Fig. 2), a characteristic unique 

to flies. We also observed a slight sexual dimorphism in our mutants that has not been 

previously described, showing a greater neuropathic effect on females than males (Fig. 14-

15). Unlike in the wobbler mouse [256], we did not see any effect on localization of 

endocytic trafficking components with loss of scat function, with the exception of 

Syntaxin-16 (Fig. 6-7). However, our data, overall, indicates that scat mutants share many 

key characteristics of neurodegenerative pathology with those previously described in the 

wobbler mouse.  

 

Future directions 

Further characterization of the wobbler fly 

 We observed many similarities of neuropathy between the wobbler mouse and our 

scat mutants. That said, there are other characteristics that have been described in the 

wobbler mouse model that have yet to be described in Drosophila. These include 

astrogliosis and microgliosis [221], motor neuron degeneration [220], mitochondrial 

dysfunction [222], neurofilament aggregation [224], axonal transport defects [225] and 

ubiquitin-positive protein aggregation [226]. Moving forward, it would be advantageous 
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to explore any parallels between our scat mutant flies and the additional wobbler mouse 

characteristics listed above.  

 We would like to determine if motor neuron degeneration occurs in scat mutant 

flies. To do this we could utilize a technique known as mosaic analysis with repressible 

cell markers (MARCM). The use of MARCM in our system would allow for us to 

fluorescently label individual motor neurons in the legs of adult flies. By identifying 

individual motor neurons we could then observe if neurodegeneration occurs in scat 

mutants by examining the neurons for reduction of size, fractionation, or overall neuron 

loss [359]. Similarly, we could use MARCM to label specific microglia and astroglia to 

observe any similar effects [360].  

We could also make use of the many fluorescent dyes and genetically encoded 

sensors that can be used to measure mitochondrial function in Drosophila to observe any 

differences in scat mutants [361]. Similarly, the use of Drosophila transgenes that encode 

fluorescently tagged proteins could allow for us to examine if there are defects in axonal 

transport, or aggregation of neuronal components within in system.  

We showed for the first time that Rab GTPases genetically interact with scat during 

different life cycle stages. Further exploration into the specific mechanisms of these 

findings would provide a novel insight into the role of endocytic trafficking and 

neurodegeneration. However, at this time I do not have a suggestion for how to specifically 

achieve this.   
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Uses of the wobbler fly 

 Some research has already been done looking into some of the mechanisms of 

neuron preservation associated with the wobbler mutation. The work of one group suggests 

that the inhibition of sphingolipid synthesis by myriocin reduces the neurodegenerative 

phenotypes seen in the wobbler mouse [320]. Another group found that in vitro, dissociated 

wobbler mouse motor neurons benefit from treatment of nicotinamide adenine dinucleotide 

and caffeine, an upstream activator of the enzyme that produces NAD+, nicotinic acid 

mononucleotide transferase 2 [362]. Energy metabolism defects linked with disruption of 

cholesterol homeostasis have also been found in the wobbler mouse, however, its link to 

neurodegeneration is not clear [363]. Much more work needs to be done to determine the 

mechanisms causing neurodegeneration in the wobbler system. As more mechanisms 

become clear, treatments, such as those suggested above, can be more readily tested.  

 Our wobbler fly models allow for a faster throughput system to test many variables 

that may be associated with the mechanisms responsible for neuron dysregulation and 

further neurodegeneration. Moving forward our loss of scat function animals can be used 

to better tease apart components of the endocytic trafficking pathway, and possibly other 

aspects of cellular function, to determine the functional mechanisms causing the disease 

phenotype. These flies also allow for a high throughput system of testing to determine the 

efficacy of different pharmacological treatments.  
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CHAPTER 5: MATERIALS AND METHODS 

 

Neurodevelopment and scat 

Drosophila genetics 

The following lines were obtained from the Bloomington Stock Center: 

P(PZ)scat1cn1, cn1, Df(2L)Exel8022, UAS-TRiP(HMS01910), UAS-LUC.VALIUM10, 

tub-Gal4, C380-Gal4, D42- Gal4, 24B-Gal4, UAS-YFP:Rab5, UAS-YFP:Rab5(S43N), 

UAS-YFP:Rab7, UASYFP: Rab7(T22N), UAS-YFP:Rab11, UAS-YFP:Rab11(S25N). 

UAS-td:Tomato,ppKGal4 was generously provided by Dr. Eugenia Olesnicky Killian from 

the UCCS department of biology. The scat1cn1 and cn1 lines were crossed into w* to 

normalize the genetic backgrounds. w*; cn1 was used as a control to rule out any 

phenotypes that might be caused by cn1 homozygosity in the scat1 homozygote. The 

Df(2L)Exel8022 line deletes the entire scat gene plus about 60 kb of flanking genomic 

DNA including 9 neighboring genes. The Df line does not contain the cn1 allele. The UAS-

HA:scat line was made by amplifying the scat-RA open reading frame from the LD22446 

cDNA (Berkeley Drosophila Genome Project) with a 5’ primer containing the HA tag and 

then cloned into pUAST. The genomic rescue line (scat-HA:scat) was made by amplifying 

the scat gene and ~350 nt of upstream and ~50 nt of downstream genomic DNA with a 5’ 

primer containing the HA tag and cloned into pCASPR4. Both transgenic fly lines were 
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generated by Bestgene. The UASHA:scat (tub-Gal4>UAS-HA:scat) and scat-HA:scat 

constructs rescued both scat1 semi-lethality and male sterility (datum not shown). Flies 

with UAS-td:Tomato,ppKGal4 were crossed with UAS-TRiP(HMS01910) (scatshRNA) or 

UAS-LUC.VALIUM10 (LucshRNA) to produce flies with sensory neuron specific 

fluorescence in the desired genetic background. All fly lines and crosses were maintained 

on standard Bloomington media in a diurnal 25°C incubator. Statistical analysis was done 

using larvae from each genotype raised under identical conditions. 

 

Immunohistochemistry and confocal microscopy 

Larval body wall preps for NMJ and muscle analysis were dissected in Ca2+-free 

HL3 saline. Unless otherwise indicated, larvae were immunostained as previously 

described (Nesler et al., 2016). For imaging of the CNS, larval ventral ganglia and proximal 

axons were explanted and fixed in 4% paraformaldehyde in PBS. For GluRIIA and 

GluRIIB (and specific experiments with Rab and DLG) antibodies, larvae were fixed with 

Bouin’s solution for 10 minutes. Bouin’s solution significantly improved signal-to-noise 

with the anti-HA, Rab5, and Rab11 antibodies but was not compatible with the anti-Rab7 

and dStx16 antibodies. All were blocked in PBS containing 0.3% Triton X-100 (PBST), 

2% BSA, and 5% normal goat serum for 30 minutes before incubation overnight with 

primary antibodies diluted in block. Following washes in PBST, CNS samples were 

incubated overnight with the appropriate secondary antibodies. All were mounted in DAPI 

Fluoromount G (Southern Biotech) for confocal microscopy. Primary antibodies used were 

anti-HA (1:1000) (Sigma; 3F10), Lva (1:50) [251], Stx16 (1:500) (Abcam; ab32340), Dlg 
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(1:100) (DSHB; 4F3), Hrs (1:100) (DSHB; 27-4), Rab5 (1:800) and Rab11 (1:4000) [258], 

Rab7 (1:1500) (DSHB), GluRIIA (1:1000) and GluRIIB (1:1000) [364], Brp (1:1000) 

(DSHB; nc82), and Dylight 649 anti- Hrp (1:1000) (Jackson Labs). The Rab7 and Hrs 

antibodies were deposited to the DSHB by S. Munro [257], Dlg by C. Goodman [365], and 

Brp by E. Buchner [285]. Anti-mouse and rabbit secondary antibodies were conjugated to 

Alexa 488, 568, and 633 (Molecular Probes). Larval sensory neuron imaging was collected 

in live dendritic arborization sensory neurons of third instar larvae. Larva were anesthetized 

with 15% chloroform and position between 22x22 mm No 1.5 glass coverslips to 

immobilize them. Neurons from abdominal segments A4-A6 were imaged with cell bodies 

positioned in the center of a single lateral boarder of the field of view to ensure consistency 

of imaging across all neurons. [296]. All imaging was done on an Olympus FV1000 or 

FV3000 scanning confocal microscope with 40X, 60X, or 100X objectives (N.A. 1.30, 

1.42, and 1.40 respectively). When shown, maximum Z projections were assembled from 

0.4 μm optical sections using Olympus FV software. All image post-processing was done 

using Adobe Photoshop or ImageJ2 in open-source Fiji [366, 367]. For colocalization 

analysis, between 3 and 8 images were examined per experiment. Images were manually 

thresholded and the Pearson Correlation coefficients calculated using the JACoP plugin for 

ImageJ2/Fiji [368]. 

 

Analysis of bouton number, synapse morphology, active zones and dendrite morphology 

The number of type 1 synaptic boutons were manually counted at muscles 6 and 7 

(m6/7) in abdominal segment 3 (A3) as previously described [237]. A synaptic bouton was 
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considered to be a distinctive swelling at the NMJ marked by the presence of both the 

neuronal membrane marker, Hrp, and the post-synaptic density protein, Dlg [248]. Boutons 

were quantified by counting the number of Hrp+ and Dlg+ synapses at each NMJ. To 

account for differences between genotypes in the scaling of NMJs to muscle size, synaptic 

bouton numbers were normalized to muscle surface area (MSA). MSA was calculated 

using ImageJ2/Fiji from images of m6/7 obtained using a 20X objective (N.A. 0.85). 

Branching was determined by counting branch points between strings of boutons at least 3 

boutons long. The same NMJs were subjected to analysis using the Morphometrics 

algorithm, A Fiji-based macro that quantifies morphological features of Drosophila 

synapses [369]. The parameters examined here include total bouton counts, NMJ area, and 

NMJ length. To validate these results, we compared bouton number determined by the 

macro with manual counts for scat mutant analysis. 

While total bouton numbers were not identical, macro counts correlated 

significantly with manual counts (Pearson correlation coefficient = 0.76; C.I. 95% 0.66-

0.84; p < 0.0001; n = 91 NMJs). Analysis was done using Fiji version 2.0.0 and the NMJ 

Morphometrics plugin version 20161129. Settings used were maxima noise tolerance = 

500, small particle size = 10, minimum bouton size = 10, and rolling ball radius = 500. 

NMJ outline and skeleton thresholds were set to “triangle”. To quantify active zone 

number, NMJs were counterstained with antibodies targeting Brp and Hrp as described 

above. Maximum Z-projections were processed using the TrackMate plugin for 

ImageJ2/Fiji [370]. Active zone images were opened in TrackMate using the default 

calibration settings for the Brp channel. The following additional settings were used: LoG 
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detector = on, estimated blob diameter = 1 μm, and threshold settings = 100. The results 

were previewed to ensure accurate detection of found spots and data recorded for all 

boutons. Sensory neuron dendritic morphology was quantified by Branch number, branch 

junctions, average branch length, and longest shortest path were quantified in Z-series 

projections of the neurons using Skeletonize2D/3D and AnalyzeSkeleton ImageJ2/Fiji 

plugins [371-373]. 

 

Behavioral analysis 

For the analysis of larval crawling, videos were collected using an iPhone XR 

(Apple) set in time-lapse video mode (2 frames per second). Ten larvae were collected for 

each genotype and transferred to the center of a room temperature 15 cm petri dish 

containing 2% agarose. 45-90 second videos of each larva were collected in triplicate. 

Videos were trimmed to 90 frames using the Apple photo editing trimming tool selecting 

for direct path larval movement away from the edge of the petri dish. Files were then 

converted from .MOV to .TIF series using the export function in ImageJ2/Fiji. Subsequent 

analysis was done using TrackMate, a Fijibased macro developed for single particle 

tracking [370]. Images were adjusted to maximize contrast between larva and the 

background. The parameters were adjusted as follows to analyze larval locomotion. 

Settings used were: LoG detector, HyperStack displayer, simple LAP tracker, and spot 

tracking were all turned on. The average velocity was recorded for each replicate. 
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Analysis of scat expression by quantitative real-time PCR (qRT-PCR) 

For qRT-PCR analysis, seven larval ventral ganglia from each genotype were 

explanted and homogenized in TRIzol reagent (Invitrogen) and total RNA was isolated 

using a Direct-zol RNA purification kit (Zymogen). RNA concentration and quality were 

determined using a RNA IQ Assay Kit (Qubit) and a Quibit 4 Fluorometer. RNA quality 

scores were all above 9.2 indicating that all samples contained high-quality and undegraded 

RNA. cDNA was synthesized from 1μg of total RNA for each genotype using a double-

primed RNA to cDNA EcoDry premix (Clonetech). qPCR primers were designed using 

Primer3 software to amplify a ~150 nt amplicon near the 3’ end of the scat mRNA. As an 

internal reference gene, primers were designed to amplify an amplicon of similar size in 

the housekeeping gene encoding for ribosomal protein S3 (RpS3). This protein is a core 

component of the small ribosomal subunit. qRT-PCR was conducted on an iQ5 Real Time 

PCR System (BioRad) using the SsoAdvanced Universal SYBR Green Supermix 

(BioRad). Three technical replicants were done for each genotype. Melt curve analysis was 

done at the end of each run and indicated that neither primer set amplified non-specific 

products. Threshold cycle (Ct) values for each sample were selected by the iQ5 software. 

The analysis of differential fold change was done using the Livak (ΔΔCt) method [374]. 

 

Primer sequences 

The sequences of primers used to generate the UAS-HA:scat (inducible) and scat-

HA:scat (genomic rescue) constructs and for qRT-PCR analysis are listed in the table 

below. 
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Statistics 

All data was recorded in Excel (Microsoft) and graphed and analyzed in Prism 

(GraphPad) or Excel (Microsoft). Results were considered to be statistically significant at 

p < 0.05. Results shown throughout the study are mean ± SEM. Data for scat1 loss of 

function and larval crawling velocity were both analyzed by Kruskal-Wallis followed by a 

Dunn’s multiple comparison test to determine significance. Each scat RNAi experiment 

had its own control and was analyzed using a Mann-Whitney U test. The number of 

synaptic boutons and Brp-positive AZs in genetic interaction experiments were both 

analyzed by one-way ANOVA followed by a Holm-Sidak multiple comparison test. 

ppkGal4-driven scat knockdown sensory neuron analysis was all analyzed by two sample 

t-Test assuming unequal variances.  

 



 95 

Age progressive neurodegeneration and scat 

Drosophila genetics 

The following fly lines were obtained from the Bloomington Stock Center: UAS-

TRiP(HMS01910), UAS-LUC.VALIUM10, C380-Gal4, UAS-YFP:Rab7, UAS-

YFP:Rab7(T22N), UAS-YFP:Rab11, UAS-YFP:Rab11(S25N). w1118 and P(PZ)scat1cn1. 

The scat1cn1 flies were crossed with w1118 to normalize the genetic background. Both UAS-

TRiP(HMS01910) and UAS-LUC.VALIUM10 were crossed with C380-Gal4 to create 

motor neuron specific expression of genetic variant. Those new C380-Gal4;UAS lines were 

then crossed with UAS-YFP:Rab lines to produce the experimental generation of larvae. 

Three new lines of flies were generated utilizing the mobilizing P-element insertion in the 

scat1 allele. The first new mutant allele (scat ∆312) was created by deleting a P-element 

from the 3’ end of the scat gene and introducing an in-frame stop codon resulting in the 

loss of 663 amino acids from the polypeptide end. The resulting truncated scat ∆312 protein 

contains 280 amino acids, 277 of which correspond to the N-terminus of scat. The second 

new mutant allele (scat ∆244) was created in the same manner and produces a functionally 

null truncation consisting of 103 amino acids, 62 of which correspond to the N-terminus 

of scat. The resulting truncated protein is seemingly not stable and degraded shortly after 

translation. Both mutant alleles show male sterility and semi-lethality similar to that of the 

original scat1 line. Finally, a line (scat329(PE)) was created to act as the scat rescue control 

for genetic background of the new scat mutants. This control line was created by precisely 

excising the P-element insertion from the scat1 flies to repair lesions that were created by 
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the insertion of the P-element originally. This genetic control line rescues the male sterility 

and semi-lethality phenotypes exhibited by the scat1 flies.  

 

Drosophila Longevity assay 

Adult flies were collected within 24 hours post-eclosion and split into male and 

female populations. Flies were maintained at 25˚C, 65% humidity and 12:12 hour light-

dark on standard Bloomington media and transferred to new vials every 48 hours. The 

death of individual flies was recorded during the transfer process to new vials. The 

populations were monitored until all individuals were dead [375]. All data was recorded in 

Microsoft Excel and further processed using Prism-GraphPad and Microsoft Excel. 

 

Population Gender Ratios 

Adult flies were collected at random within 24 hours post-eclosion. Flies were then 

separated by gender under a dissecting microscope and counted. Data was recorded and 

processed in Microsoft Excel.  

 

Quantification of adult Drosophila body size  

Flies were collected within 24 hours post-eclosion and allowed to age an additional 

24 hours for normalization of body size. Flies were anesthetized with CO2 and the ventral 

side of the abdomen was imaged using Leica S9i stereo microscope with 10 MP CMOS-

camera. The area of the thorax and abdomen, or length from rostral to caudal ends were 
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determined using open-source Fiji image analysis. Body sizes were recorded and processed 

in Microsoft Excel. 

 

Whole fly sectioning and staining 

Flies were collected within 24 hours post-eclosion and maintain at 25˚C on standard 

Bloomington media until aged to desired time point. Flies were anesthetized using CO2 and 

oriented in embedding collar so that the thorax sat above blades. The collar was placed in 

a glass container and the tissue was the fixed overnight at 4˚C with Carnoy’s fixative. 

Tissue was the dehydrated by moving the collar from Carnoy’s fixative to 40%, 70%, 100% 

ethanol respectively for 20 minutes at room temperature. Tissue was moved to a 1:1 

solution of methyl benzoate: paraffin wax and incubated at 65˚C for an hour. To embed the 

tissue, the collar was moved to a foil pocket and filled with melted paraffin wax. Once 

filled, the foil pocket containing the collar was incubated at 65˚C for 2 hours. The pocket 

was then moved to room temperature and left overnight to allow the wax to harden.  

 Paraffin embedded tissue was sectioned using a standard microtome into 10 

micrometer segments. Paraffin segments were floated in cold water and collected onto 

charged glass microscope slides stored on coverslip rack at room temperature for 2 hours 

to dry. Slides were deparaffinized by incubating slides in xylene for 15 minutes.  

 Tissue was rehydrated before staining by treating slides with 100%, 95%, 80% 

ethanol and diH2O for 10 minutes respectively. Tissue was stained by treating slides with 

Hematoxylin for 5 minutes and Eosin for 30 seconds, with appropriate washes in between 

treatments (diH2O, 95% ethanol respectively). Tissue was dehydrated once again by 
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treating slides with 95% then 100% ethanol for 15 minutes each and stored in xylene 

overnight at room temperature [376]. Permount, a xylene based mounting media, was used 

to mount and store stained sections. Sections were imaged using a Laxco SeBa 2 series 

digital microscope system with a 10X objective (N.A. 1.25).  

 

Quantification of dorsal longitudinal muscle size 

Images of paraffin embedded tissue sections were collected using a Laxco SeBa 2 

series digital microscope system with a 10X objective (N.A. 1.25). The area of the dorsal 

longitudinal muscles was determined using open-source Fiji image analysis by tracing 

around the perimeter of all 12 dorsal longitudinal muscles bundled together excluding any 

space between individual muscles. The area of the thorax was determined by tracing around 

the cuticle of the section. Sections with less than 90% intact cuticle were excluded from 

analysis. Muscle area and thoracic area were recorded and processed in Microsoft Excel.  

 

Spontaneous flight assay 

Flies were collected within 24 hours post-eclosion and maintain at 25˚C on standard 

Bloomington media until aged to desired time point. For behavioral analysis flies were 

collected and transferred into an empty containment vial. Flies were dropped from 

containment vial into 500 ml cylinder by a standard funnel. The inside of the cylinder was 

coated with a thin layer of mineral oil. When dropped into freefall, flies reflexively respond 

by flying laterally from the drop point, thus getting stuck into the mineral oil coated on the 
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side of the cylinder. The height of the flies stuck within the cylinder were recorded in 

Microsoft Excel and data further processed in Prism-GraphPad and Microsoft Excel.  

 

Negative geotaxis assay 

Flies were collected within 24 hours post-eclosion and maintain at 25˚C on standard 

Bloomington media until aged to desired time point. Flies tapped to the bottom of a 

container exhibit a climbing reflex, where they favor climbing over flight to regain position 

at the top of a container. For behavioral analysis, flies were transferred into empty 

Drosophila vials. Video of animal behavior was recorded using MacBook Air photobooth 

video recording software. Flies were tapped down to the bottom of an empty vial and 

allowed to climb the sides of the vial for 90 seconds, all genotypes were tested in triplicate. 

Data was analyzed by hand focusing on individual video frames. The number of flies that 

reflexively climb at least 1 cm in 30 seconds were recorded for each group. Mutant flies 

exhibit a “bang” phenotype that causes mild seizure like behavior immediately following 

relocation to the bottom of the vial. To account for recovery differences seen between 

genotypes the number of flies to cross the threshold was counted only after the first 

individual crossed the 1 cm threshold. All data was recorded in Microsoft Excel and further 

processed in Prism-GraphPad.  

 

Bang sensitivity assay 

 The bang-sensitivity test were performed as previously described [327]. Post 

eclosion, 100 female flies per genotype were collected under CO2 and moved to a fresh 
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food vial, of standard Bloomington media, and allowed overnight recovery. For testing, 

flies were transferred into an empty vial and stimulated with a vortex mixer at maximum 

speed for 10 seconds. The bang-sensitive phenotype was scored by the number of flies that 

did not experience temporary paralysis or seizure lasting more than 20 seconds. Flies were 

tested and results from several days pooled prior to final data analysis. Data was processed 

analyzed in Microsoft excel.  
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APPENDIX: LIST OF ABBREVIATIONS 
 
Parkinson’s Disease – PD 
Alzheimer’s Disease – AD 
Amyotrophic lateral sclerosis – ALS 
Frontotemporal dementia – FTD 
Charcot-Marie-Tooth – CMT 
RNA binding protein – RBP 
TAR DNA-binding protein-43 – TDP43 
Nuclear protein fused in sarcoma – FUS 
Muscleblind-like protein – MBNL 
microRNA – miRNA 
Fragile X-associated tremor/ataxia syndrome – FXTAS 
Neuronal intermediate filament inclusion disease – NIFID 
Leucine-rich repeat kinase 2 – LRRK2 
Superoxide-dismutase-1 – SOD1 
Lipoprotein receptor-related protein 1 – LRP1 
Synaptojanin – SYNJ1 
Sorting nexin – SNX 
Sortilin-related receptor with A-type repeats – SorLA 
ADP ribosylation factor 6 – ARF6 
Endoplasmic reticulum – ER 
Alsin – ALS2 
Optineurin – OPTN 
Spastin – SPG4 
Strumpellin – SPG8 
Spatacsin – SPG11 
Spastizin – SPG15 
Manose-6-phosphate receptor – M6PR 
Trans-Golgi network - TGN 
N-ethylmaleidmide-sensitive fusion protein attachment protein receptors – SNAREs 
Golgi-associated retrograde protein – GARP 
Syntaxin-16 – Stx16 
Syntaxin-6 – Syx6 
Endosome-associated recycling protein – EARP 
Carboxypeptidase – CPY 
Cation-independent mannose 6-phosphate receptor – CI-MPR 
Glycosylphophatidylinositol – (GIP) 
Neuromuscular junction – NMJ 
Central nervous system – CNS 
Hemagglutinin – HA 
Post synaptic density -PSD 
Knockdown – KD 
Short hairpin RNA – shRNA 
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Discs Large – DLG 
Glutamate receptor – GluR 
Bruchpilot – Brp 
Root-mean-square deviation – RMSD 
PE-precise excision 
WT- wild type 
CTE – chronic traumatic encephalopathy 
Vacuolar protein sorting – Vps 
Munc18 interacting protein – Mint 
AB – beta amyloid  
APP – beta-amyloid precursor protein  
HSP – hereditary spastic paraplegia 
EGFR-epidermal growth factor receptor 
PLS – primary lateral sclerosis 
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